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This book is dedicated to the memory of three dedicated physician scien-
tists who made important contributions to the study of MS:

Lawrence Jacobs (1938–2001) friend, colleague, and partner in the pio-
neering work that developed interferon beta-1a for the treatment of MS. It
was his dedication to improving MS care and his drive that resulted in the
early introduction of interferon beta-1a as a treatment for multiple sclerosis.
He was a leader in the development of the New York State Consortium which
will continue to improve the care of those with MS.

John N. Whitaker, M.D. (1940–2001) friend and fellow graduate of
the University of Tennessee Medical School, a leader in neurology, who made
numerous clinical and basic contributions to our understanding of MS. John
was a quadruple threat. He was an outstanding administrator and clinician
and a leader in both basic and clinical research. He was a true gentleman,
respected by all who knew him.

John Trotter, M.D. (1943–2001) an outstanding clinician and investi-
gator who made numerous contributions to the immunology of MS. He will
be remembered as an outstanding teacher who trained a number of the out-
standing immunologists currently working in the field of MS.

Dedication
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It is now more than 160 years since the first clinico-
pathological descriptions of cases of multiple sclerosis
(MS) by Carswell and the more extensive descriptions by
Cruveilhier. It is more than 130 years since the classic clin-
ical description and development of diagnostic criteria by
Charcot yet MS remains an enigma. After decades of
intense effort to find the cause, no cause has been clearly
identified and the disease remains poorly understood. 

Understanding the complexities of the disease
requires information from a host of disciplines. As one
who has been involved in the basic sciences related to MS,
in clinical trials of new therapies and in the day to day
care of MS patients, I have dealt with the frustration of
failed attempts to discover the etiology (ies) of the disease.
I have followed numerous failed and a few successful clin-
ical trials. I have watched patients progress from normal
healthy working adults to increasingly disabled wheel-
chair bound and bed bound states and seen patients die
from complications of MS because of the inadequacy of
our therapies. The situation is somewhat better since the
introduction of immunomodulatory therapies and
immunosuppressive regimens but it remains a devastat-
ing disease. While a great deal of progress has been made,
much remains to be done. Our understanding of the dis-
ease remains limited; treatments remain inadequate and
comprehensive management all too rare.

The purpose of the current work is to provide an
overview of the basic sciences as they relate to MS and
thus provide clinicians and investigators a better under-
standing of the basic aspects of the disease. While it is pos-
sible to find excellent reviews of almost any aspect of MS,

ix
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few attempts have been made to bring these very differ-
ent aspects together in a single source. This volume is
intended as a companion volume to Multiple Sclerosis:
Diagnosis, Medical Management, and Rehabilitation by
Jack S. Burks and Kenneth P. Johnson, Demos Medical
Publishers, New York, 2000. Together, they represent an
attempt to comprehensively cover the field of MS from
basic research to comprehensive management and to pro-
vide a broad overview for those interested in under-
standing the disease better or in pursuing MS research.

Science has been compared to an expanding sphere
with a core of knowledge and a surface abutting the
unknown. As our volume of knowledge increases so does
the interface with the unknown. However, I think the
growth of knowledge is much more complex and chaotic
than that, more like the growth of crystals in a eutectic
medium. Spines spread out from the initial crystal and
these develop as new centers of growth. The individual
spines don’t take up much volume but as they grow in
diameter and the space between and around the spines
fills in, knowledge grows rapidly. New technologies such
as MRI, MR spectroscopy, polymerase chain reaction,
DNA hybridization are combined with more traditional
knowledge and applied to new areas, rapid increases in
knowledge occur. 

It is not enough to understand the immunology of
experimental autoimmune encephalomyelitis (EAE).
Drugs effective in EAE have rarely worked in MS but
when you combine our knowledge of immunology, much
of it derived from studies of EAE, with that derived from
work on human disease and particularly MS, the simi-
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larities and differences provide new knowledge. When
clinical studies, immunology and pathology are com-
bined, we get new insights, which may lead to a new clas-
sification of MS. This in turn may allow new approaches
to discovery of the etiology. It makes an enormous dif-
ference whether MS is one, two or several different dis-
eases when you are searching for the etiology. If it is more
than one disease, we shouldn’t expect to find a single
cause. In the peripheral demyelinating disease, Guillian-
Barre syndrome, at least 4 causes have been identified.
Insight into the various types of MS derived from recent
immunopathological studies may lead to the ability to
clinically distinguish the different types which would be
enormously useful in identification of the causes. 

Studies of remyelination in animals provided the
information necessary to establish the occurrence of
remyelination in MS and changed the question. It was
no longer why doesn’t remyelination occur or why does-
n’t remyelination occur in man. The question became
what is the role of demyelination in recovery from attacks

of MS and why is so poor later in the disease process.
When information from clinical trials, basic neurobiol-
ogy of demyelination and its effects on axon transport
and the effects of metabolic overload on axons is com-
bined we develop insights into the possible relationship
between relapsing remitting disease and secondary pro-
gressive disease. 

It is clearly not enough to understand just the pathol-
ogy of MS or the neurochemistry of myelin or MRI or the
physiology of demyelinated fibers. In order to conquer this
disease, we need to understand all aspects of the disease
process and how the various aspects relate to each other. 

This volume attempts to cover the basic sciences
related to MS and to integrate them so that relationships
between the various disciplines are evident. Some choices
have had to be made. There is undoubtedly important
information in the fields of genetics and epidemiology that
are inadequately covered in this volume. Readers interested
in these particular areas should refer to one of the recent
comprehensive reviews of these aspects of the disease. 

x
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he history of multiple sclerosis (MS)
goes back at least to the early 19th
century and perhaps a good deal
further. In a recent review of early

cases thought to be MS, Dr. T. J. Murray reviewed the
early cases including the case of the blessed Lidwina of
Schiedam, born April 18, 1380 (1). The daughter of a
laborer with nine children, she developed an acute illness
around age 15 years from which she gradually recovered.
No details of this illness are recorded. In February 1396
she went skating with friends on a frozen canal and fell,
and was thought to have broken some ribs on her right
side. Subsequently she had difficulty walking and used
furniture for support. She developed severe lancinating
pains in her teeth, which suggests tic doloreux. Later she
developed blindness in one eye and light sensitivity in the
other. By age 19 years, walking was difficult and her right
arm was paralyzed. In 1407 she began experiencing
“ecstasies, and visions in which she participated in the
passion of Christ, saw purgatory and heaven, and visited
with the saints.” A cult grew up around her. “Towns-
people reported that her putrefying body gave off a fra-
grant perfume.” It was claimed that communion was her
only sustenance during the last 17 years of her life. She
slowly deteriorated, with increasing paralysis, and devel-
oped pressure sores. She lived until April 1433, just short
of her 54th birthday. The reports were carefully reviewed
by Dr. Murray, who remarked, “I am more convinced that

the evidence suggests elements of marked religiosity, mys-
ticism, histrionic behavior and even self-mutilation.
Despite the possibility of some underlying neurologic dis-
ease, the diagnosis must be left open.”

Dr. Murray then discussed several other cases.
Margaret Davis was an English housewife who died in
1701 after a prolonged illness. Her illness apparently
began soon after childbirth and waxed and waned over
more than 20 years, eventually leading to spastic paral-
ysis of both legs and then both arms. Another is that of
a Hudson Bay trader who in 1811 developed weakness
in his legs at age 21 years. This was followed by visual
problems and progressive weakness which caused him
to give up his job and return home. Both cases are very
suggestive of MS.

The most convincing early case of MS is that of
Augustus d’Este, (1,2) an illegitimate grandson of George
III and cousin of Queen Victoria, who kept a diary of his
illness. This is a very convincing description of exacer-
bations including attacks of paraparesis. The disease
began with blurred vision in 1822, which gradually
cleared without treatment but recurred twice during the
next few years. In 1827 he again developed visual loss and
diplopia. He then developed numbness in his legs. He
underwent numerous therapies without benefit; the dis-
ease waxed and, with continued progression of leg weak-
ness, lead to his death in 1848. D’Este’s diary is of par-
ticular interest as it describes a very large number of
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treatments and remedies current at the time and gives an
excellent detailed account of a disease that was undoubt-
edly MS.

Other early cases discussed by Dr. Murray include
that of the famous German poet Heinrich Heine, the Scot-
tish lighthouse keeper Alan Stephenson, and the Victo-
rian writer Margaret Gatty. The absence of good descrip-
tions of earlier cases cannot be taken as evidence that the
disease was not present earlier. Rather, it likely has to do
with the primitive state of medicine and the paucity of
good descriptions. In reality, a disease does not exist as
such until it is described and named.

The first major advance in our understanding of MS
occurred with the pathologic report of cases of MS by R.
Carswell, a Scottish physician working in Paris (3,4) who
published in 1838 a fascicle describing the pathology of
several cases. Subsequently J. Cruveilhier (5) in 1841 pub-
lished a series of cases, including clinical descriptions of
the course in some of those cases. Jean Martin Charcot
built on that work, developing clinical criteria for the
diagnosis. He made a number of important clinical and
histologic observations, including the observation that
demyelinated fibers are often preserved and that demyeli-
nated fibers are capable of conduction. It was his devel-
opment of clinical diagnostic criteria that established MS
as a clinical disease entity (6).

The next important advance occurred with the intro-
duction of lumbar puncture. In 1891 there were two
reports of lumbar puncture. W. Essex Wynter reported the
treatment of tuberculous meningitis by “paracentesis of
the theca vertebralis” (7). In two cases this was done with
a trocar, the other two by surgical exposure of the lum-
bar theca and insertion of a drain. Soon thereafter, H.
Quincke reported an attempt to treat hydrocephalus by
lumbar puncture and introduced the method we still use
today (8). He recognized the diagnostic potential of cere-
brospinal fluid (CSF). He noted the increased pressure in
some of his cases and increased protein in cases of tuber-
culous meningitis. Within a very few years, cell count pro-
tein and sugar levels became routine tests of spinal fluid.

Application of the colloidal gold test for immuno-
globulin (Ig) by Lange in 1910 (9), a test used primarily
for central nervous system syphilis, to CSF in MS cases
made it clear that there were Ig abnormalities in many
cases of MS. The colloidal gold test was largely sup-
planted by a qualitative test for globulin, developed by
Pande, which was used into the 1960s. This was gradu-
ally replaced by a quantitative assay for Igs initially intro-
duced by E. A. Kabat in 1948 (10,11) although it did not
become widely used until the 1960s. Further studies led
to the introduction of more quantitative measures of
intrathecal Ig synthesis with the development of the IgG
synthesis rate (12) and the IgG index (13). Electrophore-
sis of CSF proteins led to the discovery of oligoclonal
bands, which rapidly became a standard diagnostic test

(14). The discovery of free � light chains and their
increased specificity for MS relative to other Ig measures
did not lead to a similar acceptance, most likely because
of the difficulty with the assay (15). Nevertheless, the
many IgG studies have contributed significantly to our
diagnostic armamentarium.

The discovery of free myelin fragments in the CSF
in MS (16) and the subsequent introduction of the CSF
assay for myelin basic protein (MBP) (17,18) have proved
considerably less useful. Although often positive in MS,
the SCF assay has very limited utility, but the development
of the assay for an MBP-like substance in urine by the late
John Whitaker may yet prove of some value (19).

In the meantime, the discovery of experimental
autoimmune encephalomyelitis (EAE) by T. M. Rivers
and F. F. Schwentker (16) provided the first good animal
model of a demyelinating disease. Work on this model has
contributed enormously to our understanding of
immunology and—even though it is clear that MS is not
simply human EAE and most treatments that work in
EAE have failed in MS—it has added enormously to our
understanding of MS.

The demonstration that Guillian–Barre syndrome,
otherwise known as acute infectious polyneuropathy or
postinfectious polyneuropathy, can be caused by several
agents including Epstein-Barr virus, Campylobacter jejuni
and influenza vaccine and that it results from molecular
mimicry has added much to our understanding of autoim-
mune disease (20). The fact that it sometimes evolves into
chronic inflammatory demyelinating polyneuropathy, a
relapsing disorder of peripheral myelin, has contributed
to our understanding of autoimmune demyelination and
to the possibility that MS could be autoimmune in ori-
gin or at least have autoimmune features.

Numerous advances in virology also have con-
tributed to our understanding of demyelination. Several
viral diseases have been used to study viral demyelination.
Viruses that cause demyelination in mice and other species
include JC virus, a human papova virus that causes
demyelination in immunodeficient patients (21), mouse
hepatitis virus (22), and Theilers’ virus (23). This has con-
tributed a great deal to our understanding of infectious
demyelination and the process of remyelination.

Immunology as a field of investigation dates back
to the work of Edward Jenner and the introduction of
vaccination in the 1790s. The subsequent development
of anthrax vaccine by Louis Pasteur in 1881 put
immunology “on the map” as a science and resulted in
the introduction of numerous other vaccines. This was
followed by the introduction of numerous anti-sera for
treatment of infections and especially for the treatment
of pneumcoccal pneumonia. Use of these anti-sera dis-
appeared with the introduction of penicillin, but their use
was important to the medical armamentarium in the
1920s and 1930s.
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The discovery and differentiation of T-lymphocytes
and B-lymphocytes in the 1950s started a revolution in
immunology. Since then, the separate roles of T and B cells
in immunology and the subclassification of these cells into
T-helper and T-suppressor cells, followed by further sub-
classification, has enormously increased our understand-
ing of immunology. Moreover, the discovery of the role
of the various cell types in different inflammatory dis-
eases, the special character of immune reactions in the
brain (as discussed in Chapter 5) and the discovery of
cytokines, chemokines, and interferons (discussed in sec-
tion III), have added to our understanding of the complex
immune reactions in MS.

The independent discovery of interferons by two
different groups (24,25) in the late 1950s led to the
development of means to manufacture them. One of the
major hypotheses regarding the etiology of MS was that
it was a viral disease, so interferons were soon tried in
MS. The early trials of interferons were unsuccessful,
probably largely as a result of inadequate sensitivity in
trial design and too low a dosage (26). In 1986 L. Jacobs
and colleagues reported the first successful trial of B
interferon with the intrathecal route (26). Subsequently,
trials of subcutaneous interferon B-1b (27,28), followed
by the intramuscular and later subcutaneous interferon
B-1a, led to their introduction into our therapeutic arma-
mentarium (29,30).

During that period, glatiramer acetate (Copaxone®

formerly copolymer-1) underwent several clinical trials
that eventually led to its introduction into our therapeu-
tic armamentarium (31).

The study of remyelination began in the late 1950s
when M. B. Bunge and colleagues reported remyelination
in the cat after demyelination by barbotage (32). Subse-
quent work by R. M. Herndon, S. K. Ludwin, L. Arenella
and O. R. Hommes (33–36) demonstrated that mature
oligodendrocytes were capable of dividing, that new
oligodendrocytes could be regenerated from undifferen-
tiated precursor cells, and that remyelination was a reg-
ular event in every species tested. Subsequently, J. W.
Prineas and E. Connell demonstrated that remyelination
can be seen regularly in early MS in humans (37).

The introduction of polymerase chain reaction
(PCR) in the 1980s and the subsequent development of
representational difference analysis led to the identifica-
tion of herpes type VI in MS tissue and in oligodendroglia
in one case of MS (38). Further investigation associated
activated herpes VI and VII with MS (38–40), but not
with other neurologic diseases. This approach carries con-
siderable promise for identifying infectious agents in MS
patients.

Knowledge has been described as being like an
expanding sphere, with the volume of knowledge con-
tacting a surface on the unknown. The more knowledge
expands, the more the surface area contacts with the

unknown. I prefer the analogy of an enlarging crystal in
a eutectic environment. Numerous spines stick out from
the core of the crystal, and their tips serve as new centers
of growth while the core expands and spines steadily
expand at their base. The spines represent new discover-
ies in a narrow field, such as the introduction of poly-
merase chain reaction, immunocytochemistry, or the
development of monoclonal antibodies. These add only
a small increment to the volume of knowledge, but as they
develop, the spines expand, their tips serve as new centers
of growth, and their new applications spread the base.
They then are used in combination with other techniques
and applied to various problems, filling in the space
between the spines, and resulting in a marked increase in
the volume of knowledge.

I have touched only on a few of the many fields that
have affected our understanding of MS. The fields of neu-
rophysiology, neurochemistry, genetics, epidemiology, and
many others have made important contributions. In doing
research on MS, it is not enough to know clinical neurol-
ogy, neurochemistry, neuroanatomy, or pathology. If you
are working in one of these areas, it is not enough to know
only that area; you also need to understand the areas that
relate to what you are doing and to have some notion of
how ideas from these areas relate to and affect your work.
It is also useful to know how your work is likely to affect
other areas. Only by combining techniques can we add to
the knowledge base in major ways and begin to understand
the complexities of the disease. This volume is intended
to provide an overview of MS-related research. Inevitably,
some areas will be left out, but it is my hope that the gen-
eral overview presented in this volume will prove useful
to many investigators in the field and help to advance our
efforts to cure this thus far intractable disease.
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acroglia are composed of oligo-
dendrocytes and astrocytes. They
account for 95 percent of the glia in
the parenchyma of the central nerv-

ous system (CNS); microglia make up the remainder. The
major function of oligodendrocytes is to form and main-
tain myelin for the purpose of saltatory conduction.
According to Penfield (1), these cells were first described
by Robertson in 1899 and 1900 who called these cells
mesoglia. Oligodendrocytes and microglia were described
in detail by Ramon y Cajal in 1911 (2) but lumped
together into the category of the “third element.” The first
accurate description of oligodendroglia as a distinct cell
type is generally credited to del Rio-Hortega who, in
1921, (3) modified the silver carbonate method to dis-
tinguish oligodendrocytes from microglia. The prefix
oligo is somewhat of a misnomer because, although they
display fewer processes than astrocytes in silver prepara-
tions, we now know from a variety of techniques that they
have an elaborate network of fine processes. Oligoden-
drocytes, believed to be most numerous in white matter
tracts of the CNS, are classically referred to as interfasci-
cular oligodendrocytes (Figure 2.1), because they are
often aligned in rows between the myelinated fibers.
However, oligodendrocytes are surprisingly numerous in
many regions of the gray matter, where their cell bodies,
or perikarya, are often opposed to the perikarya of neu-

rons. Because of this location, they are referred to as satel-
lite or perineuronal oligodendrocytes (Figure 2.2A). It is
still unclear whether satellite oligodendrocytes myelinate
a few axons or have metabolic functions not directly
related to myelin. Certainly, many myelinated fibers enter
and leave the gray matter (Figure 2.2B), and oligoden-
drocytes that form myelin in gray matter contribute
greatly to their total cell number. The spinal cord illus-
trates this point well (Figure 2.2B) but cortical gray mat-
ter presents a similar picture. Electron microscopic cell
counts of oligodendrocytes in spinal cord gray matter
greatly outnumber those of astrocytes (4), although one
might think the converse is true. The density of oligo-
dendrocytes in gray matter can be appreciated with
immunocytochemistry or in situ hybridization with the
use of oligodendrocyte markers that stain the cell body
but leave myelin sheaths unstained (Figure 2.2C). The car-
bonic anhydrase II isoform, selective for oligodendrocytes
(5), is particularly revealing in this regard because it stains
up only the perikarya of oligodendrocytes. Because their
perikarya are small, approximately 8 to 15 µm in diam-
eter, they are very difficult to identify at the light micro-
scopic level in paraffin or frozen sections stained with
classic dyes, including hematoxylin and eosin. Certain
classic metallic stains, developed by Ramon y Cajal and
del Rio-Hortega, specifically impregnate oligodendrocytes
and their processes. However, they stain a fraction of their
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total number. Even in 1-µm semithin plastic sections,
which provide much better preservation and resolution
of tissue, identification of oligodendrocytes is not always
possible (Figure 2.2A).

Our understanding of the complex morphology of
oligodendrocytes and their intimate relation to other glia
and neurons has been achieved, not just from one tech-
nique but by the blending of many different techniques.
In the 1990s, intracellular injections of horseradish per-
oxidase or fluorescent dyes into individual cells showed
additional details about the 3-dimensional morphology
of oligodendrocytes and astrocytes. The combination of
horseradish peroxidase labeling, which fills the finest
processes, and the resolution of electron microscopy has
provided information about the relation between struc-
ture and function of oligodendrocytes with regard to
astrocytes and neurons (6–8).

SUBTYPES OF OLIGODENDROCYTES

Del Rio-Hortega and others (9,10) described subtypes
of oligodendrocytes based on the size of the oligoden-
drocyte cell body, the number of internodes formed by an
individual oligodendrocyte, and the thickness and length
of the internode. Del Rio-Hortega distinguished oligo-
dendrocytes with small cell bodies and fine processes
(types I and II) from those with larger cell bodies and
fewer processes (types III and IV). Types I and II are much
more numerous than types III and IV, myelinate numer-
ous axons, and are found throughout the CNS. Types III
and IV are involved with myelination of the largest diam-
eter fibers such as those located in the spinal cord and
brainstem. Although oligodendrocytes differ morpho-
logically, a commonly held perception is that all oligo-
dendrocytes are created equal in terms of their lineage
and biochemical composition. However, recent studies of
glial lineages and application of antibody double-label-
ing methods have led to a re-examination of whether dif-
ferent morphologic subtypes of oligodendrocytes corre-
late with different biochemical compositions. More
recently, Butt et al. (11) found oligodendrocytes that
myelinated numerous; small-diameter myelin sheaths
were positive for RIP (an oligodendrocyte marker) and
carbonic anhydrase II but oligodendrocytes that myeli-
nated a few large-diameter axons were positive for RIP
and negative for carbonic anhydrase II. These cells cor-
respond to del Rio-Hortegas types I and II and types III
and IV, respectively. Whether these “biochemically” dis-
tinct oligodendrocytes have separate lineages has not
been investigated. In the chicken, molecular heterogene-
ity was demonstrated with an antibody that stains oligo-
dendrocytes and myelin surrounding large- but not small-
diameter fibers (12). The question of whether different
subtypes of oligodendrocytes are intrinsically pro-
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FIGURE 2.1

Electron micrograph of oligodendrocytes in white matter of a
47-day-old-rat. The electron density of the two oligodendro-
cytes contrasts with the electron lucency of adjacent astro-
cytic processes (Ap). Oligodendrocytes are often aligned in
rows parallel to myelinated fibers. The plasma membrane
(arrows) between adjacent oligodendrocytes is often obscure,
probably due to their electron density. The cytoplasm and
processes of oligodendrocytes in ultrathin sections are com-
monly aligned at one pole of the cell. However, thick sections
that reveal the whole cell body connected to its processes
show these processes extending in multiple directions (Figure
2.7). The inherent electron density of the cytoplasmic matrix
masks organelles that occupy most of the cytoplasm. Golgi
apparatus (G), rough endoplasmic reticulum (Er), mitochon-
dria (M), and free ribosomes are much more abundant in
oligodendrocytes than in astrocytes and microglia. The endo-
plasmic reticulum (Er) forms narrow, long strands in oligo-
dendrocytes compared with the thick, short strands in astro-
cytes. The chromatin in mature oligodendrocytes forms
distinct clumps beneath the nuclear membrane and the nucle-
oplasm. 13000X



grammed to myelinate small- or large-diameter axons
was addressed by transplantating oligodendrocytes from
the optic nerve, where they normally myelinate small-
diameter axons, into the spinal cord, where oligoden-
drocytes myelinate small- and large-diameter axons.
Fanarraga et al. (13) found that optic nerve oligoden-
drocytes could myelinate the larger-diameter axons in the
spinal cord of myelin-deficient rats. Other morphologic
classifications of oligodendrocytes have been based
mostly around the developmental appearance of oligo-
dendrocyte-specific antigens.

The principal function of oligodendrocytes is to facil-
itate rapid conduction of axon potentials along axons, but
other functions associated with specific subtypes of oligo-
dendrocytes are being discovered. One of the most inter-
esting and unsuspected is the finding of glutamatergic
synapses on a subset of oligodendrocytes in the hip-
pocampus. Investigators have identified a stage in the dif-
ferentiation of oligodendrocytes that is characterized by
extensive branching of radial processes resembling a
snowflake. With the use of an antibody to a proteoglycan
to detect these oligodendrocytes or by microinjecting bio-
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FIGURE 2.2

Light micrographs show the morphology and distribution of
oligodendrocytes in white and gray matter (A–C) and the loca-
tion of oligodendrocyte progenitors during embryonic devel-
opment (D–E). A. A 1-�m plastic embedded section of cervi-
cal spinal cord shows the transition between white and gray
matter. Myelin sheaths are visualized as dark rings surround-
ing axons. Dendrites (asterisks) are unmyelinated and of large
caliber. At this magnification, the nuclei of glial cells are dis-
tinct but their cytoplasm is small and difficult to visualize.
Nuclei of oligodendrocytes (arrows) have a thin rim of chro-
matin around the nuclear membrane and dense clumps of
chromatin scattered throughout the nucleus. Nuclei of astro-
cytes are weakly stained (arrowhead) and oval, and the con-
trast between chromatin and nucleoplasm is not as pro-
nounced as in oligodendrocytes. A possible microglial cell
(crossed arrow) with a bean-shaped nucleus and dense stain-
ing is present. B. Low magnification plastic-embedded section
of cervical spinal cord shows myelinated fibers (arrow) enter-
ing gray matter from dorsal funiculi (DF) and leaving through
ventral funiculi (VF). C. A 50-�m-thick section of a 1-year-
old mouse cervical spinal cord immunostained with an anti-
body against carbonic anhydrase II. The antigen recognized
by this antibody is restricted to the cell bodies of oligoden-
drocytes and allows comparison of their numbers throughout
the white and gray matter. In spinal cord, oligodendrocytes are
as abundant in gray as in white matter. They tend to be evenly
dispersed throughout white and gray matter, and with this anti-
body they appear larger and more intensely stained in gray
than in white matter. D. A 100-�m Vibratome section from
embryonic day 14 mouse spinal cord. The section was probed
for MBP message by using the procedure described by Bessert
and Skoff (47). This method provides high resolution and it is
possible to distinguish ventricular (VZ) from subventricular
(SVZ) layers. Two cells (arrows) are in the ventricular layer,
and other cells (crossed arrows) have already begun to migrate
away from the proliferative zone toward the basal floorplate.
The sulcus limitans (asterisk) delineates ventral and dorsal
ventricular halves. E. A 100-�m Vibratome section from
embryonic day 18 mouse mesencephalon. Cells expressing
MBP message are streaming from the cerebral aqueduct (CA)
ventrally toward the base of the brainstem. They are also
migrating laterally into surrounding neurophil from the cere-
bral aqueduct. MBP, myelin basic protein.



cytin into cells, these snowflakelike cells in the hip-
pocampus were shown with electron microscopy to pos-
sess synapses on their processes. Bergles et al. (14) found
that the axonal presynaptic elements contain aggregates
of synaptic vesicles congregated near a presynaptic mem-
brane and form a close apposition with a postsynaptic
oligodendrocyte membrane. By combining morphology
with electrophysiologic techniques, the investigators were
able to show that the presynaptic component is derived
from pyramidal neurons and that excitatory inward cur-
rents are elicited in the oligodendrocytes. These low-affin-
ity �-amino-3-hydroxy-5-methyl-4-isoxazole-propionate
(AMPA) receptors on oligodendrocytes are mediated by
glutamate. The effect of these synapses on oligodendro-
cyte precursors is unknown, but they may modulate inter-
actions between neurons and oligodendrocytes via calcium
and other ions. They also might downregulate oligoden-
drocyte proliferation because these cells seemingly do not
proliferate in the adult nervous system after experimental
injury. Interestingly, these oligodendrocytes are postsy-
naptic to hippocampal neurons, and these synapses pos-
sess the morphologic features of typical asymmetrical
synapses. The oligodendrocytes respond to non-N-methyl-
D-aspartic acid (non-NMDA) receptors and possess elec-
trophysiologic properties of propagating action potentials.
With tissue culture, other investigators have found non-
NMDA receptors on oligodendrocytes (15).

Age-related changes in the number of oligodendro-
cytes have been difficult to quantify, but several studies
have indicated that they slowly increase with age (16).
In the macaque striate cortex, they increased dramatically
in postnatal development but continued to increase in 4-
to 8-year-old animals (17). As oligodendrocytes age, they
acquire nuclear filaments and other organelles, but the
biochemical significance of these observations is unclear
(18–20). Although little information is available about
the aging of oligodendrocytes, this is an area that needs
additional investigation because biochemical changes
involving turnover of glial messages and proteins may be
factors in the initiation or progression of demyelinating
diseases and Alzheimer disease.

ULTRASTRUCTURE OF OLIGODENDROCYTES

Viewed through the electron microscope, each of the three
types of adult glia has unique features that permit their
definitive identification. It is presumptuous, however, to
assume that all glia in the adult nervous system are mature
and that all glia have features sufficient to be categorized
even in very thin sections. Proliferation and maturation of
glial precursors, although modest, occur in the subven-
tricular zone and throughout the white matter in adults
(18,21), and identification of these cells at the electron
microscopic level as multi-, bi-, or unipotential glial pre-

cursors is open to additional studies. The difficulty in iden-
tifying glial cells in the embryonic and early postnatal
rodent nervous systems is even more taxing because many
immature glia lack diagnostic features of mature glia.

It is usually the combination of several different fea-
tures that permit identification of a specific glial cell type
as an astrocyte, oligodendrocyte, or microglia. Researchers
select for publication pictures that exhibit stereotyped fea-
tures of macroglia, but when viewed through the electron
microscope many glia are cut near their edge and have only
a few diagnostic features. In semi- and ultrathin sections,
the electron density of mature oligodendrocytes stands out
as an overall distinguishing feature (Figures 2.1 and 2.2A).
Their electron densities contrast sharply with the electron-
lucent nature of astrocytes and the more moderate density
of microglia. The nuclei and cytoplasm of oligodendro-
cytes are electron dense. Their nuclear membranes are
rimmed by electron-dense clumps of chromatin that
extend into the more lightly stained nucleoplasm. In gray
matter, the contrast between chromatin and nucleoplasm
is not as pronounced in white matter oligodendrocytes,
leading to possible misidentification of oligodendrocytes
as astrocytes or microglia. The nuclear membrane of the
oligodendrocyte is conspicuously more dilated than that
of the astrocyte and microglia and abundantly studded
with ribosomes.

With regard to the oligodendrocyte’s general shape,
the plasma membrane of the oligodendrocyte is often
irregular, and has angled borders that abut myelinated
fibers and astrocytic and microglial processes. This mor-
phologic profile is helpful for oligodendrocyte identifi-
cation because the plane of section in electron micro-
graphs often fails to show much of the cytoplasm. When
cytoplasm is abundant, it tends to be eccentrically located
at one pole of the cell body, with the nucleus at the other
pole (Figure 2.1). Rough endoplasmic reticulum of oligo-
dendrocytes is much more abundant than in astrocytes
and microglia and consists of cisternae of endoplasmic
reticulum stacked layer upon layer. The lumen of the
endoplasmic reticulum is narrower than that of astrocytes
but less so than that of microglia, and the membrane is
abundantly studded with ribosomes. The abundance of
endoplasmic reticulum is a reflection of the cell’s massive
protein synthesis machinery. Free ribosomes are also
abundant in oligodendrocytes and extend into the cell’s
distalmost processes, even as far as the node of Ranvier.
The occurrence of free ribosomes in the oligodendrocyte’s
processes is a property distinguishing it from small-diam-
eter unmyelinated axons that lack ribosomes. Messenger
RNA for myelin basic protein (MBP), one of the two
major proteins of myelin, and messages for several other
minor components of myelin, including oligodendrocyte
MBP, are transported on free ribosomes into the processes
(22–24). This finding suggests that all the translational
machinery, including transfer RNA, are likewise trans-
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ported down the processes. The signal to initiate transla-
tion at the tips of the processes is unknown. The Golgi
apparatus is also prominent in oligodendrocytes, situated
near the nucleus, and consists of four to five cisternae that
have a beaded appearance. Mitochondria and micro-
tubules are relatively more abundant in oligodendrocytes
than in astrocytes and microglia. Microtubules are ran-
domly oriented in the perikarya but become fasciculated
as they enter the oligodendrocytic processes. They
undoubtedly play a role in the transport of free ribosomes
and other molecules into the distal processes. Mature
oligodendrocytes lack intermediate filaments and glyco-
gen, which are abundant in astrocytes.

Freeze-fracture analyses of oligodendrocytic mem-
branes show features not easily interpretable with the elec-
tron microscope. The most important of these structural
membrane components are aggregates of particles char-
acteristic of gap junctions. With the use of combinations
of antibodies and electrophysiologic studies, investigators
identified connexin 32 (25–26) as the major gap junc-
tional protein and connexin 45 as a minor gap junctional
protein in oligodendrocytes (27). Gap junctions sand-
wiched between adjacent oligodendrocyte cell bodies,
their processes, and myelin at paranodal regions are most
common, but they also exist between astrocytes and oligo-
dendrocytes. Interestingly, gap junctional proteins
between different types of cells need not be composed of
the same protein (homologous) but are often composed
of two different proteins (heterologous). In the case of
oligodendrocytes and astrocytes, connexin 32 in oligo-
dendrocytes is coupled to connexin 43, the major con-
nexin in astrocytes (28). Gap junctions are channels
between adjacent cells that permit the flow of ions, sec-
ond messengers, and small molecules directly from one
cell’s cytoplasm to another’s. It has been proposed that
the coupling of oligodendrocytes and astrocytes functions
as a K� buffer, but other functions cannot be ruled out
given the diverse functions of these structures (29). After
electrical stimulation, K� may flow by means of gap junc-
tions through the paranodal loops and then into astro-
cytes through heterologous channels. Interestingly, con-
nexin 32 immunostaining appears to be restricted to
subpopulations of oligodendrocytes that correspond to
types I and II of del Rio-Hortega, whereas other subtypes
do not express connexin 32 (26).

In electron micrographs, oligodendrocytes in post-
natal brain often lack features distinctive of mature oligo-
dendrocytes yet most still have properties sufficient  to
distinguish them from astrocytes and microglia (Figure
2.3). With 1-h pulses of tritiated thymidine to label cells
in the S phase of the cell cycle, Skoff et al. (30) found that,
during the second and third postnatal weeks, most labeled
cells in the optic nerve are immature oligodendrocytes.
The cytoplasm and nucleus were not as electron dense as
in mature oligodendrocytes, but they exhibited stacks of

rough endoplasmic reticulum and Golgi apparatus char-
acteristic of mature oligodendrocytes. Although these cells
often have several processes, most do not appear to be
myelinating axons. Mori and Leblond (18) also used the
electron density of oligodendrocytes to distinguish
recently generated from mature oligodendrocytes. After
examining the electron densities of thymidine-labeled cells
at longer and longer intervals after tritiated thymidine
injections, they found that immature oligodendrocytes
show a weak stain as opposed to mature cells that show
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FIGURE 2.3

Low magnification electron micrograph of an actively myeli-
nating oligodendrocyte in spinal cord white matter of a 5-day-
old mouse. Actively myelinating oligodendrocytes have larger
nuclei and more abundant cytoplasm than do mature oligo-
dendrocytes. They are less electron dense than mature oligo-
dendrocytes and, hence, may be confused with astrocytes.
Their cytoplasm contains numerous mitochondria (M), Golgi
apparatus (G), and rough endoplasmic reticulum (Er). This
oligodendrocyte is in direct contact with several myelinated
fibers (asterisks) that it is probably myelinating. However,
direct connections between the process of an oliogdendrocyte
and a myelin sheath are difficult to demonstrate except for
the distal tip of this oligodendrocyte’s process (arrows), which
is directly connected to a nascent myelin sheath (crossed
arrow). 10600X



stronger stains. These findings agree with light and elec-
tron microscopic observations showing that proliferating
oligodendrocytes are more weakly stained than mature
oligodendrocytes. More detailed ultrastructural descrip-
tions about oligodendrocytes and the history surround-
ing their identification can be found elsewhere (31).

ORIGINS AND LINEAGES OF
OLIGODENDROCYTES

All macroglia and neurons arise from precursor cells in
the ventricular layer of the embryonic nervous system.
The ventricular layer is a pseudostratified layer of cells
that surrounds the ventricles and extends from the rostral
tips of the lateral ventricles to the caudal end of the spinal
canal. The subventricular layer immediately adjacent to
the ventricular layer is also, especially in adults, a source
of glial precursor cells. In adults, the subventricular layer
is absent or thinned except at the dorsolateral boundary
of the lateral ventricles, where it remains a highly prolif-
erative zone. The origin of glia may be defined as the loca-
tion or region along the neuraxis wherein glial precursors
are generated. It is well established that glial precursor
cells proliferate in the ventricular layer, migrate laterally
from the ventricular layer into the surrounding neuropil,
and continue to proliferate and/or differentiate (see
reviews in 32–33). However, only recently has it been
appreciated that glial precursors also migrate rostrocau-
dally along the neuraxis for considerable distances
(34–36). Therefore, the origin of a glial cell in adult white
or gray matter is not necessarily the ventricular layer clos-
est to a particular oligodendrocyte. Of particular rele-
vance to glial migration and glial lineage studies, oligo-
dendrocyte precursors have been found to be present in
embryonic development much sooner than previously sus-
pected. By using a combination of different techniques
including immunocytochemistry, in situ hybridization,
and oligodendrocyte-specific transgenes linked to reporter
genes, investigators have examined the origin of oligo-
dendrocyte precursors in the ventricular and subventric-
ular layers. Results from these studies indicated that oligo-
dendrocyte precursors are located only at certain regions
along the neuraxis (37–40). Oligodendrocyte precursors
in the spinal cord, although present from the cervical to
the lumbar levels, are restricted to the ventral half of the
spinal cord (Figure 2.2D) (41–44). In the brainstem, they
are found principally in restricted areas of the dien-
cephalon and rhombencephalon. In the diencephalon,
cells expressing proteolipid protein message are present
as soon as embryonic day 9.5 in the mouse (37). The ven-
tricular origins of oligodendrocytes destined for telen-
cephalic structures including the cerebral cortex, striatum,
and corpus callosum are still unclear. They may arise
exclusively from the diencephalon or from still undeter-

mined locations in the telencephalon (45). During post-
natal development we found scattered proteolipid protein
and MBP message-positive cells along the lateral and dor-
sal ventricular layers of the lateral ventricles (46). This
observation suggests that the lateral ventricles can gen-
erate oligodendrocyte precursors throughout postnatal
life. In the spinal cord, cells labeled for myelin-specific
genes or with oligodendrocyte-specific markers have been
found exclusively in the ventral half of the embryonic
spinal cord, but the spatial resolution obtained with
radioactive probes and use of frozen sections usually do
not provide sufficient resolution to determine whether
labeled cells are in the ventricular layer or the adjacent
neuropil. This is problematic because cells could migrate
longitudinally along the ventricular neuraxis from one
area to another, leading to the impression that labeled cells
are generated in the adjacent ventricular zone. With in
situ hybridization techniques that provide very high cel-
lular resolution, we examined the location of cells express-
ing MBP and proteolipid protein (PLP) messages.
Embryos are perfused intracardially to obtain excellent
fixation and complementary DNAs are coupled to digox-
igenin to provide high spatial resolution (47). In agree-
ment with previous studies, MBP and PLP transcripts are
located only in cells in the ventral half of the central canal
between embryonic days 12 and 16 (Figure 2.2D). In the
cerebral aqueduct, cells stream ventrally from ventricular
layer along the midline to the ventral brainstem and then
spread laterally (Figure 2.2E). Not previously reported,
the labeled cells in spinal cord always formed a single pair
in the ventricular zone opposite each other in the central
canal at 14 days of gestation. They also were located
stereotypically 4 to 6 cells from the bottom of the basal
plate. In the horizontal plane, the pair of cells did not form
a continuous band but appeared approximately every 6
cells. Occasionally, an unpaired cell was immediately
below the sulcus limitans (Figure 2.2D). The stereotypic
location of these oligodendrocytic precursors indicates
that adjacent cells interact closely with cells expressing
the myelin gene. Whether these signals from surround-
ing cells are excitatory or inhibitory are unclear. Sonic
hedgehog, a morphogenetic protein localized to the noto-
chord and basal floorplate is required for oligodendro-
cytic development (48–51). By 16 days of gestation, MBP-
and PLP-expressing cells in the spinal cord are not found
in the ventricular layer but in the subventricular zone and
are in the process of migrating ventrally to spread into the
mantle and marginal zones. Here, they quickly acquire
the phenotypic properties—i.e., several processes and
small round nuclei—of immature oligodendrocytes. Our
studies showed that the time of origin of oligodendro-
cyte precursors in the ventricular zone of the spinal cord
is limited to just a few days, an important finding. The
fact that these cells expressed oligodendrocyte- and
myelin-specific transcripts in the ventricular zone strongly
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suggests that they are committed to becoming oligoden-
drocytes. Mice that express the PLP/DM20 transgene
linked to a reporter molecule during early embryonic
development do not yet express the classic myelin gly-
colipids and proteins; however, during late embryonic and
postnatal development, the reporter molecule colocalizes
with these myelin glycolipids and proteins in vivo and in
vitro (36). This indicates that the embryonic PLP-express-
ing cells turn into oligodendrocytes. However, it is unclear
whether myelin protein gene expression identifies all
oligodendrocyte precursors because another set of oligo-
dendrocyte precursors that expresses platelet-derived
growth factor � receptor was identified during embryonic
development (52). Although cells positive for the platelet-
derived growth factor � receptor were in the same vicin-
ity of the cells expressing myelin gene transcripts, they did
not precisely colocalize in their position with cells express-
ing myelin protein genes. Furthermore, they did not seem
to be double labeled during embryonic development or
postnatal development (53), suggesting that oligoden-
drocytes may derive from separate lineages.

Lineage is used by scientists in many different ways
to identify precursors cells of the mature, specialized cells
of the body. Lineage can be viewed as tracing one’s fam-
ily tree and, in the case of an astrocyte or oligodendro-
cyte, its origin from a given cell in the ventricular layer.
Ultimately, a particular cell in the ventricular layer can
be traced all the way back to the ovum. The lineage of
a cell should not be confused with the plasticity of a cell,
which is the potential of a cell to change from its nor-
mal in vivo fate to that of another type of cell. Many
“lineage” studies are performed with cultured cells and
involve experimental manipulation of cells. Cell trans-
formation may depend on the introduction of different
growth factors not normally present in its environment,
the introduction of transgenes, and altering the type of
cells that the cell is not normally in contact with in vivo.
The use of the word lineage preferably should be limited
to in vivo studies to define a cell’s normal developmen-
tal history or ancestry without regard to what its fate
might become in the dish. The lineage of a particular cell
type can be determined without knowledge of how cell-
to-cell interactions and environmental factors influence
a cell’s fate. The rediscovery of the stem cell in embry-
onic and adult animals and their potential to generate
many different types of cells in the dish illustrate the plas-
ticity of brain cells (see below).

Lineages of glial cells in vivo have been traced with
two different approaches. In the first, described as an
anterograde approach, glial lineages are traced forward
in time from their proliferation in the ventricular layer
as progenitor cells to a mature macroglial cell in adult ani-
mals. The strategy in this approach involves randomly
labeling ventricular precursors, usually with a retroviral
reporter gene, and then determining the types of cells in

a clone. In the second approach, lineages are traced back-
ward in a retrograde method by identifying morphologic
and molecular properties of mature cells in less mature
cells. With regard to the study of glial lineages, the first
approach is more direct than the second, but compari-
son of the results of both approaches have led to the same
basic conclusions.

To trace the lineage of a precursor cell in the ven-
tricle and subventricle, noncompetent retroviruses are
injected into the ventricle of embryonic or neonatal
rodents. These noncompetent retroviruses transmit the
viruses to the cells’ progeny but cannot infect adjacent
cells. They are further engineered to contain a reporter
gene, usually the lacZ gene, which codes for the protein
�-galactosidase. Colorimetric development of �-galac-
tosidase permits visualization of the progenitors’ progeny.
By integrating data from numerous studies (34,54–55;
and see reviews in 32–33), the retroviral studies showed
that divergence of progenitor cells begins on embryonic
day 13 in the cerebellum and embryonic day 15 in the
forebrain. At these times and in these structures, more
than 85% of the clones consist of astrocytes, oligoden-
drocytes, or neurons. Interestingly, astrocyte clones were
generally restricted to white or gray matter, with little
intermixing between the two. All the in situ retroviral
studies found mixed clones but fewer than 5% of all
clones were bi- or multipotential. These mixed clones con-
sisted of different combinations of neurons and oligo-
dendrocytes, neurons and astrocytes, and astrocytic and
oligodendrocytic clones. Radial glial cells, which give rise
to astrocytes, have recently been shown to generate in vivo
not only astrocytes but also neurons in the neocortex (56).
These neurons migrate along the radial glia and then con-
tribute to the radially or vertically organized columns of
the neocortex. With the use of time-lapse videomi-
croscopy, Noctor et al. (56) showed that the neurons
migrating along the radial glial processes are derived by
asymmetric cell division of the radial glia precursors, one
of which remained a glial cell and the other a neuron. The
generation of neurons and glia from the same progenitor
may depend on the embryonic age of the rodent because
clones isolated during embryonic days 14 to 16 generated
mostly neurons, whereas more mixed clones were found
at later time points (57). Interestingly, clones containing
microglial cells have not been described, suggesting that
they have a separate, non-neural lineage from macroglial
cells. Our current knowledge about neuroglial lineages dur-
ing in vivo development is shown in Figure 2.4.

The retroviral studies indicating divergence of neu-
roglial lineages in midembryonic development dovetail
with in situ hybridization studies (see above) that found
cells in the ventricular and subventricular zones express
oligodendroctyte- and myelin-specific genes. Classic
electron microscopic autoradiographic studies of post-
natal rat optic nerve showed most glia in the S phase

MORPHOLOGY OF OLIGODENDROCYTES AND MYELIN 13



MORPHOLOGIC SUBSTRATES OF DEMYELINATION14

FIGURE 2.4

The ventricular and subventricular zones of the brain from mid to late embryonic development are composed of a mosaic of
progenitor cells that have the potential to generate adult brain neurons and glia. Based on in vivo retroviral labeling paradigms,
this diagram shows the fate of different progenitor cells in the cerebrum. The lineages capped by bold lines show progenitor
lines that are likely to form the vast majority of glia and neurons in the cerebrum. The lineages capped by narrow lines repre-
sent lineages that have been shown to occur in vivo but probably generate fewer total brain cells. Each lineage may be domi-
nant at different times during development, and it is still unclear which lineage generates the most oligodendrocytes and astro-
cytes in the adult brain. EI5, embryonic day 15; PO, postnatal day 0.



of the cell cycle expressing the morphologic features of
astrocytes and oligodendrocytes (30). A small percent-
age of microglial cells also was labeled with radioac-
tive thymidine 1h after injection, indicating that they
proliferate in situ during postnatal CNS development.
Although these studies of the postnatal CNS did not
directly identify the lineage of macroglial cells, they indi-
cated that immature astrocytes and oligodendrocytes
proliferate and generate mature macroglia. With regard
to proliferating oligodendrocytes, these oligodendrob-
lasts are morphologically similar to the cell shown in
Figure 2.3 but are somewhat smaller. The oligodendro-
blasts appear, in most cases, to be premyelinating cells
because connections of mitotic or S-phase cells to myelin
sheaths are seldom found (58–60). Numerous classic
studies have shown that proliferation and mitosis of
macroglial cells is not limited to the ventricular and sub-
ventricular zones during development but also occurs
in white and gray matter tracts (61). Because oligoden-
droglial proliferation occurs simultaneously around the
ventricle and in adjacent white matter tracts during
postnatal development, it is difficult to determine the
percentage contributions from these different sources.
The same conclusion can be drawn for adult animals,
where ventricular and white matter proliferation occurs.
Tritiated thymidine recently was combined with oligo-
dendrocyte-specific markers to determine which myelin-
specific markers are expressed by dividing oligoden-
droblasts. Those studies found that oligodendroblasts
express myelin-specific glycolipids, particularly sulfatide
but sometimes galactocerebroside (62). These oligo-
dendroblasts were distributed abundantly throughout
the white matter in the postnatal brain, suggesting that
local proliferation is the major source of mature oligo-
dendrocytes (62). Occasionally, a few proliferating cells
were MBP� but none were PLP�, suggesting that
myelin-specific proteins are not abundantly expressed
by proliferating cells. However, the failure to detect
myelin proteins in proliferating cells may be due in part
to the insensitivity of immunocytochemistry to detect
very low levels of myelin proteins. This cautionary state-
ment is based on the observations of many laborato-
ries of the strong expression of myelin gene messages
during embryonic and early postnatal development.
Whether myelin proteins are immediately degraded or
very low levels of proteins are generated in these oligo-
dendrocyte progenitors is still unclear.

In the 1980s and 1990s, tissue culture studies focused
on characterization of a bipotential cell named the O-2A
cell because this progenitor cell in tissue culture gives rise
to oligodendrocytes and a subtype of astrocyte, with cer-
tain properties similar to those of the fibrous astrocyte
(63–64). These cells in culture, depending on which growth
factors are added to the medium and the method of cul-
ture, could generate oligodendrocytes or an astrocyte that

had long, thin processes, called the type II astrocyte. The
type II astrocyte was thought to have arisen after oligo-
dendrocytes were generated and to have a specific function
that involved ensheathment of the node of Ranvier (65).
However, re-evaluation of the time of origin of astrocytes
in the optic nerve showed no major astroglial proliferation
after the bulk of oligodendrocyte proliferation (66). Trans-
plantation of all O-2A progenitors harvested from tissue
culture and transplanted into the brain developed into
oligodendrocytes rather than into astrocytes (67). The
counterpart of the type II astrocyte in vivo is unknown. In
addition to the bipotential O-2A glial precursor cell, a
tripotential glial cell was found in tissue culture that could
generate oligodendrocytes and the two subtypes of astro-
cytes (68).

The pluripotentiality of glial precursors, as first
shown in tissue culture, has been extended to neurons. The
classic doctrine that no new neurons are generated in the
adult brain has been shattered by numerous studies show-
ing modest renewal of neurons in certain regions of brain,
especially the hippocampus and olfactory cortex (69–70).
Other studies have harvested brain tissue and shown that
in the dish neurons, astrocytes, and oligodendrocytes can
be generated from a single pluripotent stem cell. The dis-
covery of multipotent stem cells harvested from bone mar-
row, brain, and other tissues in rodents and humans is rel-
evant to multiple sclerosis because these cells might provide
unlimited sources of progenitor cells that can be expanded
with growth factors to become oligodendrocytes (71–72).
One group identified stem cells in the ventricular and sub-
ventricular zones that can be cultured to generate neurons
and macroglia (73). In culture, astrocytic monolayers gen-
erated neurons and astrocytes, but in this system genera-
tion of oligodendrocytes was not reported (73). Other
researchers found stem cells in the adult spinal cord that
could be clonally expanded to generate neurons, astrocytes,
and oligodendrocytes (74). Transplantation of these clon-
ally expanded cells into spinal cord and hippocampus pro-
duced neurons, oligodendrocytes, or astrocytes, depend-
ing on the local microenvironment. Whether these cells
confer the ability to perform normal functions when ampli-
fied and transplanted into diseased brains remains to be
tested. Relevant to oligodendrocytes is the finding that
rodent neocortex contains small numbers of cycling pro-
genitor cells that express NG2, a marker of immature
oligodendroglia.

MYELIN

This section focuses on the structural organization of the
myelin sheath (Figure 2.5); the molecular composition of
myelin is presented in Chapter 4. The first description
of myelin harkens back to the grinding of lenses for light
microscopes and Leeuwenhoek who, in 1717, described
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FIGURE 2.5

Illustration of the structure of the myelin
sheath at different levels of resolution. A.
Two oligodendrocytes in the white mat-
ter extend processes to axons. The node
of Ranvier is the unmyelinated segment
of the axon. Details of one myelin sheath
(boxed area) are drawn at higher magni-
fication in B. B. Three-dimensional draw-
ing of a myelin sheath shows the process
of an oligodendrocyte continuous with
the abaxonal loop (outer loop) of myelin.
The outer loop is continuous with the
paranodal loops, which in turn is ulti-
mately continuous with the periaxonal
(inner) loop. Hence, cytoplasmic conti-
nuity between the oligodendrocyte
process and the periaxonal loop is always
present. In compact myelin, the single
inner leaflets of the plasma membrane
come together to form the major dense
line, and the two outer leaflets fuse to
form the minor dense line. C. An unfurled
myelin sheath illustrates the continuity
between longitudinal incisures, which
contain cytoplasmic and paranodal
loops. The compartmental distribution of
the major proteins in myelin are shown.

A

B

C



nervules exiting from the spinal cord and surrounded by
fatty tunics; for an engaging history of myelin see Rosen-
bluth (75). The next major advance in the description of
myelin was Ehrenberg’s teasing out of a single nerve fiber
in the 1830s, not only in the peripheral nervous system
(PNS) but also in the CNS; a sobering reflection for
myelin biologists in the twenty-first century who pride
themselves on their teased fiber preparations. However,
general confusion reigned over whether the fatty sub-
stance was a sheath surrounding the nerve fiber or some-
how deposited within the fiber, like marrow inside bone.
The Greek word myelin, or marrow, was used by Vir-
chow in 1858 to refer to the medullary substance between
the axon and its external membrane. In 1871 Ranvier
wrote that myelin is not a continuous structure along the
axon cylinder but interrupted periodically along its
length. Schmidt in 1874 and Lanterman in 1877
described slits running obliquely through the myelin
sheath. The birefringence of myelin made it a favorite for
X-ray diffraction studies in the 1930s and 1940s. Elec-
tron microscopes, although developed at the same time,
were primitive in terms of the resolution they offered and
did not offer novel insights into myelin structure. Not
until the 1970s, with the increased resolution of electron
microscopy, were accurate descriptions of the complex
structure of the myelin sheath provided. Not to down-
play the resolution of electron microscopy, but the devel-
opment of new fixatives, intracardiac perfusion, and hard
resins in the 1970s contributed as much new technology
as the electron microscope toward understanding the fine
structure of myelin. Also in the 1970s, freeze-fracture
analyses of myelinated fibers revealed additional struc-
tural features of myelinated fibers such as gap junctions.
After much debate, the ultrastructure of the myelin sheath
was agreed to in the 1970s, and ultrastructural studies
in the 1980s and early 1990s added only modest refine-
ments to our understanding of myelin structure. Myelin
studies were revived in the late 1990s by the identifica-
tion of novel myelin proteins and the use of immunocy-
tochemical methods showing that these myelin proteins
have unique distributions in the myelin sheath. And, most
importantly, some of the mechanisms involved in the for-
mation of the myelin sheath have been revealed by study-
ing animals which lack or overexpress these myelin pro-
teins; see review by Baumann and Pham-Dinh (76).

Myelin consists of the spiral wrapping of plasma
membrane by the oligodendrocyte or Schwann cell
around the axon. A segment of myelin is called an intern-
ode, and, at the distal ends of each internodal myelin seg-
ment, the axon is unmyelinated and referred to as the
node of Ranvier (Figure 2.5A). The schematic is quite mis-
leading with regard to the comparison of internodal
length with the size of the oligodendrocyte cell body.
Internodes longer than 1 mm (1000 µm) have been found
in spinal cord (77), but the average diameter of an oligo-

dendrocyte perikaryon is 5 to 15 µm, for a 100-fold dif-
ference between maximum lengths of the two structures.
Obviously, axons in long tracts of the body are myelinated
by many different oligodendrocytes. Because some
pyramidal fibers in humans extending from the cortex to
the lumbar cord are approximately 1 m long, and an
internode is approximately 1 mm, roughly 1000 different
oligodendrocytes have contributed to the ensheathment
of a single pyramidal axon.

Numerous classic and contemporary studies have
examined the relation of the length and thickness of the
internode to the axon. Correlation of myelin thickness
and internodal length to axon diameter are more easily
established in the PNS than in the CNS because indi-
vidual fibers in the PNS can be teased out and axonal
and myelin parameters can be measured more easily than
in CNS. The classic literature has extensively docu-
mented a positive linear correlation between axonal
diameter, myelin sheath thickness, and internodal length
for the PNS and CNS (e.g., 78–79). In the PNS, myelin
sheath thickness generally correlates with the diameter
of the axon (80–82). In the CNS, this same general rela-
tion exists, but recent studies have shown the interrela-
tion between the two is not as tightly correlated as in the
PNS (83). The anterior medullary velum, or roof of the
fourth ventricle, was used to study axon–myelin relation
because this structure is very thin and myelin sheaths are
scattered throughout the neuropil, permitting examina-
tion of single fibers. Predictably, smaller-diameter fibers
have shorter internodes than do larger-diameter fibers,
but the internodal length of these small-diameter fibers
was significantly less than plotted by linear regression
analyses (83).

Although considerable evidence exists that axons
modulate oligodendrocytic differentiation and regulate
myelin sheath thickness (84), less research has focused on
the role of oligodendrocytes and myelin in regulating
axonal properties. Oligodendrocytes and their processes,
even when they do not form myelin sheaths, appear capa-
ble of modulating the diameter of axons and the spacing
of neurofilaments (85). The evidence partly derives from
examination of mutant mice whose oligodendrocytes do
not form compact myelin but whose processes loosely
enwrap axons. Two proteins in the PNS, peripheral
myelin protein 22 kD and myelin-associated glycoprotein,
also play roles in modulating the caliber of axons because
trembler mice deficient in peripheral myelin protein 22kD
(86) and in myelin-associated glycoprotein deficient mice
(87) have smaller axonal diameters and decreased neu-
rofilament spacing.

In the CNS, the node of Ranvier was reported to be
surrounded by fine astrocytic processes that encircle the
bare axolemma (8,88). Three-dimensional reconstruc-
tions of these “astrocytic” cells that form the node have
shown processes extending to the pia limitans or blood
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vessels, in keeping with traditional theory that all astro-
cytes contribute processes to form the “blood–brain bar-
rier.” The concept that a specialized type of astrocyte,
the type II astrocyte, is generated after oligodendrocytes
and specialized to form nodal processes (65) has not been
proved by extensive light and electron microscopic
autoradiographic and immunocytochemical microscopic
studies (66). More recently, in addition to classic astro-
cytes, oligodendrocyte progenitors identified with the
NG2 antibody were shown to form processes at the
nodes of Ranvier (89). They did not appear to be posi-
tive for carbonic anhydrase or glial fibrillary acidic pro-
tein (markers for oligodendrocytes and astrocytes,
respectively), in keeping with the hypothesis that these
cells are likely to be immature glial precursors. It remains
unclear whether nodal cells identified as astrocytes in
previous studies are all immature oligodendrocyte pro-
genitors or a combination of astrocytes and immature
oligodendrocytes.

MATURATION OF OLIGODENDROCYTES AND
FORMATION OF THE MYELIN SHEATH

The maturation of oligodendrocyte precursors into myeli-
nating oligodendrocytes occurs at different times in dif-
ferent fiber tracts during development. A general princi-
ple is that myelination of fiber tracts begins with the
phylogenetically oldest fiber tracts. Hence, myelination
of motor and sensory fiber roots and cerebellar peduncles
precedes association with cortical areas. This pattern is
dramatically illustrated in the human, wherein motor and
sensory roots in the PNS begin myelination as early as the
fourth fetal month and is completed within several
months after birth, whereas association areas are still
being myelinated into the third decade (90). Another rule
of thumb is that myelination proceeds rostrocaudally in
the spinal cord but caudorostrally in the brainstem. In the
mouse, myelination begins in the ventral funiculi at birth,
in the optic nerve 5 days postnatally (Figure 2.6), and in
the corpus callosum approximately 14 days postnatally.
Although gradients of myelination can be ascribed to dif-
ferent regions of the brain and spinal cord, the gradient
is not precisely tuned and can differ from one species to
another. In optic nerves of rats, myelination proceeds from
the optic nerve head at the retina toward the chiasm
(91–92). In optic nerves of rabbits, the pattern of myeli-
nation is more homogeneous than in the rat (92). In both
species, myelination is retarded near the optic canal, indi-
cating that local factors modulate myelination along axons.
Interestingly, the first myelinated fibers were found adja-
cent to blood vessels, suggesting factors from the vascular
system accelerate oligodendrocyte differentiation (92).

After migration from the ventricular and subven-
tricular zones into the presumptive white and gray mat-
ter, the oligodendrocytic precursors undergo a dramatic
change in their morphology from bipolar cells to
snowflake-shaped cells with multiple radial processes
(Figure 2.7A). These snowflake-shaped cells completely
blanket the neuropil, such that their processes are likely
to be in direct contact with all axons contained within
their sphere. The premyelinating cells already express
most myelin proteins including MBP (Figure 2.7A) and
glycolipids including galactocerebroside and sulfatide
(93). These observations indicate that an intrinsic genetic
program in oligodendrocytes activates myelin gene
expression. The axons “selected” for myelination by an
oligodendrocyte are not necessarily the axons closest to
the cell body, and all axons touched by oligodendrocyte
processes are not ensheathed. The oligodendrocyte
shown in Figure 2.7B extends processes to two bundles
of fibers on opposite sides of the cell body. This static
picture may at first glance give the impression that spe-
cific trophic stimuli from axons have persuaded the
oligodendrocyte to send processes to these bundles.
However, it is likely that the radial processes of the oligo-
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FIGURE 2.6

High magnification electron micrograph from the spinal cord
of a 57-day-old postnatal mouse. Several outer (Op) and
inner (Ip) tongues of myelin sheaths are present. The tril-
aminar composition of the plasma membrane can be visu-
alized in several areas (arrows). The inner leaflet of the
plasma membrane fuses together to form the major dense
line (crossed arrow). The two outer leaflets of the plasma
membrane fuse together to form the minor dense line (arrow-
head). Interestingly, and difficult to explain, the outer loop
may be connected to two different myelin sheaths, as is the
case here. 175000X
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FIGURE 2.7

Oligodendrocytes in different stages of differentiation. A. A pre-
myelinating oligodendrocyte in the cerebrum of a neonatal mouse.
The section, immunostained for myelin basic protein, shows an
oligodendrocyte with multiple, thin processes that radiate in all
directions from the cell body. The processes often branch and
interdigitate with each other (arrows) to create a snowflake appear-
ance. 700X. B. A myelinating oligodendrocyte in cerebrum of a
5-day-old mouse is visualized with myelin basic protein immuno-
cytochemistry. Immunoreaction product surrounds the spherical
nucleus and fills two processes that emerge from opposite sides of
the perikaryon. The processes contact several axons that are being
myelinated. 1000X. C. Striatum of a 14-day-old mouse brain
immunostained with an antibody (A007) that recognizes differ-
ent glycolipids (93). Cell bodies of oligodendrocytes (arrows) in
gray matter send their processes into bundles of fibers; other oligo-
dendrocytes are immediately adjacent to fiber bundles; still oth-
ers, difficult to visualize, are present in the center of white matter
fibers. Most antibodies to myelin proteins and glycolipids in late
postnatal and adult tissue stain myelin and cell bodies, making it
difficult to identify and quantify oligodendrocyte cell numbers in
adult tissue. 300X



dendrocyte are already in contact with these axons and
that axon–oligodendrocytic contacts trigger myelination
(94–95). Interestingly, one side of an oligodendrocyte
may retain the snowflake appearance, whereas the other
side has only long processes that have begun to ensheath
some axons. Using confocal microscopy, Hardy and
Friedrich (94) found that the first stage of myelin invest-
ment consists of the elaboration of a long thin process
parallel to the longitudinal axis of the axon. The sec-
ond stage consisted of the spiral ensheathment and lon-
gitudinal enlargement of the oligodendrocyte process
around the axon. As the oligodendrocyte begins to form
more myelin sheaths, it loses a number of radial
processes. Morphologically, axons generally attain a cer-
tain diameter for myelination to begin, but this diame-
ter-dependent effect is most likely contingent upon bio-
chemical changes in the axon. Those axons that are
myelinated in the anterior medullary velum overlying the
fourth ventricles express neurofilament as 200 kD sub-
units (95). The appropriate diameter might be accom-
panied by electrical activity because tetrodotoxin
blocked myelination in an in vitro system (96). Con-
versely, �-scorpion toxin facilitates myelination by caus-
ing repetitive electrical activity (97–98). Based on elec-
tron microscopic studies (99–101), investigators
extrapolated that a single oligodendrocyte can form as
many as 40 different internodes around axons. However,
when using antibodies to label the oligodendrocyte and
its connecting processes to myelin internodes, 15 to 20
internodes were the maximum number counted
(94,102). In adult CNS, the density of white matter
myelin makes it difficult to demonstrate connections of
a single oligodendrocyte to all its sheaths (Figure 2.7C).

STRUCTURE OF THE MYELIN SHEATH

The 3-dimensional structure of the myelin sheath is best
appreciated from reconstructions (Figures 2.5B and
2.5C), and in comparison with the high magnification
electron micrograph (Figure 2.6). Adjacent to the node of
Ranvier, the compacted layers of myelin membrane
become unraveled, the inner leaflets of the fused plasma
membranes split, and the intervening space is filled with
cytoplasm (Figure 2.5B). This region of myelin is called
the paranode and is enriched in many proteins not nor-
mally found in the compacted myelin sheath (Figure
2.5C). A low magnification electron micrograph of intern-
odal, compact myelin cut transversely shows alternating
layers of light and dark lines (Figure 2.5B). The dark line,
termed the major dense line, represents the apposition of
the inner leaflets of two plasma membranes in which the
cytoplasm between the two adjacent plasma membranes
has been extruded during myelin formation. The terms
extruded and squeezed out are often used to describe the

apposition of the two inner leaflets but are undoubtedly
misnomers because the mechanism by which the two
inner leaflets become opposed is unknown. The forma-
tion of the dark line is best visualized at the outermost
or innermost lamella, where the two plasma membranes
separate and are filled with cytoplasm (Figure 2.6). Usu-
ally, a thin rim or tongue of cytoplasm lies adjacent to
the outermost and innermost layers of myelin and are
termed the outer (abaxonnal) and inner (periaxonal)
mesaxons, respectively. The light line represents the fusion
of the two outer leaflets of the plasma membrane, and
their formation can be visualized in favorable sections at
the outer and inner mesaxons (Figures 2.5B and 2.6). The
major dense lines are continuous with one another and
can be traced as one spiral extending from the outer sur-
face of the myelin sheath to the inner surface adjacent to
the axolemma. The layers, or lamellae, are counted from
1 major dense line to another and the larger the number,
the thicker the myelin sheath. As one might surmise, very
high magnification shows a still more elaborate mor-
phology of the major and minor dark lines. The two outer
leaflets do not fuse completely, leaving an intervening gap
of 2 nm. Interestingly, this gap has been shown to be pen-
etrable to small molecules including lathanum but not
to larger molecules such as ruthenium red or ferritin. Pen-
etration of lathanum occurs despite the tangential rings
of tight junctions at the paranodes, at the inner mesaxon,
and between cytoplasmic gaps. Similarly, at magnifica-
tions greater than 200000X, the major dense line is com-
posed of two lines representing the fusion of the two inner
leaflets of the plasma membrane.

The morphologic complexity of myelin is matched
by an asymmetric distribution of myelin proteins and
lipids. Compact myelin is composed mainly of PLP and
MBP; the inner and outer loops are enriched with myelin-
associated glyco protein  2',3'-cyclic nucleotide 3'-phos-
phodiesterase, and myelin oligodendrocyte glycoprotein,
and the paranodal loops are enriched with connexin 32
and myelin-associated oligodendrocytic basic protein.
Tight junctions between compact myelin and noncom-
pact myelin are enriched with claudin 11 (103–105) and
paranodal/axonal membranes are enriched with neuro-
fascin 155 (106). How different myelin proteins and gly-
colipids are sorted into nodal, paranodal, inner, and outer
loops is a matter of intensive investigation (107–108).
In addition to segregation of myelin proteins at paran-
odes and tight junctions, the axon at the nodal and para-
nodal regions expresses many specific ion channels and
proteins. These proteins are discussed further in Chap-
ter 4 and are the subject of a special issue of the Journal
of Neurocytology (1999;28) devoted to myelin. The
recent discovery of many different myelin proteins and
their unique distributions in myelin has re-energized the
field of myelin research, with the task at hand being to
decipher their function in the membrane.
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strocytes play a far more important
role in multiple sclerosis (MS) than
has been generally recognized. Not
only do they form the dense firm

scars in areas of demyelination, which led to the term
plaque in MS, but they also have important functions in
the development and control of the immune response in
the nervous system. They are typically stellate, or star
shaped cells, although some have highly specialized shapes.
They are derived from the neuroectoderm and phyloge-
netically are closely related to ependymal cells. Their devel-
opmental origin and relationship to precursor cells and
oligodendrocytes is discussed in Chapter 2. Historically,
they were regarded primarily as supporting cells that pro-
vide structural support for other cells in the central nerv-
ous system and react to injury by forming scars.

Their main role relative to MS was seen as scar for-
mation. Beginning in the 1960s, it became clear that astro-
cytes are far more complex than previously suspected. They
perform a large number of essential functions in the devel-
oping and the mature central nervous system (1–3). Many
of these functions have been elucidated only in the past two
decades, and additional information continues to be added.
Functions for which there is substantial evidence include:
1) guidance of cell migration during development, 2)
removal of cell debris, 3) structural support, 4) active
uptake and metabolism of neurotransmitters, 5) control of
the extracellular ionic environment, 6) induction of the

blood–brain barrier, 7) elaboration of extracellular matrix
constituents, 8) scar formation after injury, 9) regulation
of synaptic density, and 10) maintenance of postsynaptic
specialization after denervation.

STRUCTURE AND CLASSIFICATION

There are two basic types of astrocytes: protoplasmic
astrocytes found primarily in gray matter and fibrillary
astrocytes found primarily in white matter (Figure 3.1)
(4). In addition, a number of highly specialized astrocytes
found in particular locations within the central nervous
system including tanycytes, Müller cells of the retina, and
the Golgi epithelial cells of the cerebellum (Figure 3.2).
Intermediate filaments containing glial fibrillary acidic
protein (GFAP) are characteristic of astrocytes and rarely,
if ever, found in other cell types. These intermediate fila-
ments are much more abundant in fibrillary than in pro-
toplasmic astrocytes and increase dramatically in reactive
astrocytes. Astrocytes have few cytoplasmic organelles
(Figure 3.1) and an electron lucent cytoplasm. They typ-
ically are seen to contain a few mitochondria, a sparse
Golgi apparatus, occasional lysosomes and multivesicu-
lar bodies, and a very sparse granular endoplasmic retic-
ulum. GFAP-containing intermediate filaments are rela-
tively abundant in fibrillary astrocytes and reactive
astrocytes but are sparse in protoplasmic astrocytes.
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Astrocytes contain virtually all of what little glycogen
there is in the brain and have unique, membrane-associ-
ated, orthogonal particle complexes consisting of 5-nm
particles arranged in a square on the P face of astrocytic
membranes in freeze-fracture preparations (5). The basic
unit is a group of four particles arranged in a square, but
these aggregate to form rectangular aggregates and par-
allel arrays of varying length. Although they occur in
other cell types outside the nervous system, within the
nervous system they are seen only on astrocytes.

Astrocytes in the form of radial glia develop quite
early in embryogenesis and play a critical role in develop-
ment (6). Adult astrocytes remain capable of proliferation,
but new astrocytes can develop in the adult from stem cells
in the adult brain and spinal cord (7). These glial precur-
sor cells have been shown in culture to be capable of dif-
ferentiation into astrocytes or oligodendrocytes under the
appropriate influences (8). Highly specialized astrocytes
include the unipolar Golgi epithelial cells (Bergmann glia)
(9) of the Purkinje cell layer of the cerebellum, specialized
glia in the inferior hypothalamus called tanycytes (10) that
extend from the ventricular surface to the pial surface, and
the Müller cells of the retina (9).

Astrocytes have a number of important relationships
to other structures. Many of their processes have end feet
that attach to neurons or capillaries. They form the glia
limitans at the surface of the brain and spinal cord. End
feet closely surround capillaries and venules, and astrocytic
processes surround and isolate synapses and synaptic com-
plexes from adjacent brain structures. These close rela-
tionships are extremely important to their many functions.

ROLE OF ASTROCYTES IN GUIDANCE OF
CELL MIGRATION DURING DEVELOPMENT

In the development of the cerebral cortex, astrocytes in the
form of radial glia extend from the ventricle to the exter-
nal surface of the developing hemispheres. These serve as
guides for neuroblasts that develop in the germinal zone
and migrate along the glial processes to reach their final
position in the cortex. These radial glia undergo asym-
metric division, with one daughter cell remaining as a
radial glial cell and the other migrating along the radial
process to become a neuron, an oligodendrocyte, or a more
peripherally located astrocyte. Successive waves of migrat-
ing neuroblasts form the various layers of the cortex.

In the cerebellum, the radial glia serve as guides for
the inward migration of the external germinal cells that
migrate in, past the Purkinje cell layer, and develop into
granule cells. These radial glia lose their ventricular
attachment and translocate to the Purkinje cell layer
where they become Golgi epithelial cells (Bergmann glia)
(11). The role of the radial glia in embryogenesis has been
studied in considerable detail by Rakic (6).

PHAGOCYTIC ROLE OF ASTROCYTES

Astrocytes are capable of phagocytosis. They appear to
play an important role in removing the debris left by pro-
grammed cell death. It has been estimated that up to 50%
of the neurons formed during embryogenesis die by apop-
totic mechanisms as part of development. Removal of the
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FIGURE 3.1

Fibrillary astrocyte in the white matter of normal mouse brain.
Note the numerous glial filaments and sparse organelles. A
bit of Golgi apparatus can be seen at the top. Original mag-
nification, X 19000 X.



debris left by these apoptotic cells is a substantial task
and appears to be carried out largely by astrocytes with-
out any evidence of an inflammatory response. They are
not as effective or efficient as microglia or macrophages
in clearing cell debris but clearly play an important role
in cleaning up cell debris during developmental apoptotic
cell death, remodeling of neural processes, and during
recovery from injury (12,13). They probably play a role
in removing debris when cell death occurs during normal
aging and in pathologic processes.

STRUCTURAL SUPPORT

The structural support function of astrocytes is apparent
in the term glia, or glue. Clearly, early anatomists recog-
nized a structural function, an idea that has been reinforced
by the discovery of glial cell adhesion molecules and by
their demonstrated ability to synthesize the matrix mate-
rials fibronectin and laminin. In addition to providing the
structural framework for neural development, as devel-
opment proceeds, their terminal processes develop end feet
and form the glia limitans over the surface of the brain and
spinal cord (1). During that period, they form a network
closely investing all of the small blood vessels. Thus, with
the blood vessels, they form a framework that supports,
nourishes, and protects the neurons and oligodendroglia.

Astrocytes react very actively to injury. They prolif-
erate and hypertrophy, their cytoplasm expands, and they
develop more cytoplasmic organelles including large num-
bers of ribosomes, which are involved in the production
of GFAP-containing intermediate filaments and other
structural products needed by the reacting cell. The result
is a dense fibrous scar. In MS, these scars form in areas
of demyelination, forming the plaques typical of this dis-
ease. Tenascin-R and tenascin-C, which form a portion of
the extracellular matrix, inhibit glial reaction but are
destroyed by macrophages in MS plaques (14). These
macrophages also appear to produce an astrocyte attrac-
tant or attractants (astrokines) such as osteopontin (15).

Role in Axonal Transmission

There is very good evidence that astrocytes regulate the
extracellular ionic milieu. In the white matter, astrocytic
processes are regularly found adjacent to central nodes
(16). They contain sodium channels, potassium channels,
and Na,K-ATPase–mediated potassium uptake (17). At
central nodes, where the ionic milieu is critically important
for transmission of nerve impulses, astrocytes appear to
regulate extracellular sodium and potassium during trans-
mission. Without rapid removal of excess potassium from
the perinodal area, accumulation of extracellular potas-
sium would reduce the membrane potential, thereby inter-
fering with impulse conduction.

In remyelinated nerve fibers, in which there is usually
a very short distance between nodes, it is likely that rapid
removal of potassium is even more important. The amount
of potassium that passes through the nodal membrane at
each node is probably about the same as in a normal fiber,
but the close proximity of adjacent nodes means that the
total potassium efflux per unit length of axon with each
impulse is much larger. Thus removal of excess potassium
becomes even more critical in areas of remyelination.

Role in Formation of the Blood–Brain Barrier

Astrocytes appear not to play a direct structural role in
the blood–brain barrier. Rather, the barrier is formed by
the capillary endothelial cells. In the brain, the capillary
endothelial cells, have astrocytes covering about 90% of
their surface. The astrocytes appear to induce changes in
the endothelial cells causing them to develop the changes
that constitute the blood–brain barrier (18). Endothelial
cells in the brain, excluding those few areas such as the
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FIGURE 3.2

Golgi epithelial cell (Bergmann astrocyte) in normal mouse
brain. This specialized protoplasmic astrocyte has consider-
ably more organelles than most protoplasmic astrocytes with
numerous mitochondria and a number of lysosomes. The
granular endoplasmic reticulum and Golgi apparatus are
sparse. The edge of a Purkinje cell can be seen at top left.



area postrema and subfornical organ in which the
blood–brain barrier is absent, differ from endothelial cells
elsewhere. They are thinner, they have more mitochon-
dria, they are not fenestrated, and they have much tighter
junctional complexes between adjacent endothelial cells
than their peripheral counterpart (19).

To establish the effect of brain tissue on the capil-
lary endothelium, Stewart and Wiley transplanted
embryonic quail brain into the coelomic cavity of chick
hosts (20). The chick capillaries that grew into the
embryonic quail brain developed the morphologic char-
acteristics typical of cerebral vessels. The distinctive mor-
phology of the quail cells allowed identification of the
vessels as being of chick origin. When bits of unvascu-
larized quail somite were transplanted into chick brain,
the chick vessels growing into the somite did not develop
barrier characteristics.

Goldstein isolated and cultured endothelial cells and
astrocytes separately (21). When the two were cultured
together, the endothelial cells developed tight junctions
similar to those seen in vivo. Further evidence that astro-
cytic secretion plays a critical role in induction of the
blood–brain barrier was provided by Hurwitz and
coworkers who cultured endothelial cells and astrocytes
on opposite sides of a synthetic permeable membrane
(22). They demonstrated the induction of blood–brain
barrier–specific proteins in the endothelial cells under
these culture conditions (22).

Another blood–brain barrier–related function of
astrocytes appears to be at least partial control of glu-
cose transporter expression. When endothelial cells were
incubated in medium conditioned with glucose deprived
astrocytes, an increase in the GLUT1 isoform of the glu-
cose transporter was seen, whereas no effect was seen
with media conditioned by astrocytes that were not glu-
cose deprived (23).

ELABORATION OF EXTRACELLULAR 
MATRIX CONSTITUENTS

The extracellular matrix (ECM) in the central nervous
system is far more complex and far more important in
development and in immunologic and pathologic
processes than was earlier suspected. It is highly complex
and contains more than two dozen different matrix mol-
ecules and their receptors (24). They have a substantial
number of highly specific functions. The ECM and its
relationship to MS has been reviewed by Sobel (24). Some
of the matrix molecules aggregate into visible structures
such as the basal lamina, whereas others bind to specific
membrane components. The ECM provides functional
signals to glial cells and neurons that influence a wide
variety of behaviors including growth, proliferation,
migration, differentiation, and apoptosis.

The ECM is composed of aggregates and polymers,
the majority of which are proteoglycans. Other matrix
components include laminin, type IV collagen, fibronectin,
proteases, and protease inhibitors (25). Proteoglycans are
80- to 400-kD proteins with one or more glycosamino-
glycan side chains (24). There are more than 25 species
of proteoglycan core proteins (25). If we consider the vari-
ation in amount and location of the side chains on the core
proteins, it can be seen that there is a broad diversity of
structure and likely a corresponding diversity in function.
A family of proteoglycans designated lecticans is abun-
dant in central nervous system white matter. These are
large chondroitin sulfate proteoglycans and include ver-
sican, aggrecan, neurocan, and brevican. Of these, neu-
rocan and brevican appear restricted to the central nerv-
ous system (26). Aggrecan, neurocan, decorin, and
biglycan have been designated as “antiadhesive” proteo-
glycans (24). They inhibit attachment and spreading on
surfaces that normally permit attachment.

Other antiadhesive proteoglycans include tenascin-
C, thrombospondin-1, and secreted protein, acidic and
rich in cysteine, or “SPARC.” Tenascin-C can exhibit
adhesive or antiadhesive properties depending on in
vitro conditions (24).

Role in Synaptic Regulation, Function, and
Maintenance of Postsynaptic Specializations

Astrocytes play a variety of roles related to synaptic trans-
mission. They surround and isolate synaptic complexes
such as the cerebellar glomeruli. They take up and inac-
tivate neurotransmitters, play an important role in regu-
lating synaptic density in a number of regions, and in
some areas of the brain play an important role in main-
taining postsynaptic specialization after denervation.

In cerebellar cultures made deficient in astrocytes by
treatment with cytosine arabinoside, the Purkinje cell
somata become hyperinnervated by Purkinje cell recur-
rent collaterals. When astrocytes from optic nerve are
added to the cultures, they invade the culture, surround
the Purkinje cell somata, and displace many of the
synapses, thereby reducing the synaptic density to near
normal levels (27). Physiologically, the hyperinnervated
Purkinje cells show marked inhibition. After the intro-
duction of astrocytes, inhibition returns to near normal
(28). Purkinje cell spines in cultures deficient in astrocytes
and granule cells do not show postsynaptic specializa-
tions; however, they do show these specializations when
competent astrocytes are present in adequate numbers.
When cerebellar cultures deficient in granule cells are
treated with the matrix molecule laminin, the number of
Purkinje cell dendritic spines increases and they develop
a postsynaptic web (29).

In the cerebellum in vivo, when granule cell axons
are destroyed, astrocytic processes envelop the vacated
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Purkinje cell spines and are able to maintain not only the
spine itself but also the postsynaptic apparatus and synap-
tic cleft material (30,31) (Figure 3.2). The maintenance
of the postsynaptic web and cleft material does not occur
without functionally competent astrocytes (27).

In the hypothalamus, the glial process covering the
magnocellular oxytocin neurons is significantly reduced
after stimulation, allowing for more extensive contact
with synaptic terminals. This process is accompanied by
synaptic remodeling, resulting in an increased number of
GABAergic, glutamatergic, and noradrenergic contacts.
At the same time, remodeling of astrocytes in the neuro-
hypophysis results in enhanced neurohemal contact with
the cell processes (32).

After axotomy, neurons typically undergo a reactive
change called central chromatolysis. The granular endo-
plasmic reticulum is largely replaced with free ribosomes.
When this process occurs in anterior horn cells, astrocytic
processes insinuate themselves between the cell soma and
the terminal boutons, removing them from the reacting
motor neuron (33). When the axon reconnects with its
target, the process is reversed, astrocytic processes with-
draw, and new synapses are formed.

The role of astrocytes in synaptic transmission is still
being elucidated. Astrocytes have high affinity uptake sys-
tems for most neurotransmitters and have been shown
to take up and metabolize a number of transmitters
including glutamate, �-aminobutyric acid, glycine, tau-
rine, alanine, (34) catecholamines, and serotonin (35).
They also appear to serve as ion sources and sinks, thus
playing a critical role in the maintenance of appropriate
ion concentrations in the extracellular fluid in synaptic
regions, as they do at central nodes.

Role in Immune Response

Astrocytes appear to play an important role in immune
reactions in the central nervous system. They do not nor-
mally express class I and class II histocompatability anti-
gens or express them at extremely low levels, (36) even
though they are normally present on most nucleated cells.
These antigens are critical for immune interactions and
specifically for antigen presentation. Interferon-� induces
class I and II antigens on astrocytes in vivo. (37). Astro-
cytes also have been shown to be capable of secreting
interleukin-1. The combination of interleukin-1 and his-
tocompatibility antigens allows astrocytes to function as
antigen presenting cells (38). This appears extremely rel-
evant to MS because there is clear evidence that inter-
feron-�, unlike type 1 interferons, induce acute attacks of
MS (39).

Astrocytes have been shown to secrete the chemokines
IP-10/CXCL10, MCP-1/CCL2, and CX3CL1/fractalkine
in response to treatment with tumor necrosis factor-� and
interferon-�. These appear to be secreted when T-cells

invade the central nervous system and appear to be involved
in the elaboration of the local inflammatory response (see
Chapter 11).

SUMMARY

Astrocytes are far more complex and have far more func-
tions in the nervous system than anyone would have sus-
pected a few decades ago. They serve as guides to cell
migration during development, induce formation of the
blood–brain barrier, play an active role in immune func-
tion in the nervous system, serve as ion sources and sinks,
isolate synapses and remove neurotransmitter from the
extracellular fluid, and play a role in controlling synap-
tic number in a variety of settings. Additional functions
are likely to appear as research continues. Many of their
functions in disease states and particularly in MS remain
to be elucidated. As these functions are further defined,
some may become targets for therapeutic intervention in
a number of diseases including MS.
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entral nervous system (CNS) myelin
is a specialized extension of the
plasma membrane of the oligoden-
drocyte; it is characterized by a high

ratio of lipids to proteins and enrichment in a relatively
small number of proteins compared with plasma mem-
branes and intracellular membranes. The prominence of
myelin destruction in multiple sclerosis (MS) has cat-
alyzed investigation over the past 50 years of the physi-
cal and molecular properties of the myelin membrane.
The remarkable multilamellar structure, abundance of
myelin in the CNS, and its ease of isolation have con-
tributed to our ability to characterize its composition and
to isolate genes coding for myelin proteins. This funda-
mental information is now being applied to the more com-
plex issues of the functions of these lipids and proteins
in myelin assembly and maintenance and in interactions
of the various specialized myelin structures with the axons
they ensheath.

Our base of knowledge about myelin has increased
extensively since the first reports of isolation of the CNS
myelin membrane in the 1960s, with 280 papers in 1970
and more than 1200 papers on myelin proteins and lipids
published in 2000. A number of older books and reviews
provide useful references for detailed background and
information about the chemical composition, metabolic
properties, and molecular structure of myelin (1–6). Sev-
eral recent reviews provide excellent updates (7–9),

including the comprehensive review by Baumann and
Pham Dinh (10). Space limitations prevent reference to
all these original articles. This review focuses on sum-
marizing the current knowledge about the molecular
properties of the proteins and lipids of CNS myelin, the
organization of these components in the various special-
ized domains of myelin, and the mechanisms regulating
their synthesis and subsequent assembly into myelin.
Comparisons with peripheral nervous system (PNS)
myelin are included where relevant.

CNS MYELIN PROTEINS: 
STRUCTURE AND FUNCTION

Early characterization of compact multilamellar myelin
used X-ray diffraction and electron microscopy, followed
by physical isolation of myelin on density gradients and
identification of its biochemical composition. Subsequent
analyses of regions of noncompacted myelin and associ-
ated paranodal and nodal specializations has relied on
electron microscopy, freeze-fracture analysis, and
immunocytochemistry. Our current knowledge of the
localization of proteins within compact and noncompact
myelin regions is summarized in Figure 4.1 (also see Fig-
ure 2.5C). More recently, analysis with magnetic reso-
nance imaging (MRI) has added to our understanding of
alterations in myelin during development and disease
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(also see Chapter 15) (11). Structure–function relation-
ships have received increasing focus with the characteri-
zation of the effects of mutations on these various myelin
structures in human genetic diseases and transgenic mice.

Analysis of white versus gray matter showed that
regions enriched with myelin and axons have lower
water content and higher lipid content than other
regions. In humans, approximately 35 percent of the dry

weight of brain is composed of myelin, with about 40
percent of the brain lipid in myelin (12). Subsequent iso-
lation of the lipid-rich compact myelin membrane on
density gradients allowed extensive characterization of
its composition (12,13). Thus, myelin contains 40 per-
cent water compared with 80 percent in gray matter. The
ratio of lipid to protein is 70:30 compared with 35:65 in
most other membranes. The two major classes of CNS
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FIGURE 4.1

Schematic view of a myelinated axon in the PNS and proteins of CNS and PNS myelin. A. One myelin Schwann cell was unrolled
to show the incisures and paranodes, regions of noncompact myelin. Adherens junctions are depicted as two continuous lines,
with gap junctions depicted as ovals between the rows of adherens junctions. B. CNS and PNS contain overlapping and dis-
tinct sets of proteins. In the CNS, compact myelin contains PLP, OSP, MOBP, and MBP; in the PNS, compact myelin contains
P0, PMP 22 and MBP. In the CNS, components of noncompact myelin are not yet defined; in PNS, noncompact myelin con-
tains E-cadherin, MAG, and Cx32. Note that P0 and MAG have extracellular immunoglobulinlike domains (semicircles) and
that PLP, PMP-22, OSP, and Cx32 have 4 transmembrane domains. CNS, central nervous system; Cx32, connexin 32; MAG,
myelin-associated glycoprotein; MBP, myelin basic protein; MOBP, myelin-associated oligodendrocytic basic protein; OSP, oligo-
dendrocyte-specific protein (claudin 11); PLP, proteolipid protein; PMP-22, peripheral myelin protein-22; PNS, peripheral nerv-
ous system; P0, P zero glyoprotein. (Reprinted with permission from Arroyo EJ, Scherer SS. On the molecular architecture of
myelinated fibers. Histochem Cell Biol 2000; 113:1–18. ©2000 Springer-Verlag.)



myelin proteins, myelin basic proteins (MBPs)  and pro-
teolipid proteins (PLPs), were first isolated by chemical
extraction of brain or isolated myelin. With the devel-
opment of sodium dodecyl sulfate (SDS) gel elec-
trophoresis, and 2-dimensional polyacrylamide gel elec-
trophoresis (PAGE) to separate membrane proteins, a
more complex picture appeared. Typical SDS gel patterns
of proteins in isolated CNS and PNS myelin from rat and
human are shown in Figure 4.2 (8). Exact proportions
of various proteins are difficult to estimate due to dif-
ferences in binding of dyes used to stain the gels (14).
However, based on extraction and gel staining, the MBPs
and PLPs are clearly the most abundant families,
together constituting 60 to 80 percent of the total myelin
proteins. Patterns change during development, with
higher molecular weight proteins more prominent in
myelin isolated from developing brain as opposed to

mature brain (14). In mice, MBPs constitute about 30
percent of the myelin proteins at day 30, increasing to
35 percent in the adult. PLP increases from 21 to 28 per-
cent, and DM-20 increases from 8 to 10 percent over
that same period. Immunoreactivity to antibodies and
application of gene cloning have identified a number of
less abundant proteins in myelin that were not detected
or identified by gel electrophoresis. Complete sequences
of the messenger RNAs and proteins of numerous genes
coding for myelin-enriched proteins are known. Mod-
els for 3-dimensional structures of several of the proteins
have been proposed based on sequence data, homology
searching (15), and X-ray crystallography in the case of
P0 glycoprotein of PNS myelin (16). Properties of the
more abundant myelin proteins and many of the less
abundant ones identified to date are summarized in
Table 4.1.
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FIGURE 4.2

Profiles of human and rat myelin from PNS and CNS after separation by polyacrylamide gel electrophoresis in the presence of
sodium dodecyl sulfate and stained with Coomassie blue. A. Human PNS. B. Human CNS. C. Rat PNS. D. Rat CNS. See Table
4.1 for the molecular weights of the proteins. The 25-kd MOG protein is probably the faint band just above PLP in CNS myelin,
which is most apparent in D. CNPase is a tight doublet, with the lower and upper bands referred to as CNP1 and CNP2, respec-
tively. MAG stains too faintly to be seen on the gel but is found just above the prominent band in D in CNS myelin, which is
probably the 96-kd subunit of Na+,K+-ATPase. CNPase, cyclic nucleotide phosphohydrolase; CNS, central nervous system; DM-
20, splice variation of PLP; MAG, myelin-associated glycoprotein; MBP, myelin basic protein; MOG, myelin oligodendrocytic
glycoprotein; PLP, proteolipid protein; PMP-22, peripheral myelin protein-22; PNS, peripheral nervous system; P0, P zero gly-
coprotein; T, tubulin in CNS myelin. (Reprinted with permission from Morell P, Quarles RH. Gel electrophoresis of myelin pro-
teins in the presence of sodium dodecyl sulfate (SDS). In: Siegel GJ, ed. Basic Neurochemistry: Molecular, Cellular and Medical
Aspects, 6th ed. Philadelphia: Lippincott-Raven; 1999:80 ©1999 LIppincott-Raven.)
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TABLE 4.1
Major Proteins Of CNS and PNS Myelin

MOLECULAR ISOELECTRIC
PROTEIN WEIGHT (KD) POINT DESCRIPTION

MBP H: 21.5, 20.2, 18.5, 17.2 �10.6 • Protein associated with the cytoplasmic surface of
M: 21.5, 18.5, 17, 14 myelin membrane (major dense line); role in com-

paction of myelin layers and cytoskeletal organization
• Induces experimental allergic encephalomyelitis

(autoimmune demyelination: model of MS).
PLP 30 9.2 • Very hydrophobic; soluble in organic solvents; 

transmembrane protein, spanning bilayer four times
• May be a proton channel
• Highly conserved among species, indicating functional

importance
• Major CNS myelin protein compromising 30% of

total protein
• Minor component � 1% in Schwann cells in PNS
• Mutations identified in PMD (CNS demyelination);

deletions also show PNS phenotype
DM-20 25 • Splice variant of PLP
CNPase 1, 2 46, 48 9.7 • Associated with cytoskeleton in oligodendroglia and

other cells; in noncompact myelin; GTP-binding
sites; possible role in targeting of MBP to compact
myelin

MAG 110 (apoproteins 67, 72) Acidic (3–4) • Minor component; related to cell adhesion molecules
and immunoglobulin gene family; binds to integrins

• Localized to lamella nearest to axon and in cytoplas-
mic loops; important in myelin–axon interactions

P0 glycoprotein 30 (apoprotein 23) • Glycoprotein comprising 50–60 percent of total
(PNS) protein in PNS myelin

• Homology with immunoglobulin gene superfamily
• PNS myelin compaction

P2 protein (PNS) 13.5 • Induces experimental allergic neuritis (PNS)
(autoimmune demyelination of PNS; model of 
Guillain-Barre syndrome)

• Fatty acid binding protein
PMP-22 (PNS) 22 • Transmembrane protein; spans bilayer four times;

may be a pore or channel
• Mutations identified in Charcot-Marie-Tooth disease,

an inherited peripheral neuropathy
MOG 25 • Interacts with MBP in compact myelin
MOBP 8.7, 9.7, 11.7 • In compact myelin at the cytoplasmic surface
MOSP 48 • Associated with the cytoskeleton in noncompact

regions of myelin
OSP 22 • Tight junction protein in CNS radial component; 7

percent of CNS myelin protein; structure similar to
PMP-22

OMgP 120 • GPI-anchored glycoprotein; HNK-1 epitope; 
paranodal location

MAL 17 • Hydrophobic protein; may stabilize lipid protein
domains

NI35/250 35, 220 • Nogo proteins rich in CNS myelin but poor in PNS
myelin; inhibit axonal outgrowth

GPI, glycosylphosphatidylinositol; H, human; M, mouse; MAG, myelin-associated glycoprotein; MOSP, myelin/oligodendrocyte-spe-
cific protein; MS, multiple sclerosis; OMgp, olidodendrocyte–myelin glycoprotein; PMD, Pelizaeus-Merzbacher disease; MAL, myelin and
lymphocyte protein.



Myelin Basic Proteins

MBPs constitute approximately 30 percent of the myelin
proteins and were first identified by extraction of brain
or myelin with dilute acidic or salt solutions (17,18). See
Campagnoni and Skoff (9) for a comprehensive review of
the structure, distribution, and possible functions of the
products of the MBP gene. 

The “classic” MBPs are characterized by a high con-
tent of basic amino acids and low molecular weights, from
14000 to 21000 kd. They are located as peripheral pro-
teins on the cytoplasmic surface of the myelin membrane,
at the major dense line (Figure 4.1). These proteins share
many sequence similarities, and are encoded by a single
messenger (mRNA) with seven exons that are alterna-
tively spliced to produce several variants (9,19). All MBPs
identified to date contain the first and last exons in their
mRNAs and thus share the same amino acid sequences at
their amino and carboxy ends. The most prominent MBP
species in human myelin is the 18.5-kd isoform, corre-
sponding to amino acids coded from classic exons 1 and
3–7 (corresponding to Golli-MBP exons 5 and 7–11; see
below). MBPs can be modified post-translationally, giv-
ing rise to a large number of species differing in charge
(20,21). These modifications include phosphorylation,
deimidation, citrullination, and loss of the carboxy ter-
minal (C-terminal) arginine.

At present, functional differences arising from the
sequence variations and post-translational modifications
are under investigation. Mutant mice deficient in MBP
show loose packing of myelin lamellae at the major dense
line, in keeping with its cytoplasmic location. However,
increasing compaction of myelin with age does not appear
to be related exclusively to a given MBP isoform because
the 18.5-kd species is most abundant in adult human
myelin, but the 14-kd species is most abundant in adult
mice (3,6). Further, the 14-kd form of MBP is sufficient
to restore myelin compaction when expressed in shiverer
mice lacking MBP (22). Different MBP species have dif-
ferent distributions within the cell, with 14- and 18.5-kd
isoforms localized primarily to the plasma membrane (23)
and 17- and 21.5-kd isoforms (classic exon 2-containing
isoforms) found diffusely in the cytoplasm and trans-
ported into the nucleus (24). The phosphate groups on
MBP show a rapid turnover (25), postulated to occur in
compact myelin and regions of myelin membrane exposed
to cytoplasm in paranodal loops or incisures. Myelin iso-
lated from the brains of some patients with MS show a
less mature pattern of charge microheterogeneity com-
pared with non-MS tissue, raising the possibility of an
association with cause or effect in MS (20,26).

The presence of MBP or derived peptides in cere-
brospinal fluid (CSF) serves as a marker for acute myelin
damage in MS and other types of neural injury, such as
stroke (27). The MBP peptide 80-89 is the predominant

species in CSF. The levels of MBP peptides in CSF increase
rapidly during acute relapse of MS, but not in chronic or
progressive stages of disease or optic neuritis. Levels of
MBP peptides in urine appear to correlate with progres-
sion of disease rather than with acute demyelination.

Injection of MBP or peptides containing portions
of MBP sequence gives rise to the autoimmune disease
experimental allergic encephalomyelitis (EAE), a model
for MS (28) (see Chapter 6). The use of defined, over-
lapping peptides has allowed epitope mapping of this
immune response, with variations in encephalitogenic
potency of a given peptide between species and even
between different strains of rats or mice. Many aspects
of this disease mimic characteristics of MS, especially with
regard to the immune-mediated demyelination that
occurs. Induction of EAE is not exclusive to MBP. Injec-
tion of PLP, myelin oligodendrocytic glycoprotein
(MOG), and several other myelin proteins also give rise
to EAE, but MBP has been the most studied model. The
use of MBP to induce EAE and the ability of some pep-
tides to suppress disease provided the basis for exploring
the use of a random sequence of basic amino acids to sup-
press disease, first in animal models and then, with some
success, in MS (29) (see Chapter 9).

Murine mutants deficient in MBP have demon-
strated several functions for these proteins. Shiverer
mutant mice have a deletion of the last five exons of the
MBP gene, resulting in lack of MBP, hypomyelination,
and abnormally compacted CNS myelin (30–32). Intro-
ducing the normal MBP gene into shiverer mice to pro-
vide 25 to 50 percent of the normal MBP levels restores
myelin compaction (33,34). Shiverer oligodendrocytes in
vivo and in vitro showed altered cytoskeletal structures
and microprocesses (35–37). Phosphorylation of axonal
cytoskeleton and neuronal gene expression also were
altered in shiverer CNS (38). PNS myelin shows normal
compaction which is thought to be due to P0 glycopro-
tein rather than to MBP in PNS myelin. However, the PNS
has a 2- to 3-fold increase in  the numbers of Schmidt-
Lantermann incisures (39), and expression of myelin-
associated glycoprotein (MAG) and the incisure-associ-
ated connexin 32 are increased, apparently at the
post-transcriptional level (40). Myelin-deficient mice
(shimld) showed markedly reduced expression of MBP due
to duplication and inversion of a large portion of the MBP
gene (41). These mice showed a mosaic pattern of com-
pact and noncompact myelin. Only those two sponta-
neous MBP mutations in mice and one in rat (42) have
been identified, in contrast to the multiple mutations,
duplications, and deletions found for PLP in humans and
rodents (see below). Deletions of the entire MBP gene
occur as part of a large chromosomal inversion in 18q
syndrome in humans (43); symptoms include mental
retardation and white matter changes, which may be due
in part to the loss of MBP gene products.

MOLECULAR STRUCTURE OF THE MYELIN MEMBRANE 35



The MBP gene contains four exons in addition to
those coding for the classic forms of MBP (44). A tran-
scription start site 70 kb upstream from the two start sites
for the classic MBP isoforms gives rise to the Golli-MBP
family of proteins, with two major proteins, J37 and
BG21, and a minor isoform, TP8, identified to date.

The Golli-MBP transcripts and proteins have been
detected in oligodendroglial and neuronal populations,
specifically granule, hippocampal, and cortical neurons
throughout development (45,46). In oligodendroglia,
Golli-MBP proteins are targeted to the nucleus and cell
body but not into the processes or compact myelin in vivo
or in vitro (47). The Golli-MBP products are also
expressed in thymus, primarily in T cells (44,48), prompt-
ing analysis of the role of these gene products in the devel-
opment of tolerance and susceptibility of various strains
of mice to EAE (49,50). The possible role of the Golli-
MBP gene in susceptibility to MS has been examined in
two different patient populations, with different results
(51,52). Analysis of 151 MS families from Finland and
Sweden suggested a role for the Golli-MBP locus in MS
susceptibility. Another study from France examined a
polymorphic (CA) repeat within the Golli-MBP locus but
found no evidence for linkage of the gene to MS suscep-
tibility in 191 families studied.

Because of the shared sequences between Golli-
MBPs and the classic MBPs, some of the changes in
mutant and transgenic mice attributed to classic MBPs
will need to be re-examined to determine the specific con-
tributions of the various products of this complex gene
(9). For example, the shiverer mouse expresses no classic
MBP proteins but does express one Golli isoform, BG21,
which contains Golli sequences and classic MBP amino
acids 1 to 57.

Myelin Proteolipid Proteins

The two major integral membrane proteins of compact
CNS myelin are myelin PLP and its splice isoform DM-
20. These proteins are characterized by an abundance of
hydrophobic amino acids and were first isolated from
brain by extraction with chloroform-methanol, com-
monly used to extract lipids (53). The molecular weights
of PLP and DM-20 are 30 kd and 25 kd, respectively, with
slightly lower apparent molecular weights on SDS gels (25
kd and 20 kd, respectively). Like MBPs they are quite
basic (Table 4.1). PLP and DM-20 in human and mouse
are completely conserved in amino acid sequence and dis-
play 92 percent homology in the mRNA sequences in the
upstream regulatory and 5'-noncoding regions (54). They
form tetraspan structures in the membrane, with the car-
boxy and amino ends facing the cytoplasm.

PLP and DM-20 together comprise about 40 percent
of CNS myelin proteins; both proteins are found at low
levels in Schwann cells. They were not detected in PNS

myelin (55); but a recent study has identified PLP in com-
pact myelin with immunogold labeling and electron
microscopy (56). Levels of DM-20 are high relative to PLP
in the CNS in early development, but the ratio of PLP to
DM-20 is about 5:1 in adult myelin. PLP and DM-20 are
splice isoforms, with PLP mRNA containing 7 exons and
DM-20 missing exon 3b, resulting in a 35 amino acid
deletion in the cytoplasmic loop of PLP (57).

PLP and DM-20 are acylated at selected cysteine
residues with thioester linkages to long-chain fatty acids
(58–60). The fatty acids show a more rapid turnover than
the protein moiety, with respective half-lives of 3 days ver-
sus 1 month (59). Deacylation of PLP in situ has demon-
strated that the fatty acids on PLP play a role in stabiliz-
ing compaction of the myelin lamellae (61). PLP is also
glycated nonenzymatically, with the majority of sites on
extracytoplasmic domains. In hyperglycemic conditions,
i.e., in diabetic mice, nonenzymatic glycosylation on
extracytoplasmic domains of PLP was increased, sug-
gesting a relation to CNS complications in diabetes (62).

As found for MBP, PLP is encephalitogenic, and
injection of the protein gives rise to autoimmune demyeli-
nation in rodents (63–65). Epitope clusters within
residues 40–70, 100–119, and 178–209 have been iden-
tified as encephalitogenic in mice (66). Increased immune
responses to several PLP peptides have been identified in
some MS patients (67–69). In mice, thioacylation of
selected PLP peptides increases their immunogenicity and
encephalitogenicity, suggesting that acylation contributes
to the immunopathogenesis in mice and in MS (70).

Many mutations in the PLP gene have been identi-
fied in Pelizaeus-Merzbacher disease (PMD) and spastic
paraplegia in humans, and in numerous mouse mutants;
for recent comprehensive reviews, see (9,71,72). 
The mutations include deletions, frameshifts, point muta-
tions, and duplications at a variety of sites throughout 
the gene. The human mutations are cataloged at
http://www.med.wayne/edu/neurology.plp.html. Dupli-
cations of the PLP gene account for approximately 75 per-
cent of the PMD mutations, with point mutations and
deletions accounting for the remainder. These mutations
and the studies in PLP overexpressing and knockout mice
suggest multiple functions for PLP and DM-20 (9). These
functions include subtle effects on myelin compaction
(73), and major effects on oligodendrocyte proliferation,
differentiation and survival (74–76), metabolism, and reg-
ulation of vesicle transport (77). Axon–glia communica-
tion, axonal integrity, and in some cases CNS axonal con-
ductance velocities also are affected (78,79). Null mutants
display a mild phenotype; in one family with PMD, a null
mutation was associated with peripheral neuropathy,
indicating for the first time a critical function for PLP in
peripheral nerves (56). Overexpression of PLP, including
duplications, leads to marked effects on myelination and
oligodendrocyte survival, demonstrating a toxic role for
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the protein if not tightly regulated (75). Various muta-
tions give rise to mild or severe phenotypes, with the jimpy
and TJ6 mutations, both frameshifts, giving rise to the
most severe phenotype in mice and humans. Transfection
of nonglial cells with various PLP and DM-20 mutations
has shown some correlations between phenotypic sever-
ity of PLP mutants in vivo and alterations in transport of
PLP and DM-20 in nonglial cells in vitro. Those studies
demonstrated a regulatory role for DM-20 in the trans-
port of PLP and provided tools for dissecting the effects
of expression of altered PLP proteins (76,77,80,81).

Novel isoforms of the PLP gene containing an addi-
tional exon were characterized recently (82). The exon
is located between exons 1 and 2; referred to as exon 1.1,
the exon codes for an additional 12 amino acid leader
sequence. The proteins, termed srPLP and srDM-20, are
found in the cell bodies but not in the processes of neu-
rons and oligodendroglia and are seen in presumed pre-
cursors of these cells in the subventricular zone in new-
born and adult mice. Other members of the gene family
include M6A and M6B, with about 50 percent sequence
identity to DM-20 (83); both are expressed in neurons,
with M6B also found in oligodendroglia and myelin.

Cyclic Nucleotide Phosphohydrolase

These proteins were originally identified as part of the
“Wolfgram” fraction, myelin components remaining after
the extraction of PLP and basic protein from myelin (84).
They comprise a small portion, approximately 5 percent,
of myelin proteins. The two most common isoforms are
46 and 48 kd, which arise due to two different transla-
tional start sites (85). They are also enriched in photore-
ceptor cells, another cell type that produces large amounts
of highly organized plasma membrane (86), and are found
ubiquitously in a number of cell types. The proteins are
associated with cytoskeletal elements in oligodendroglial
cytoplasm and membrane sheets (87,88), and are espe-
cially prominent at the growing edges of these membrane
sheets in culture. In vivo, cyclic nucleotide phosphohy-
drolase (CNP) proteins are associated primarily with cyto-
plasmic loops rather than with compact myelin.

The proteins can hydrolyze 2'3'-cyclic nucleotides,
but whether this enzymatic activity plays a role in the
function of CNP is not known. CNP, primarily CNP1,
associates with membranes via isoprenylation (89).
CNP has binding sites for guanosine triphosphate (GTP)
and has sequences similar to those of the GTP-binding
domains of the Ras family (90); how this relates to its
function in myelination is not known.

Transgenic mice expressing six times the normal lev-
els of CNP support evidence from in vitro studies that
CNP functions in the expansion of membranes during
myelination (91). Aberrant membrane expansions and
myelin without major dense lines suggest that CNP func-

tions in the regulation of myelin membrane assembly and
targeting of MBP to compact myelin.

Myelin-Associated Glycoprotein

First identified by their lectin-binding properties, MAG
proteins are the most prominent glycoproteins in CNS
myelin but constitute only about 1 percent of the total
myelin protein (92). In the PNS, P0 glycoprotein is the
predominant glycoprotein, with MAG comprising only
0.1 percent of total myelin protein. Much interest has
focused on MAG due to its localization in the CNS on
the abaxonal surface, i.e., on the innermost myelin wrap
adjacent to the axon (93) (see Figure 2.5C). The two
MAG proteins are members of the super immunoglobu-
lin family and are highly glycosylated, bearing the HNK-
1 epitope. The proteins run as a diffuse band with an
apparent molecular weight of 100 kd on SDS-PAGE but
as two species of 72 and 67 kd after deglycosylation.
Small MAG arises by alternate splicing of exon 12, lead-
ing to a shorter cytoplasmic domain at the carboxy ter-
minus, but with the extracellular domain and trans-
membrane domain identical to that of large MAG
(94,95). A variety of functions have been proposed for
MAG (96,97). Its localization, homology to neural cell
adhesion molecule (N-CAM), and presence of the
LN/HNK1 epitope (98,99) indicate a role in axonal and
myelin recognition and signaling. L-MAG has been impli-
cated in the regulation of fyn tyrosine kinase, which plays
a role in the differentiation of oligodendrocytes and sub-
sequent myelination. Further, myelin itself and specifi-
cally MAG inhibit axonal regeneration from adult neu-
rons but promote axonal outgrowth from younger
neurons of the same type (100). The switch from pro-
motion to inhibition is mediated by decreases in levels
of cyclic adenosine monophosphate and activity of pro-
tein kinase A (101).

Proteolytic cleavage of MAG near the transmem-
brane domain produces a soluble peptide termed dMAG
(102). This soluble peptide is found in CSF and occurs in
increased amounts in myelin from MS patients, suggest-
ing an association with demyelination (103).

MAG-deficient and L-MAG mutant mice (104,105)
show periaxonal alterations, decreased axonal diameter,
axonal degeneration, and a variety of effects on myeli-
nation and myelin maintenance in the CNS and PNS. L-
MAG appears to be the critical isoform for normal CNS
myelination, whereas S-MAG is more critical for PNS.

Myelin-Oligodendrocytic Glycoprotein

Like MAG, myelin oligodendrocytic glycoprotein (MOG)
is a minor myelin protein that belongs to the superim-
munglobulin gene family and bears the HNK1 epitope.
However, in the CNS, MOG is found on the surface of
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oligodendrocytes and outer myelin wraps (106) rather
than in the periaxonal spaces in the innermost wrap of
myelin. MOG was first identified as a target antigen in
the induction of EAE (107); thus far, it is a unique anti-
gen for induction of autoimmune demyelination in that it
causes both T-cell–mediated inflammation and antibody-
mediated demyelination. Several studies in animal mod-
els pointed to a possible role for MOG in antibody-medi-
ated demyelination in MS (108,109). Interestingly, the
cow milk protein butyrophilin can augment induction or
suppress disease in EAE initiated by MOG, apparently by
molecular mimicry (110).

Other Myelin Proteins

A number of other proteins enriched in myelin have been
characterized, and in some cases the genes have been
cloned. Many other proteins seen on PAGE remain to be
characterized, especially several with high molecular
weights. Baumann and Pham-Dinh (10) classified some of
the identified proteins into the categories of (a) small basic
proteins, including myelin-associated oligodendrocytic
basic protein (MOBP) and P2 protein, a fatty acid–bind-
ing protein; (b) tetraspan proteins, including rat myelin
and lymphocyte protein (rMAL or MVP17), plasmolipin,
oligodendrocyte-specific protein (OSP or claudin 11), con-
nexin 32 (Cx32), and tetraspan 2; and (c) other proteins,
including oligodendrocyte-myelin glycoprotein (OMgp),
myelin/oligodendrocyte-specific protein (MOSP), RIP
antigen, neurofascin (NF155), and the NI-35/250, or
Nogo, proteins. In addition, numerous receptors and
enzymes have been identified in low but significant levels
in highly purified myelin membrane fractions (see next
section).

Two of these proteins are in compact myelin. MOBP
is relatively abundant and has three low-molecular-
weight isoforms generated by alternate splicing (111).
Like MBP, MOBP is localized in compact myelin at the
cytoplasmic surface (major dense line). This protein may
play a role in regulating the diameter of myelinated axons
since mice deficient in MOBP have myelinated axons of
increased diameter. The hydrophobic myelin and lym-
phocyte protein (MAL), is also found in compact myelin;
the protein associates with glycosphingolipids and may
help stabilize protein lipid microdomains in myelin and
apical epithelial membranes (112).

MOSP is a membrane protein on the surface of
oligodendrocytes and myelin; it redistributes over
cytoskeletal structures in myelin membrane sheets in the
presence of MOSP antibody, indicating a role in mem-
brane–cytoskeletal interactions (113). These cytoskeletal
veins also contain CNPase and presumably represent the
cytoplasmic loop regions in myelin. In contrast, MOG
appears to interact with MBP in compact myelin regions
because MOG redistributes over MBP domains in cul-

tured oligodendroglial membrane sheets after interaction
with MOG antibody.

Nogo proteins (NI-35/250) are transmembrane pro-
teins, highly enriched in CNS but not in PNS myelin
(114). The Nogo proteins actively inhibit and repulse
axonal outgrowth in neuronal cultures, whereas anti-
bodies to the proteins promote axonal regeneration after
injury in vivo. The higher-molecular-weight protein,
Nogo-A, has been cloned recently (115).

RIP antigen identifies two proteins of 23 and 160
kd; the epitope is found in oligodendroglia and myelin.
The antibody identifying RIP antigen was raised to oligo-
dendroglia from olfactory bulb. In at least one brain
region, oligodendroglia that are positive for RIP and car-
bonic anhydrase II myelinate smaller-diameter axons,
whereas oligodendroglia that are positive for RIP but neg-
ative for carbonic anhydrase II myelinate larger-diameter
axons (116).

With regard to cytoskeletal components, isolated
myelin contains actin and both subunits of tubulin (117).
Three isoforms of � subunits and nine isoforms of � sub-
units were identified by PAGE. The microtubule-associ-
ated protein 1B colocalizes with tubulin staining in cul-
tured oligodendrocytes, and major and fine processes
extend into membrane sheets (118). Based on disruption
of actin filaments and microtubules in oligodendroglial
membrane sheets, MBP is associated with microtubules
and CNPase with actin filaments and microtubules
(87,88,119). Further, isolated S-MAG binds to tubulin
and slows the polymerization of tubulin to microtubules
(120), whereas MBP binds to G and F actins and induces
polymerization of G actin (121). These interactions may
have relevance for myelin formation in vivo: microtubule
alterations in the taiep rat led to accumulation of micro-
tubules in oligodendrocyte cell bodies, hypomyelination,
and progressive demyelination (122).

Localization of Proteins in Incisures, 
Radial Components, and Paranodal and 

Nodal Regions of Myelin

As described for individual proteins in the previous sec-
tion, MBP, PLP, and MOBP are localized to the compact
regions of the myelin membrane, whereas CNPase and
MAG are associated primarily with noncompact regions
(Figure 4.1). In addition to this compartmentalization,
other proteins are enriched in the several specialized struc-
tures within myelin.

Myelin specializations at the nodal and paranodal
regions (7) (Figure 4.1; see also Figure 2.5C) are com-
plex structures important for saltatory conduction and
axon–glial interactions. On the axonal membrane, sev-
eral proteins have been localized to the highly special-
ized nodal, paranodal, and juxtaparanodal regions of the
axon. However, the proteins on the apposing paranodal
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and adaxonal myelin membranes are less well defined.
At the node, the axolemma contains Na� channels,
ankyrin G, neuronal cell adhesion molecule (Nr-CAM),
the neurofascin NF186 and tensacins; Caspr (paranodin)
and contactin are found in the adjacent paranodal
axolemma, with OMgp; NF155 and the gap junction
protein Cx32 are found in the apposing paranodal loops
of CNS myelin. Caspr2, the K� channels Kv1.1 and 1.2,
and an interacting B2 subunit are concentrated in the
axonal juxtaparanodal region, whereas K� channels of
unidentified subtype have been found on the apposing
myelin membrane.

Both PNS and CNS myelin have incisures, thought
to form a spiral pathway for diffusion of ions and small
molecules directly across the wrapped myelin lamellae (7).
PNS incisures have the structural components of “reflex-
ive” adherens junctions and gap junctions, whereas CNS
incisures do not (7). However, oligodendrocyte cell bod-
ies and processes express the gap junction protein Cx32
(123). This protein is also found in paranodal loops of
myelin ensheathing some subpopulations of axons (124).
Cx32 null mice exhibit hypomyelination and marked
decreases in �-aminobutyric acidergic inhibitory synaptic
transmission (125). 

In addition to incisures, CNS myelin has a radial
component that contains the tight junction protein OSP
(126). It constitutes about 7 percent of the myelin protein
and has 48 percent amino acid similarity to PMP-22 in
the PNS (127). Earlier isolation from myelin of CNS
radial component structures in a Triton-insoluble fraction
showed enrichment in the 21.5- and 17-kd isoforms of
MBP, CNPase, tubulin, and actin (128).

Enzymes and Receptors in Myelin

Numerous enzymes and receptors are associated with or
intrinsic to the myelin membrane. Early studies found lit-
tle enzymatic activity, with the exception of the major
myelin protein 2'3'-CNPase. However, more recent stud-
ies have identified a wide range of enzymatic activities in
highly purified myelin fractions (129), in keeping with the
origin of myelin as a specialized extension of the plasma
membrane of the oligodendrocyte. The criteria for desig-
nating a given molecule as an intrinsic part of myelin were
discussed in detail by Ledeen (129). Many enzymes
involved in lipid synthesis or degradation have low but
significant activity in myelin fractions, including enzymes
that metabolize steroids, glycolipids, and phospholipids.
Cholesterol ester synthetase and two cholesterol ester
hydrolases are associated with myelin, in keeping with the
appearance of cholesterol esters during active myelination
and demyelination. Protein kinases and phosphatases,
Na�/K� ATPase, proteases including calpains, guanyl
cyclase, G proteins, and enzymes involved in protein acy-
lation and deacylation, transport processes, and second

messenger signaling have been reported as myelin com-
ponents. Of special interest, a fatty acyltransferase that
catalyzes the removal of fatty acid from PLP is present in
isolated myelin, suggesting local control of PLP acyla-
tion within myelin itself (130).

The enzyme N-acetyl aspartic acylase and its sub-
strate N-acetyl aspartic acid (NAA) have been identi-
fied in oligodendrocytes and their precursors (131–133).
Astrocytes are also highly enriched with this enzyme
(134). The enzyme was recently identified in highly puri-
fied myelin itself (135). Mutations in the gene for aspar-
toacylase cause Canavan disease, an autosomal recessive
disorder characterized by myelin loss without axonal
loss and spongiform degeneration (137). NAA itself was
proposed as a marker for neuronal loss and mitochon-
drial function (136) and is used widely as a marker for
axonal integrity in myelinated and nonmyelinated axons,
especially in MRI studies (138,139), although its func-
tion and sites of synthesis are still under investigation.
NAA was identified in neurons and axons by immuno-
cytochemical, high-performance liquid chromato-
graphic, and nuclear magnetic resonance (NMR) meth-
ods (131,140,141). One current model suggests that
NAA is synthesized primarily in neurons and transported
extracellularly from neuronal cell bodies or axons to glia,
where it serves in cell-specific signaling and is subse-
quently degraded (142). Until the gene for the synthetic
enzyme is cloned and the enzyme localized, our picture
of NAA metabolism remains incomplete.

With regard to receptors, high-affinity muscarinic
cholinergic receptors and �-adrenergic receptors were
found in myelin fractions, whereas �-adrenergic, sero-
toninergic, and dopaminergic receptors were not (143).
However, a recent report has identified D3 dopaminer-
gic receptors on oligodendrocyte precursors (144).

Several metabolic enzymes enriched in oligoden-
droglia are found in compact myelin. The enzyme car-
bonic anhydrase II is highly enriched in oligodendroglia
at all stages of development (145) and also is found in
myelin fractions (146). Both protein and message for glyc-
erol phosphate dehydrogenase are greatly enriched in
oligodendroglia (147), which is consistent with the
demand for lipid synthesis for myelin formation and
maintenance; one study reported significant levels of the
enzyme in myelin itself (148). Glutamine synthetase is also
enriched in oligodendroglia, as are glutamate transporters
of the GLAST subtype (149). These findings suggest that
oligodendroglia play a role in the glutamate/glutamine
cycle, but the presence of these transporters in myelin has
not been reported.

Most oligodendrocytes in white matter contain fer-
ritin, transferrin, and transferrin receptors, in keeping
with their high content of iron and the need for oxida-
tive metabolism for lipid synthesis (150). In MS lesions,
ferritin binding is lost in plaque and periplaque regions,
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whereas transferrin binding and transferrin receptors are
retained in the periplaque region (151).

An increasing number of growth factors and
cytokines are known to be synthesized and secreted by
oligodendroglia. For example, oligodendroglia synthesize
nerve growth factor (152). Because oligodendrocytes and
possibly myelin have receptors for a number of these pro-
teins, these agents might act in an autocrine manner as
well as a paracrine manner with neurons, axons, and
other glia. Oligodendroglia synthesize receptors for a
number of growth factors and cytokines. Thus, nerve
growth factor, PDGF, basic FGF, IGF-1, neurotrophin 3,
glial growth factor, ciliary neurotrophic factor, GDNF,
tumor necrosis factor � (TNF-�), transforming growth
factor �, interleukins 2 and 6, and other factors interact
with their corresponding receptors on oligodendrocytes
or their precursors, as demonstrated functionally and in
some cases by direct identification of the receptor (10).
However, the presence of these receptors in myelin, either
in compact myelin or specialized nodal or paranodal
regions, has not been investigated in detail. The presence
of neutral sphingomyelinase in myelin has led to the
hypothesis that elevated levels of TNF-� in MS lesions
interact directly with myelin, presumably with TNF recep-
tors, activate sphingomyelinase, and thus disrupt myelin
locally by destabilization of its structure (153).

CNS Myelin Lipids

Myelin accounts for approximately 50 percent of the lipid
in white matter and 30 percent of total brain lipid. Myelin
is characterized by a high ratio of lipid to protein, with 70
to 75 percent lipid compared with 35 to 40 percent in other
membranes and a higher proportion of glycolipids (Fig-
ure 4.3). The ratio of phospholipids to cholesterol to galac-
tolipid is about 2:1:1 versus 3:1:0.3 in other membranes.

Myelin lipids are rich in ethanolamine plasmalogens
and galactolipids, the latter containing very long chain
hydroxy fatty acids (�22–26 C). Lipids producing the
most dramatic increases during myelination include galac-
tolipids, sphingomyelin, and triphosphoinositides (154).
Interestingly, cholesterol esters and gangliosides show max-
imal rates of increase before myelination, suggesting an
association with axon outgrowth and synaptogenesis.

There are no lipids localized exclusively to myelin,
but galactocerebroside and its sulfated form, galacto-
cerebroside sulfate (sulfatide), are greatly enriched with
myelin compared to other membranes. These two lipids
appear in oligodendrocytes at the stage of transition from
proliferating progenitor cells to immature oligodendro-
cytes, marking a key step in differentiation of oligoden-
drocytes. The content of galactocerebroside and sulfatide
in brain is proportional to the amount of myelin, and their
rates of synthesis are proportional to the rate of myeli-
nation (155–157) and remyelination (158). Although the

rate of galactocerebroside synthesis correlates well with
the rates of accumulation of myelin, galactocerebroside,
and MBP, there is less correspondence between the rate
of myelination and the levels of the enzyme synthesizing
galactocerebroside, the rate of MBP synthesis, or the rate
of cholesterol synthesis.

Antibodies to galactolipids disrupt the normal dif-
ferentiation program of oligodendrocytes (OLs) in cul-
ture, indicating that the galactolipids interact with
endogenous ligands to regulate OL differentiation in vivo
(159–162). Antibodies to galactocerebroside also inhibit
myelination and cause demyelination in myelinating
organotypic CNS cultures (163). In the PNS, monoclonal
antibodies to galactocerebroside also inhibit myelin for-
mation. Axons and Schwann cells associate in their nor-
mal 1:1 relationship and the mesaxon is formed, but elon-
gation is prevented, apparently due to removal of surface
galactocerebroside by internalization of antigen–antibody
complexes (164). Whether a similar mechanism can block
CNS myelination is not known.

Galactocerebroside sulfotransferase catalyzes the
formation of sulfatide from its precursor sulfatide. Stud-
ies with antibodies specific for each of the two lipids
found that galactocerebroside is expressed before sul-
fatide on the surface of oligodendroglia and Schwann cells
in vivo and in vitro (165). Another sulfated molecule, a
sulfated proteoglycan, termed pro-oligodendrocyte anti-
gen (POA), is reactive with some monoclonal antibodies
to sulfatide (159). POA appears on proliferating oligo-
dendroglial precursors (166) and appears to play a role
in regulating subsequent differentiation (159). Inhibition
of protein and lipid sulfation with sodium chlorate does
not inhibit maturation of oligodendrocytes in culture but
does retard formation of processes and membrane sheets,
suggesting a role for sulfatide in myelination (167).

The gene has been cloned for UDP-galactose
ceramide galactosyl transferase, the enzyme that synthe-
sizes galactocerebroside (168–170). Knockout mice defi-
cient in this enzyme and thus in galactocerebroside and
sulfatide (galactocerebroside sulfate) show multiple abnor-
malities and decreased life spans (171,172). Decreased
myelination and structural alterations at the nodes and
paranodes occur in the CNS (173). The ultrastructure of
compact myelin is initially normal except for somewhat
thinner sheaths, but the nodal regions have altered lengths,
a number of heminodes, no transverse bands, and reversed
lateral loops. A detailed study in PNS showed abnormal
paranodes lacking the putative adhesion proteins Caspr2,
contactin, and NF-155 (174). As the animals mature,
tremor, ataxia, and spinal cord vacuolization occur, along
with a block in saltatory conduction in the CNS. These
changes point to essential roles for galactolipids in oligo-
dendrocytes and Schwann cells in the formation and main-
tenance of correct nodal regions and axon–glial interac-
tions (see section on Myelin Assembly). Glucosyl ceramide
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FIGURE 4.3

Distribution and structures of the major lipid classes in myelin. Molecular content of myelin and that of a more typical cell-sur-
face membrane are compared by weight. In myelin the lipids are dominant over protein. Three lipids in myelin are diagrammed,
representing the 3 classes of lipids shown in the bar graphs. a. Phosphatidyl choline is a phospholipid. b. Galactocerebroside
is the most prominent glycolipid in myelin. A double bond between carbon atoms bends a tail of phosphatidyl choline; double
bonds are not common in glycolipids, but hydroxy fatty acids are prominent in myelin galactolipids. c. The third molecule is
cholesterol. (Reprinted with permission from Morell P, Norton WT. Myelin. Sci Am 1980: 242:106.)



and its sulfated product are synthesized in increased
amounts in the mutant animals and appear to be able to
substitute for the galactolipids in the initiation and wrap-
ping of CNS myelin but not in the formation of the spe-
cialized nodal regions interacting with axons.

Cholesterol is a major lipid component of myelin
and rich in myelin compared with other membranes (Fig-
ure 4.3) (12,175). This sterol decreases fluidity in com-
pact myelin regions, serves as precursor to neurosteroids,
and is postulated to regulate ion permeability and the
function of myelin proteins in adhesion or channel for-
mation (175). Almost all of the cholesterol in brain is syn-
thesized locally, with only a small contribution from cir-
culating cholesterol (176,177). Inhibition of cholesterol
synthesis retards myelination in spinal cord cultures (178)
and in vivo (175). Impairment of cholesterol synthesis
may be a factor in the forebrain demyelination seen in a
genetic mouse model of phenylketonuria (PKU) (179).
Further, elevated levels of phenyalanine decreased cho-
lesterol synthesis in a glioma cell line, supporting the pos-
sibility that selected populations of oligodendroglia
respond to elevated phenylalanine levels by decreased
cholesterol synthesis and subsequent demyelination. A
portion of cholesterol in the oligodendroglial plasma
membrane associates with cytoskeletal structures in the
myelin-like membranes elaborated by cultured oligoden-
droglia (180), and this association is altered by activating
signaling pathways in response to binding of filipin or
antibodies to galactocerebroside or MOSP. Cholesterol
has recently been identified as covalently bound to the
transcription factor sonic hedgehog, a critical factor for
differentiation of oligodendroglial progenitors (181). The
addition of cholesterol to Hedgehog transcription factors
increases anchoring to cells, and the removal of choles-
terol regulates the release and long-range signaling of
these factors (182).

Notably, cholesterol esters are a hallmark of early
myelination, demyelination, and remyelination, as ini-
tially identified in histologic specimens by the Marchi
stain (183) and subsequently confirmed by biochemical
analysis (184). The cholesterol esters may function to
sequester cholesterol for subsequent reuse in myelin
assembly, although one recent study on the PNS indicated
that it is required for axonal regeneration but not for
remyelination (185). Under conditions of decreased
exogenous cholesterol, Schwann cells upregulated de
novo cholesterol deposition, whereas axons were more
dependent on cholesterol reuse. Cholesterol released by
astrocytes and bound to apolipoprotein E stimulated
synapse formation in cultured neurons (186,187).
Whether oligodendrocytes or myelin release cholesterol
that functions in this way in normal or pathologic situa-
tions, is not known.

Gangliosides are less rich in myelin than in synapses,
constituting 0.7 to 2.5 �g sialic acid/mg protein in rat

myelin (12), compared with 0.8 µg sialic acid/mg protein
in neuronal cell bodies and 9.0 µg sialic acid/mg protein
in synaptic endings, calculated assuming 70 percent lipid
in myelin and 40 percent water (188). Among the gan-
gliosides in myelin, GM1 ganglioside is more prominent
than the polysialyl gangliosides. GM1 ganglioside has a
high affinity for MBP, and binding of GM1 to
MBP–calmodulin complexes releases calmodulin (189);
whether this interaction occurs in myelin is not known.
GM4 ganglioside (sialylated galactocerebroside) is
enriched in human and rodent myelin but not in bovine
myelin (190). GD3 ganglioside, cross-reactive with the
A2B5 antibody, is found in oligodendrocyte precursors.
Interestingly, exogenous GM3 gangliosides enhanced dif-
ferentiation of cultured oligodendrocytes (191).

Lipids in the myelin bilayer show an asymmetric
distribution, in keeping with lipids in most cell mem-
branes (192,193). The glycolipids, including galac-
tolipids and gangliosides, are thought to be in the exter-
nal bilayer in addition to most of the phosphatidyl
choline and sphingomyelin. Phospholipids in the inter-
nal bilayer, or cytoplasmic surface, include phospatidyl
ethanolamine, both diacyl and plasmalogen forms, phos-
phatidyl serine, and probably phosphatidyl inositol and
the related phosphoinositides. In some cell types, an
adenosine triphosphate–dependent translocase can
transport phosphatidyl serine and phosphatidyl
ethanolamine, but not phosphatidyl choline, from the
outer to inner lipid layer of the membrane (194); whether
this occurs in myelin is not known. The active site of
the enzyme synthesizing sulfatide, galactocerebroside
sulfotransferase, is thought to face the lumenal surface
of the endoplasmic reticulum and Golgi apparatus and
thus the extracellular surface of the plasma membrane
and myelin. However, the active site of the enzyme syn-
thesizing its precursor, galactocerebroside, may face the
cytoplasmic surface of the endoplasmic reticulum, and
thus the intracellular surface of the plasma membrane
and myelin, by analogy with the UDP-glucuronyl trans-
ferases, members of the same gene family (195). How
galactocerebroside is subsequently enriched on the lume-
nal surface of the endoplasmic reticulum or on the extra-
cellular surface of the plasma membrane, and how this
asymmetry is regulated during myelination and remyeli-
nation is not known.

STRUCTURAL–MOLECULAR RELATIONSHIPS

Interactions among Lipids and Proteins 
in the Myelin Membrane

Several studies have addressed the issue of micro-organ-
ization and interaction of lipids with proteins in the
myelin membrane (192,196). Lactoperoxidase iodination
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of proteins in the intact dorsal column of the spinal cord
provided the first evidence that MBP is at the cytoplasmic
surface of the myelin membrane (corresponding to the
major dense line), with at least a portion of PLP at the
external surface (197). This was confirmed by immuno-
cytochemistry and analysis of the structure, synthesis and
transport of these proteins (see section on Myelin Assem-
bly). Even though a number of studies reported an asso-
ciation of the ganglioside GM1 with MBP in artificial
mixtures, this association was not demonstrated directly
in the myelin membrane or oligodendroglia. Photoacti-
vated cross-linking of cholesterol or a phosphatidyl
choline analog in cultured oligodendroglia associated PLP
with cholesterol but not with the phospholipids (198).

Recent interest has focused on glycosphingolipid/
cholesterol-enriched microdomains, or “rafts,” in organ-
izing membrane structure. Insolubility in cold Triton X-
100 is frequently used as a criterion of the association of
lipids and proteins in rafts. Several investigators showed
that a large fraction of the proteins in isolated myelin is
soluble in Triton X-100, including PLP/DM-20, MBP,
MAG, and MOG (199–202). Only CNPase and a por-
tion of MOG were associated with the glycolipids-
enriched Triton-insoluble fraction, suggesting that PLP
was not associated with lipid rafts. A recent study
extracted myelin with the milder detergent CHAPS and
found a CHAPS-insoluble fraction containing PLP/DM-
20, MAG, and MOG (203). This fraction was isolated
from cultured oligodendroglia and myelin. The investi-
gators proposed that this is a specialized raft in myeli-
nating glia, a model supported by examining intracellu-
lar transport of PLP (see next section).

Immunocytochemical studies reported the colocal-
ization of several components in myelin or the extensive
membrane sheets elaborated by rodent oligodendroglia in
culture (87,88,119). Dynamic interactions among myelin
lipids and proteins were demonstrated in a series of stud-
ies with the use of an antibody to galactocerebroside (204).
Whereas this glycolipid was evenly distributed on the mem-
brane surface as identified in lightly fixed cells, the anti-
body redistributed the glycolipid into large “islands,” or
domains, on the surface. This surface reorganization of the
lipid was accompanied by redistribution of MBP and
CNPase and depolymerization of tubulin, demonstrating
associations among these components within the mem-
brane. These events were accompanied by an influx of cal-
cium, indicating that the interaction of the antibody with
galactocerebroside initiated signaling across the membrane
(205). A recent study showed that liposomes containing
galactocerebroside and sulfatide also altered distribution
of galactocerebroside and MBP and induced depolymer-
ization of microtubules and actin in oligodendroglial sheets
(206). The investigators suggested that the effects were due
to interactions between galactocerebroside and sulfatide in
opposing plasma membranes.

Assembly of CNS Myelin

Two recent reviews integrated the extensive literature on
myelin assembly in the context of current concepts of
membrane trafficking (207,208). Metabolic studies, sum-
marized below, reported several different mechanisms for
transporting and targeting myelin proteins and lipids from
their sites of synthesis to compact myelin or to the spe-
cialized regions of noncompact myelin. Kramer et al.
(208) summarized evidence for transport of various
myelin proteins via directed transport, transcytosis, reg-
ulated exocytosis, or lipid rafts. In directed transport, as
characterized in polarized endothelial cells, myelin com-
ponents would be presorted in the trans-Golgi network
and then targeted to various myelin domains in vesicles,
with specificity and fusion mediated by rab GTPases and
SNARES. In transcytosis, vesicles move between distinct
membrane domains, with a single secretory path to the
plasma membrane, followed by endocytosis, resorting via
endosomal rab GTPases, and recycling to the growing
myelin membrane. Regulated exocytosis, as defined in
detail for synaptic vesicle release, involves fusion of pre-
formed vesicles with the plasma membrane via specific
SNAPs and SNARES, in response to a specific signal, per-
haps axonal contact or ionic signaling in the case of
myelin assembly. In the lipid raft model, regions of mem-
brane greatly enriched with phospholipids, galactolipids,
and specific proteins are preassembled in the Golgi and
then directed in vesicles via the cytoskeleton toward the
axon, where the rafts coalesce into large myelin domains.
These mechanisms are interrelated and not necessarily
exclusive; a given protein may use one or more of these
pathways depending on the cell type, state of differenti-
ation, or presence of axons or growth factors. Thus, spe-
cific myelin proteins may exhibit basolateral sorting in
one situation but apical sorting in another (208).

In addition to sorting of integral membrane proteins,
cytoplasmic- or membrane-associated proteins are tar-
geted by other mechanisms yet to be identified. For exam-
ple, mRNA for MBP and ribosomal machinery are trans-
ported into oligodendroglial processes, thereby providing
a mechanism for synthesizing this protein as needed “on
demand” for myelin compaction at a site of assembly
(209). Enzymes for synthesizing and modifying lipids are
found also within purified compact myelin fractions,
thereby providing a mechanism for adding or remodeling
lipids locally within assembling myelin. Post-translational
modification of myelin proteins in situ also may play a
role in targeting proteins to build or remodel specialized
regions of myelin.

MBPs are synthesized on free ribosomes (210), and
appear within minutes after synthesis in the myelin mem-
brane (211). Subsequent studies reported transport of
mRNA for MBP from the oligodendroglial cell bodies and
into the processes (209), mediated at least in vitro by
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astroglial contact (6,212). The transport of the mRNA
requires microtubules and kinesin (213).

PLP is synthesized on membrane-bound ribosomes
(210), acylated in a pre-Golgi compartment (214), and
transported through the Golgi to myelin by a vesicular,
microtubule-dependent process (214,215). PLP and DM-
20 show a delay of about 45 min between synthesis and
appearance in myelin (211,216). Examination of the asso-
ciation of PLP with CHAPS-insoluble rafts during intra-
cellular transport in oligodendroglia associated PLP with
rafts after leaving the endoplasmic reticulum but before
leaving the Golgi (203). Further, cholesterol and galacto-
cerebroside were required for PLP to associate with these
lipid-rich complexes.

A series of studies has characterized the transport of
PLP and DM-20 in nonoligodendroglial cell lines trans-
fected with normal and mutant forms of the two proteins
(77). Normal DM-20 can restore normal transport of some
mutant PLPs to the plasma membrane, indicating interac-
tions between these two proteins in trafficking from the
endoplasmic reticulum to the plasma membrane (and pre-
sumably myelin). Several studies suggested that PLP and
sulfatide are cotransported in vesicles based on similar
kinetics (211), inhibition by colchicine (215) and monensin
(217), and association in complexes. Hypomyelination and
decreased myelin stability in the CGT knockout mouse was
attributed in part to an interference with transport of PLP
into myelin due to the absence of galactocerebroside and
sulfatide (200,218). However, other observations suggested
that PLP transport does not depend entirely on sulfatide.
First, a considerable amount of myelin of normal periodicity
formed in the CGT knockout mouse. Second, PLP was
transported to the plasma membrane in cultured oligoden-
droglia in normal amounts, even though sulfatide synthe-
sis was inhibited by 85 percent with sodium chlorate (201).

Several previous studies addressed the synthesis and
transport of lipids into myelin, but the underlying mech-
anisms are less well understood than those for proteins.
Analysis of the kinetics of lipid entry into compact myelin
fractions found two classes, those lipids appearing in
myelin immediately upon synthesis and those showing a
delay of 30 to 45 min, similar to that seen for PLP
(219,220). Galactocerebroside and most phospholipids
showed no delay between synthesis and appearance in
myelin, consistent with synthesis by enzymes within
myelin itself or very rapid membrane flow or transport
from nonmyelin sites of synthesis. However, sulfatide and
ethanolamine plasmalogen showed a delay in entry,
indicative of independent mechanisms regulating the
assembly of these two lipids into myelin compared with
the other lipids. Subsequent studies confirmed previous
findings that galactocerebroside is synthesized in myelin
and in endoplasmic reticulum and Golgi-enriched frac-
tions, whereas sulfatide is synthesized primarily in Golgi-
enriched fractions (221). Further, its transport was

blocked by monensin (214) and colchicine (215), whereas
that of galactocerebroside was not, supporting a pathway
through Golgi and dependence on microtubules for sul-
fatide transport. Studies on ganglioside transport were
more difficult to interpret because disruption of Golgi
with monensin inhibited ganglioside synthesis per se but
also blocked transport into myelin of the major complex
gangliosides, with the exception of GM2 and GM3 gan-
gliosides (222).

Regulation of Myelination

The stages in differentiation of oligodendroglia and the
resulting myelination were identified through a combi-
nation of morphologic, immunocytochemical, and molec-
ular studies in vivo and in vitro (223). Transcriptional reg-
ulation of this differentiation is not understood in detail,
but an increasing number of transcription factors has been
identified as critical at various stages of the myelination
program (224). Oligodendroglial-specific transcription
factors of the bHLH family, Olig1 and Olig2 were iden-
tified recently (225,226). These transcription factors are
thought to be involved in very early lineage decisions,
appear in oligodendroglial progenitors, and continue to
be expressed in mature oligodendrocytes. Another tran-
scription factor, Sox10, had the same developmental pro-
file; in the CNS it was expressed predominantly in cells
of the oligodendroglia lineage but in contrast to Olig1 and
Olig2, Sox10 is expressed in a variety of cells outside the
CNS (227). The cyclic adenosine monophosphate–
inducible POU protein SCIP (228,229) is expressed early
in proliferating cells in the OL lineage, then downregu-
lated as differentiation to a myelinating phenotype begins
(230). Sox4 and Sox11 show a similar developmental pro-
file (231). The zinc-finger protein MyT-1 was expressed
transiently as SCIP went down and expression of myelin
proteins began (232). The transcription factor peroxisome
proliferator-activator receptor was found in immature
OLs and showed a pattern of expression similar to that
of MyT-1 during OL maturation (233). GtX, a home-
odomain transcription factor, was upregulated as termi-
nal differentiation occurred and continued to be expressed
in the mature OL phenotype (234). Binding sites for SCIP,
MyT-1, and GtX were found in the promoter regions of
the MBP and PLP genes (234), but the functional rele-
vance of these binding sites in the OL is not known. Oligo-
dendroglia upregulated expression of myelin gene expres-
sion in vitro in the absence of axons, but axonal contact
was required for the high levels of gene expression accom-
panying initiation and maintenance of the extensive mul-
tilamellar wraps of myelin (235).

The key area of focus for future investigations is the
role of axon–oligodendroglia interactions in the initiation
of myelination and maintenance of axonal and myelin
integrity (236,237). Molecular dissection of the structure
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and function of nodal specializations and of the process
of myelin formation, coupled with advances in brain
imaging, will provide new strategies for treating white
matter diseases during development and adulthood.
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he central nervous system (CNS) has
been regarded as an immunologi-
cally privileged site because of the
existence of several anatomic and

physiologic protective mechanisms. This view was for-
mulated based on the relative hospitality of the brain
toward transplanted allografts that survive for longer
periods than transplants in other tissues (1). However, the
concept of immunologic privilege has evolved. Our view
has become more complex as new information with
regard to communication between the immune and the
nervous systems has become available; it has become evi-
dent that these bidirectional interactions are augmented
further under pathologic conditions (2). Nevertheless, it
is well appreciated that there is a unique microenviron-
ment in the CNS involving factors that have a profound
influence on resident cell populations and their ability to
modulate an immune response in the nervous tissue. Some
of these factors have a suppressive effect that can pre-
vent or limit the initiation of inflammatory responses in
the CNS (2). However, activated lymphocytes invading
the CNS can release proinflammatory mediators altering
the balance in the negative modulation of immunity in the
CNS. Thus, the balance between pro- and anti-inflam-
matory factors in the CNS determining the localization,
intensity, and course of immune responses in the brain dif-
fers from that in the peripheral nervous system. As a
result, an overwhelming invasion of activated lympho-

cytes can create a predominantly proinflammatory local
environment in the CNS leading to immune-mediated dis-
eases of the nervous tissue.

Analysis of local CNS factors showed that multiple
mechanisms are responsible for maintaining immunologic
privilege in the CNS (Table 5.I). These include an
immunologic barrier manifested by the absence of drain-
ing lymph nodes and lack of immune surveillance; the lim-
ited expression of major histocompatibility (MHC) class
I and class II molecules in the brain parenchyma, the lack
of resident professional antigen-presenting cells, and lim-
ited expression of costimulatory molecules; and an active
suppression of immune responses in the CNS. This
immunologic barrier is localized behind the most promi-
nent element involved in keeping the immune-privileged
status of the CNS, i.e., the blood–brain barrier (BBB),
which provides anatomic and physiologic blockades.

The consensus is that these multiple mechanisms
together shape the anti-inflammatory environment in the
CNS and strongly inhibit immune responses in the nerv-
ous tissues. However, over the past few decades the issue
of immune privilege has been complicated by many exper-
iments indicating that the CNS itself may have an innate
immune system capable of regulating adaptive immune
responses. Moreover, it has been demonstrated, in a prop-
erly functioning BBB, that lymphocytes can readily enter
the brain at sites of inflammatory reactions. Further, it
was demonstrated that activated T-cells (3,4) and even
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naive T-lymphocytes (5) can migrate across the healthy
BBB; thus the normal, noninflamed CNS is accessible to
immune cells. More recently, it was shown that there are
pathways for the lymphatic drainage of interstitial fluid
and proteins from the brain (6–8) and that this drainage
results in antibody production in cervical lymph nodes
(9–12). In addition, protein antigens can be collected in the
cervical lymph nodes after intracerebral administration of
antigens and induce T-cell activation in the periphery (13).

In this chapter we discuss the current view of
immunologic privilege in the CNS, and we promote an
active regulatory role of the BBB in immune responses.
Undoubtedly, the immune system has to protect and
defend the CNS from pathogens and insults and, hence,
have access to the CNS; however, immune system func-
tions must be highly regulated in this unique tissue to
avoid destruction of sensitive and irreplaceable neurons.
We take a careful look at this fine regulation by focusing
on the 1) BBB and the nature of immunologic privilege in
the CNS, 2) normal immune surveillance and pathologic
traffic of lymphocytes into the CNS tissue, and 3) role of
antigen-presenting cells in the brain tissue, with special
interest in macrophages and microglia.

BBB AND THE NATURE OF IMMUNOLOGIC
PRIVILEGE IN THE CNS

Traditional View of the BBB

The concept of the BBB was born more than a century
ago, when Paul Ehrlich (14,15) and Edwin Goldman (16)
intravenously injected water-soluble dyes and observed
that the dyes were selectively excluded from the brain tis-

sue. This was the first demonstration of a highly regulated
and restrictive structure between the peripheral system
and the CNS, with a mission to separate the brain from
the rest of the body. Since those early studies our knowl-
edge about the BBB has significantly deepened. Using
horseradish peroxidase as a tracer, Reese and Karnovsky
(17) demonstrated the fine structure of the BBB and indi-
cated that it is located at the level of the vascular endothe-
lial cells. They suggested that the presence of the BBB cor-
related well with the existence of tight interendothelial
junctions and the lack of micropinocytosis in the brain
endothelial cells. The presence of tight junctions severely
restricts the paracellular flux and the lack of any signifi-
cant number of endocytotic vesicles limits the transcellu-
lar flux across the BBB (18). A very selective intracellular
transport system permits the passage of a limited num-
ber of specifically transported nutrients such as glucose
and amino acids and some transcytosed larger molecules,
such as transferrin, across the BBB (19–21).

The currently accepted theory is that cerebral
microvessels possess different morphologic and enzymatic
properties compared with the microvessels of other organs
(22,23). For example, cerebral endothelial cells synthesize
multidrug-resistance protein P-glycoprotein, or mdr 1a
(also called mdr3), that actively transports a variety of
low-molecular-weight toxic molecules out of the brain to
the circulation (24). Cerebral endothelium also has spe-
cific transport systems for delivering nutrients from the
circulation into the nervous tissue, including the glucose
transporter Glut-1 and a set of amino acid transporters
(19,25,26). The unique properties of brain endothelial
cells are also reflected by the expression of specific cell sur-
face molecules on the BBB. One of these molecules, the
HT7 antigen, which is a highly glycosylated 45- to 52-kDa
protein, was reported to be localized to brain endothelial
cells, kidney epithelial cells, and erythroblasts. Based on
the nucleotide sequence, it was demonstrated that HT7
is a novel glycoprotein with two C2-like immunoglobu-
lin-related domains, one transmembrane, domain and a
cytoplasmic tail (27). Recent results demonstrated that
HT7, neurothelin, gp42, basigin, and OX-47 are proba-
bly different names for the same glycoprotein in different
species; therefore, in this text we designate these molecules
“neurothelin” (28,29). Besides these BBB markers, other
molecules have been suggested to be expressed highly,
although not selectively, at the BBB. These markers include
CD71/transferrin receptor (30) and platelet-derived
growth factor receptor (19). During their differentiation,
cerebral endothelial cells not only acquire specific mark-
ers but also lose molecules that are otherwise present on
noncerebral endothelial cells such as MECA 32 and VE-
cadherin (31,32).

Undoubtedly, the most prominent characteristic of
cerebral endothelial cells is their capability to form tight
junctions leading to the formation of a metabolic and
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TABLE 5.1
Local Multiple Factors in the CNS 

Responsible for Maintaining Immunologic
Privilege in the Nervous Tissue

Anatomic barrier:
• Isolation of CNS behind the BBB

Immunologic barrier:
• Absence of draining lymph nodes and lymphoid

circulation in the CNS
• Lack of immune surveillance in the brain
• Limited expression of MHC class I and class II

molecules in the brain parenchyma
• Lack of professional, fully competent APCs
• Limited expression of costimulatory molecules in

the CNS
• Active suppression of immune responses in the CNS

APC, antigen-presenting cell; BBB, blood–brain barrier; CNS, 
central nervous system; MHC, major histocompatibility complex.



physical barrier that under normal conditions is a strin-
gent gatekeeper for hematopoietic cells (Figure 5.1).

This is in contrast to endothelial cells in non-neural
tissues, where activated blood cells can easily cross the
vessel wall. In lymphoid organs, naive lymphocytes con-
tinually recirculate from blood to lymph nodes and back
to blood through specialized endothelia composed of
large, cuboidal cells known as high endothelial venules
(HEV). Interestingly, such HEV-like vessels can develop
in the CNS during inflammatory processes (33).

Over the years, several laboratories have developed
long-term cultures of brain microvessel endothelial cells
(34–41). In vitro BBB migration assays also characterized
the mechanisms of leukocyte migration across the BBB
(42,43). Several adhesion molecules and immune medi-
ators were found to be produced by brain endothelial
cells (43–49). Based on our studies and research from
other laboratories, we must consider the vascular wall
endothelial cells in the brain as “gatekeepers” for T-cell
traffic into the CNS.

Tight junctions represent the major component of the
“gatekeeper” function of the BBB. Morphologically, BBB
tight junctions are similar to epithelial tight junctions, but
there are essential differences between these structures. For
example, in contrast to tight junctions in epithelial systems,
structural and functional characteristics of tight junctions
in endothelial cells are highly sensitive to several media-
tors. Many molecular components of tight junctions have
been identified and characterized including claudins,
occludin, zonula occludens molecules, such as ZO-1, ZO-
2, ZO-3, cingulin, and 7H6 (Figure 5.1) (50). Some sig-
naling pathways involved in tight junction regulation have

also been identified, and the involvement of G-proteins,
serine, threonine, and tyrosine kinases, extra- and intra-
cellular calcium levels, and cyclic adenosine monophos-
phate levels have been demonstrated. Common to most
of these pathways is the modulation of cytoskeletal ele-
ments. In addition, cross-talk between components of the
tight junction and the adherent junctions (cadherin-catenin
system) has been demonstrated. It is generally accepted that
tight junctions are particularly developed in cerebral
endothelial cells in strong association with cytoskeletal ele-
ments (51). Through this cytoskeletal association, the tight
junction and the adherent junction form a functional unit
termed the apical junctional complex. The crucial aspects
of the molecular basis of tight junction regulation and
assembly are shown in Figure 5.1.

Developmentally, cerebral microvessels derive from
the meningeal vessels and invade the brain by angiogen-
esis. Traditionally, astrocytes were thought to contribute
to the important microenvironmental factors in induc-
ing the development of the BBB and tight junction for-
mation (52). The role of astrocytes in the induction of
endothelial cells to adopt a brain phenotype has become
more controversial recently. Structurally, the cell types
that are closest to endothelial cells are astrocytes and glia
limitans, a network of astrocyte foot processes that form
a tight sheath surrounding brain and spinal cord
microvessels (Figure 5.2). However, this glia limitans
sheath is absent in the meningeal vessels and choroid
plexus; despite the absence of this sheath, there are tight
junctions between the choroid plexus endotrelial cells.
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tight sheath surrounding the endothelial cells in brain and
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The importance of astrocytes in inducing the
endothelial barrier characteristics was first demonstrated
by Stewart and Wiley (53). Soluble factors of astrocyte
origin also were proposed to upregulate neurothelin
expression in endothelial cells of chorioallantoic vessels
(54). However, pial vessels, which have high electrical
resistance, are not connected with astrocytic endfeet in
the same uniform manner (55). Based on this observation,
the full brain endothelial cell phenotype is probably
induced by several factors and possibly by cells other than
astrocytes. One of these cell types might be the neuron,
because different nerve endings are found in the vicinity
of brain capillaries (Figure 5.2) (56). Recently, glial cell
line–derived neutrophic factor was demonstrated to
induce barrier function of endothelial cells of brain ori-
gin (57) with the use of a cAMP-dependent pathway (58).
However, despite this extensive effort, the detailed mech-
anism of tight junction assembly and its regulation is not
fully understood.

There are variations in the level of BBB restriction
in different areas of the CNS. This indicates a microen-
vironmental regulation of brain microvessel permeabil-
ity in areas of the CNS involved in neuroendocrine feed-
back. One of the most important of these areas is the
capillaries of the hypothalamus tuber cinereum, where
rich and close connections between the endothelial cells
and neurons result in the formation of a fenestrated
endothelial cell wall, allowing the free diffusion of releas-
ing and inhibitory hormones into the circulation. The
absence of BBB at the area postrema has an opposite
result, allowing the diffusion of materials from the blood
to the brain tissue, thereby providing an important area
of the brain for neuroendocrine feedback mechanisms.
These areas, also termed circumventricular organs, not
only lacked a BBB but also are deficient in the expres-
sion of the neurothelin BBB marker (59).

The expression of neurothelin protein and glucose
transporter correlates with BBB function (59). In the brain
parenchyma, where a characteristic BBB exists, ZO-1 was
localized in discrete, continuous lines along blood vessels.
However, the ependymal cells in the ventricular walls dis-
played a more punctate pattern of ZO-1 distribution,
indicative of discontinuous tight junctions (60). In two of
the circumventricular organs, the median eminence and
the subfornical organ, many capillaries lack detectable
ZO-1 immunoreactivity. These data demonstrate a dis-
tribution of ZO-1 in CNS parenchyma outside the cir-
cumventricular organs that is consistent with an organi-
zation of tight junctions preventing free paracellular
exchange of substances between blood and brain
parenchyma but allowing continuity between cere-
brospinal fluid (CSF) and the neuronal environment (60).
The localization and distribution of ZO-1 are good indi-
cators of disrupted BBB. We demonstrated that ZO-1 is
localized in discrete, continuous lines along blood ves-

sels in the intact, healthy brain parenchyma, but a more
punctate pattern of ZO-1 distribution indicates more dis-
continuous tight junctions in areas of traumatic injuries
(Figure 5.3). Further, redistribution of ZO-1 molecule
indicates leakiness in the BBB, as illustrated by extrava-
sation of serum proteins such as fibrinogen (Figure 5.3).
The “leakiness” or disruption of the BBB is presumed to
be associated with the cellular infiltration into the brain
or at least with the facilitated migration of blood-borne
cells across the BBB.

The Importance of the BBB in Maintaining
Immune Privilege in the CNS

In general, we associate an intact BBB with healthy, nor-
mal brain tissue. It is widely assumed that the BBB in an
intact stage is impermeable to large compounds such as
antibodies and cells. However, antibodies against amy-
loid-� peptide crossed the BBB to act directly in the CNS
(61). Further, the immune surveillance of CNS by acti-
vated T-cells has been suggested. Despite these observa-
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ZO-1 is localized in discrete, continuous lines along blood
vessels in the intact, healthy brain parenchyma; however, a
more punctate pattern of ZO-1 distribution indicates more dis-
continuous tight junctions at areas of traumatic injury.
Extravasation of serum proteins such as fibrinogen indicates
“leakiness” or disruption of the blood–brain barrier.



tions, the disruption of the BBB is associated with patho-
logic conditions. Any mechanism that physically destroys
the BBB will open the barrier. This could occur in trau-
matic or surgical injury, infarction, or hemorrhage. In
such circumstances, inflammatory agents are delivered to
the site of the injury in a prompt, nonspecific way.

BBB Opening in Infectious Diseases

Several infectious diseases may influence the permeabil-
ity of BBB, leading to the disruption of this barrier. In bac-
terial or fungal meningitis, the infectious agent itself might
produce agents that open or destroy the BBB (62,63).
Viral infection may affect the BBB via its effects on the
cells it infects. It was recently proposed that monocytes
can gain access to the CNS through disruptions in BBB
tight junctions, which occur in human immunodeficiency
virus (HIV) encephalitis (HIVE) in association with an
accumulation of activated, HIV-1–infected, perivascular
macrophages and serum protein extravasation (64). It was
also demonstrated that the expression of tight junction-
associated proteins (occludin and ZO-1) is significantly
altered in basal ganglia tissue from macaques infected
with simian immunodeficiency virus (SIV) that have
developed encephalitis (SIVE) (65). When compared with
noninfected macaques and SIV-infected macaques with-
out encephalitis, cerebral vessels from macaques with
SIVE showed fragmentation and decreased immunore-
activity for both tight junction proteins. These alterations
were associated spatially with the accumulation of
perivascular macrophages. In addition, perivascular
extravasation of fibrinogen, a plasma protein, and a
change from a strong linear staining pattern to a more
irregular pattern of the glucose transporter GLUT-1, a
metabolic BBB marker, were observed in regions with vas-
cular tight junction protein alterations. These findings
demonstrate that tight junction disruption occurs in SIVE
in association with perivascular macrophage accumula-
tion. Although the exact mechanism of this disruption in
BBB integrity is not fully understood, it is obvious that
these disruptions could serve as portals for additional
accumulation of perivascular macrophages in SIVE.

BBB Opening in Autoimmune Diseases

In different autoimmune CNS diseases the disruption of
the BBB involves inflammatory mediators, which result
in activation of the cells of the BBB. This activation even-
tually leads to the cellular infiltration of leukocytes. The
most direct evidence for increased BBB permeability by
immune mediators is demonstrated using in vitro mod-
els of BBB. These immune mediators include chemotac-
tic agents, cytokines, prostaglandins, reactive oxygen
species, proteolytic enzymes released by leukocytes, and
nitric oxide (66) (Table 5.2). In multiple sclerosis (MS),

visible disruptions of the BBB leading to MS lesions can
be demonstrated by gadolinium-enhanced magnetic res-
onance imaging (MRI). These lesions are associated with
the progression of disease. The most important inflam-
matory mediators inducing disruption in the BBB are
listed in Table 5.2.

Some growth or angiogenic factors, although they
are not inflammatory, may also modulate immune
responses in the CNS by opening the BBB. One of these
mediators, vascular endothelial growth factor (VEGF),
has been shown to open the BBB and play a role in tumor
vascularization in the CNS (67).

In summary, alterations in the BBB integrity are the
results of a complex interplay involving several mediators
and cellular components. The BBB is crucial in CNS
homeostasis and is an important factor in maintaining
immune privilege in the CNS.

T LYMPHOCYTES IN THE CNS

In the previous section we outlined the importance of the
BBB and its importance for maintaining the immunologic
privilege in the CNS. In this section we discuss the nature
of immune surveillance in the CNS under normal and
pathologic conditions and the mechanisms of lymphocyte
migration and survival in the brain parenchyma.

It is well appreciated that normal traffic and inflam-
matory recruitment of leukocytes to sites of inflammation
in many tissues comprise a highly controlled process
involving specificity to the endothelial cell wall and a
series of orchestrated regulatory steps (68,69). It is also
well established that nonactivated T-cells continuously
recirculate through the blood and secondary lymphoid
organs. This basal state of lymphocyte recirculation is
changed after the introduction of antigen into the host
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TABLE 5.2
Inflammatory Mediators That Can Affect the BBB

INFLAMMATORY

MEDIATOR ALTERATIONS IN THE BBB REFERENCE

TNF-� Increased BBB permeability 240
Adhesion molecule upregulation 239

IL-1� Decreased TEER 237
IL-6 Decreased TEER 237

Downregulated plasma membrane–
associated tyrosine phosphatase 
activity in brain endothelial cells 238

BBB, blood—brain barrier; IFN-�, interferon-�; IL, interleukin;
TEER, transendothelial electrical resistance; TNF-�, tumor necro-
sis factor-�.



(Figure 5.4). Blood-borne antigens will direct recirculat-
ing lymphocytes into the spleen and result in the transient
trapping of these cells in that organ (70,71). Peripherally
located antigens, such as subcutaneous pathogens or
mucosal antigens, which drain into regional lymph nodes,
induce migration of circulating lymphocytes to those
lymph nodes and peripheral inflammatory sites (72,73).
The seminal work of Cserr and Knopf demonstrated that
antigens from the CNS can be delivered from the brain
to regional lymph nodes through cerebrospinal and brain
interstitial fluids (9–12,74–77). Several routes, including
through the arachnoid villi into blood of the dural sinus
and along routes adjacent to cranial and spinal nerves,
accomplish this efflux of lymphatic drainage from the
brain. After injection of radiolabeled protein into the
CNS, a significant fraction of this tracer can be detected
in the cervical lymph nodes in a short time (9) (summa-
rized in Figure 5.4). Our laboratory has demonstrated
that, after pigeon cytochrome C (PCC) Alexa 568® injec-
tion into the CNS, most of the labeled antigen is localized
around the injection site in the first 2 hours after injec-
tion. However, starting at 4 hours after injection, MAC-
1–positive cells (e.g., macrophage or microglia) that
ingested some of the PCC antigen can be detected in the
brain parenchyma. In addition, 8 hours after injection,
PCC antigen can be detected in the cervical lymph nodes
(13), indicating peripheral presentation of CNS antigens.

A change in T-cell trafficking is due to the fact that
activated effector cells arising from interaction with anti-
gen have localization properties different from naive T-
cells do (78). Activated T-cells migrate poorly to lymph
nodes or to mucosal lymphoid tissues, but accumulate
effectively at sites of inflammation (72,79,80). This is due
to the enhanced ability of activated T-cells to adhere to
locally activated endothelium (81–83). The approxi-
mately 1 percent of surviving memory T-cell pool gener-
ated from the effector T-cell population after encounters
with antigen disseminate widely late in a primary immune
response in different tissues, enabling the host to respond
rapidly to a secondary challenge with antigen regardless
of its site of entry (84,85). Altogether, this differential
migrating pattern is due mostly to the fact that naive, acti-
vated/effector and memory cells express different sets of
adhesion molecules (86–89). To understand the migration
requirement for T-cells in the CNS, it is important to con-
sider the factors governing this process. In Table 5.3, we
summarize those adhesion molecules, activation markers,
and chemokine receptors that are expressed on resting
(naive) or activated (effector) and memory T-cells and reg-
ulate their migration into tissues.

The process of leukocyte emigration into inflam-
matory sites is generally called recruitment. The basic
mechanisms of leukocyte recirculation, homing, and
recruitment, are very similar and focused on the interac-
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tion between leukocytes and endothelial cells. Leukocyte
extravasation is highly regulated and viewed as an active
process requiring several sequential events:

1. Tethering by selectin–carbohydrate adhesion mocules
2. Activation by chemokines and their G-protein–

linked receptors
3. Arrest and transmigration mediated by integrin–

immunoglobulin adhesion molecule interactions
4. Activation–dependent arrest

These sequential steps mediating leukocyte adhesion
to the endothelial wall in extracerebral and cerebral tis-
sues are illustrated in Figure 5.5.

Several mechanisms might also contribute to regu-
lation of leukocyte recruitment in different tissues. They
include the expression and regulation of adhesion mole-
cules, the local availability of chemokines, and the acti-
vation stage of the leukocytes. This general mechanism of
leukocyte recruitment into tissues has been reviewed in
great detail in (69,90).

The currently accepted theory is that activated 
T-cells of any specificity can cross the BBB, but only those
with specificity for CNS antigens are retained in the brain
parenchyma (3,4,91,92). One proposed hypothesis for 
T-cell entry into the CNS in experimental autoimmune

encephalomyelitis (EAE; an experimental animal model
of MS) is as follows. Once the activated CNS antigen-
specific T-cell binds to the endothelium, whether by
leukocyte functional antigen-1/intercellular adhesion
molecule-1 (LFA-l/ICAM-l) interaction or selectin bind-
ing, the T-cells induce upregulation of VCAM-I on the
endothelium by producing interferon-� (IFN-�) and
tumor necrosis factor-� (TNF-�), and then the VLA-
4–expressing T-cells bind to the newly induced VCAM-
I and enter the CNS (93,94). As the cells migrate deeper
and deeper into the extracellular matrix and then into the
tissue, they gradually downregulate the expression of
VLA-4 and LFA-1 adhesion molecules (93–95). The
migration of myelin basic protein (MBP)–specific T-cells
seems to involve the entire effector population, resulting
in a practically complete depletion of the effector cells
from the periphery (96). Chemokines produced by neu-
ral cells can be responsible for the induction of T-cell
migration into the CNS (97).

It is very interesting that paracellular permeability is
altered during the migration of leukocytes across the api-
cal junction complex and that the apical junction com-
plex plays an important role in the regulation of leuko-
cyte transmigration (or extravasation) through the
endothelium and epithelium. Evidence suggests that
important cell–cell adhesive events between transmigrat-

THE NATURE OF IMMUNOLOGIC PRIVILEGE IN THE CENTRAL NERVOUS SYSTEM 59

TABLE 5.3
Surface Molecules on Naive, Activated/Eeffector, and Memory T-cell Subsets

SURFACE MOLECULES NAIVE CD4+ T-CELLS ACTIVATED/EFFECTOR MEMORY CD4+

CD4+ T-CELLS T-CELLS

CD3 + + +
CD4 + + +
TCR + + +
CD45RA + – –
CD45RO – + +
CD69 – + –
CD25 (IL–2R� P55) – + ++
CD11a (LFA–1) + ++ ++
CD11b (MAC–1) – – �
CD18 (�2 integrin) + + ++
CD44 + ++ ++
CD62L (L–selectin) ++ – +
CD29/CD49d (VLA–4) + ++ +
CXCR4 +++ ++ +
CCR4 � ++ �
CCR6 � + +
CXCR3 – + ++
CCR1 – � +
CCR3 – – +
CCR5 – � ++
CXCR7 + – ++



ing leukocytes and the apical junction complex and sub-
sequent signaling events result in the facilitation of the
passage of cells through the paracellular space (98).

Adhesion Molecule Expression on Nonactivated
and Inflamed Brain Endothelium

Different adhesion molecules are involved in lymphocyte
migration into the CNS. The expression of these mole-
cules is tightly regulated on resting and activated BBB
(42,43,99,100) (Figure 5.6).

In vivo immunocytochemical studies have demon-
strated upregulated expression of ICAM-1 (CD54) and
MECA-325 (a marker of lymph node high endothelial
venules) on inflamed CNS endothelial cells, (33,101–103)
indicating highly facilitated trafficking of T lymphocytes
into the CNS. From EAE experiments it is clear that the
VLA-4/VCAM-1 adhesion molecule pair is important in
brain inflammatory reactions. Monoclonal antibody to
the �4�1 integrin (VLA-4, CD49d-CD29) was used suc-
cessfully to prevent experimentally induced inflammation
of CNS in rats. Some lines of evidence point to the pos-
sibility that loss of the encephalitogenic potential of MBP-

specific CD4� T-cell clones corresponds to the reduced
capacity of these T-cell clones to migrate into the brain
(93). VLA-4 expression is also required for proteolipid
protein (PLP)-specific T-cells to be encephalitogenic,
although this requirement can be bypassed by pretreating
the recipient animal with pertussis toxin or irradiation,
both of which probably act by increasing vascular per-
meability and facilitating entry into the CNS (104). Oth-
ers have also demonstrated little or no effect of anti–VLA-
4 treatment on passively transferred EAE, but have found
inhibition of this treatment in an actively induced EAE
model (101,105).

ICAM-1/LFA-1 also may play an important role in
activated leukocyte migration across the BBB. ICAM-1
is expressed on CNS vessels in EAE, and its expression
coincides with inflammatory cell infiltration. Our labo-
ratory also demonstrated that ICAM-1 expression is
upregulated on murine and human brain microvessel cells
following inflammatory cytokine treatment (42,47).

Selective recruitment of proinflammatory autoim-
mune T-helper (Th1) cells, as opposed to anti-inflam-
matory Th2 cells, might offer an additional level of
immune regulation at the BBB. It has been demonstrated
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that only Th1 cells can efficiently enter inflamed sites in
the CNS in Th1-dominated disease models such as EAE
(106). It has been further demonstrated that Th1 cells
but not Th2 cells are able to bind to P-selectin and E-
selectin (106). Engelhart et al. presented dissenting evi-
dence to this model by showing that E-selectin and P-
selectin are not involved in recruitment of inflammatory
cells across the BBB (107).

In addition, data suggest a role for PECAM-1/CD31
in T-cell accumulation in the brain. PECAM-1/CD31 is a
130-kd molecule that is expressed on the surface of cir-
culating platelets, monocytes, neutrophils, and different
T-cell subsets. It is also a major constituent of endothe-
lial cell intercellular junctions. Platelet endothelial cell
adhesion molecule-1 (PECAM-1/CD31) was originally
assigned to the immunoglobulin Ig–like adhesion mole-
cule family. Recently it has been suggested that PECAM-
1/CD31 functions as an inhibitory receptor, serving to
attenuate tyrosine kinase–mediated signaling pathways
(108,109). PECAM-1/CD31 inhibits the T-cell receptor
(TCR)–mediated release of calcium from intracellular
stores and may also function to shut down the mitogen-
activated protein kinase pathway in cells after serum stim-
ulation (108,109). The role of PECAM-1/CD31 in Lewis
rats in EAE induction was also studied by Williams et al.
(110). They concluded that the administration of
anti–PECAM-1/CD31 antibody does not result in a delay

in the onset of clinical signs or of weight loss, nor does it
decrease the incidence and severity of disease. In vitro,
migration across activated monolayers of brain microves-
sel endothelial cells, but not across untreated endothelium,
is significantly blocked by antibodies to PECAM-1/CD31
and E-selectin (111). Thus, the role of PECAM-1/CD31
in T-cell accumulation in the brain remains controversial.

Our laboratory has focused on the role of PECAM-
1/CD31 molecule in the accumulation of antigen-specific
T-cells in the CNS. Trafficking of antigen-specific T-cells
into the CNS is an important initiating step in inflam-
mation in the brain. Despite extensive knowledge about
the role of adhesion molecules in T-cell migration across
peripheral vessels, the mechanism of the entry of anti-
gen-specific T-cells into the CNS is not known. To study
this, antigen specific T-cells were tracked in an in vivo
migration assay using TCR transgenic mice having 95
percent of T-cells specific for a defined antigen, PCC
(13). TCR transgenic mice were cannulated intraven-
tricularly and PCC antigen was infused into the ventri-
cles of the brain. Upon PCC infusion into the CNS, CSF
was sampled through the cannulas and the number of
transgenic �/� TCR� V�3� MAC1� cells in the CSF was
characterized in the presence or absence of anti-adhesion
molecule reagents. We found that antibodies against
VCAM-1 (CD106), VLA-4 (CD49d/CD29), ICAM-1
(CD54), and LFA-1 (CD11a/CD18) did not influence the
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increased number of antigen-specific T-cells in the CSF.
However, anti–PECAM-1 (CD31) antibody or PECAM-
Ig chimeric protein inhibited the trafficking of �/� TCR�

V�3� MAC1� cells into the CNS when injected intra-
venously. The expression of PECAM-1/CD31 was also
upregulated on antigen-specific T-cells in a time-depend-
ent manner with antigenic stimulation in vitro. Hence,
PECAM-1/CD31 may play an important role in regu-
lating antigen-specific T-cells trafficking in CNS inflam-
matory diseases (112).

In summary, the BBB plays a very important role
in maintaining the immune privileged status of the
CNS. In pathologic conditions, the integrity of the BBB
can be breached and the inflamed brain endothelial
cells can play an important role in regulating the migra-
tion of leukocytes via adhesion molecules into the CNS
parenchyma.

Normal Immune Surveillance and Pathologic
Traffic of Immune Cells into the CNS

It is generally accepted that nonactivated T-cells are
excluded from the CNS and, upon their activation, they
gain access to the brain tissue (3,4). However, recent

experiments in sheep demonstrated that naive lympho-
cytes infused directly into the blood could circulate
through the CSF (113). Further, it was demonstrated that
naive T-cells can traffic to the CNS without prior acti-
vation in MBP TCR transgenic animals. Interestingly, it
was also suggested that naive MBP-specific T-cells do not
trigger autoimmunity when they traffic to the CNS
because they undergo tolerance induction within the
brain (5). Therefore, we also have to consider that, even
if nonactivated autoimmune T-cells could gain access to
the brain parenchyma, they would be eliminated or func-
tionally inhibited very rapidly in the CNS due to the
absence of costimulatory molecules and major histo-
compatibility antigens in the CNS (Figure 5.7).

The circulation of naive, autoreactive T-cells
through the CNS represents a potential hazard for
autoimmunity; therefore, it must be tightly controlled.
However, the circulation of non–CNS specific naive T-
cells through the CNS could be an important part of the
normal surveillance of CNS. Nevertheless, activated T-
cells probably have a competitive advantage over naive
T-cells crossing the BBB. Under certain conditions, the
number of activated T-cells in the periphery could
decrease, allowing more naive T-cells into the CNS (5).
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The idea that only activated T-cells gain access to
the CNS is supported by several studies. Mobley et al.
demonstrated that T-cells with CD44high L-selectin–low
phenotype (activated effector cells) can accumulate in the
CNS of mice with viral encephalitis (114,115). A dis-
tinctive lymphocyte phenotype in chronically inflamed
brain was also suggested by Engelhardt et al. (116). In
their experiments, a model of chronic inflammation
induced by injection of heat-killed Corynebacterium
parvum into mouse brain cortex was used. Inflammatory
T-cells isolated from injection sites express much higher
levels of CD44, and LFA-1, and lower levels of CD45RB
(features commonly associated with activated cells). Fur-
ther, these cells are L-selectin or �6-integrin negative and
bind to VCAM-1 but not to MAdCAM-1. Altogether,
these data suggest the existence of a distinct activated
phenotype of CNS-infiltrating T-cells.

In summary, it is more generally accepted that,
unlike naive T (L-selectinhigh, CD44low) and resting
memory (CD44intermediate, L-selectinintermediate) cells, acti-
vated T-cell blasts (CD44high, L-selectinlow) readily pen-
etrate the BBB and enter the noninflamed CNS. The
activation of these CNS infiltration T-cells is initiated
in the peripheral secondary lymphoid organs (summa-
rized in Figure 5.7). Subsequently, as a consequence of
a subsequent antigen recognition, the neuroantigen spe-
cific T-cells are retained and the nonspecific cells exit
the CNS (4,117) or are eliminated by apoptosis induc-
ing mechanisms. Driven by antigen recognition, the
antigen-specific T-cells secrete cytokines and induce a
delayed-type hypersensitivity–like reaction, inducing the
migration of monocytes/macrophages to the inflamma-
tory site. Once chronic inflammatory lesions have devel-
oped, endothelial cells of the BBB form HEV-like struc-
tures. The noninflamed CNS, the acutely inflamed CNS,
and the chronically inflamed CNS might require differ-
ent mechanisms of T-cell entry and survival. T-cells
entering the parenchyma and the perivascular com-
partment might survive differentially in the CNS (117).

Th1 and Th2 Subsets of CD4� Helper 
T-cells in the Brain

Different migration patterns for Th1 and Th2 cells have
also been suggested. Two distinct subsets of T-cells have
been identified among long-term, cloned T-cell lines
(118). Th1 clones secrete IFN-�, interleukin-2 (IL-2),
TNF-�, and TNF-� and promote cytotoxicity and
delayed type hypersensitivity reactions.  In contrast, Th2
clones produce IL-4, IL-5, IL-10, IL-13, and TGF-� and
promote B-cell activation, antibody production, immune
suppressor functions, and immediate hypersensitivity
reactions (Figure 5.8). Th1 and Th2 clones also differ in
their requirements for antigen presentation, because B
cells preferentially stimulate Th2 clones, whereas adher-

ent T-cell-cells (macrophages/dendritic cells) preferen-
tially stimulate Th1 clones (119).

Multiple lines of evidence indicate that Th1 cells
cause EAE. Merrill and colleagues (120–122) character-
ized the lymphocytes infiltrating into the brain and spinal
cord in synthetic myelin peptide-induced EAE and found
that these cells were predominantly CD4+ Th cells secret-
ing IL-2 and IFN-�. This suggests Th1-type cell activa-
tion in this in vivo model.

Khoury et al. associated oral tolerance to MBP and
natural recovery from EAE with upregulation of IL-4 and
TGF-� cytokines; infusion of anti-TNF or anti-IL-12 anti-
bodies prevented EAE (123). Khoruts et al. also showed
that adoptive transfer of neuroantigen-specific Th2 cell lines
never resulted in EAE (124,125). These studies show the
potential importance of activation of different T-cell sub-
sets in CNS inflammatory diseases.

Antigen-Specific T-Cell Migration
and Accumulation in the CNS

It is widely accepted that antigen-specific T-cells play a
crucial role in autoimmune attacks in the CNS such as
those seen in EAE. Understanding the mechanism of entry
of these cells into the CNS could lead us to selectively tar-
get and inactivate them for therapeutic purposes. Anti-
gen specificity also plays a crucial role in the retention
phase of T-cells in the CNS. In this phase, antigen-spe-
cific T-cells are selectively retained and probably further
activated and induced to proliferate in the CNS
parenchyma. This phase is highly regulated by the pres-
ence of antigen. It is followed by the recruitment of leuko-
cytes from the circulation to the site of the initial inflam-
mation. Although there is copious information on the
importance of adhesion molecules and chemokines in the
recruitment phase of CNS inflammation, the adhesion
molecules and chemokines governing the initial T-cell
entry into the CNS have not been defined. A major obsta-
cle in studying the T-cell–mediated autoimmune process
is the technical difficulty of studying these T-cells in vivo.
The frequency of antigen-specific T-cells is below the
detection limits of standard T-cell assays. Novel techni-
cal advances, such as transgenic technology and enzyme
linked immunospot (ELISPOT) assay, allow us to study
antigen-specific T-cells in the CNS.

Two groups have created MBP TCR transgenic
mice to study the development of CNS autoimmune
reactions. In one model, V�2.3 transgenic mice were
crossed with transgenic animals that contain the func-
tionally rearranged V�8.2 containing the TCR gene to
generate mice expressing completely transgenic TCRs
(H-2u ��) (126). Spontaneous EAE can develop in these
mice if they are housed in nonsterile facilities.  The sec-
ond model was generated by crossing MBP-specific
TCR transgenic mice and RAG-1–deficient mice to
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obtain lines that have only T-cells expressing the MBP-
specific transgenic TCR (127). All of these mice devel-
oped spontaneous EAE within 12 months. This study
shows that neither a diverse set of CD4� T-cell diver-
sity, CD8� T-cell diversity nor B cells or �� T-cells are
required for the generation of EAE lesions and clinical
symptoms.

To study this problem, we used AND TCR trans-
genic mice as a source of monoclonal T-cells with known
antigen specificity to PCC residues 88 to 104 (128,129).
We can readily monitor the accumulation of a small num-
ber of antigen-specific T-cells in the CSF by using mon-
oclonal antibodies to their specific TCRs (V�11 or
V�3)and flow cytometry. Using this model, intraventric-
ular delivery of PCC antigen resulted in the strongest anti-
gen-specific T-cell accumulation in the CSF. Intraventric-
ular delivery of PCC antigen could also activate
antigen-specific T-cells in the peripheral blood, which is
consistent with the current hypothesis that activated T-
cells migrate in and out of the CNS. However, although
injection of PCC antigen into the peripheral sites strongly
activated the peripheral antigen-specific T-cells, the anti-
gen-specific T-cell accumulation in the CSF was only
modestly increased. This latter observation points to the

importance of antigen localization in the initiation phase
of CNS inflammation (13).

In summary, several mediators regulate normal sur-
veillance and pathologic T-cell migration into the CNS.
These factors include adhesion molecules, chemokines,
inflammatory mediators, and the localization of antigen.

In this section we discussed the importance of adhe-
sion molecules, some inflammatory mediators, and the
localization of antigen in this process. The role of
chemokines in T-cell recruitment into the CNS is discussed
elsewhere in this book. In the next section we focus on
the importance of antigen-presenting cells in the CNS in
maintaining T-cell survival in the nervous tissue.

ANTIGEN PRESENTATION IN THE CNS 
BY CNS-RESIDENT-CELLS

We previously discussed the mechanism for T-cell traf-
ficking across the BBB into the brain parenchyma. In this
section we consider the immune regulatory functions of
CNS-resident T-cells in regulating T-cell activation and
survival in the CNS compartment. We focus on the anti-
gen presentation properties of resident T-cells within the
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CNS parenchyma (glial cells: microglia, astroglia) and res-
ident cells at the vascular interface (endothelium, peri-
cytes, and perivascular macrophages). Although dendritic
cells (DCs) have been demonstrated to orchestrate the
decision-making process in the induction of adaptive
immune responses and T-cell activation in the periphery,
their role in the CNS has been rather controversial. On
the one hand, it was clearly demonstrated in mice that
DCs can efficiently present MBPAc1-11 to antigen-specific
T-cells in the periphery, resulting in the induction of EAE
(130). On the other hand, although the presence of DCs
in the CNS had been suggested (131,132), the issue is still
being debated in the current literature. For the sake of
simplicity, the presence or absence of DCs in the CNS will
not be discussed further in this chapter.

Antigen-specific Activation of T-cells

To understand the properties of antigen-presenting cells
(APCs) in the CNS, first we discuss what is known about
T-cell interactions with APCs in general. The �/� T-cells
very rarely recognize free antigen, and their antigen
recognition involves an interaction of the T-cell recep-
tor (TCR) with fragments of antigen bound to class I or
class II MHC molecules on the surface of an APC. MHC
class I–restricted T-cells are almost exclusively CD8�

(cytotoxic/suppressor) phenotypes, whereas class
II–restricted T-cells are CD4� T phenotypes (133–136).
The TCR is a disulfide-linked heterodimer made up of
two chains, either � and � chains on �/� T-cells or � and

� chains on �/�T cells (137–140). The TCR repertoire
is formed during thymic development with the use of dif-
ferent gene segments: the variable (V), diversity (D), join-
ing (J), and constant (C) regions (141). These gene seg-
ments are randomly rearranged; after positive and
negative selection, each individual mature T-cell has a
single specificity when it leaves the thymus. The variable
regions of the �/� TCR determine this specificity, and
MHC-bound peptides are successfully generated by the
very efficient APCs, such as dentritic cells and
macrophages, as a result of their ability to phagocytose
and endocytose and process pathogens and cellular
debris (142). In addition to antigen presentation in the
context of MHC molecules, secondary signals are
required for the successful activation of peripheral T-
cells. These secondary signals are provided by costimu-
latory molecules (Figure 5.9).

Several costimulatory molecules play an important
role in T-cell activation. The presence or absence of cos-
timulatory molecules on APCs strongly influences the out-
come of T-cell antigen recognition (143,144). If costim-
ulators are present, antigen presentation results in
cytokine gene expression and T-cell proliferation. These
activated T-cells are then capable of responding to sub-
sequent antigen exposure. In contrast, in the absence of
costimulatory molecules, suboptimal or no IL-2 gene
expression occurs and the Th1 cells do not proliferate
(143,144). The subsequent attempts at activation of these
T-cells might show that these cells are in a long-lived aner-
gic stage. Once anergized, helper T lymphocytes produce
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no detectable IL-2 and reduced levels of IL-3 and IFN-�
in response to stimulation via the TCR complex and yet
continue to proliferate in response to exogenous IL-2.

At least five distinct adhesion molecules present on
APCs: B7-1 (CD80), B7-2 (CD86), ICAM-1 (CD54),
LFA-3 (CD58), and VCAM-1 (CD106) have been indi-
vidually shown to costimulate T-cell activation
(145–150). These molecules interact with their counter-
receptors on T-cells (Figure 5.9). The most well studied
costimulatory receptor–ligand pair involves the B7-
CD28/CTLA-4 system (151–153). Interruption of this sig-
naling pathway with CD28 antagonists not only sup-
presses the immune response but in some cases also
induces antigen-specific tolerance. However, the CD28/B7
system is increasingly complex due to the identification
of multiple receptors and ligands with positive and neg-
ative signaling activities (154).

B7-1 was found to be the ligand for CD28 costim-
ulatory molecule by Gimmi et al. (155). Constitutive
expression of murine B7-1 mRNA was detected in
hematopoietic cells of B-cell but not of T-cell origin. A
second counterreceptor of CD28, termed B7-2, has been
discovered and cloned (156). Although only 26 percent
homologous to B7-1, B7-2 also costimulates IL-2 pro-
duction and T-cell proliferation. Unlike B7-1, B7-2 mes-
senger RNA is not constitutively expressed in unstimu-
lated B-cells. It is likely that B7-2 provides a critical early
costimulatory signal in determining whether the T-cell
will contribute to an immune response or become aner-
gic. A third counterreceptor, called CTLA-4, has been
demonstrated for B7-1 and B7-2 (156). CTLA-4 is an
adhesion receptor expressed on activated T-cells. Surface
expression of CTLA-4 seems to be a tightly regulated
event, with transient expression on activated T-cells peak-
ing 48 to 72 hours after activation (157). The amino acid
sequence of CTLA-4 is related to CD28, and it shares sev-
eral features with CD28. A recent study found that CD28
and CTLA-4 are coexpressed at the mRNA level on acti-
vated T-cells but only CD28 is expressed on resting T-
cells. Several studies have indicated that CTLA-4 serves
as a negative regulator of T-cell activation (157–160).
Interference with the B7 costimulatory signal, using
CTLA-4Ig, resulted in a profound decrease in IL-2 pro-
duction and significantly decreased lymphoproliferative
and antibody responses by primed lymph node cells from
rats with experimental autoimmune myasthenia gravis
when stimulated with AChR in vitro (161). Systemic
administration of CTLA-4Ig in EAE suppressed clinical
disease and was effective even when CTLA-4Ig was
delayed until day 10 postimmunization, a time when
pathology is evident (162). Immunohistologic studies
showed that CTLA-4lg therapy suppresses the inflam-
matory response with inhibition of Th1 (IL-2 and IFN-
�) and sparing of Th2 (IL-4, IL-10, and IL-13) cytokines
in the CNS (162). Together these studies support an

essential role for B7-CD28/CTLA-4 costimulatory mol-
ecules in CNS autoimmunity.

It is generally accepted that autoimmune T-cells are
stimulated in the periphery, enter the CNS, and likely need
to encounter APCs at the target site for a secondary res-
timulation. Their fate in the CNS depends on this inter-
action (Figure 5.10). Absence of antigen or APCs could
lead to the elimination of these T-cells from the brain
parenchyma and, hence, termination of the immune
response. However, their secondary restimulation could
result in further activation and survival of these cells. Acti-
vated autoimmune T-cells in the CNS could induce the
recruitment of mononuclear cells into the brain
parenchyma, thereby inducing a broad inflammatory
reaction and destruction of the myelin sheath (Figure
5.10). Throughout this process, autoimmune T-cells
encounter residential cells of the BBB and then interact
with resident APCs in the brain parenchyma. In the fol-
lowing paragraphs we outline the role of APCs in these
interactions in more detail.

Antigen Presentation at the BBB

Endothelial cells are potentially very important APCs in
vivo because of their cumulative large surface area and
anatomic location. The antigen-presenting capacity of
brain capillary endothelial cells has been the subject of
several investigations leading to quite divergent conclu-
sions. It has been demonstrated by several laboratories
that vascular cerebral endothelial cells can be induced to
express class II molecules and acquire the capacity to acti-
vate CD4� T-cells in vitro (163,164). Further, murine
brain endothelial cells have been reported to process and
present MBP antigen to T-cells (165). Pryce et al. (166)
demonstrated that brain endothelial cells are poor stim-
ulators of T-cell proliferation despite antigen-specific
interactions between Th cells and endothelial cells. Oth-
ers have shown that brain capillary endothelial cells from
mouse and guinea pig act as APCs for the presentation
of MBP to CD4+ T-cells but not for purified digested or
whole ovalbumin (167,168). Bourdoulous et al. (169)
found that IFN-�–activated rat brain microvessel
endothelial cells expressing MHC class II molecules in the
presence of MBP, stimulate proliferation of a syngeneic
CD4� T-cell line.

Our laboratory found that murine brain microves-
sel endothelial cells and smooth muscle/pericytes (SM/P)
express class II I-A molecules (170,171) and selectively
induce the antigen-specific activation of different Th1 and
Th2 CD4� T-cell clones (172). Th1 and Th2 cell clones
that were specific for the same peptide antigen in the con-
text of the same class II allotype were used. SM/P prefer-
entially activated Th1 cell clones, whereas endothelial
cells activated Th2 cell clones better, as reflected by cell
proliferation and production of IL-2 by SM/P-activated
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Th1 clones and IL-4 by endothelial cell activated Th2
clones. Because Th1 cells are the harmful effector cells in
CNS autoimmunity, we proposed an active role for BBB
endothelial cells in maintaining the BBB integrity by
downregulating Th1 activity. Interestingly, we also
demonstrated that there is no expression of CD80 (B7-
1) on the surface of brain microvessel endothelial cells;
however, with LPS stimulation, CD86 (B7-2) proteins can
be detected on the surface of these cells (Figure 5.11 A
and B). B7-2, but not B7-1, expression was also detected
in vivo on brain microvessel endothelial cells at aseptic
cerebral injury sites in mouse brain (Figure 5.11C).

To study further whether Th1 cells can be partly stim-
ulated or anergized by brain microvessel endothelial cells,
D1.1/Th1 cells were cocultured with IFN-�–activated brain
microvessel endothelial cells in the presence of their respec-
tive antigen (rabbit immunoglobulin) for 48 hours and then
restimulated with splenic APCs and antigen.  After 48
hours of restimulation with splenic APCs and antigen,

proliferation and production of IL-2 and IFN-� by the Th1
cells was measured.  Figure 5.12 shows that Th1 clones
did not proliferate and produced very little IL-2 or IFN-
� when brain microvessel endothelial cells were used as
primary stimulators. However, despite the observed lack
of proliferation and cytokine production of Th1 cell in
coculture with brain microvessel endothelial cells and anti-
gen, endothelial cells induced functional changes in D1.1
Th1 clones. This was demonstrated by the expression of
the p55 subunit of the IL-2R (CD25) subunit in Th1 cells
(Figure 5.13). These results indicated that the costimula-
tory pathways activated by endothelial cells of the BBB
can selectively inhibit Th1-type cell activation at the entry
site of the brain parenchyma.

In summary, BBB cells clearly can contribute to brain
inflammation by actively participating in immune
responses via production of cytokines, expression of adhe-
sion molecules, and inhibition of antigen-specific immune
responses in the nervous tissue.

THE NATURE OF IMMUNOLOGIC PRIVILEGE IN THE CENTRAL NERVOUS SYSTEM 67

Neuron

Axon

Myelin
sheath

Oligodendrocyte

Demyelinated, 
naked axon

APC

Absence of 
Antigen and 
Presenting Cell

Presence of
Surviving 
Factors:
Recirculation
to BBB

Absence of 
Surviving
Factors:
Death

Presence of
CNS Antigen 
and Presenting Cell
eg.- Pericytes, Microglia, 
Astrocytes, Endothelium, 
others?
Presence of
CNS Costimulatory 
Molecules
eg.- Inducible B7,
Costimulatory mediators,
others?

Proliferation and
Activation of T cells

Cytokines Secreted
eg.- IL-4, IL-6, IL-10,
TNF-α, IFN-γ, others?

Recruitment of
Other Immune
Cells to CNS
eg.- Macrophage,
T cells, others

MΦ

BBB

Blood Vessel
T

MΦ

Presentation
of Antigen by
Macrophage

Destruction of
Myelin by
Macrophage

CNS AUTOIMMUNITY

T

T

T

T

T

T

T

FIGURE 5.10

The mechanism of CNS autoimmunity. BBB, blood–brain barrier; CNS, central nervous system; IFN-�, interferon-�; IL, inter-
leukin; TNF-�, tumor necrosis factor-�, Mφ, macrophage.



Much less controversy arises about the important
role of perivascular microglia/macrophages in shaping
CNS autoimmunity. In general, perivascular microglia/
macrophages are difficult to differentiate from resident

microglia; however, this was elegantly achieved in bone
marrow chimeric animals by Hickey and Kimura (173).
These cells were capable of phagocytosis and constitu-
tively expressed high levels of class II antigen (174,175).
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A. B7-1 and B7-2 gene expression in brain microvessel cells. B7-1 and B7-2 gene expressions were determined by reverse tran-
scription–polymerase chain reaction analysis of mRNA isolated from brain microvessel cells. Each increment in the control
ladder is 100 bp. B. CD80 (B7-1) and CD86 (B7-2) costimulatory molecule expression on a brain microvessel endothelial cell.
Brain microvessel endothelial cells, 1 � 106, were stimulated with LPS for 24 hours. After this treatment, direct flow cytofluo-
rimetry analysis was carried out using 4 	g, R-PE conjugated anti-mouse B7/BB1 (1G10) or B7-2 (GL1) monoclonal anti-
body/million cells. As a control, isotype matched rat immunoglobulin G 2a was used (thin line). C. Immunohistochemical
localization of a B7-2 (CD86) costimulatory molecule at the site of freeze injury in murine brain. IFN-�, interferon-�; IL, inter-
leukin; LPS, lipopolysaccharide; TGF-�, transforming growth factor-�; TNF, tumor necrosis factor.



Further, using irradiated bone marrow chimeras in CD45-
congenic rats, highly purified populations of microglia
and nonmicroglial but not CNS-associated macrophages
(CD45high CD11b/c�) were isolated from the adult CNS.
The minority CD45high CD11b/c� transitional macro-
phage population, and not the resident microglia, con-
stituted the effective APCs for EAE by activating CD4�

MBP-reactive T-cells (176). The depletion of systemic
macrophage results in the depletion of the perivascular
microglia/macrophage population and leads to the inhi-

bition of the onset of EAE (177). Due to the important
location of these cells and their ability to induce immune
response, we must consider these cells to be the most
important APCs at the BBB.

Antigen Presentation in the Brain Parenchyma
by Residential APCs

Undoubtedly, the local regulatory mechanism that defines
the outcome of immune responses in the brain
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parenchyma must be closely studied to influence these
reactions. Remarkably, this area of research has been the
subject of great interest in the past few years, but also an
area of great controversy. This controversy has been
driven by several conflicting results demonstrating the
antigen-presenting properties of two different types of
CNS-resident glial cells, microglia and astrocytes.

Much of the available information suggests that
microglia cells are of mesodermal origin and that they
represent the resident macrophages, the most efficient
APC in the CNS. The mesodermal origin of microglia has
been a rather controversial issue. Some investigators
claim that microglia originate from neuroectodermal
matrix cells together with the macroglia, although most
believe that microglial cells are of mesodermal origin and
probably belong to the monocyte/macrophage cell line.
It has been also suggested that these cells are derived from
pericytes or from invasion of monocytes in early devel-
opment into the CNS (178). The current view is that
microglia cells are of mesodermal origin and probably
belong to the monocyte cell lineage. Developing
microglial cells probably enter the CNS from the blood,
through the ventricular space or the meninges (179).
After their migration into the developing CNS, microglial
cells are distributed more or less homogeneously through-
out the entire nervous parenchyma. Microglial cells mov-
ing through the nervous parenchyma are ameboid
microglia, which apparently differentiate into ramified
microglia after reaching their definitive locations. The
factors that control the invasion of the nervous
parenchyma, migration within the developing CNS, and
differentiation of microglial cells are still not understood,
although extracellular matrix elements and soluble mol-
ecules have been suggested (180). Microglial cells within
the developing CNS are involved in clearing cellular
debris and withdrawing misdirected or transitory axons.
Recently, with the use of serial analysis of gene expres-
sion (SAGE) to systematically analyze transcripts in a
microglial cell line, more than 10,000 SAGE tags were
sequenced and shown to represent 6,013 unique tran-
scripts. Among the diverse transcripts were cytokines
such as endothelial monocyte-activating polypeptide I
(EMAP I), adhesion molecules such as CD9, CD53,
CD107a, CD147, CD162, and mast cell high-affinity IgE
receptor. In addition, transcripts that were characteristic
of hematopoietic cells or mesodermal structures such as
E3 protein, A1, EN-7, B94, and were detected. Further,
the profile contained a transcript, Hn1, that is impor-
tant in hematopoietic cells and neurologic development
(181). These data strongly suggest the probable neural
differentiation of microglia from the hematopoietic sys-
tem in development. However, due to the difficulties of
exactly characterizing microglia and differentiating these
cells from other macrophage marker-carrying cells in the
CNS, the antigen-presenting capability of these cells is

somewhat controversial. Some part of this controversy is
driven by the fact that, if microglia are mesodermal orig-
inated cells, then they should be very similar to blood-
borne macrophages. Further, the CNS contains at least
two populations of macrophages: the resident microglia
of brain parenchyma and the CNS perivascular
macrophages in the perivascular spaces, the lepto-
meninges, and the choroid plexus. These cells are con-
tinuously, slowly, recirculating between the blood and the
CNS, carrying CNS or blood originated antigens to the
perivascular space (173). Another complication in the dis-
cussion of this issue is that, in different neuropathologic
diseases, infections, or during posttraumatic healing and
inflammatory processes, a high number of macrophages
can readily enter the CNS. These cells can also carry anti-
gens or “pick-up” antigens in the brain parenchyma and
function as central APCs and inflammatory effector cells
in different situations.

It was also demonstrated that one class of microglial
cells can be labeled early with only lectins, whereas
another can be labeled with lectins and CD68
macrophage antibody. That may reflect a different origin
of microglia in the early embryonic CNS compared with
the fetal stages (182). This subdivision appears to be
maintained in the adult brain as well. The microglia are
characterized in part by their scarcity of MHC molecules
and lack of constitutive antigen-presenting activity for
naive CD4� T-cells. In contrast, some CNS macrophages
constitutively express MHC molecules and present anti-
gen to naive CD4� T-cells. Precursor cells were isolated
from the CNS that, in the presence of colony-stimulat-
ing factor-1 (CSF-1), the macrophage growth factor, give
rise to clones of cells that can be separated into two dis-
crete subpopulations based on differences in cell density.
The two cell populations give rise to progeny that differ
in their content of cells constitutively expressing MHC
class II and CD86 molecules and the ability to present
antigen to naive CD4� T-cells (183). Probably the earli-
est marker used for microglia characterization was the
binding of Ricinus communis agglutinin-1 (RCA-1) to
these cells (184). With this marker, specific staining was
observed in cell bodies and processes of microglia.
Although endothelial cells and blood cells also reacted
with RCA-1, they were easily distinguished morpholog-
ically from microglia. According to our current knowl-
edge, astrocytes, oligodendrocytes, and neurons do not
react with RCA-1 in the human brain. In Table 5.4 we
attempt to summarize the most important characteriza-
tion markers that differentiate microglia from macro-
phages or dendritic cells.

Despite the controversy regarding the origin of
microglia cells, it is generally accepted that microglia are
the most efficient APCs in the CNS. Microglia in vitro can
express the essential molecules necessary for competent
antigen presentation, such as MHC class II antigens
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(174,185–191). In addition, in vivo infusion and intrac-
erebral injection of IFN-� also leads to class II MHC
upregulation on microglial cells (192–195). Class II
expression on microglial cells is tightly regulated. It was
demonstrated that IFN-�–induced surface expression of
MHC class II molecules on a microglial cell line can be
inhibited by the cytokines TGF-�1, IL-4, and IL-10 but
not IL-13 (196). In several nervous tissue diseases such
as EAE, MS, dementia complex mediated by acquired
immunodeficiency syndrome, and Alzheimer and Parkin-
son diseases, class II upregulation on microglial cells has
also been found (197–201). These cells also can express
costimulatory molecules such as B7, LFA-3, and ICAM-
1 (202–204). Several laboratories have found that
microglia are also fully competent APCs, able to stimu-
late naive CD4� T-cells and activate antigen-specific effec-
tor T-cell clones in an MHC class II–restricted manner.
Interestingly, when microglial cells were compared with
other CNS macrophages in antigen-presentation assays,
these macrophages were found to be superior in their APC
properties (176). These results indicate that, although
microglial are presumed to be of hemopoietic origin, these
cells are not as competent APCs as macrophages. As an
answer to the apparent controversy, it was also proposed
that microglia serve different functions under different
inflammatory conditions, depending on the cytokine
milieu and the type of cognate interaction they are
involved in (205). Under some conditions, resting and
IFN-�–activated microglia cells cannot activate naive or
MBP-specific CD4� T-cells in the presence of MBP and
encephalomyelitic MBP Ac1-11 peptide. In addition, in
the presence of Ac1-11 peptide, CD4� TCR-transgenic T-
cells became anergized. Those investigators found that
microglia became professional APCs only after a multi-
step activation process involving stimulation through
cytokines and cognate signaling (205).

Interestingly, another study suggested that there is
a differential capacity of macrophages and astrocytes to
restimulate Th1 and Th2 responses and that this differ-
ence may contribute to the reactivation and regulation
of local inflammatory processes during infectious and

autoimmune diseases (206). IFN-�–activated microglia
cells expressed MHC class II, CD40, and ICAM-1 mol-
ecules and efficiently presented antigen to Th1 cells.
Conversely, IFN-�-treated astrocytes, which express
MHC class II and ICAM-1, presented antigen less effi-
ciently to Th1 cells but were as efficient as microglia in
inducing IL-4 secretion by Th2 cells. Further, astrocytes
are much less potent than microglia in presenting natu-
rally processed OVA peptide to either T-cell subset, indi-
cating inefficient antigen processing. These data suggest
that microglia play a role in the activation of Th1 and
Th2 cells, whereas astrocytes activate mainly Th2
responses in the CNS (206).

In summary, microglia cells are likely critical ele-
ments in the initiation of CNS immune responses by
being able to present antigens and produce several
inflammatory mediators in the brain parenchyma.

Astrocytes as Immunocompetent Cells

Astrocytes are star-shaped cells that also belong to the
glial cell family. The processes of astrocytes are often in
contact with blood vessels (discussed in BBB and the
Nature of Immunologic Privilege in the CNS). These cells
provide physical and metabolic support to the neurons
of the CNS. Astrocytes have also been suggested to be
efficient APCs. These cells are the most numerous of glial
cell types within the CNS, so their APC functions have
been the subject of intensive studies. Astrocytes were the
first CNS-originated cells to be demonstrated to upreg-
ulate MHC class II molecules with exposure to IFN-�
and IFN-� with TNF-� (195,207–209). In addition,
astrocytes can be activated by other proinflammatory
stimuli such as IL-1�, LPS, or viral proteins to express
adhesion molecules such as ICAM-1, VCAM-1, and
CD62E (E-selectin) (203, 210–214). The expression of
costimulatory molecules on astrocytes also has been con-
troversial. Some investigators did not detect B7-1
(CD80) or B7-2 (CD86) costimulatory molecules on
unstimulated or activated astrocytes (215,216), whereas
others found B7 costimulatory molecule expression on
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TABLE 5.4
Characterization Markers That Differentiate Microglia from Macrophages or

Dendritic Cells in the Central Nervous System

MIDC8
CD11B CD11C F4/80 DEC205 CD45 (SEROTEC) IBA1 RCA-1

Microglia + – + – Low – + +
Macrophage + –1 + – High – – –
Dendritic cell – + + + + + – –

1During inflammation.



astrocytes (217–219). Not surprisingly, the antigen-pres-
entation properties of astrocytes have been debated. On
one hand, the Th2-inducing capacity of astrocytes and
their ability to produce anti-inflammatory mediators was
suggested (220,221); on the other hand, apoptotic cell
death of autoreactive T-cells resulting from their inter-
action with astrocytes has also been demonstrated (222).
Some of these results may be due to the difficulties of
purifying astrocytes, resulting in microglial contamina-
tion in these cultures. This hypothesis is supported by
the fact that, although highly enriched in vitro cultures
of astrocytes lacking microglia cannot present antigen
immediately ex vivo to blood-derived CD4� T-cells in
mixed lymphocyte cultures in situ with the cooperative
help of microglia-derived cytokines or accessory surface
molecules, astrocytes may function as CNS APCs (223).
More detailed studies to characterize the antigen-pre-
senting properties of astrocytes will need to performed
to resolve these issues. Nevertheless, it is undeniable that
astrocytes play an important role in regulating immune
responses in the CNS by producing a plethora of proin-
flammatory cytokines such as TNF-�, IL-1, IL-6,
macrophage CSF, and granulocyte–macrophage CSF
(224–236).

CONCLUSION

In this chapter we evaluated the current view of immuno-
logic privilege in the CNS and concluded that there is a
highly regulated communication between the immune
and the nervous systems and that this bidirectional com-
munication is augmented under pathologic conditions.
The primary element maintaining the immunologic priv-
ileged status of the CNS is the BBB, which actively par-
ticipates in immune responses via expression of adhesion
molecules, cytokine, and chemokine production and
interactions with effector T-cells at the BBB. The unique
microenvironment of the CNS also actively participates
in the development of immune responses in the nervous
tissue. The profound influence of resident and invading
APCs on the modulation of an immune response in the
nervous tissue is also crucial for regulating immunity in
the CNS. The balance of suppressor factors that can pre-
vent or limit the initiation of inflammatory responses in
the CNS against proinflammatory mediators that alter
this balance is fundamental for immunity in the CNS.
As a result of an overwhelming invasion of activated lym-
phocytes and invading APCs into the CNS, a predomi-
nantly proinflammatory local environment will form in
the nervous tissue, facilitating inflammation in the nerv-
ous tissue. Understanding the mechanism of immuno-
privilege in the CNS will provide the basis for better ther-
apeutic interventions for immune-mediated CNS diseases
such as MS.
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ultiple sclerosis (MS) is a neurologic
disease characterized by inflamma-
tion and demyelination within the
central nervous system (CNS).

Genetic and environmental factors are thought to pre-
dispose individuals for the development of MS. The pre-
cise etiology of MS remains elusive, although the inflam-
matory nature of the lesions in the CNS strongly suggests
an immunopathologic mechanism of disease.

Experimental autoimmune encephalomyelitis (EAE)
is a well-characterized animal disease used extensively as
a model system to study basic immune function. In par-
ticular, EAE parallels MS in many ways and has thus
become a useful tool in MS research. Like MS, EAE is an
inflammatory, demyelinating disease of the CNS whose
development and course varies according to several
genetic and environmental determinants. Unlike MS, the
etiology of EAE has been clearly defined as an autoim-
mune disease caused by myelin-specific CD4� T-cells, ini-
tially by Pettinelli and McFarlin (1) and subsequently by
numerous laboratories. These CD4� T helper (Th) lym-
phocytes are of the type 1 phenotype, as defined by the
specific pattern of cytokine production, where the T-cells
secrete lymphotoxin (LT), interferon-gamma (IFN�), and
interleukin-2 (IL-2). The Th1 cells are crucial to the induc-
tion and development of EAE, but not to the exclusion
of other types of immune cells. Throughout the course
of disease, other immune cells, including Th2 cells, CD8+

T-cells, macrophages, B cells, and possibly natural killer
(NK) cells, are also involved in the pathogenesis of EAE.
Research in several laboratories has led to valuable infor-
mation about the roles of these various immune cells in
organ-specific immune responses. These findings have led
to an increased understanding of the basic mechanisms of
autoimmunity, in particular inflammatory demyelination
in the CNS.

EAE: A CD4+ T-CELL–MEDIATED
DEMYELINATING DISEASE

In the late 1800s and early 1900s, a disease called post-
vaccinal encephalomyelitis (PVE) occurred in a num-
ber of people receiving the rabies virus vaccine. An
inactivated form of the virus was inoculated and grown
in the spinal cords of rabbits. The vaccine itself con-
sisted of a homogenate of the infected spinal cords,
which contained the virus. Initially, the encephalo-
myelitis was attributed to the rabies virus in the vac-
cine; however, later studies found that factors in the
spinal cord independent of the virus were responsible
for PVE. In those studies, monkeys receiving normal
spinal cord homogenate and monkeys receiving
infected spinal cord homogenate developed a demyeli-
nating disease soon after the vaccination. Those stud-
ies and many more in the years that followed led to
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the development of the experimental system known
today as experimental autoimmune encephalomyelitis.

The ability to induce EAE by administration of spinal
cord homogenate led researchers to suspect myelin as a
major encephalitogenic component of the homogenate.
Studies using myelin basic protein (MBP) to induce EAE
confirmed the primary role of myelin antigens in the dis-
ease process (2,3). Since those studies, EAE has been
induced using several myelin components, including MBP,
proteolipid protein (PLP), myelin oligodendrocyte protein
(MOG), and encephalitogenic peptides derived from these
proteins (Table 6.1).

Although myelin and its components could induce
disease, the precise mechanism of demyelination was not
known until the 1970s and 1980s. In 1977, Panitch and
McFarlin reported the induction of EAE in naive Lewis
rats after the transfer of splenocytes from syngeneic
donors previously immunized with MBP (4). Induction of
the disease was enhanced if the sensitized cells were incu-
bated in concanavalin A (ConA) or MBP before transfer.
In 1981, Pettinelli and McFarlin extended this research
to mice, showing that lymph node cells from MBP-sensi-
tized SJL/J mice were capable of transferring disease into
naive syngeneic recipients (1). The direct transfer of EAE
in mice had been described by Bernard and colleagues (5).
These authors described a complex protocol that included
the use of spinal cord homogenate and Bordetella per-
tussis toxin in the initial immunization and large numbers
of cells in the transfer and irradiation of the recipients (5).
This report also implicated T-cells in disease mediation,
because anti-Thy 1.2 antibodies prevented the induction
of EAE. By eliminating specific populations of the lymph
node cells with the use of several monoclonal antibod-
ies, Pettinelli and McFarlin determined that CD4� T (Lyt
1� 2� T) cells were responsible for mediating disease.

Neuropathology of the active lesion in the CNS of
mice with relapsing EAE shows a severe inflammatory
response, primary demyelination with moderate remyeli-
nation, and some axonal loss (6). These lesions become
more gliotic and depleted of axons, but less severely
demyelinated as the disease becomes chronic (7). The
mode of disease induction affects lesion pathology in mice

with EAE. After induction of EAE via immunization with
CNS antigens in adjuvant, lesions exhibit more severe
gliosis and axonal loss, but scattered demyelination (6).
After induction of EAE via adoptive transfer of MBP-spe-
cific lymphocytes, lesions exhibit more demyelination,
more remyelination, and less axonal loss (6,7). In the
mouse models of EAE, these lesions are present prima-
rily in the spinal cord, irrespective of the mode of disease
induction (8). They do differ from the lesions observed
in MS patients, as they are limited in size and differ in dis-
tribution. Within the lesion itself, similarities between MS
and EAE are apparent, including the primary features of
axonal demyelination and remyelination (9).

The clinical course of EAE varies among the many
different animal models. In a recently developed marmoset
model, animals developed a relapsing–remitting form of
EAE, characterized by inflammation and demyelination in
the CNS and moderate neurologic dysfunction, features
very reminiscent of MS (10). Although this new marmoset
model is intriguing, current researchers primarily use
rodent models of EAE because of the quality of reagents,
the wealth of genetic information, and the diversity of
molecular biology techniques available. Among the rodent
models, the clinical course of EAE is quite diverse. In the
Lewis rat and several mouse strains, EAE manifests as an
acute, monophasic disease that appears to be self-limit-
ing. Recovery from the monophasic disease is associated
with increased apoptosis of T-cells in the inflammatory
lesion (11,12). In other strains of mice, in particular SJL,
EAE develops as a relapsing–remitting disease with greater
clinical and pathologic similarity to MS. These animal
models provide a method for investigating the mechanisms
of immune-mediated pathogenesis in the CNS.

MHC RESTRICTION AND DISEASE
SUSCEPTIBILITY

Susceptibility to EAE varies between different strains in
both the mouse and rat. Initially, susceptibility to EAE
was linked primarily to the major histocompatability
complex (MHC) class II genetic locus (13,14). In mice,

EXPERIMENTAL ASPECTS OF DEMYELINATION80

TABLE 6.1
Commonly Used Myelin Peptides Used to Induce Experimental Autoimmune Encephalomyelitis

Peptide Predominant mouse strains when used Encephalitogenic sequence
MBP Ac1-11 PL/J, B10.PL ASQKRPSQRSK
MBP 89-101 SJL FKNIVTPRTPPP
PLP 139-151 SJL HSLGKWLGHPDKF
MOG 35-55 B6 MEVGWYRSPFSRVVHLYRNGK

MBP, myelin basic protein; MOG, myelin oligodendrocyte glycoprotein; PLP, proteolipid protein.



strains expressing the H-2 u, s, q, and k loci were gener-
ally considered susceptible to MBP-induced EAE, whereas
strains expressing the H-2 b and d loci were considered
resistant. Molecular studies have shown that MHC com-
ponents expressed by these alleles differ in their binding
affinities to particular peptides. Differences in binding
affinity regulate the interaction between the antigen-pre-
senting cell (APC) and the T-cell and contribute to the
effector response of the T-cell. Although most encephal-
itogenic regions of MBP correspond to peptides with high
MHC-binding affinities, other nonencephalitogenic
regions of MBP also have peptides with high MHC-bind-
ing affinities (15). One exception to this general obser-
vation is the low binding affinity of the immunodominant
N-terminal epitope of MBP and the H-2u MHC. In
another study, moderate to strong binding affinities were
essential for development of immune responses, but
immunogenicity was not sufficient for encephalitogenic-
ity (16). These and other findings suggest that variables
other than MHC affinity are also involved in determin-
ing the susceptibility to EAE (15–18). Another variable
that contributes to the susceptibility to develop EAE is the
antigen used to induce disease. MBP and PLP are the most
prominent protein constituents of myelin and are most
commonly used as encephalitogenic antigens. Several
strains of mice and rats are highly susceptible to disease
induced by immunization with either MBP or PLP or by
transfer of MBP- or PLP-specific T-cells (14,19). Although
it is primarily a T-cell–mediated disease, EAE can exhibit
a strong antibody component that may be involved in
demyelination of the CNS of affected mice (20–22). This
antibody component often involves the production of
autoantibodies against MOG, another constituent of
myelin (23). Recent studies have demonstrated that
strains resistant to disease induction using MBP or PLP
are quite susceptible to disease induction using MOG
(24–27). Thus, even though C57/BL6 mice are considered
to be highly resistant to MBP-induced EAE, they are quite
susceptible to MOG-induced EAE. In addition, 129 mice,
which are also H-2b, are quite susceptible to MBP-
induced EAE. It is clear that the genetic background
affecting EAE susceptibility is much more complicated
than just MHC haplotype.

In addition to the use of different antigens, novel
modes of disease induction have weakened the distinction
between susceptibility and resistance considerably. Typi-
cally, susceptible strains of mice develop EAE after a sin-
gle immunization with MBP or PLP in complete Freund
adjuvant (CFA), followed by injections of pertussis toxin
(13,14). Other more typically MBP-resistant strains do
not develop EAE under these conditions but will develop
EAE after performing an adoptive transfer step (where
the draining lymph node cells are stimulated with MBP
in vitro), followed by immunization with MBP in CFA
(28). After this mode of induction, these typically resist-

ant strains develop consistent and severe disease similar
to that seen in the traditionally susceptible strains. This
suggests that resistance to EAE is a relative state and that,
under appropriate conditions, most mouse strains can be
induced to develop EAE, regardless of MHC haplotype.

T-CELL RECEPTOR SPECIFICITY AND USAGE

When considering the various components of the trimol-
ecular complex, T-cell receptor (TCR) usage in EAE has
received a great deal of attention. The antigen-specific
TCR is a heterodimeric transmembrane glycoprotein
comprised of � and � chains encoded in the germline in
distinct regions, including variable (V), diversity (D; for
the � chain only), joining (J), and constant (C) regions.
Numerous genes exist for each region. Functional TCR
chains are formed during T-cell development by gene
rearrangements that splice together components of the V
and J (V-D-J for the � chain) regions and by posttran-
scriptional RNA splicing that adds the C region (29,30).
TCR diversity originates from the random use of these
V-D-J genes, variation between the junctional sites
between the V-D-J genes, and the variable association of
the � and � chains.

Early studies in B10.PL and PL mice found that the
V� and V� chains of T-cells specific for the Ac1-9 peptide
of MBP were highly restricted. Most of these T-cells express
TCR carrying the V�8.2 chain, with the remainder carry-
ing the V�13 chain. The Va chains expressed by these T-
cells are restricted to expression of V�2.3, V�4.2, or V�4.3
TCR V� chains. Further, the junctional sites, or CDR3
region of the TCR, which have been associated with pep-
tide binding, are quite similar among these T-cells
(31,32,35). Identification of the preference of MBP Ac1-
11–specific T-cells for these particular V genes led to the
development of B10.PL TCR transgenic mice expressing
the V�2.3 and V�8.2 genes (36). These transgenic mice are
crossed to create V�2.3, V�8.2 TCR transgenic mice,
which are highly susceptible to EAE induction and occa-
sionally develop spontaneous EAE. TCR usage is less
restricted in SJL mice immunized with MBP peptide 89-
101 but do show a preference for V�17 and V�1.1 (37).
Further, the TCRs from the SJL T-cell clones exhibit a con-
served a-chain rearrangement between V�1.1 and
J�BBM142 in the third hypervariable complementary
determining region-3 (CDR3) region. Another study in the
SJL mouse suggested that V�4 usage is increased in T-cells
recognizing MBP (38). Similarly, TCR usage is quite het-
erogeneous in the SJL mouse when it comes to recogni-
tion of the immunodominant epitope of PLP 139-151 (39).

The CDR3 region of the variable chain confers anti-
genic specificity to the TCR. These regions are often fairly
conserved in TCRs that recognize a common peptide
bound to the same MHC molecule. In Lewis rats immu-
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nized with MBP to induce EAE, several different T-cell
clones specific for peptide 68-88 of MBP expressed TCR
comprised of the V�8.2 chain (40). Most of these V�8.2
chains shared two conserved amino acids in the CDR3
region, which were not observed in V�8.2 TCR of T-cells
from adjuvant-immunized Lewis rats. In addition, the
CDR3 motifs identified in the �-chain rearrangement
between V�1.1 and J�BBM142 in the TCRs of MBP 89-
101–specific T-cells from SJL mice also were expressed by
other encephalitogenic clones, including MBP-specific
clones from PL mice (37). These data support the idea that
CDR3 regions are fairly conserved between TCRs that
recognize peptides from myelin antigens.

Recent evidence has suggested that the TCR �-chain
usage during EAE in Lewis rats may not be as restricted
as indicated by earlier studies (41). V�3.3 TCRs were
identified in T-cell lines established from lymphocytes of
V�8.2-depleted Lewis rats. The proportion of the V�3.3�

T-cells increased after immunization with MBP, suggest-
ing that they proliferated in response to the antigen. Fur-
ther, V�3.3+ T-cells were identified in spinal cord lesions
of Lewis rats with EAE. Notably, V�3.3� TCRs used a
CDR3 motif that is very similar to the motif used in the
CDR3 region of V�8.2 TCRs identified by Gold and col-
leagues, implicating conserved CDR3 elements in both
V�8.2 and V�3.3 TCR reactive to MBP (40). These data
indicate that, although the TCR �-chain usage may be
more heterogeneous than previously suggested, conserved
elements within the CDR3 region of the TCR chains play
an important role in MBP recognition.

Implication of the V�2.3 and V�8.2 TCRs in the
recognition of the immunodominant epitope of MBP by
the H-2u MHC of B10.PL mice led to the development of
mice transgenic for these TCR (36,42). In the mouse
developed by Goverman (36), the �2.3- and V�8.2-
rearranged TCR genes were used to generate transgenic
lines that were bred together to generate mice expressing
the complete transgenic V�2.3;V�8.2 TCR. T-cells from
these transgenic mice are reactive to MBP presented in the
context of the H-2u MHC. These transgenic mice are
highly susceptible to induction of EAE by MBP in CFA
with pertussis toxin and by pertussis toxin or CFA alone.
Further, transgenic mice maintained in normal animal
facilities occasionally develop spontaneous EAE, whereas
those maintained in specific pathogen-free (SPF) facili-
ties do so at a much lower frequency, implicating an envi-
ronmental agent in the development of spontaneous EAE.
These MBP-specific TCR transgenic mice have been used
extensively in EAE studies, many of which are discussed
in this review.

The rearranged � and � genes of a different I-
Au–restricted, MBP Ac1-9–specific CD4� T-cell clone
were used to generate another TCR transgenic line of mice
(42). These transgenic mice were crossed with recombi-
nase activating gene 1 (RAG-1)-deficient mice to render

them incapable of rearranging TCR and antibody genes
to produce mature lymphocytes of their own. Thus, only
T-cells expressing the transgenic TCR were present in these
mice. Those crosses produced TCR transgenic H-2u mice
that were homozygous for the RAG-1 mutation (T/R�

mice) and littermates that carried a normal RAG-1 gene
(T/R� mice). Spontaneous EAE developed in all of the T/R-

mice but in only some of the T/R� mice in SPF facilities.
The clinical course of spontaneous EAE was variable in
onset and rate of progression, with no signs of remission.
Development of spontaneous EAE was associated with
inflammation in the brain and spinal cord, as is typically
observed in EAE. Because spontaneous EAE occurred in
all of the T/R� mice but in only some of the T/R� mice, the
investigators argued that nontransgenic lymphocytes in the
T/R� mice confer some protection from disease initiation.
Potential mechanisms for these protective effects include
bystander suppression and immune deviation, concepts
that are discussed later in this review.

Recently, additional transgenic mice expressing
myelin-specific TCR were introduced (43) that recognize
the immunodominant epitope of PLP 139-151. Initially,
two different transgenic lines were established using the
TCRs from two separate T-cell clones. The first TCR
(5B6) contained the V�4 and V�6 chains, and the sec-
ond TCR (4E3) contained the V�11 and V�16 chains.
T-cells from mice from each of these transgenic lines pro-
liferated vigorously and produced IL-2 and IFN-� with
stimulation with PLP 139-151. Those transgenic mice
were highly susceptible to induction of EAE with PLP
139-151 in CFA and by pertussis toxin or CFA alone, sim-
ilar to the MBP-specific TCR transgenic mice. Interest-
ingly, both PLP 139-151–specific TCR transgenic lines
were more prone to develop spontaneous EAE than the
MBP-specific TCR transgenic mice, even in SPF facili-
ties. Further, one of the transgenic lines was so suscepti-
ble to spontaneous EAE that it could not be maintained
on the SJL background, but only on the normally resist-
ant B10.S background. Because those animals were
housed in SPF facilities, their development of spontaneous
EAE might not have been due to an environmental agent.
Additional studies using these transgenic mice may pro-
vide valuable information about the roles of PLP and PLP-
specific T-cells in the development of EAE.

The limited heterogeneity of TCR V genes expressed
by encephalitogenic MBP-specific T-cells in EAE enabled
selective immunotherapy targeted against these TCR. Anti-
bodies directed against MBP-specific TCR could prevent
and ameliorate the clinical signs of EAE after adoptive
transfer of MBP-specific T-cells or active immunization
with MBP (31,34,44). In our own studies, using a mono-
clonal antibody to deplete donor (PL � SJL) F1 mice of
V�8-expressing T-cells did not reduce the incidence of EAE
induction, although the onset of disease was delayed (45).
This demonstrates that, in severe disease, therapy directed
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against a predominant, specific V� TCR family may atten-
uate, but not fully prevent, disease onset or relapse. Using
an alternative strategy, vaccination with whole inactivated
encephalitogenic T-cells or synthetic peptides correspon-
ding to determinants of the � chain of the TCR that are
conserved among encephalitogenic T-cells conferred resist-
ance to the induction of EAE in rats (46–48).

More recent studies have focused on the use of
altered peptide ligands (APLs), encephalitogenic peptides
with changes in the TCR contact residues, which results
in partial activation, antagonism, or anergy of the
encephalitogenic T-cell (49,50). One study showed that
single amino acid changes at different positions in the
MBP 87-99 peptide generate APLs capable of blocking
the development of EAE by 2 different mechanisms (51).
One APL was capable of inducing apoptosis of antigen-
specific T-cells, and another caused the secretion of IL-4
rather than of IFN-� by the antigen-specific cells. Several
additional studies have reported the protection conferred
by recognition of an APL. In one study, induction of EAE
by immunization with several different antigens, includ-
ing the 178-191 peptide of PLP, the 92-106 peptide of
MOG, and MBP, was blocked by the administration of
an APL of the 139-151 peptide of PLP (52). In a similar
study, induction of EAE by transfer of T-cells specific for
two epitopes of MBP could be blocked by the adminis-
tration of an APL of 1 MBP epitope (53). In the latter
study, the protective effect of the APL was blocked by
the administration of anti–IL-4, suggesting that the induc-
tion of Th2 cells suppresses EAE. Transforming growth
factor-� (TGF-�) has also been implicated as an effector
of APL activity because anti–TGF-� partly eliminates the
protection conferred by an APL of PLP 139-151 (54). In
addition, cytokines, including IL-4, IL-13, and TGF-�,
derived from APL-specific Th2 cells, decrease the
encephalitogenic potential of antigen-specific splenocytes,
if administered during in vitro stimulation (55).

Application of APL therapy has been complicated
by recent studies showing that the in vitro effects of an
APL do not absolutely predict the in vivo effects, pre-
sumably due to the diversity of the T-cell repertoire in vivo
(56–58). Several APLs with changes in the MHC:TCR
contact residue at position 6 of the Ac1-9 peptide of MBP,
the immunodominant epitope for encephalitogenic T-cells
from mice of the H-2u MHC haplotype, were found to
be highly antagonistic to encephalitogenic T-cells in vitro
and were assayed for their suppressive effects in vivo
(56,57). These APLs not only failed to protect wild-type
mice of the H-2u MHC haplotype from EAE induced by
immunization with the Ac1-9 peptide, but they actually
induced disease. The investigators attributed the
encephalitogenicity of the APLs to the polyclonal nature
of the T-cell repertoire in the wild-type mice, which is fur-
ther supported by the fact that transgenic mice express-
ing the Ac1-9–specific TCR did not develop disease with

immunization with the APLs. In contrast, subsequent
studies targeting another MHC:TCR contact residue
identified APLs with limited antagonist activity in vitro
but significant suppressive activity in vivo (58). Taken
together, these studies indicate that the effects of an APL
on T-cells in vitro is not indicative of its effects on the
diverse repertoire of T-cells in vivo. Although the thera-
peutic application of APL in autoimmune disorders is
intriguing, selection of appropriate analog peptides may
be quite difficult, particularly when such a therapy is con-
sidered in humans.

T-CELL COSTIMULATION

In addition to the TCR recognition of antigen bound by
MHC class II on the surface of the APC, a second signal
is required for proper activation of the T-cell. The sec-
ond signal, termed costimulation, involves recognition
of accessory molecules on the APC and the T-cell (Figure
6.1). Although several receptor–ligand pairs can provide
costimulation, the signal provided by the interaction of
B7 molecules on the APC and T-cell surface proteins clus-
ter determinant 28 (CD28) and CTLA-4 appears to be the
predominant one for T-cell activation. Costimulation pro-
vided by B7:CD28 signaling is important in the initia-
tion of the autoimmune response in EAE. Further, cos-
timulation provided by B7-1 is important in disease
development, and B7-2 may play an important regulatory
role. The interaction between B7 and CTLA-4 appears
to play a critical role in downregulating the immune
response in EAE.

The T-cell surface protein CD28 appears to be crit-
ical for IL-2 production because T-cells from a CD28-defi-
cient mouse could not produce IL-2 upon stimulation
with the mitogenic lectin ConA (59). Signaling through
CD28 involves the B7 family of cells surface receptors.
Two members of the B7 family of CD28 ligands have been
defined, B7-1 (CD80) and B7-2 (CD86) (60–64). These
molecules are only moderately homologous, but each can
provide costimulation to T-cells for proliferation and IL-
2 production. This complementary activity is probably
responsible for the immunocompetence of the B7-1–defi-
cient mouse (61). B7-1 and B7-2 are expressed differen-
tially on various APCs. Further, the kinetics of expression
and binding of B7-1 and B7-2 differ (65–67). B7-2 is
expressed on monocytes constitutively, whereas B7-1 can
be induced on these APCs with IFN-�. Both B7 molecules
are expressed on B-cell populations after an activation
stimulus, with B7-2 being expressed within 6 hours and
B7-1 expression peaking after 48 hours. Expressions of
B7-1 and B7-2 also have been observed on T-cells them-
selves (68,69). Interestingly, B7-2 expressed on T-cells
appears incapable of interacting with CD28 but is capa-
ble of interacting with CTLA-4, implying that B7 mole-
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cules expressed on T-cells may directly contribute to the
regulation of an immune response (70). In fact, our group
showed that T-cells appear to be the main cell type
expressing B7 molecules in the CNS during various
stages of EAE (71).

T-cells also express CTLA-4, a surface molecule sim-
ilar to CD28 that is also capable of engaging the B7 fam-
ily of molecules. Originally, CTLA-4, in combination with
CD28, was believed to provide a positive signal through
binding the B7 family of molecules (72). Recent studies
in several laboratories have indicated that CTLA-4–medi-
ated signaling of the B7 family of molecules provides a
negative or regulatory signal for T-cell activity (73–75).
Studies using mice deficient in CTLA-4 further support
the hypothesis that CTLA-4 mediates a regulatory signal
because these mice develop a severe lymphoproliferative
disorder (76,77). These studies suggest that B7-mediated
costimulation provides regulatory activating signals for
immune responses driven by T-cell activity.

B7 signaling through CD28 and/or CTLA-4 offers
several avenues for regulatory intervention in an immune
response mediated by T-cell function. Studies using
CTLA-4Ig, a soluble fusion protein capable of preventing
the interaction between B7 and CD28 or CTLA-4, have
revealed a great deal about signaling through these mol-
ecules (78). For example, administration of CTLA-4Ig
prevents rat cardiac allograft rejection and pancreatic islet
cell xenograft rejection in mice (79–81). In both instances,
the mechanism of suppression appears to involve the
induction of antigen-specific tolerance.

Costimulation provided by the B7:CD28/CTLA-4
pathway is important for the development of autoimmu-
nity. Our laboratory examined the role of this pathway in
the induction of EAE (71,82–86) In the adoptive trans-
fer model of EAE, administration of CTLA-4Ig or anti-

CD28 F(ab) inhibits the proliferation and IL-2 produc-
tion of MBP-specific lymph node cells during activation
in vitro, resulting in reduced clinical disease at subsequent
transfer. B7-mediated costimulation is an important fac-
tor in determining encephalitogenicity. It is important to
note that, once activated autoreactive cells are injected
into naive recipients, CTLA-4Ig intervention does not
alter the course of disease, which is consistent with the
concept that activated T-cells do not require costimula-
tion to perform their effector function. However, wild-
type cells injected into mice deficient in both B7-1 and B7-
2 are resistant to disease (87,88).

In models of EAE induced by active immunization,
several intriguing observations have been made. Disease
induced by immunization with MBP followed by pertus-
sis toxin (PT) injection was inhibited with a single injec-
tion of CTLA-4Ig (84). In another model, which used a
two-immunization schedule without subsequent PT injec-
tion, disease was inhibited after administration of a sin-
gle injection of CTLA-4Ig EAE (82). However, in that
model, disease was actually enhanced after administra-
tion of multiple doses of CTLA-4Ig. These paradoxical
results suggest that B7 costimulation may provide a reg-
ulatory role during an immune response.

We and others have found that B7-1 provides an
important stimulus for the development of encephalito-
genic T-cells (74–82,84,89,90). Kuchroo and colleagues
reported that B7-1 costimulation results in the develop-
ment of Th1 cells, and B7-2 costimulation results in the
development of Th2 cells (89). Although our laboratory
was unable to demonstrate this dichotomy for B7-medi-
ated stimulation, we did observe that anti-B7-1 adminis-
tration protects against EAE, whereas anti-B7-2 admin-
istration exacerbates EAE. Studies using mice deficient
in either B7-1 or B7-2 demonstrated that both molecules
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FIGURE 6.1

Diagrammatic representation of
the 2-signal model of T-cell acti-
vation. The ligands for CD28,
CTLA-4, B7-1, and B7-2 are
expressed predominantly on
APCs, although they can also be
expressed on T-cells themselves.
Ag, antigen; APC, antigen-pre-
senting cell; MHC, major histo-
compatibility complex; TCR, T-cell
receptor.



make significant contributions to the production of both
IFN-� and IL-4, although neither molecule plays an oblig-
atory role in the production of either cytokine (91). Inter-
estingly, in the autoimmune diabetes that develops in the
nonobese diabetic (NOD) mouse, the effect of treatment
using antibodies against B7 molecules is reversed (92).
Anti–B7-1 administration exacerbates diabetes, whereas
anti–B7-2 protects against diabetes.

Recently, a new model of acute EAE was developed
in NOD mice with a peptide from PLP56-70 (88).That
model was used to investigate the potential roles of CD28,
B7-1, and B7-2 in the pathogenesis of EAE. In that model,
treatment with CTLA-4Ig or a combination of anti–B7-
1 and anti–B7-2 monoclonal antibodies (mAbs) signifi-
cantly delayed disease onset and reduced disease severity
in wild-type NOD mice compared with control
immunoglobulin (Ig)–treated animals. Treatment with
anti–B7-1 or anti–B7-2 alone did not significantly alter
clinical disease when compared with treatment with a
control hamster Ig. To further examine the roles of these
costimulatory molecules in this EAE model, B7-1–, B7-
2–, and CD28–deficient mice were backcrossed onto the
NOD strain. Disease was absent in CD28-deficient NOD
mice and significantly reduced in B7-2–deficient NOD
mice as compared with wild-type NOD animals, although
these animals produced normal or enhanced levels of IFN-
� and tumor necrosis factor-� (TNF-�) in response to
antigen in vitro. B7-1–deficient NOD mice developed clin-
ical EAE similar to that in wild-type NOD mice, despite
developing enhanced antigen-specific T-cell responses in
vitro. Taken together, these data indicate that B7/CD28
signaling is critical for EAE induction in the NOD strain
and in traditional EAE strains. Autoimmune target tissue-
specific upregulation of B7-1 may function by binding to
CTLA-4 with greater affinity than B7-2 and downregu-
lating T-cell responses (75,93–95). These results suggest
that B7-1 plays a dual role in EAE by interacting with
CD28 and CTLA-4 to regulate disease.

Previous work has shown that naive T-cells, which
have not encountered antigen since exiting the thymus,
depend on costimulation, whereas memory T-cells, which
have encountered antigen at least once, do not. For exam-
ple, MHC–peptide complexes stimulated primed TCR
transgenic T-cells, but only poorly stimulated naive TCR
transgenic T-cells (96). Providing costimulation through
CD28 enhanced the stimulation of the naive TCR trans-
genic T-cells by the MHC–peptide complexes. Memory
T-cells depended considerably less on costimulation than
did naive T-cells (97,98). In fact, our laboratory found
that antigenic stimulation of MBP-specific lymphocytes
makes them much less dependent on B7-mediated cos-
timulation at subsequent antigenic stimulation (99,100).
These data may explain the lack of effect of costimula-
tory blockade in ongoing EAE, where the encephalito-
genic cells have already seen antigen and are no longer

costimulation dependent. These findings suggest that the
blockade of costimulation has limited therapeutic use in
ongoing autoimmune diseases due to the presence of
memory, autoreactive T-cells. However, the lack of inflam-
mation in the CNS of B7-1/B7-2–deficient mice suggests
that costimulation is important for inflammatory cells to
invade the CNS.

CYTOKINES

EAE is characterized by a delayed hypersensitivity reac-
tion resulting from inflammatory cell infiltration into the
CNS. Although the infiltrate consists of a variety of
immune cells, including T-cells and macrophages, initial
formation of the lesion has been associated with neu-
roantigen-specific autoimmune T-cells (101). In this sce-
nario, antigen-specific cells recognize one or more myelin
antigens at the blood–brain barrier (BBB). It is thought
that the most likely site of immune recognition is the
perivascular monocyte (102). These cells are activated and
release a variety of cytokines and chemokines that alter
adhesion molecule expression on surrounding cells,
including endothelial cells, and attract myelin-specific and
nonspecific immune cells (Figure 6.2). The alteration of
adhesion molecule expression allows infiltration of the
activated T-cell and the numerous nonspecific cells
swarming to the site into the CNS, thereby establishing
the inflammatory lesion and initiating the demyelination
process. T-cells associated with the delayed hypersensi-
tivity reaction are classified as Th1 CD4� T-cells, a phe-
notype distinguished by the production of proinflamma-
tory cytokines including IFN-�, TNF-�/LT, and IL-2. In
contrast, regulation of the inflammatory lesion has been
correlated with the activity of Th2 CD4� T-cells, a phe-
notype distinguished by the production of regulatory
cytokines including IL-4, IL-5, IL-10, and IL-13. The con-
tributions of these subsets of CD4� T-cells is discussed
below in relation to the activity of the cytokines and
chemokines these cells produce. In addition, the effects of
these cytokines are summarized in Table 6.2.

Expression of the cytokines associated with the Th1
phenotye has been correlated with disease activity
(103–110). Many of these cytokines are secreted by CNS
antigen-specific encephalitogenic Th1 clones in vitro
(111–113). Both mRNA and protein expression of
inflammatory cytokines occur in the CNS during the
course of EAE, with detectable levels at the preclinical
stage, significantly higher levels at the acute stage, and
diminished levels at the recovery or remission stage. Sim-
ilar results for mRNA expression in the CNS have been
observed in our own studies and are used as markers for
disease activity (114,115).

Information about the activity of these cytokines dur-
ing EAE has been obtained by the exogenous application
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TABLE 6.2
Effects of Various Cytokines on the Disease Course of EAE1

EAE IN GENE-DEFICIENT OR

CYTOKINE EFFECT ON DISEASE SEVERITY EFFECT WITH NEUTRALIZATION TRANSGENIC MICE

IFN-� Reduced (116–118) Exacerbated (116,117,119) Exacerbated in IFN-�-/� (120–122)
TNF-� Exacerbated (129–131) Reduced (132–133) Conflicting (136–140)
IL-2 Exacerbated (143–144) Reduced (119) Not reported
IL-4 Reduced (114,149,169,170) Exacerbated or no effect in 

IL-4�/� (175,176)
IL-6 Not reported Reduced (148) Conflicting (151–153)
IL-10 Conflicting (149,182) Exacerbated (149,182) Exacerbated in IL-10 �/� (183)
IL-12 Exacerbated (155–156) Reduced (157–159)
TGF� Reduced (186–187) Exacerbated (164,188) Exacerbated in mice where 

TGF-� expressed in CNS (192)

1References cited are those noted in the text that describe the effect of these cytokines on the clinical course of EAE.
CNS, central nervous system; EAE, experimental autoimmune encephalomyelitis; IFN-�, interferon-�; IL, interleukin; TGF-�, transforming
growth factor-�; TNF-�, tumor necrosis factor-�.

FIGURE 6.2

Diagrammatic representation of some of the potential cytokine circuits in experimental autoimmune encephalomyelitis. In this
condition, myelin-specific CD4+, Th1 cells are activated in the periphery before crossing the blood–brain barrier. Once across
the blood–brain barrier, resident CNS microglia are thought to be the initial APCs. As other inflammatory cells are recruited
into the CNS, these Th1 cells interact with many different cell types. B, B cell; IFN-�, interferon-�; IL, interleukin; LT, lympho-
toxin; Th, T-helper cell; TNF-�, tumor necrosis factor-�.



of these cytokines and inhibitors of these cytokines and
through the use of targeted gene knockouts in mice. In con-
trast to its anticipated role in pathogenesis, in vivo admin-
istration of IFN-� actually decreased the severity of EAE
in both mice and rats (116–118). In addition, these and
other studies have shown an increase in severity of EAE
in mice after anti-IFN-� administration (116,117,119).
Studies using knockout mice correlate well with the reports
using anti-IFN-� antibodies. EAE can be induced success-
fully in homozygous IFN-� �/� and homozygous IFN-�R
�/� mice, which corroborates the reports using anti–IFN-
� antibodies (120–122). In the IFN-� -/- and IFN-�R -/-
mice, the disease course is normal or more severe when
compared with heterozygous littermates or wild-type con-
trols. Taken together, these data indicate that IFN-� is not
required for the induction or perpetuation of EAE.
Although it is traditionally characterized as a proinflam-
matory cytokine, IFN-� clearly has multiple effects on
immune function. It should be noted that MS patients
treated by IFN-� injection experienced exacerbation of the
disease (123), suggesting that the role of IFN-� in inflam-
matory diseases of the CNS is complex and may change
with progression of the disease over time.

TNF-� and LT-� (TNF-�) are proinflammatory
cytokines produced during the course of EAE in vivo and
by encephalitogenic T-cells in vitro. Administration of
TNF-� in vivo contributed to the development of clinical
EAE and associated demyelination (129–131). Neutraliz-
ing antibody against TNF-� successfully prevented the
transfer of disease by MBP-activated T-cells in SJL/J mice
(132,133). In fact, little or no inflammation or demyeli-
nation was observed in the CNS tissue from mice treated
with the antibodies. In addition, soluble TNF-� receptors
(sTNF-R) were successful in treating EAE (134,135).

Experiments using TNF knockout mice also have
produced conflicting results, which are largely attributed
to the H-2b MHC restriction of the strain used in gene-
targeting procedures. Mice with the MHC class II H-2b
haplotype are relatively resistant to EAE induction with
MBP. EAE has been successfully induced in these strains
by using MOG as the antigen, although the disease course
differs as it is often monophasic and chronic. TNF-�
knockout mice appeared to be more resistant to disease
induction, as shown by delayed disease onset (136,137).
However, Liu and colleagues reported that TNF-deficient
mice are more susceptible to MOG-induced disease, as
shown by the development of extensive inflammation and
demyelination (138), which was reduced by treatment
with exogenous TNF-�. These differences may be due to
disparity in experimental design and technique. To fur-
ther explore and clarify the role of TNF-� in EAE, dif-
ferent groups backcrossed the TNF-deficient strain with
the classic EAE-susceptible strain SJL/J (139,140). In ini-
tial experiments, both TNF-� and LT were targeted and
disease was induced using mouse spinal cord homogenate

or PLP peptide 139-151 (139). These studies suggested
that the antigen used affects disease susceptibility in these
gene-targeted mice; however, the controls in those stud-
ies were not littermates but SJL wild-type mice, which
possess an MHC different from that of the experimental
mice. In a more recent study, MBP was used to induce
EAE in TNF-�–deficient mice and the more appropriate
congenic SJL.H-2b control. Disease onset, incidence, and
severity were comparable between SJL.H-2b and SJL/J
(H-2s) mice challenged with MBP. In TNF-�–deficient
SJL.H2-b mice, although disease incidence and severity
was comparable, onset was significantly delayed after
challenge with MBP. The proliferative response of MBP-
specific T-cells was not affected by TNF-� deficiency;
however, the cytokine profile of those T-cells was not
examined, so the overall role of TNF-� in MBP-specific
T-cell responses cannot be determined. Thus, discrepan-
cies in experimental design and results complicate inter-
pretation of the TNF-deficiency studies, although TNF-
� clearly has a role in the development and progression
of clinical EAE in wild-type mice.

Interestingly, LT-�–deficient mice backcrossed onto
the C57BL/6 strain were characterized by dramatic
splenic disorganization, no peripheral lymph nodes, and
resistance to induction of EAE by immunization with the
MOG peptide, although these mice displayed an antibody
response and a T-cell proliferative response to MOG
(141). LT-�–deficient mice were susceptible to EAE when
MOG-specific T-cells were passively transferred into
them, implicating T-cell production of LT-� as a critical
factor in the development of EAE pathogenesis. In a more
recent report, radiation bone marrow chimeras were gen-
erated to explore the effects of LT-�–deficiency in mice
with normal peripheral lymphoid systems (137). The
transfer of LT-�–deficient hematopoietic cells into lethally
irradiated C57BL/6 recipients did not alter the suscepti-
bility of the recipient to induction of EAE by immuniza-
tion with the MOG peptide after reconstitution of the
immune system, suggesting that LT-� is not a direct medi-
ator of pathogenesis.

IL-2 is a critical factor for the survival and expan-
sion of T-cells, and anergy induction of T-cells is strongly
associated with the repression of IL-2 gene expression
(142). IL-2 is expressed with Th1-associated cytokines
during the pathogenesis of EAE. Administration of IL-2
intensified EAE induced by adoptive transfer (143,144),
suggesting that continued expansion of encephalitogenic
T-cells can exacerbate EAE. Anti-IL–2 antibody had only
a marginal effect in the active induction of EAE but dras-
tically reduced the clinical signs of passive EAE, even
when mixed with a disease-enhancing dose of anti-IFN-
� (119). Treatment of Lewis rats with monoclonal
anti–IL-2 receptor (IL-2R) antibody conferred protection
against the adoptive transfer of EAE by MBP-specific T-
cells but not against active induction of EAE by immu-

EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS 87



nization with MBP in CFA (145). This discrepancy may
be due to variations in IL-2R expression on lymphocytes
in vivo compared with those activated in vitro. In addi-
tion, IL-2 plays a major role in antigen-induced pro-
grammed cell death (PCD). T-cells proceeding through the
cell cycle under the influence of IL-2 are highly suscepti-
ble to PCD induced by high doses of antigen, whereas
resting cells are much less susceptible (146). This mech-
anism, which requires repeated antigen encounters at
close intervals, provides a self-limiting negative feedback
loop to regulate T-cell proliferation and function during
an immune response. During EAE, encephalitogenic T-
cells are susceptible to this mechanism (146). In other
studies, coadministration of exogenous IL-2 with high
doses of MBP reproducibly worsened EAE, although
MBP-specific T-cells were deleted in numbers compara-
ble to high doses of MBP alone (144). This finding implies
that the endogenous IL-2 produced by activated T-cells
is sufficient for resultant PCD, whereas the addition of
exogenous IL-2 may stimulate other cells capable of con-
tributing to inflammation and demyelination. The acti-
vation of other inflammatory cells by IL-2 is capable of
worsening disease and emphasizes the complex and
pleiotropic nature of IL-2.

IL-6 is a pleiotropic cytokine expressed by resident
CNS cells and by infiltrating lymphocytes during the
course of EAE (147). Studies of the role of IL-6 in the
pathogenesis of EAE have produced conflicting results.
Although Gijbels and colleagues reported that adminis-
tration of anti–IL-6 antibody successfully suppresses EAE,
the mechanism of action of the antibody does not appear
to be neutralizing, because the levels of IL-6 in the blood
and spinal fluid of animals receiving antibody were sub-
stantially higher than those in control animals (148). In
contrast, Willenborg and colleagues did not observe any
effect on EAE in mice treated with anti–IL-6 antibody
(149). They did report that transgenic expression of IL-
6 in the CNS of mice effectively suppresses the disease.
In a related study, the administration of recombinant IL-
6 suppressed the demyelination associated with a viral
model of MS, Theiler murine encephalomyelitis (TMEV)
(150). These studies suggest that increased levels of cir-
culating IL-6 prevent the development of EAE.

Three recent reports addressing the role of IL-6 in
EAE using IL-6–deficient mice produced some contra-
dictory results (151–153). In all cases, the IL-6–deficient
mice (B6.129) were completely resistant to EAE induced
by an immunodominant peptide (encompassing residues
38–50) of MOG, whereas wild-type IL-6–competent lit-
termates were highly susceptible to disease. Treatment
with IL-6 during the preclinical phase restored the induc-
tion of EAE in those IL-6–deficient mice, which exhibit
a normal disease course. In adoptive transfer experiments,
MOG-specific T-cells derived from IL-6–deficient mice
and activated in vitro did not transfer disease to IL-6–defi-

cient or wild-type recipients (152,153). When wild-type
MOG-specific T-cells were transferred into IL-6–deficient
recipients, Mendel and colleagues found only mild or no
disease in the recipients. In direct contrast, Okuda and
colleagues found typical disease under the same condi-
tions. In both studies, administration of recombinant IL-
6 had no effect on the observed course of EAE. In IL-
6–deficient mice exhibiting little or no disease, a
concomitant absence of inflammation in the CNS was
also observed (151,152). In IL-6–deficient mice exhibit-
ing EAE, inflammation in the CNS was observed (153).

During in vitro analysis of IL-6–deficient spleno-
cytes, Samoilova and colleagues observed a decrease in
cytokine production and proliferation in response to anti-
gen but vigorous cytokine production and proliferation
in response to the mitogen ConA (151). In contrast,
Mendel and colleagues observed antigen-specific prolif-
eration of lymph node cells from IL-6–deficient mice and
wild-type littermates (152). Okuda and colleagues
reported increased production of the Th2 cytokines IL-4
and IL-10 and decreased production of Th1 cytokines
IFN-� and IL-2 in the IL-6–deficient lymphcytes com-
pared with the wild-type lymphocytes in response to anti-
gen (153). All three groups agreed that IL-6 regulates T-
cell function and is crucial to the induction phase of EAE.
Samoilova and colleagues contended that IL-6 is involved
in the activation and differentiation of autoreactive T-cells
as an important mediator in the costimulation pathway.
Mendel and colleagues also supported a role for IL-6 in
the costimulation pathway, but as an indirect mediator.
They also contended that IL-6 is involved in the immune
infiltration and inflammatory lesion development in the
CNS. Okuda and colleagues argued that IL-6 contributes
to the induction phase of EAE by modulating the Th1/Th2
phenotype of the autoreactive T-cells. In all cases, the
investigators supported the investigation of IL-6 as a ther-
apeutic target relevant to inflammation in the CNS and
various autoimmune disorders.

Immunohistochemistry demonstrates that TNF-�
and IL-12, which are produced by macrophages, con-
tribute to the pathogenesis of EAE. IL-12 is a cytokine
crucial to the differentiation of naive CD4� T-cells into
Th1 cells and is expressed in the CNS of mice during the
onset of EAE (110,154). Inclusion of IL-12 during in vitro
priming of MBP-specific T-cells exacerbates EAE after
adoptive transfer, and administration of IL-12 in vivo
accelerates the onset of, exacerbates, and prolongs clini-
cal EAE in mice and rats (155,156). Administration of
neutralizing IL-12 antibody decreased the severity of EAE
(157–159). IL-12 is a powerful stimulus for the prolifer-
ation and IFN-� production by Th1 cells, both of which
contribute to the pathogenesis of EAE. However, in vivo
administration of neutralizing anti–IFN-� did not
decrease the effects of IL-12 during in vitro priming of
encephalitogenic T-cells (155). Further, administration
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of anti–IL-12 completely prevented the induction of EAE
in IFN-�–deficient mice, suggesting that IL-12 plays a role
in pathogenesis independent of IFN-� (160). One alter-
native role for IL-12 in the pathogenesis of EAE may
involve the autocrine induction of nitric oxide (NO) syn-
thesis in macrophages, because mice treated with IL-12
exhibited increased infiltration of macrophages staining
positively for inducible NO synthase (iNOS) in CNS
lesions (161). Oligodendrocyte cytotoxicity and astrocyte
reactive gliosis can be due to the actions of NO (162). Fur-
ther, NO inhibitors can ameliorate the clinical course of
EAE (163). Therefore, in addition to inducing encephal-
itogenic T-cells to produce IFN-�, IL-12 may contribute
to the pathogenesis of EAE by inducing activated
macrophages to produce NO, which leads to oligoden-
drocyte cytotoxicity and astrocyte gliosis.

Conversely, expression of the cytokines associated
with the Th2 phenotype, including IL-4, IL-10, and TGF-
�, has been linked to recovery or remission of disease
(104,164,165). IL-4 drives the differentiation of naive
CD4� T-cells to Th2 cells and may play a regulatory role
in EAE because its expression is prominent in the CNS
during the remission phases of EAE in SJL mice
(105,128,166). Adoptive transfer of MBP-specific Th2
cells that secrete IL-4 cannot transfer EAE into immuno-
competent recipients (111–114,167,168). Our laboratory
and others have shown that in vivo administration of IL-
4 reduces the severity of EAE (114,149,169,170). Despite
the antagonistic effects of IL-4 and Th2 cells on EAE,
cotransfer of IL-4–secreting Th2 cells with encephalito-
genic Th1 cells does not consistently reduce the clinical
signs of EAE (171,172). Several procedures reported to
reduce the pathogenesis of EAE rely heavily on the pro-
duction of IL-4. These procedures include induction of
myelin-specific oral tolerance (166,173), use of altered
peptide ligands (53), administration of retinoic acid (174),
and induction of tolerance using intraperitioneal admin-
istration of high-dose antigen (85).The pathogenesis of
EAE in IL-4–deficient mice depends on the genetic strain
of the mouse. Liblau and colleagues reported that PL/J
mice deficient for IL-4 develop EAE, with normal disease
course and pathology (175). Falcone and colleagues
reported that C57BL/6 and BALB/c mice deficient in IL-
4 develop EAE, with a more severe disease course and
enhanced infiltration of inflammatory cells into the CNS
compared with wild-type littermate controls (176). In all
three strains, IL-4–deficient mice are capable of entering
the recovery phase of disease, indicating that IL-4 is not
the only factor capable of regulating EAE pathogenesis.
IL-10 may be a prime candidate for contributing to recov-
ery from EAE because increased levels of IL-10 mRNA
in the CNS of IL-4–deficient C57BL/6 mice was observed
during their recovery.

IL-10 is expressed by Th2 cells and by macrophages,
astrocytes, and microglia (109,177). IL-10 can suppress

cytokine production by Th1 cells and inhibit NO pro-
duction and antigen presentation by macrophages
(178–180). Recently, strict classification of IL-10 as a Th2
cytokine has been challenged because it can be induced
by IL-12 during a Th1 response, presumably as part of a
negative feedback loop designed to limit macrophage
activity (181). IL-10 mRNA expression correlated with
the onset of remission when EAE was induced by adop-
tive transfer or active immunization (104,110,127). Con-
versely, others demonstrated that IL-10 mRNA is
expressed before disease onset and consistently through-
out the course of EAE in SJL/J mice after induction with
PLP peptide 139-151 or TMEV. (161).

In vivo administration of IL-10 as a therapeutic
agent during EAE has produced different effects. After
immunization with mouse spinal cord homogenate, SJL/J
mice treated with a recombinant Vaccinia virus express-
ing IL-10 displayed reduced disease severity (149). After
adoptive transfer of myelin-specific T-cells, SJL/J mice
treated with IL-10 displayed normal to moderately
increased disease severity (182). In addition, treatment
with anti–IL-10 antibody had similar effects on EAE
induced by adoptive transfer in SJL/J mice, with the mice
displaying normal to increased disease severity. Recent
reports using transgenic and knockout techniques
strongly suggest that IL-10 is an important regulator of
EAE pathogenesis. IL-10–deficient mice on the C57BL/6
genetic background are more susceptible and develop
more severe EAE than wild-type C57BL/6 mice after
immunization with the encephalitogenic MOG peptide
(183). Further, Bettelli et al. reported that transgenic (FVB
x SJL)F1 mice overexpressing IL-10 in T-cells are com-
pletely resistant to induction of EAE after immunization
with PLP despite a normal T-cell proliferative response to
the antigen. Another group used transfected T-cells
expressing IL-10 under the control of an antigen-inducible
IL-2 promoter region to deliver IL-10 to the CNS (184).
With adoptive transfer of these transgenic T-cell clones,
antigen-inducible expression of IL-10 leads to the inhibi-
tion of onset of EAE and is able to treat EAE, even after
the onset of neurologic signs. A third group generated
transgenic mice expressing human IL-10 under the con-
trol of an MHC class II promoter on the BALB/c back-
ground (185). These human IL-10 transgenic mice were
completely resistant to EAE induced by intradermal
immunization with mouse spinal cord homogenate,
whereas littermate control mice were highly susceptible
to disease. The human IL-10 transgenic BALB/c mice also
were crossed to SJL/J mice to generate (SJL/J x BALB/c)F1
transgenic mice for a more conventional model system. A
low incidence of EAE and reduced disease severity was
observed in the human IL-10 transgenic F1 mice, whereas
nontransgenic littermates were highly susceptible to EAE
induction. Although proliferative activity of T-cells from
these IL-10 transgenic mice was not reported, cytokine

EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS 89



profiles showed that myelin-reactive Th1 cells are gener-
ated in response to immunization. Presumably, in vivo
expression of IL-10 by T-cells or APCs suppresses the
effector function of Th1 cells. These studies support IL-
10 as a potential therapeutic agent in cell-mediated
autoimmune diseases.

TGF-� is a pleiotropic cytokine produced by T-cells,
macrophages, and many other cell types. We observed the
expression of TGF-� in the CNS of mice during acute and
chronic phases of EAE (164). In vitro administration of
TGF-� inhibited the activation and proliferation of
myelin-specific lymph node cells and reduced their capac-
ity to transfer EAE (186). In addition, in vivo adminis-
tration of TGF-� improved clinical and pathologic signs
of EAE, even when given after disease onset (186,187).
Further, in vivo administration of anti–TGF-� at disease
onset exacerbated the clinical course of EAE and caused
more extensive pathologic lesions (164,188). These find-
ings show that TGF-� is another important regulator of
EAE pathogenesis.

However, there have been several paradoxical obser-
vations regarding the role of TGF-� in the regulation of
EAE. For example, culturing MBP-specific lymph node
cells in the presence of MBP and TGF-� inhibited their
ability to proliferate and transfer EAE (186). Interestingly,
lymph node cells initially stimulated in the presence of
MBP and TGF-� easily transferred disease with subse-
quent antigen stimulation, suggesting that exposure to
TGF-� does not result in the differentiation of the cells
into a nonencephalitogenic phenotype. In addition, cer-
tain T-cell lines cultured in the presence of TGF-� actu-
ally had enhanced encephalitogenic potential (189). Thus,
exposure of encephalitogenic T-cells to TGF-� does not
eliminate their encephalitogenic potential, particularly if
the T-cells have been activated.

Notably, in several EAE models, including studies
performed in our laboratory, systemic administration of
TGF-� inhibited clinical disease (186,187,190). Systemic
administration of TGF-� also inhibited the signs of exper-
imental arthritis, indicating that the regulatory phenom-
enon observed is not specific to the CNS (191). From this
discussion, one can surmise that TGF-� seems to medi-
ate a suppressive effect in a number of autoimmune dis-
ease models, including EAE. The recent observation that
TGF-� expressed under the glial fibrillary acidic protein
promoter actually exacerbated rather than suppressed dis-
ease is intriguing (192). This suggests that local expres-
sion of TGF-� in the CNS is not sufficient to suppress clin-
ical signs of EAE and may participate in perpetuation of
the disease. Determining whether TGF-� expression
mediates its protective effects in the CNS or whether this
takes place in the peripheral lymphoid organs will be an
important future pursuit.

Several nontraditional cytokines or growth factors
have been implicated in EAE, particularly as potential

therapeutic agents. For example, nerve growth factor
(NGF), although traditionally characterized as a neu-
rotrophic factor, may also play an important role in the
immune response. NGF is expressed by activated immune
cells and this expression is functionally regulated
(193–195). Further, NGF can modulate the activity of
immune cells through its receptor tyrosine receptor
kinase-A (196–199). The expression of NGF is elevated
in rats with EAE, suggesting that it plays a role in the
pathogenesis of the disease (200). In a recent paper, anti-
NGF antibody administration exacerbated the clinical
and histologic signs of EAE in Lewis rats (201). In our
own studies, administration of NGF ameliorated the clin-
ical signs of EAE in mice after adoptive transfer or active
induction (313). Thus, NGF likely plays a role in the
pathogenesis of EAE and may be an intriguing candidate
for therapeutic intervention in immune-mediated demyeli-
nation in the CNS.

Another approach to the treatment of inflammatory
demyelination involves the administration of a growth
factor that promotes remyelination. One such agent,
insulin-like growth factor (IGF-1), is a potent inducer of
oligodendrocyte development and myelin production
(202–206). Administration of IGF-1 reduced the sever-
ity of EAE in Lewis rats, a model in which the course of
disease is monophasic (207–209). Recent studies in our
laboratory using IGF-1 alone or in a more stable complex
with its major serum-binding protein, IGFBP3, addressed
its effects in a relapsing mouse model of EAE (210). Treat-
ment with the IGF-1/IGFBP3 complex delayed disease
onset, presumably due to the inhibition of inflammatory
cells infiltrating the CNS. Intercellular adhesion molecule-
1 (ICAM-1) expression in the CNS was reduced after
treatment, indicating that the permeability of the BBB is
decreased by IGF-1/IGFBP3 treatment. Although delayed,
mice that received the IGF-1/IGFBP3 complex eventually
developed severe EAE. In fact, the dose correlated directly
with severity, indicating that IGF-1/IGFBP3 is capable of
potentiating an immune response. Because lymphocytes
express receptors for IGF-1, antigen-specific proliferation
and cytokine production by T-cells were assayed with clin-
ical outcome. IGF-1 alone and the IGF-1/IGFBP3 com-
plex enhanced proliferation of MBP-specific lymph node
cells in vitro but did not alter their cytokine production,
their surface molecule expression, or their ability to trans-
fer disease. These findings suggest that the delay in dis-
ease onset after IGF-1/IGFBP3 administration is not due
to changes in the encephalitogenic T-cells themselves but
rather to slowed inflammatory cell extravasation across
the BBB. Eventually the T-cells do invade the CNS and
cause severe EAE, possibly because they have expanded
in response to IGF-1/IGFBP3. Although IGF-1 treatment
appeared to be effective in preventing EAE in the rat
model and slowed the development of EAE in the mouse
model, IGF-1 also appeared capable of exacerbating the
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disease. Thus, the differences between the monophasic rat
and relapsing mouse models of EAE must be taken into
account when evaluating potential therapies.

Administration of glial growth factor-2 (GGF-2),
another signal that promotes proliferation and survival of
the oligodendrocyte, effectively delayed onset, decreased
severity, and reduced relapses in mice with EAE (211,212).
In addition, treated mice exhibited more remyelination
in CNS lesions than did nontreated mice, implicating
GGF-2 as a promising therapeutic agent with pleiotropic
effects. In another study, platelet-derived growth factor
(PDGF), which induces the proliferation and development
of oligodendrocytes, was delivered by the transfer of
autoreactive transgenic Th2 cells, leading to the amelio-
ration of ongoing EAE induced by immunization with PLP
139-151 (213). These and other nontraditional cytokines
hold promise as therapeutic agents capable of repairing
previous damage and preventing further damage incurred
during inflammatory responses in the CNS.

IMMUNE DEVIATION

Many early studies implicated Th1 cells in the patho-
genesis of EAE. Encephalitogenic MBP-specific T-cell
lines secreted cytokines associated with the Th1 pheno-
type (111). Transfer of MBP-specific T-cells predomi-
nantly expressing Th1 cytokines induced EAE in naive
mice, whereas transfer of MBP-specific T-cells express-
ing predominantly Th2 cytokines did not transfer EAE
into naive mice (114,214,215). Further, not all Th2 cells
are incapable of inducing EAE. Th1 and Th2 cells trans-
genic for an MBP-specific TCR can mediate EAE at
transfer into immunodeficient mice under extremely arti-
ficial conditions (215).

To modify the pathogenesis of EAE, researchers
coinjected Th2 cells with encephalitogenic Th1 cells into
naive SJL mice (171). Coinjection of Th2 cells with Th1
cells in a 2:1 ratio did not prevent the induction of EAE.
Further, when the Th2:Th1 ratio was 10:1, those investi-
gators reported extensive eosinophilia rather than the typ-
ical lymphocytic infiltrate in the CNS. Coinjection of Th2
cells with encephalitogenic Th1 cells did not prevent dis-
ease; however, injection of Th2 cells before active immu-
nization with myelin antigen did prevent disease (216).
Taken together, these data indicate that Th2 cells cannot
prevent EAE by inhibiting the function of activated Th1
cells, but Th2 cells can prevent EAE by altering the acti-
vation of Th1 cells and shifting the resultant responder
population to a Th2 phenotype.

Several experiments have focused on altering the
phenotypic balance of Th cells from the encephalitogenic
Th1-dominant response to the protective Th2-dominant
response, a phenomenon termed immune deviation.
Administration of IL-4 during EAE induction was suc-

cessful in ameliorating disease by diminishing demyeli-
nation and decreasing inflammation in the CNS (114).
Administration of IL-4 after EAE induction resulted in
only mild therapeutic effects, confirming earlier findings
that Th2-associated effects were unable to inhibit ongo-
ing Th1 responses. Other regimens that successfully
altered the Th response and inhibited EAE include the
modulation of costimulatory signals, the use of altered
peptide ligands, and the administration of retinoids
(52,174,217).

Although immune deviation is a promising method
for therapeutic intervention in Th1-associated autoim-
mune diseases, recent studies using mice deficient in var-
ious Th1-associated cytokines indicated that a complete
switch from a Th1 response to a Th2 response might not
be optimal for limiting disease progression. In mice defi-
cient in IFN-�, IFN-� receptor, and TNF-�, EAE could
still be induced and, in some cases, was more severe than
in wild-type mice (120–122,138,139). These findings sug-
gest that Th1-associated cytokines play a regulatory role
in the pathogenesis of EAE and may possess self-limiting
regulatory activity or induce regulatory activity in sur-
rounding cells. In either case, decreasing the Th1 response
in ongoing disease may have unexpected negative conse-
quences for therapeutic applications.

CHEMOKINES

Several laboratories have described the expression pat-
terns of various chemokines and their receptors during
the pathogenesis of EAE, which appear dependent on the
animal model and the mode of disease induction exam-
ined (218). In general, C-C and C-X-C chemokines,
including monocyte chemoattractant protein-1 (MCP-1),
RANTES, macrophage inflammatory protein-1� (MIP-
1�), TCA-3, and interferon-inducible protein-10 (IP-10),
are associated with the initial acute attack and subsequent
relapses.  The chemokine receptors, CCR1, CCR2, and
CCR5, are highly expressed in the CNS during EAE (225).

The role of particular chemokines during the clini-
cal course of EAE has been examined with the use of neu-
tralizing antibodies. Anti–MIP-�, not anti–MCP-1 or
anti-RANTES, decreased inflammation in the CNS and
prevented the development of clinical EAE, indicating that
MIP-1� is critical to the induction of disease (226). Inter-
estingly, anti–MCP-1 administration reduced the severity
of clinical disease during relapses, implicating MCP-1 as
an important mediator of relapses during the clinical
course of EAE (227). V�8.2 TCR transgenic mice, which
are protected from EAE after injection with V�8.2 recom-
binant protein, had decreased inflammation in the CNS
and significantly reduced expression of several
chemokines, including RANTES, MIP-1�, IP-10, and
MCP-1 (225). In addition, the CNS expression of sev-
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eral chemokine receptors, including CCR1, CCR2, and
CCR5, also was reduced after TCR vaccination.

Because encephalitogenic T-cells increase expression
of chemokines with antigen stimulation in vitro, they may
use chemokines to mediate inflammation in the CNS
(113,224). In 1 theory, activated myelin-specific T-cells
enter the CNS and respond to antigen by increasing their
production of chemokines, thereby directly recruiting
macrophages and additional T-cells into the CNS. Alter-
natively, encephalitogenic T-cells may enter the CNS and
indirectly recruit additional inflammatory cells by induc-
ing resident CNS cells to produce chemokines. Astrocytes,
microglia, pericytes, endothelial cells, and smooth mus-
cle cells can produce chemokines under the appropriate
conditions in vitro (228–231). Recent studies have indi-
cated that encephalitogenic T-cells actually contribute to
chemokine production by direct and indirect routes. First,
chemokine mRNA is not detectable without infiltrating
inflammatory cells, suggesting these cells are responsible
for the initial production of chemokines (220). Second,
astrocytes express RANTES, IP-10, MIP-1�, and MCP-
1 after the migration of MBP-specific T-cells into the CNS,
presumably due to the effects of TNF-� and IFN-�
released by the infiltrating T-cells (232). Activation of
astrocytes and possibly other resident CNS cells could be
responsible for additional chemokine expression and fur-
ther recruitment of inflammatory cells into the CNS.

In addition to their chemotactic functions, chemokines
also have been implicated in T-cell activation (233–237).
MIP-� and RANTES promote T-cell activation independ-
ent of antigen or in synergism with other factors. Further,
RANTES induced tyrosine phosphorylation of multiple
proteins in T-cells, including focal adhesion kinase, zeta
associated protein (ZAP)-70, and paxillin (239). Thus,
RANTES may influence the generation of T-cell focal adhe-
sions and subsequent T-cell activation, although these func-
tions have not been investigated with regard to EAE.

Chemokine activity is critical for the recruitment of
inflammatory cells into the CNS. Therefore, they are
promising targets for therapeutic intervention in diseases
characterized by inflammation in the CNS. Blocking the
activity of MIP-� successfully prevented the induction of
EAE (226). Further, and perhaps more important for
application in human diseases such as MS, blocking the
activity of MCP-1 successfully ameliorated relapses asso-
ciated with ongoing EAE (227). Further examination of
the roles of chemokines in the induction and progression
of EAE will provide additional information about the
pathogenesis of inflammation in the CNS.

TOLERANCE

Autoimmunity develops when the immune system no
longer demonstrates tolerance for an autoantigen. Under-

standing the mechanisms that restore tolerance to CNS
autoantigens is a critical focus in EAE and MS research.

At stimulation with antigen, T-cells undergo activa-
tion, anergy, or death via apoptosis (240–242). T-cells
actively engaged in the cell cycle, as directed by IL-2, are
highly susceptible to apoptosis induced by high doses of
antigen, whereas resting cells are not. This mechanism
serves as a negative feedback loop, limiting T-cell prolif-
eration and cytokine production during an immune
response (146,241,243,244). Apoptosis induced in this
manner requires repeated antigen stimulation through the
TCR and may involve several downstream factors, includ-
ing the Fas antigen, IFN-�, growth cytokines, TNF-�, and
cytolytic mechanisms.  Induction of apoptosis of antigen-
specific T-cells by repeated antigen stimulation is one
mechanism for restoring tolerance to a specific autoanti-
gen. In fact, the use of the encephalitogenic antigen is a
well-documented treatment for EAE (248–250). The
mechanism for the immune suppression was not well-
defined in those early reports but has been examined
closely in recent work by our laboratory and others.

Synthetic peptides of MBP induced anergy of
autoreactive T-cells, which reduced the severity of EAE
(251). Our laboratory found that high-dose intravenous
antigen therapy eliminates MBP-specific, autoreactive T-
cells, which attenuates the immune response and the clin-
ical signs of EAE (144,146). Recently, we investigated the
mechanism of tolerance in V�8.2 TCR transgenic mice,
which exhibit a much higher MBP-specific T-cell precur-
sor frequency than wild-type mice (85,86). These mice
are highly susceptible to induction of disease by immu-
nization with MBP or the Ac1-11 peptide of MBP in CFA
and do not require subsequent injections of PT for the
development of EAE. Lymphocytes from naive V�8.2
transgenic mice proliferated in response to MBP in a stan-
dard 4-day proliferation assay, thereby providing a con-
sistent readout for our studies examining T-cell activa-
tion. After intravenous injection of the Ac1-11 peptide of
MBP, splenocytes were anergized, as shown by decreased
MBP-specific proliferation and IL-2 production (86).
Administration of anti–CTLA-4 at the time of toleriza-
tion potentiated these effects. Interestingly, intravenous
administration of antigen, in a single dose with or with-
out concomitant anti–CTLA-4 injection, did not prevent
EAE at subsequent immunization, suggesting that,
although most MBP-specific T-cells are anergized, a pop-
ulation of T-cells remains unaffected and can mediate
EAE. After intraperitoneal administration of the Ac1-11
peptide of MBP, splenocytes exhibited a Th2 phenotype,
which was potentiated by the administration of
anti–CTLA-4 at the time of tolerization (85). Tolerance
in lymph node cells from the same mice was partly
blocked by CTLA-4, as shown by slight a restoration of
the proliferative response to MBP. In contrast to intra-
venous administration of antigen, intraperitoneal admin-
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istration of antigen, in a single dose with or without con-
comitant anti-CTLA-4 injection, inhibited EAE at sub-
sequent immunization, presumably due to the switch
from an antigen-specific Th1 response to an antigen-spe-
cific Th2 response. In a primate model of EAE, intraperi-
tioneal administration of antigen dramatically enhanced
disease (252). It should be noted that the tolerization pro-
tocol applied in those studies was quite different from the
protocol we used in mice. The primates were immunized
with rMOG in adjuvant and then given 300 µg rMOG
intraperitioneal on days 7 through 18 as the tolerization
protocol. The monkeys were protected from disease dur-
ing intraperitioneal treatment but developed severe EAE
after treatment stopped.

Oral administration of guinea pig MBP diminished
the development of EAE at immunization with guinea pig
MBP in CFA (253–255). Upon further examination of the
tolerized animals, histopathologic signs of disease were
reduced and MBP-specific lymphocyte proliferation was
profoundly suppressed (253). Additional studies focus-
ing on high-dose oral tolerance suggested that MBP-spe-
cific T-cells are anergized or deleted by the oral adminis-
tration of MBP (256,257). As demonstrated by Weiner
and colleagues, low-dose oral tolerance stimulates the
production of regulatory T-cells capable of transferring
tolerance from MBP-fed donors to naive recipients
(258–260). The active mechanism of low-dose oral tol-
erance appears to be a cytokine-mediated immune devi-
ation away from a predominant Th1 response toward
a predominant Th2 and Th3 (TGF-�–producing)
response (166,216,261). The active suppression of low-
dose oral tolerance also may suppress unrelated immune
responses, a phenomenon termed bystander suppres-
sion. The concept of bystander suppression was encour-
aged by the demonstration that the oral administration
of MBP could suppress PLP-induced EAE in SJL mice
(262). This finding suggested that regulatory cells gen-
erated in the gut could migrate to the CNS and prevent
the encephalitogenic response to PLP. The effectiveness
of some APLs also has been attributed to bystander sup-
pression mediated by the production of regulatory
cytokines such as IL-4, IL-13, and TGF-�, in the CNS.
As discussed previously, inhibition of adoptively trans-
ferred EAE by an APL of an MBP peptide depends on
the activity of IL-4 because the administration of
anti–IL-4 reverses the inhibition (53). Similarly,
anti–TGF-� partly eliminates the protection conferred
by an APL of PLP 139-151 (54). Many of these studies
imply, but do not definitively show, that bystander sup-
pression occurs in the CNS. Recent evidence has shown
that bystander suppression also may occur in the periph-
eral lymphoid system. SJL mice immunized with key-
hole limpet hemocyanin (KLH) in IFA developed KLH-
specific Th2 cells that mediated suppression of EAE
induced by immunization with MBP and KLH (172).

The MBP-specific T-cells produced in that system were
of the Th2 phenotype but primed in the periphery rather
than in the CNS.

Recent data suggested that MBP and PLP exist as
parts of molecules expressed in lymphoid tissue
(263,264). Further, immunogenic forms of MBP can be
expressed in lymphoid tissues during the disease process
(265). These myelin components in the lymphoid tissues
may play a role in bystander suppression. Lymphoid tis-
sues provide the ideal environment for efficiently con-
verting the phenotype of a large number of T-cells.
Although the CNS contains localized sites of inflamma-
tion, it is much less conducive as an organ for extensive
immune regulatory activity.

EPITOPE SPREADING

The relapsing–remitting nature of some models of EAE has
been an intriguing focus of research in recent years, and
understanding the mechanism behind the remission and
subsequent relapses would provide potential avenues for
inducing permanent disease remission and preventing fur-
ther relapses. Recent studies have implicated Fas
(CD95/APO-1) and its ligand (FasL/CD95L) in the apop-
totic clearance of infiltrating T-cells from the CNS, a phe-
nomenon associated with remission of clinical EAE
(266–271). Adoptive transfer of MBP-specific T-cells into
gld (generalized lymphoproliferative disease) mice, which
are deficient in FasL, induced a similar but not identical
onset of EAE compared with that induced in wild-type
mice (270,271). The severity of EAE in gld mice is highly
variable compared with the severity in wild-type mice. In
addition, these mice developed a chronic clinical course,
whereas their wild-type counterparts recovered from the
acute phase of clinical EAE. The CNS from these chronic
gld mice displayed extensive CD4� T-cell infiltration
throughout disease, presumably due to the lack of apop-
totic elimination that occurs in wild-type mice. Thus, FasL
appears to function in the regulation of acute disease and
contributes to the onset of remission by eliminating the
infiltrating CD4� T-cells, which express Fas.

In EAE, disease is induced by immunization with a
component of myelin or by transfer of myelin-reactive T-
cells. The initial acute attack is dominated by an immune
response to the particular myelin antigen used to induce
disease; however, subsequent attacks are often mediated
by immune responses to additional myelin antigens. For
example, after immunization of the SJL/J mouse with the
peptide 139-151 of PLP in CFA, a relapsing–remitting
model of EAE develops. In this model, T-cells isolated
from the periphery during the initial acute attack are spe-
cific for the peptide PLP 139-151. As disease progresses,
T-cells isolated from the periphery during subsequent
acute attacks are specific for other myelin antigens,

EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS 93



including peptides from other regions of PLP (intramol-
ecular) and from other myelin proteins such as MBP
(intermolecular). This phenomenon, termed epitope
spreading, is an enticing candidate for interventional ther-
apies in ongoing disease.

Intramolecular epitope spreading was first described
by McCarron and colleagues after examining the responses
to MBP in the (PL � SJL) F1 mouse (272). In that study,
after disease induced by the N-terminal epitope of EAE,
responses were noted to the H-2S–restricted epitope. Inter-
molecular epitope spreading in EAE was first described
by Perry and colleagues (273). Although EAE was induced
by the adoptive transfer of lymphoctyes activated by the
87-99 peptide of MBP, lymphocytes reactive to a peptide
of PLP also were isolated from diseased mice but not from
healthy or control mice. T lymphocytes developed
responses to PLP 139-151 after the initial acute attack
resulting from the transfer of lymphocytes specific for the
84-104 peptide of MBP. Evidence for intramolecular epi-
tope spreading was observed after the adoptive transfer
of lymphocytes activated by the 139-151 peptide of PLP-
caused EAE and resulted in the production of lymphocytes
not only responsive to the 178-191 epitope of PLP but also
capable of inducing EAE after their transfer into naive
mice. Miller and colleagues also showed that epitope
spreading occurs in TMEV-induced demyelinating disease
(TMEV-IDD), a viral disease model in which virus-specific
lymphocytes mediate the initial myelin damage with lym-
phocytes responsive to several myelin epitopes develop-
ing as disease progresses (274–276).

Epitope spreading is costimulation dependent, rely-
ing on the presence of B7-1 molecules for this phenome-
non to occur. Administration of anti-B7-1 F(ab) fragments
prevented clinical relapses, ameliorated CNS pathology,
and blocked epitope spreading, whereas anti–B7-2 F(ab)
fragments had no effect on disease (90). In contrast, the
administration of anti–B7-1 mAb, which may actually
cause signaling through B7-1, exacerbated clinical
relapses, enhanced CNS pathology, and promoted epitope
spreading (277). Because costimulation mediated through
the CD28:B7 pathway is required for the activation of
naive T lymphocytes, it follows that activation of lym-
phocytes specific for endogenous myelin epitopes also
would be dependent on costimulation. One of the attrac-
tive features of using costimulatory blockade as a means
to block epitope spreading is that one would not require
knowledge of the encephalitogenic epitopes for such a
strategy to be effective.

THEILER MURINE ENCEPHALOMYELITIS
VIRUS-INDUCED DEMYELINATING DISEASE

TMEV-IDD is another mouse model of MS. Like EAE,
susceptibility to TMEV is determined by MHC and non-

MHC genes (278–281). TMEV-IDD is initiated by a
TMEV-specific CD4� T-cell attack on virally infected cells
of the CNS (282). TMEV persists as a chronic productive
infection in CNS white matter macrophages. The per-
sistent infection leads to chronic activation of myelin-reac-
tive CD4� T-cells via epitope spreading (274). TMEV
infection is associated with inflammatory demyelinating
lesions of the spinal cord similar to those in EAE and MS
(283,284). Depletion or tolerance of T lymphocytes abro-
gates the disease (285).

As in EAE, the CD4� T-cells responsible for TMEV-
IDD appear to be of a Th1 phenotype. Lymph node cells
of TMEV-infected mice produce Th1-associated cytokines
and antibodies, including IL-2, TNF-�, IFN-�, and IgG2a,
but not Th2-associated cytokines (286,287). In addition,
TMEV-infected mice mount a delayed type hypersensi-
tivity (DTH) reaction to portions of the virus, with an
immunodominant epitope identified in the VP2 nucleo-
capsid (288,289). Treatment of SJL mice with TMEV-cou-
pled ethyl carbodiimide–treated splenocytes before or
after infection with live TMEV induced tolerance, suc-
cessfully preventing the development of disease, includ-
ing inflammation and demyelination in the CNS (285).
Tolerance induction conferred a reduction in DTH and T-
cell proliferative responses to viral antigen and a signifi-
cant reduction in the absolute numbers of mononuclear
cells infiltrating the CNS. Treatment with TMEV-coupled
splenocytes failed to prevent the development of EAE,
demonstrating the specificity of in vivo tolerance induc-
tion. Although TMEV immunopathogenesis initially tar-
gets the viral infection in the CNS, subsequent demyeli-
nation in the CNS also appears to be immunopathogenic,
presumably due to epitope spreading from viral to
endogenous myelin antigens.

Microglia, resident APCs of the CNS, isolated
directly from the CNS of TMEV-infected SJL mice pres-
ent epitopes of PLP to T-cell lines (275). These experi-
ments demonstrate that, with viral infection of the CNS,
myelin antigens can be processed and presented by resi-
dent microglial cells to activate naive T-cells. Only CNS
APCs isolated from TMEV-infected mice with previous
myelin damage were able to endogenously present the
PLP epitopes to specific Th1 lines. Localized virus-
induced myelin damage activates CNS-resident APCs to
process and present endogenous autoantigen epitopes to
autoantigen-specific T-cells, which may provide a mech-
anism by which epitope spreading may occur.

TMEV is an important model for examining the
effects of virus-induced inflammation and demyelination
in the CNS because a possible etiologic mechanism for the
development of MS is viral infection. Although no single
virus has been implicated, the possibility remains that one
or more viruses may have the capacity to induce CNS
demyelination. Although molecular mimicry initially was
thought to be the mechanism of viral induction of CNS
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demyelination, the data discussed above suggest that acti-
vation of CNS APCs by a viral infection such as TMEV
can lead to the activation of autoreactive T-cells and per-
petuation of an inflammatory, demyelinating process
without involving molecular mimicry.

MOLECULAR MIMICRY

Several lines of evidence implicate environmental factors,
particularly viruses, in the development of autoimmunity.
First, monozygotic twins are highly discordant for several
autoimmune disorders, including MS, indicating that
genetic factors are not always sufficient to induce disease
(290). Second, viral infections are associated with exac-
erbations in several autoimmune diseases (291–294).
Third, epidemiologic studies have linked viruses with sev-
eral human autoimmune diseases, including MS
(293–296). Fourth, viral infections increase development
of spontaneous autoimmune disease in several animal
models (297). Fifth, in several transgenic models in which
mice express an autoimmune gene or an antigen-specific
recognition molecule (TCR or antibody), spontaneous
autoimmunity occurs only in standard animal facilities,
not in pathogen-free animal facilities (36,298). Taken
together, these data strongly implicate pathogenic par-
ticipation in the development of autoimmunity.

A popular theory contends that pathogen-induced
autoimmunity can be attributed to molecular mimicry, a
phenomenon in which activated T-cells that are specific
for a viral antigen are so similar to a host antigen that
the T-cells attack the host antigen (299). Research in sev-
eral laboratories has identified many different microbial
products that activate T-cells cross-reactive to endogenous
autoantigens. These microbes include bacteria (300–302),
viruses (303–308), and yeast (301). In a specific example,
T-cells isolated from the cerebrospinal fluid of MS patients
could be activated by a viral determinant and a host
myelin protein (305). Several additional studies have sug-
gested that molecular mimicry is more than an epiphe-
nomenon (309,310).

Initially, the homology necessary for molecular mim-
icry between microbial peptide and endogenous peptide
was thought to be sequence oriented. Several viral pep-
tides homologous to the encephalitogenic epitope of the
MBP were identified in computer-assisted searches (311).
In support of the molecular mimicry theory, the hepatitis
B virus polymerase (HBVP), which is most similar to MBP
of those identified, induces pathology similar to that
induced by the MBP peptide itself (299). In addition,
HBVP elicits a cellular and humoral immune response
against MBP. Although sequence homology is a useful
tool for identifying potential cross-reactive epitopes,
recent studies have identified another tool for detecting
these epitopes. Crucial motifs corresponding to contact

residues between the peptide–MHC complex and the
TCR provide a structural determinant with which to
search for and detect potential cross-reactive epitopes. By
using such motifs for MBP-specific T-cells, several path-
ogenic peptides capable of inducing EAE were identified
(306,312). Another group using peptide spot synthesis for
global amino acid replacements of the Ac1-11 peptide of
MBP identified additional pathogenic peptides capable of
activating T-cells specific for MBP Ac1-11 peptide (302).
Several of these peptides can induce EAE in mice trans-
genic for an MBP Ac1-11-specific TCR. The identifica-
tion of multiple pathogenic peptides with the use of dif-
ferent methods provides further support for the molecular
mimicry theory.

Although evidence supports molecular mimicry as
a mechanism by which pathogens may induce the devel-
opment of autoimmunity, it is not the only mechanism.
As discussed previously, virus-induced, T-cell–mediated
myelin damage is capable of activating CNS-resident
APCs to process and present endogenous autoantigen epi-
topes to autoantigen-specific T-cells, thus activating them
and leading to an autoimmune state (275). Another mech-
anism might involve viral induction of inflammatory cells
to increase the production of cytokines and chemokines,
which augments the recruitment and activation of addi-
tional inflammatory cells, some of which might be
autoantigen specific. In a more direct route, viruses might
preferentially infect and destroy one lymphocyte subset,
thereby disrupting the normal balance of the immune sys-
tem and inducing an autoimmune state. Any or all of these
mechanisms, including molecular mimicry, may be
responsible for the active role pathogens likely play in the
development of autoimmunity.

CONCLUSION

In this review we have commented on many of the aspects
currently being examined in the EAE model. The use of
the EAE model has led to the development of several
experimental strategies for the treatment of patients with
MS. In fact, a primary immunomodulatory agent used
in the treatment of MS, copolymer-1 (Copaxone®), was
developed almost exclusively from studies showing effi-
cacy in the EAE model. We anticipate that many of the
strategies discussed in this review will move into the clin-
ical arena and the results of these new therapeutic trials
in MS are eagerly anticipated.
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issue culture studies of serum
antimyelin factors were initiated
with Bornstein’s and Appel’s
description almost four decades ago

of demyelination of rat organotypic cerebellar cultures by
sera from rabbits with experimental allergic
encephalomyelitis (EAE) induced by inoculation with
whole central nervous system (CNS) tissue combined with
complete Freund adjuvant (CFA) (1). After application of
sera to myelinated cultures, neuroglia became swollen and
myelin sheaths increased in brightness. Some myelin
sheaths then developed fusiform swellings and eventually
fragmented, whereas others were described as “melting”
away and fading into the glial background. Axons were
unaffected and remyelinated after replacement of the
demyelinating sera with normal medium. Demyelination
was complement dependent, because heating sera to 56°C
eliminated the demyelinating activity, which was restored
by addition of fresh guinea pig serum. Myelinated cul-
tures of rat spinal ganglia were unaffected because the
demyelination was specific for CNS myelin.

In a subsequent study, Bornstein reported similar
demyelinating activity in 68 percent of sera from human
subjects with active multiple sclerosis (MS), whereas most
normal human sera did not demyelinate CNS cultures (2).
Remyelination also occurred as a consequence of reap-
plication of normal nutrient medium. The results of these
tissue culture studies of serum demyelinating factors sug-

gested a role for humoral factors, possibly antibodies, in
the pathogenesis of experimental and human demyeli-
nating disease. Subsequent studies were aimed at the fur-
ther characterization and identification of specific factors
in sera from animals with EAE and human subjects with
MS that induced demyelination. Discussion of the elec-
trophysiologic effects of serum factors in tissue culture
studies of demyelinating disease was included in previous
reviews (3,4) and is not addressed further in this chapter.

EAE AND SERUM DEMYELINATING FACTORS

Characterization of Antimyelin Factors

Demyelinating activity in sera from rabbits with EAE
induced by inoculation with whole CNS tissue (anti-
CNS sera) was found in the immunoglobulin G2 (IgG2)
fraction and was abolished by absorption with homol-
ogous or heterologous brain but not with other tissues
such as lung, liver, kidney, or red blood cells (5). With
immunofluorescent techniques, globulins in demyeli-
nating anti-CNS sera were localized on myelin sheaths
of cerebellar cultures, a localization subsequently sup-
ported with immunoperoxidase methods (6). The find-
ing of demyelinating activity in the IgG2 fraction of
anti-CNS sera was confirmed by Lebar et al. who did
not find similar activity in serum IgG1 or IgM fractions
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(7). Demyelinating activity was reduced by the removal
of most of the IgG from anti-CNS sera, and the isolated
IgG fraction was capable of demyelinating CNS cultures
(8). These studies supported the antibody nature of the
demyelinating factor. The complement dependence of
the serum demyelinating activity was confirmed in a
study by Liu et al. who also demonstrated a requirement
for the terminal complement proteins (9). These results
were interpreted as implying that activation of the mem-
brane attack complex of complement, C5b-9, may be
the factor responsible for myelin damage.

Whereas remyelination occurred after removal of
demyelinating anti-CNS sera from CNS cultures, Born-
stein and Raine found that remyelination was prevented
by continued exposure to low concentrations of anti-
CNS serum, concentrations that were insufficient to
produce the initial demyelination (10). They also noted
that, when anti-CNS sera were applied to mouse spinal
cord and dorsal root ganglia cultures before myelina-
tion, glial differentiation and central myelin formation
were inhibited. The inhibition of myelination was com-
plement dependent and reversible and was specific for
CNS myelin. Myelination inhibition also occurred with
low concentrations of serum and thus was considered
to be a more sensitive assay of serum antimyelin activ-
ity than demyelination.

Examination of CNS cultures by electron
microscopy after application of anti-CNS sera in the
presence of complement found two patterns of demyeli-
nation (11). One consisted of intramyelinic swellings
with splitting of major and minor dense lines, and the
second was characterized by a “smudging” of the
myelin sheaths, with altered periodicity and the devel-
opment of fingerprintlike configurations. These patterns
of demyelination corresponded to patterns previously
observed by light microscopy (1). Myelin debris was
found initially extracellularly but then found in
macrophages and astrocytes. Many oligodendrocytes
showed degenerative changes, and dense oligodendro-
cytes disappeared. If cultures were exposed to decom-
plemented anti-CNS sera, demyelination did not occur,
but there was a doubling of the space between the major
dense lines, and the minor dense lines contained four
rather than two electron-dense leaflets (12). The dou-
bling of the myelin period corresponded to the increased
brightness of the myelin sheaths noted by light
microscopy (1). This complement-independent step was
considered the first stage of the demyelinating reaction
consequent to exposure to anti-CNS serum (12).

No differentiated glia were observed in cultures
exposed to anti-CNS sera before myelination (10).
Dense oligodendrocytes, myelin, and typical astroglia
did not appear until several days after removal of the
anti-CNS sera. Application of decomplemented antis-
era to CNS cultures before myelination did not inhibit

oligodendrocyte differentiation, but these cells produced
a profusion of cytoplasmic processes that formed myelin
with doubled periodicity and which frequently failed to
ensheath axons (13,14).

Specificity of Antimyelin Factors

The described tissue culture studies supporting a possi-
ble role for antimyelin antibodies in the pathogenesis of
EAE were done with sera from animals with EAE induced
by sensitization with whole CNS or CNS white matter.
Because EAE also could be induced by inoculation of
myelin components, it was of interest to assess the
demyelinating and myelination inhibiting capacity of sera
from animals sensitized with specific myelin fractions.

The first such attempt was made by Lumsden, who
applied sera from animals inoculated with a diffusible
encephalitogenic peptide to myelinated organotypic CNS
cultures (15). The sera failed to demyelinate the cultures,
which Lumsden attributed to a lack of “antigenicity” of
his peptide. Subsequently, my colleagues and I exposed
myelinated mouse cerebellar cultures to sera from guinea
pigs with EAE induced by sensitization with myelin basic
protein (MBP) combined with CFA (16). MBP was the
first established encephalitogenic myelin protein (17,18).
We also inoculated some guinea pigs initially with MBP
in combination with incomplete Freund adjuvant (with-
out Mycobacterium tuberculosis), followed by a chal-
lenge dose of MBP with CFA, which resulted in the pro-
duction of high titers of antibody to MBP. As a positive
control, we also exposed cultures to sera from guinea pigs
with EAE induced by inoculation with whole CNS plus
CFA. Neither the sera from the animals with EAE
induced by MBP nor the sera from the hyperimmunized
animals demyelinated cerebellar cultures. Cultures were
demyelinated by sera from guinea pigs with EAE induced
by sensitization with whole CNS, but none of these sera
had detectable levels of antibody to MBP.

We subsequently assessed myelination inhibiting
activity of sera from animals sensitized or hyperimmu-
nized with MBP in a series of studies. In the first of these
studies, most sera from guinea pigs inoculated with
bovine MBP and containing high titers of anti-MBP anti-
body did not inhibit myelination in mouse cerebellar cul-
tures, whereas most sera from guinea pigs inoculated with
equivalent amounts of whole CNS and containing low
titers of antibody to MBP did inhibit myelination (19).
Sera from subhuman primates with EAE induced by sen-
sitization with MBP also failed to inhibit myelination in
cerebellar cultures, whereas anti-CNS sera from subhu-
man primates were positive for myelination inhibition
(20). Similar results were obtained with sera from Lewis
rats sensitized with guinea pig MBP or guinea pig whole
CNS, with sera from the former being negative and sera
from the latter being positive for inhibition of myelina-
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tion in CNS cultures (21). In the final study of this series,
myelination inhibiting capabilities of sera from rabbits
sensitized with bovine whole CNS tissue and sensitized
or hyperimmunized with MBP from five different species
(bovine, guinea pig, rabbit, monkey, and human) were
compared (22). All the rabbits inoculated with whole
CNS tissue plus CFA developed EAE, and all their sera
inhibited myelination in mouse cerebellar cultures with-
out detectable titers of precipitating antibody to MBP.
The rabbits sensitized or hyperimmunized with MBP
developed all possible combinations of EAE and precip-
itating antibody. Serum from one of these animals inhib-
ited myelination, and this animal had neither EAE nor
detectable anti-MBP antibody, whereas sera from the
remaining eight animals, including those with EAE and
high titers of antibody to MBP, were negative for myeli-
nation inhibition. Thus, there was a complete dissocia-
tion of myelination inhibiting activity, induction of EAE,
and formation of anti-MBP antibody.

Tissue culture demyelinating activity was found by
Dubois-Dalcq et al. in sera from rabbits inoculated with
CFA and cerebroside, a nonencephalitogenic glycolipid
component of myelin (23). Demyelination was not
restricted to CNS myelin in spinal cord and dorsal root
ganglion cultures because some peripherally myelinated
fibers also were affected. The demyelinating activity of
sera from cerebroside-sensitized rabbits was confirmed
by Fry et al., who also showed that these sera inhibited
myelination in CNS cultures (24). These investigators
found anticerebroside antibodies in rabbit anti-CNS sera
and in anticerebroside sera, and they abolished the
demyelinating and myelination inhibiting activities of
both sera by absorption with cerebroside. Sera from
Lewis rats sensitized with cerebroside did not inhibit
myelination of cerebellar cultures (21), and demyelinat-
ing activity was not obtained with sera from cerebroside-
inoculated guinea pigs (7) because antimyelin effects
appeared to be restricted to rabbit antisera. Hruby et al.
demonstrated myelination inhibition in CNS cultures by
sera from rabbits sensitized with synthetic galactocere-
brosides (GC), thus ruling out any possible contamina-
tion with other myelin components (25). Myelination
inhibition was not obtained with rabbit antisera directed
against glucocerebrosides, thereby establishing that the
antimyelin activity was specific to anti-GC sera.

The peripheral demyelinating property of rabbit anti-
GC sera was confirmed by Saida et al. (26). In a later
study, Ranscht et al. described inhibition of myelination
of cultured dorsal root ganglion neurons by Schwann cells
with a mouse-derived monoclonal antibody to GC (27).
The action of anti-GC antibodies against peripheral
myelin stands apart from the repeatedly described (1,10,
28–30) specificity of anti-CNS sera for central myelin.

As an encephalitogenic myelin protein, MBP, did
not induce antimyelin antibodies and as antisera to GC,

a nonencephalitogenic myelin glycolipid, demyelinated
and inhibited myelination of CNS cultures, the antigenic
properties of other myelin components were investigated.
Proteolipid protein (PLP), the major CNS myelin protein,
induced a chronic form of EAE (31,32), but sera from ani-
mals sensitized with PLP neither demyelinated nor inhib-
ited myelination when applied to CNS cultures (29,33).
Myelin-associated glycoprotein (MAG), a minor compo-
nent of CNS myelin, did not induce EAE, but its local-
ization at the myelin membrane surface (34,35) made it
a candidate for induction of antimyelin antibodies. Rab-
bit antisera to MAG did not demyelinate or inhibit myeli-
nation of CNS cultures (30). Mouse monoclonal anti-
bodies to MAG interfered with neuron–oligodendrocyte
adhesion in dissociated cell cultures (36). By immunoab-
sorption and fractionation experiments and complement
fixation studies, Lebar et al. characterized tissue culture
demyelinating factors in sera from whole CNS-sensitized
or CNS myelin-sensitized guinea pigs as antibodies to an
antigen designated “M2” (7,37). M2, which was differ-
ent from MBP and GC and not present in peripheral
myelin, was later identified as a glycoprotein component
of oligodendrocyte membrane (38).

Immunization of rabbits with gangliosides, glyco-
lipid components of neuronal and myelin membranes,
induced a demyelinating disease (39–41). Roth et al.
claimed that antisera to GM1, a major ganglioside, caused
demyelination of spinal cord tissue cultures (42). The
reported myelin reduction was only 20 to 25 percent, and
was not supported in a follow-up study from the same
laboratory (43). Another group of investigators found no
demyelinating or myelination inhibiting activity in spinal
cord and dorsal root ganglia cultures exposed to four high
titer rabbit anti-GM1 sera (44).

Antibodies to CMIP and MOG

Extraction of CNS myelin with chlorform-methanol selec-
tively removes PLP, almost all of the MBP, and most lipids
(45). The remaining chloroform-methanol insoluble pro-
tein (CMIP) fraction contains a large number of low- and
high-molecular-weight proteins, among them Wolfgram
protein (acidic PLP), MAG, and other glycoproteins,
including M2 and the myelin oligodendrocyte glycopro-
tein (MOG) (46–48). MOG is a minor myelin protein
localized at the external surfaces of myelin sheaths and
oligodendrocyte membranes (49). Rabbits inoculated
with the CMIP fraction and CFA did not develop clini-
cal EAE, but histopathologic examination showed occa-
sional focal mononuclear inflammatory infiltrates in
perivascular spaces or sometimes spread into the sur-
rounding parenchyma (50). Antibodies were elicited to a
large number of proteins, but anti-GC antibodies were
not evident by enzyme-linked immunosorbent assay or
immunoblot assays (H.C. Agrawal, unpublished obser-
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vations). Anti-CMIP sera inhibited myelination of cere-
bellar cultures and demyelinated centrally myelinated
fibers in spinal cord and dorsal root ganglia cultures but
spared peripherally myelinated fibers (50). The specific
action against CNS myelin was similar to that reported
for anti-CNS sera. It was subsequently shown that the
demyelination and myelin inhibition are rapidly reversed
with removal of anti-CMIP sera from the cultures (F.J. Seil
and H.C. Agrawal, unpublished observations). In an ini-
tial attempt to identify the CMIP component that elicited
antimyelin antibodies, the most likely suspect, Wolfgram
protein, was ruled out (F.J. Seil, D.N. Bourdette, and H.C.
Agrawal, unpublished observations).

Ultrastructural studies of anti-CMIP serum-induced
demyelination and myelination inhibition (R.M. Hern-
don, F.J. Seil, and H.C. Agrawal, unpublished observa-
tions) revealed some differences from the changes
described with anti-CNS sera (10,11). Whereas oligo-
dendrocytes were extensively destroyed by anti-CNS sera,
many survived in cultures demyelinated by anti-CMIP
sera. When anti-CNS sera were applied to cultures before
myelination, oligodendrocyte differentiation was pro-
foundly inhibited and few oligodendrocytes could be
identified. Light, intermediate, and dark oligodendroglia
were evident in cultures in which myelination was inhib-
ited by anti-CMIP sera. Many of the oligodendrocytes
were vacuolated to some degree, with the most severe
vacuolar changes appearing in the dark (most differenti-
ated) oligodendroglia. However, oligodendrocytes were
clearly differentiated and present in substantial numbers.
Anti-CMIP sera appeared to interfere with glial–axonal
interactions to inhibit myelin formation rather than with
oligodendrocyte maturation.

Immunization of rodents with MOG induced acute
and chronic EAE (51–53). Recently, it was shown that,
by changing immunization protocols and using different
inbred rat strains, a variety of chronic disease courses
could be produced (54). Before the encephalitogenicity
of MOG had been defined, a correlation was found
between in vivo demyelinating activity in guinea pigs with
chronic EAE and titers of antibody to MOG (55). More-
over, demyelination was greatly augmented in acute EAE
in rats by intravenous injection of a monoclonal anti-
MOG antibody (56). Application of this monoclonal
anti-MOG antibody to myelinated reaggregating brain
cell cultures induced reversible complement-dependent
demyelination (57). Myelination inhibition was not
assayed, the antibody was not tested against peripherally
myelinated fibers, and no ultrastructural examination of
patterns of demyelination in tissue culture has been
reported. Because MOG is present in the CMIP fraction
of myelin, the behavior of anti-MOG sera likely would
be similar in all of these respects to those described for
anti-CMIP sera. It is also probable that MOG and M2
are the same glycoproteins.

Table 7.1 presents a summary of CNS and myelin
antigens and their ability to induce EAE and/or antimyelin
factors active in tissue cultures.

MS AND SERUM DEMYELINATING FACTORS

After Bornstein’s initial study (2), Bornstein and Hum-
melgard reported on serum demyelinating activity in an
expanded series of human subjects with MS (58).
Demyelinating activity was found in 64 percent of sera
from patients with definitely active disease, 41 percent
of sera from patients in whom disease activity was not
clearly evident at the time of serum sampling, 11 per-
cent of sera from patients without disease activity, and
7 percent of sera from normal subjects. When the over-
all course of the disease was considered, they found that
71 percent of sera from patients with active exacerbat-
ing and remitting MS demyelinated CNS tissue cultures
compared with 48 percent of sera from patients with a
chronic–progressive course. In other reported series,
Ulrich and Lardi found serum demyelinating activity

EXPERIMENTAL ASPECTS OF DEMYELINATION108

TABLE 7.1
EAE and Antibody Induction by CNS Antigens

ANTIBODIES

DEMYELINATING MYELINATION

INHIBITING

ANTIGEN EAE CNS PNS CNS

Whole CNS + + – +
MBP + – – –
GC – + + +
PLP + – – –
MAG – – – –
CMIP ±* + – +
M2 ND + ND† ND
MOG + + ND ND
GM1 ±‡ – – –

CMIP; chloroform-methanol insoluble protein fraction of
myelin; CNS; central nervous system; EAE; experimental aller-
gic encephalomyelitis; GC; galactocerebroside; GM1; GM1 gan-
glioside; M2; a CNS myelin glycoprotein identified as an antigen
that induced demyelinating antibodies found in anti-CNS and
anti-CNS myelin sera; MAG; myelin-associated glycoprotein;
MBP; myelin basic protein; MOG; myelin oligodendrocyte gly-
coprotein; ND; not determined; PLP; myelin proteolipid protein;
PNS; peripheral nervous system.

*No clinical EAE but occasional perivascular inflammatory
infiltrates histologically.

†Sera containing anti-M2 antibodies did not bind to
PNS myelin.

‡Several reports of induction of an experimental demyeli-
nating disease in rabbits.



in 36 percent of MS subjects with active disease and in
6 percent without disease activity (59), and Seil et al.
reported that 40 percent of sera from patients with
active disease demyelinated spinal cord cultures com-
pared with 5 percent of sera from patients during sta-
tionary periods (60). Bradbury et al. found demyeli-
nating activity in 74 percent of sera from subjects with
MS, in 68 percent of sera from patients with a wide
range of diseases other than MS, and in 22 percent of
sera from normal human subjects (61). The occurrence
of demyelinating activity in a significant number of sera
from patients with other neurologic diseases, especially
amyotrophic lateral sclerosis (ALS), had been reported
by others (2,59,62).

Sera from subjects with MS specifically demyeli-
nated CNS cultures and did not affect peripherally
myelinated fibers (28). Curiously, demyelinating MS
sera did not inhibit myelination in spinal cord and cere-
bellar cultures (59,60). The ultrastructural characteris-
tics of demyelination induced by MS sera were similar
to those described for anti-CNS sera, except that
demyelination proceeded more slowly and was less
extensive (63). The most frequently observed change
was an alteration of the myelin periodicity, with break-
down into smudged or fingerprintlike areas. Astrocytic
processes surrounded and phagocytosed the degener-
ating myelin. A portion of the population of oligoden-
drocytes degenerated acutely or subacutely and were
phagocytosed by astrocytes. A late change noted in
some of the sheaths was a doubling of the myelin period.

Demyelinating activity of MS sera was removed
by absorption with brain tissue (2) and a nonmyelin
CNS tissue pellet that included oligodendrocytes but
not with purified myelin (64). No immunostained
myelin was found when demyelinating MS sera were
applied to CNS cultures and fixed and treated with
peroxidase-conjugated anti-human globulin, suggest-
ing that the demyelinating activity of MS sera was not
associated with a myelin-binding immunoglobulin (6).
Depletion of MS sera of all �-globulin did not
decrease their tissue culture demyelinating capabil-
ity, and isolated Ig fractions from most MS sera did
not demyelinate CNS cultures (65,66). These findings
further support the notion that demyelinating activ-
ity in most MS sera is associated with some serum fac-
tor other than �-globulin.

Of interest is a report of the detection of anti-
MOG antibodies in the sera of 8 of 16 MS patients and
the identification of anti-MOG antibody-producing B
lymphocytes in their cerebrospinal fluid (67). This was
not specific for MS, however, because patients with
other neurologic diseases also had elevated plasma and
cerebrospinal fluid levels of antibody to MOG (68).
Recently, anti-MOG antibodies were detected by a sen-
sitive immunocytochemical technique as bound to dis-

integrating myelin sheaths in acute lesions from 3
patients with MS (69). The vesicular demyelination and
the anti-MOG antibody binding were identical to those
seen in marmosets with EAE induced by inoculation
with MOG and CFA (69,70). Thus, MOG could be a
target for antibody-mediated demyelination in at least
some cases of MS (71).

POSSIBLE SIGNIFICANCE OF 
ANTIMYELIN FACTORS

Raine and coworkers compared histopathologic changes
in EAE induced in guinea pigs by inoculation of CFA and
whole white matter or MBP, MBP plus GC, or MBP plus
total myelin lipids (72). Clinically, EAE induced by whole
white matter and MBP were similar, but whole white mat-
ter provoked inflammatory and demyelinating lesions,
whereas only inflammatory lesions were observed in
MBP-induced EAE. GC or total myelin lipids, when given
separately, induced neither EAE nor histopathologic
changes. When GC or total myelin lipids were injected
in combination with MBP, EAE with inflammatory and
demyelinating lesions was induced. The lipid haptens
appeared to have an augmenting effect on MBP, and the
investigators speculated that MBP triggers the T-cell com-
ponent of the immune response in EAE and that B-
cell–secreted factors induced by GC or other lipid hap-
tens are necessary for demyelination to occur.

In a similar vein, Bourdette et al. subjected guinea
pigs to a suboptimal transfer (insufficient to transfer EAE)
of lymphocytes sensitized to MBP, followed by immu-
nization with CFA and MBP, chicken brain alone, or MBP
plus chicken brain or myelin (73). Chicken MBP is not
encephalitogenic in guinea pigs (74), so that the chicken
brain functioned as a source of all of the non-MBP com-
ponents of whole CNS, including lipids and glycopro-
teins. Myelination inhibiting activity of sera collected
from the guinea pigs was correlated with the degree of
histologically graded demyelination of spinal cord and
brain sections. Moderate to severe demyelination and
myelination inhibiting antibodies were found only in ani-
mals receiving both MBP and chicken brain or myelin,
and not with MBP or chicken brain alone. These results
were consistent with the notion that antibodies directed
against non-MBP (nonencephalitogenic) components of
CNS augment the extent of demyelination in EAE.

Antibody to MOG can augment demyelination
when injected intravenously during induction of EAE
by transfer of MBP-sensitized T-cells (56). The concept
of a combined action of cellular and humoral mecha-
nisms to produce inflammatory demyelinating lesions
in EAE was further supported by the finding that MOG,
which induced EAE with inflammatory and demyeli-
nating components, elicited a T-cell–mediated immune
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reaction and a B-cell–secreted demyelinating antibody
response (51–53). The combined action of cellular and
antibody mechanisms does not appear to be an invari-
able requirement for demyelination in EAE, however,
because extensive demyelination can occur in some
species or strains and in some circumstances without
augmentation by antibodies. For instance, in chronic
EAE induced in SJL/J mice by passive transfer with MBP
sensitized T-cells, considerable demyelination can occur,
even with the initial episode, in the absence of anti-
bodies that bind to myelin (75).

MS has come to be regarded as an autoimmune
inflammatory demyelinating disease with heterogeneous
pathology and pathogenesis (71,76,77). Recent reports of
binding of anti-MOG antibodies to myelin undergoing
vesicular disintegration in acute lesions from three cases of
MS suggested one mechanism for demyelination in MS
(69,70). MOG is a logical target for demyelination, and
antibody-augmented or antibody-induced demyelination is
consistent with the concept of combined T-cell and B-cell
mechanisms in the pathogenesis of the animal model of MS,
i.e., EAE. However, serum demyelinating factors in most
cases of MS do not appear to be antibodies (6,65,66), which
has lent support to the notion that B-cell–dependent
demyelination may be restricted to a small subgroup of MS
patients (78–80). Moreover, serum demyelinating factors
correlated with disease activity in some cases of MS
(2,58–61) but are not specific for MS, because demyeli-
nating activity was reported in sera from a significant pro-
portion of patients with other neurologic diseases
(2,59,61,62). Three patients represent a very small sampling
of the total spectrum of MS, so much additional work is
needed as a follow-up to the promising start of Genain et
al. (69) in defining the extent of an antibody role for
demyelination in MS (also see comments by Karni et al.
68 and Wekerle 81). Perhaps a reexamination of the rela-
tionship of tissue culture demyelinating factors in MS to Ig
should be included.
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ultiple sclerosis (MS) is an inflam-
matory disease and, from the time
the disease was described by Char-
cot, clinicians have questioned

whether the disease might be caused by an infectious
agent. The record of clinical investigations in MS has been
punctuated by numerous attempts to detect a causative
agent by using currently available technology. Thus, over
the years, multiple organisms, ranging from bacteria and
spirochetes to viruses, have been proposed as possible eti-
ologic agents (Table 8.1). However, no reported isolation
of an infectious agent from MS tissue has received con-
sistent independent confirmation (1–4).

Within the past several decades, three lines of evi-
dence have been invoked to support the hypothesis that
an infectious agent causes MS. The first of these, as dis-
cussed in Chapter 7, is that a number of viral agents can
cause demyelinating disorders in experimental animals.
The second line of evidence comes from epidemiologic
studies suggesting that MS arises after time-limited expo-
sure to an environmental factor, presumably a pathogen.
The third line of evidence, derived from human disease,
is that a number of infectious agents may be associated
with peripheral (PNS) or central (CNS) nervous system
demyelinating disease.

In this chapter, we review the pathogens that are
known to cause demyelination, the mechanisms by which

viruses or other pathogens may produce demyelination,
the evidence supporting a role for pathogens in MS, and
the candidate pathogens suspected of having a role in MS.
We conclude by discussing the criteria to establish an eti-
ologic role for a pathogen in MS and future directions for
research in this important field.

INFECTIOUS AGENTS OF HUMANS KNOWN
TO CAUSE PNS OR CNS DEMYELINATION

Viruses and pathogens known to cause demyelination in
the CNS are shown in Table 8.2 with the specific condi-
tions produced by the infection. Several of these organ-
isms may be associated with demyelination in the PNS or
CNS. A number of organisms including viruses such as
human immunodeficiency virus (HIV), Epstein-Barr virus
(EBV), and cytomegalovirus (CMV), mycoplasma, and
the bacteria Campylobacter jejuni are associated with
acute inflammatory demyelinating polyneuropathy
(AIDP). In this condition, the infection is antecedent to
the onset of neurologic symptoms, and neuropathy is the
result of an immunologic response with cross-reactivity
to peripheral myelin.

CNS demyelination may be produced directly by
viral infections with papovavirus (JC virus) or the chronic
measles virus infection, subacute sclerosing panen-
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cephalitis (SSPE). A postinfectious encephalomyelitis may
occur after exposure to pathogens including
mycoplasma, measles virus, human herpes virus 6
(HHV-6), EBV, and CMV. Thus, there is overlap
between the pathogens associated with postinfectious
peripheral and central demyelination (Table 8.2). In
addition, a single organism such as measles virus may
cause CNS demyelination by direct infection, as in SSPE,
or as a result of an immune response to a cleared infec-
tion cross-reacting with myelin, as in postinfectious
encephalomyelitis (5).

KNOWN MECHANISMS OF VIRUS-INDUCED
CNS DEMYELINATION IN HUMANS

Two major mechanisms of virus-induced CNS demyeli-
nation are viral destruction of oligodendrocytes and
postinfectious immune-mediated demyelination. A
third and apparently rare, mechanism of CNS demyeli-
nation is immune complex–mediated vasculopathy.
These mechanisms are considered below, followed by
a discussion of the theoretical mechanisms of pathogen-
induced demyelination.

Viral Lysis of Oligodendrocytes

This is the only direct mechanism through which viruses
may produce demyelination and is known to occur in two
human conditions. In progressive multifocal leukoen-
cephalopathy (PML), a disorder seen in approximately
4 percent of patients with HIV infection, progressive
demyelination of brain results from lytic infection of
oligodendrocytes by the polyomavirus, JC virus (6). In
SSPE, a rare, late complication of systemic measles infec-
tion, infection of oligodendrocytes with secondary
demyelination occurs as a minor component of a more
widespread neurologic process involving astrocytes and
neurons (7).

Postinfectious Immune–mediated 
Demyelination

Episodes of acute demyelination, termed neuroparalytic
accidents, were observed after immunization with early
brain-derived rabies vaccines, and demyelination as an
immune response to myelin basic protein (MBP) was first
reported in 1935 by Rivers and Swenker (8). We now
know that similar episodes of demyelination can follow
a number of human infections, and immune mechanisms
are believed to represent a final common pathway
through which a variety of infectious agents can induce
a fairly uniform syndrome of demyelinating disease (9).
An essentially identical pattern of CNS white matter
injury may be seen after infection with EBV, measles
virus, CMV, Mycoplasma pneumoniae, and, very likely,
a variety of other infectious agents. In these disorders,
the autoimmune response to white matter may be
induced in at least two ways. In EBV infection, nonpro-
ductive infection of B lymphocytes produces a wide vari-
ety of autoantibodies, the prototype of which is the het-
erophile antibody response. Demyelination in this setting
may occur as part of a widespread perturbation of
immune function. In infection by other agents, includ-
ing measles virus, CMV, and M pneumoniae, autoim-
mune demyelination may result as a consequence of
“molecular mimicry,” a process in which host immune
response to a foreign antigen cross-reacts with a self-anti-
gen to produce autoimmune disease (10). As discussed
in the preceding chapter, molecular mimicry with its
attendant autoimmune response has been used to induce
CNS demyelination in experimental animals (10). In
humans, injury of peripheral nerves in AIDP after C. jeje-
uni infection is thought to occur by this mechanism.
Although molecular mimicry has not been proven to be
of etiologic significance in human CNS demyelination,
this mechanism has been suggested in syndromes of
postinfectious polyneuropathy and encephalomyelitis
seen in some patients after infection with measles virus,
cytomegalovirus, or M. pneumoniae.
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TABLE 8.1
Viruses and Pathogens Isolated from Patients

with Multiple Sclerosis*

YEAR VIRUS TISSUE

1946 Rabies Brain
1964 Herpes simplex, type 2 Brain
1964 Scrapie Brain
1972 Measles virus Brain
1978 Simian virus 5 Brain
1979 Chimpanzee cytomegalo-

virus Brain
1980 Coronavirus Brain
1982 Subacute myelo-

opticoneuropathy–like virus Brain
1982 Tick-borne encephalitis

Flavivirus Brain
1986 HTLV-I CSF mono-

nuclear cells
1989 LM7 (retrovirus) CSF/blood
1989 Herpes simplex, type 1 CSF
1992 Epstein-barr virus CSF/blood
1994 Human herpes virus-6 Blood
2000 Chlamydia pneumoniae CSF

*Adapted from Viral Infections of the Nervous System, 2nd
ed. New York: LIppincott-Raven; 1998; 248–257.

CSF, cerebrospinal fluid; HTLV-I, human T-lymphotropic
virus -I.



Immune Complex Vasculopathy

In rare cases, rubella virus infection is followed by a
delayed, progressive condition accompanied by white
matter injury. Evaluation of affected brains has not shown
evidence of viral infection but rather of microvascular
changes that appear to be due to immune complex dep-
osition (11). This mechanism of demyelination has not
been associated with other human infectious agents. Of
note, progressive rubella panencephalitis also has been
associated with significant parenchymal inflammation
that may contribute to the demyelination (12).

Overview of Potential Mechanisms of 
Virus-Induced CNS Demyelination

A substantial number of mechanisms has been suggested
to cause or contribute to CNS demyelination (Table 8.3).
Whether these mechanisms participate in the pathogen-
esis of MS remains speculative. These mechanisms are
paired with examples from human disease, animal mod-
els, or in vitro experiments in Table 8.3. Mechanisms of
demyelination not previously detailed in this section are
discussed below.

Theoretically, oligodendrocytes also may undergo
cell death due to the altered homeostasis produced by a
nonlytic viral infection. This may occur in several of the
experimental models of viral-induced demyelination.

Involvement of oligodendrocytes by latent viral
infection could elicit an immune response directly tar-
geting these cells. In addition, oligodendrocytes are rela-
tively sensitive to toxic conditions produced during
inflammation. Nonspecific immune responses triggered
by viral infections in other cells also might result in
demyelination as a consequence of collateral apoptotic
or necrotic death of oligodendrocytes. In addition, the
immune response to a particular pathogen may stimulate
the production of proinflammatory cytokines, interfer-
ons, and reactive small molecules such as peroxynitrite,
thereby augmenting demyelination (13).

Proteins from a pathogen also might serve as super-
antigens capable of stimulating T-cells bearing specific T-
cell receptors. This can result in nonspecific stimulation
of autoreactive cell populations (14). Viruses and other
pathogens may infect or damage CNS endothelial cells,
resulting in a breakdown of the blood–brain barrier (BBB).
Disruption of the BBB may cause antigens to be exposed,
which would otherwise remain sequestered, thereby facil-
itating injury to myelin and potentiating antigenic spread
(15). In addition, pathogens might produce proteins that
alter the immune response or toxins contributing to
demyelination (14,16). Some viruses have cytokines
encoded in their nucleic acid, which may alter the immune
response and favor viral persistence (14). Viral infection in
the CNS may stimulate host cells to produce a protein that
is not ordinarily exposed to the immune system (15,17).
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TABLE 8.2
Viruses and Pathogens Causing Demyelination in Peripheral and Central Nervous Systems

PATHOGEN SYNDROMES INVOLVING SYNDROMES INVOLVING BRAIN

PERIPHERAL NERVE AND SPINAL CORD

Viruses
HIV AIDP/CIDP Vacuolar myelopathy
HTLV-I None known Tropical spastic paraparesis
JC virus None known Progressive multifocal leukoencephalopathy
Human herpes virus 6 None known Encephalomyelitis: possibly acute and postinfectious
Measles virus AIDP Postinfectious encephalomyelitis, subacute 

sclerosing panencephalitis
Rubella virus AIDP Postinfectious encephalomyelitis, progressive 

rubella panencephalitis
Epstein-Barr virus AIDP Postinfectious encephalomyelitis
Cytomegalovirus AIDP Postinfectious encephalomyelitis

Mycoplasma
Mycoplasma pneumoniae AIDP Postinfectious encephalomyelitis, transverse myelitis

Spirochetes
Lyme disease — Encephalomyelitis

Bacteria
Campylobacter jejeuni AIDP None known

AIDP, acute inflammatory demyelinating polyneuropathy; CIDP, chronic inflammatory demyelinating polyneuropathy; HIV, human
immunodeficiency virus; HTLV-I, human T-lymphotropic virus-I.



Recent work has suggested that simultaneous infec-
tion with 2 viruses may be a significant factor in disease
pathogenesis of PML and possibly MS (18). In addition,
a growing body of evidence, including recent studies of
axonal injury in MS brains, suggests that MS may not
be a solely demyelinating condition, and several of these
processes may be involved in disease pathogenesis affect-
ing myelin and axons.

Route of Infection

For CNS demyelination, the route of viral infection may
be by one of four different pathways: (1) ascent along
nerves into the CNS (herpes simplex virus [HSV] and vari-
cella zoster virus [VZV]), (2) expression in the CNS of
an endogenous virus encoded in the genome (retrovirus
or MS-associated retrovirus [MSRV]; see next section),
(3) penetration into the CNS by infected macrophages
(HIV and HHV-6), or (4) hematogenous spread to the
CNS (infected B cells in EBV). If a virus or other pathogen
initiates MS then understanding the route of viral pene-
tration into the CNS would be therapeutically important.

DO PATHOGENS CAUSE OR 
CONTRIBUTE TO MS?

Evidence for an infectious cause of MS includes data from
epidemiologic and clinical investigations.

Epidemiologic Evidence

The most suggestive evidence associating MS with expo-
sure to an infectious agent comes from an important
body of epidemiologic studies. The basis for these stud-
ies is the observation that MS has a higher incidence in
temperate climates and that the prevalence of MS dimin-
ishes as one moves south toward the equator. There is
also some evidence that the incidence of the disorder may
be higher in temperate regions at as one moves farther
from the equator in the southern hemisphere. Migration
studies have indicated that individuals emigrating to
Israel and South Africa after adolescence have an inci-
dence of MS similar to that seen in their countries of ori-
gin. In contrast, individuals moving before adolescence
have an incidence similar to that seen in the country to
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TABLE 8.3
Potential Mechanisms of Virus-Induced Demyelination of the Central Nervous System

MECHANISM DISEASE/EXAMPLE

Lytic infection of oligodendrocytes Human: SSPE (measles virus) and PML (JC virus)
Persistent infection of oligodendrocytes with resultant Animal: Theiler murine encephalomyelitis virus
abnormal homeostasis and cell death

Molecular mimicry: immunologic cross-reactivity between Human: EBV/HSV-1 epitopes cross-react with transal
viral antigens and oligodendrocyte or myelin proteins dolase in CNS*

Animal: Viral antigen-induced experimental allergic 
encephalomyelitis

Demyelination induced by virus-encoded toxins Human: Theoretical for retroviral infection
Oligodendrocyte death due to inflammatory environment Human: HHV-6 in PML
elicited by nonlethal oligodendrocyte infection Animal: JHMV 

Bystander death of oligodendrocytes in an inflammatory Animal: JHMV
environment elicited by infection of other cell types

Virus acts as a “superantigen,” inducing a nonspecific  Theoretical
T-cell response that reacts with components of myelin

Autoimmune response to a nontolerized protein produced Human (theoretical): EBV and a-b crystallin
by virus-infected cells

Disruption of the blood–brain barrier with unmasking of Human: Postinfectious encephalomyelitis and SSPE
normally sequestered brain antigens

Coexistence of viral infections produces or accentuates Human (theoretical): Papovavirus and HHV-6 in PML
demyelination

*From J Immunol 1999; 163:4027–4032.
CNS, central nervous system; EBV, Epstein-Barr virus; HHV-6, human herpes virus-6; HSV-I, herpes simplex virus-I; PML, progres-

sive multifocal leukoencephalopathy; SSPE, subacute sclerosing panencephalitis.



which they immigrate (19,20). These data suggest that
MS may be associated with childhood exposure to some
unknown agent or agents. Although investigators sug-
gested that the increase in familial MS might be explain-
able by shared environment, a 1995 study by the Cana-
dian collaborative group failed to find evidence that
duration of common habitation could explain the exis-
tence of MS in families (21). Two apparent epidemics
of MS have been reported. The first of these occurred
in the Faroe Islands. By report, MS was not known to
the inhabitants of these islands before World War II.
Between 1943 and 1949, however, 16 cases were
reported, with another 16 cases reported between 1950
and 1973. Although disease prevalence in 1977 was 34
per 100,000 populations, no cases were reported
between 1973 and 1981. These findings suggest a point-
source epidemic, with exposure of a naive population
during a period when the islands were occupied by for-
eign troops, followed by a period of latency before the
appearance of demyelinating disease (22). Somewhat
similar data exist for Iceland, where increases in disease
prevalence occurred in 1922 and 1945, the latter rise
occurring after occupation by American and British
armed forces (23).

Mediators of Inflammation in 
Clinical Materials

These clinical studies showed that interferon-� and inter-
feron-�–inducible protein, MxA, are increased in MS
patients, possibly consistent with an infectious process
(24). In addition, there is expression of class I of the major
histocompatibility complex (MHC) antigen on oligoden-
drocytes during infection, which could promote CD8� T-
cell–mediated cytotoxicity (25).

Attempts to Detect Infectious 
Agents by Serological Methods

These investigations date to studies in 1962 by Adams
and Ishigawa, who found an antibody to the measles
virus the cerebrospinal fluid (CSF) of patients with MS
(26). Over the years, however, efforts to detect antiviral
antibodies in serum and CSF of MS patients have been
largely inconclusive, and no consistent or clear pattern of
viral infection has emerged from this line of investigation.
Titers for candidate viruses including measles, EBV, and
human T-lymphotropic virus-I (HTLV-I) were not sub-
stantially elevated in MS patients compared with con-
trol subjects (27,28). The possibility also exists, as dis-
cussed below, that elevated titers of antiviral antibody do
not reflect causation but rather nonspecific perturbation
of the patient’s immune response.

PATHOGENS OF CURRENT INTEREST IN MS

Human Herpes Virus-6

HHV-6 is lymphotropic and neurotropic (29) and has
been shown in vitro to infect oligodendrocytes and
microglia in culture and peripheral blood mononuclear
cells (PBMCs) in vivo (30,31). The virus may be latent in
monocytes and bone marrow progenitor cells, and latency
may be associated with integration of the full-length viral
genome into the short arm of chromosome 17 (Chr
17p13.3) (32–34). The virus genome has been shown to
integrate into the human genome on chromosome 17,
thus allowing the virus to persist despite intact host
immune response (32). The virus is the etiologic agent of
the childhood condition exanthem subitum. In addition,
the virus has been associated with febrile convulsions and
rare cases of encephalitis, in particular in the setting of
impaired host immunity such as HIV infection or organ
transplantation (32). The virulence of HHV-6 may
increase significantly in the presence of coinfecting viruses
such as CMV or HIV (35–38). Studies of HHV-6 in MS
have included immunologic, immunohistochemical, and
molecular investigations.

Immunological Evidence of HHV-6 in MS

Elevated titers to HHV-6 have been detected in the serum
and CSF of some MS patients (39–42). HHV-6 DNA has
been found in the serum of patients (42). Cellular immu-
nity to the virus also may be found in these individuals
(42). Elevated levels of the virus receptor, soluble CD46,
have been found in MS patients (43,44). According to a
recent investigation, HHV-6 DNA can be isolated from
PBMCs of some MS patients but not of controls (45). A
study of CSF antibody titers favored HHV-6B over HHV-
6A in MS (46). Elevated titers of immunoglobulin G (IgG)
and IgM antibodies to HHV-6 in MS compared with
healthy controls were found in the studies by Albashi et
al. (39,47). However, they also reported similar findings
in patients with the much more nebulous entity, chronic
fatigue syndrome (47). In addition, those investigators
cultured HHV-6B from MS and HHV-6A from chronic
fatigue syndrome PBMCs, respectively (47). This raises
the questions about the virus: Does it cause several human
diseases or is it nonspecifically activated in patients with
other illnesses and/or immunosuppressive therapies?

Immunohistochemical and 
Molecular Biological Evidence

In 1993, Sola et al. used polymerase chain reaction (PCR)
to find HHV-6 DNA in PBMCs from an MS patient (48).
Numerous studies subsequently evaluated serum and CSF
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antibody titers for HHV-6 and PCR of PBMCs and CSF,
with highly variable results (39,46,49–60). Challoner et
al. used molecular virologic techniques to show viral
nucleic acid of HHV-6B in the brains of MS and control
subjects (61). These data indicate that the virus may be
resident in the human CNS. PCR for HHV-6 structural
protein 101 was positive in 36 percent of MS brain sec-
tions and 13 percent of control brains (29). In situ PCR
associated the virus with oligodendrocytes and, to a lesser
extent, neurons (18,61). In MS brains, immunohisto-
chemical techniques showed a preponderance of virus-
specific staining around demyelinating lesions, with local-
ization to oligodendrocytes, and with much less staining
in normal-appearing white matter (61). PCR studies of
MS brain tissue found a greater association of HHV-6
with active than with inactive plaques (62). Interestingly,
HSV and VZV also were detected (62). HHV-6 was found
around areas of demyelination in MS and PML (63).
HHV-6 was identified as a pathogen in fulminant
demyelinating disease and encephalitis in MS patients (64-
66). Therefore, HHV-6 may be etiologic in MS or, like
other viruses, may contribute indirectly to the clinical
course of MS patients.

Summary of HHV-6 in MS

Although these studies suggest an association between
HHV-6 and demyelinating illness in some patients, over-
all the evidence at present is inconsistent (52–60). Specif-
ically, other laboratories have not found serologic evi-
dence supporting a role for HHV-6 in MS (52,60). In
other studies, PCR for multiple regions of the HHV-6
genome has not demonstrated a significant difference
between the CSF of control subjects and the CSF of sub-
jects with relapsing–remitting MS or chronic progressive
MS (52). It is unlikely that HHV-6 is a primary pathogen
in the majority of patients. However, it is possible that,
in some of the cases of MS, HHV-6 is the primary
pathogen, whereas in others it may facilitate disease pro-
gression. Overall, HHV-6 remains a viable candidate
pathogen that might contribute to the pathogenesis of
MS in at least some cases. It is a common virus with the
potential for significant effects in the CNS. The finding
of this virus in association with the demyelinating lesions
of MS and PML is intriguing, although the significance
of this observation in terms of clinical disease is
unknown (18). The virus may be responsible for induc-
ing MS alone or in concert with other viruses. Nonspe-
cific reactivation is an alternative explanation for expres-
sion of HHV-6 in demyelinating lesions. Further
investigations should show whether the virus is truly a
pathogen in MS or a latent virus incidentally found in
the brain. At present, there are no data supporting the
use of antiviral therapy directed at HHV-6 in MS
patients outside of clinical trials.

EBV and Other Herpes Viruses

EBV in MS

EBV is a ubiquitous virus that infects 90 percent of the pop-
ulation. EBV has been postulated repeatedly as a causative
agent of MS. Many studies have found significant eleva-
tions of EBV-specific antibodies in MS patients, which may
antedate the clinical expression of MS (67). The data sup-
porting EBV as a precursor to MS includes the results of
epidemiologic studies of common viruses in large popula-
tions (68). Late infection, after age 15 years, with EBV,
measles, or mumps was associated with increased risk of
MS (69). Investigation of a Danish cluster of MS patients
showed that all affected individuals were exposed to a sub-
type of EBV not found in healthy controls (70). Additional
serologic investigations have been interpreted as being con-
sistent with a role for EBV in MS. A case control study of
Norwegian MS patients versus age-, sex-, and geographi-
cally matched controls showed that IgG antibodies to EBV
capsid antigen, nuclear antigen, and early antigen were sig-
nificantly elevated in patients with MS (68). Elevated titers
to EBV were found in the sera of 18 women who subse-
quently developed MS (67). In addition, higher titers to
EBV were found in 126 MS patients compared with con-
trol individuals (67). Titers to HSV, herpes zoster (HZ),
and CMV were not elevated in the MS patients. Antigen
specific immunoblotting technique showed the presence of
EBV-specific immunoglobulins in the CSF of 5 of 15 MS
patients and 0 of 12 controls (71). Viral nucleic acid can
be detected in PBMCs from MS patients, and EBV trans-
formed cell lines can occur spontaneously in cells from CSF
of MS patients. To date there has been no demonstration
of EBV in the CNS of MS patients (72,73).

Other Herpes Viruses

Other herpes viruses have been considered as potentially
causative for MS (4). Herpes virus, EBV, CMV, and spe-
cific CD8+ T-cells have been isolated from tissues and
blood of patients with autoimmune diseases including MS
(74). HSV-1, HSV-2 and VZV also have been considered
as agents capable of initiating MS (75). Magnetic reso-
nance imaging (MRI) in Japanese MS patients visualized
brainstem lesions suggestive of ascent of virus along the
tracts of the trigeminal nerve, as can occur with HSV and
VZV infections (76). Investigations of HHV-7 and HHV-
8 found no evidence for their involvement in MS (56).

A study using PCR to examine herpes viruses in post-
mortem brain found that HSV, HHV-6, and VZV are
detected with greater frequency in MS patients than in con-
trols. However, those results were not statistically significant
and EBV was detected with greater frequency in controls (62).

One placebo-controlled study of the antiviral drug
valcyclovir found no beneficial effect for it in MS (77).
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A subgroup analysis of a small number of patients with
high MRI activity suggested reduced subsequent MRI
activity in the valcyclovir-treated patients compared with
placebo-treated patients (77). Further study of this obser-
vation may be warranted (78). If a herpes virus is iden-
tified as the cause of MS, the choice of antiviral therapy
is not as simple as might be expected. Effective therapy
could require specificity for virus type and strain.

Endogenous Retrovirus

Considerable interest exists in a retroviral etiology for MS
(79,80). Because HTLV-I, another retrovirus, causes an
inflammatory demyelinating myelopathy known as trop-
ical spastic paraparesis or HTLV-I associated myelopathy,
a retrovirus is a candidate pathogen in MS. Additional evi-
dence that retrovirus can cause CNS demyelination comes
from a neurologic disease of sheep, visna, which is caused
by a lentivirus (81–83).

Human endogenous retrovirus (HERV-W) is a fam-
ily of endogenous retroviruses whose members may have
the capacity to alter gene function and thereby influence
disease course (84). MSRV can be isolated as retrovirus-
like particles from patients. The HERV-W sequences are
located on at least 11 human chromosomes (85–88). One
sequence is on chromosome 14 in the region of the T-
cell receptor a-gene (86).

MSRV may have a role in the pathogenesis of MS
(86–88). MSRV peptides have been detected in CSF (88).
Virus-specific RNA was found in the sera of MS patients
(89). A recent investigation found extracellular RNA in
peripheral blood encoding the MSRV-pol gene in 25 of 25
MS patients and 3 of 25 control individuals (90). MSRV
expression in inflammatory brain diseases might be
increased by the presence of activated macrophages (91).
A specific haplotype of the putative autoantigen appears
to confer risk for the development of MS regardless of
HLA-DR type (92,93). A CD4� T-cell–mediated immune
response to HERV peptides was found in acute but not
in stable MS (94). In addition, endogenous retrovirus may
contribute to the death of oligodendrocytes (95) by pro-
ducing gliotoxins or by other mechanisms (16).

Circumspection is advisable before assigning a role
for MSRV in the pathogenesis of MS. For example, other
investigators examined the possibility of a retroviral eti-
ology and found no evidence for reverse transcriptase in
the CNS of MS patients (96). In addition, much effort
was expended trying to confirm initially exciting results
implicating HTLV-1, with the ultimate consensus that this
retrovirus is not involved in MS (97,98).

Coronavirus

Coronaviruses were recovered from MS brains by intrac-
erebral injection of mice without antibody to known

pathogens. This agent has not received consistent inde-
pendent confirmation through isolation in other labora-
tories. The likelihood is high that these viruses were con-
taminants (99). Of interest are subsequent studies showing
that coronaviruses may infect and cause demyelination
in the primate brain (100–102). One report found coro-
navirus RNA and antigen in the MS brain, but another
study did not (103). Further, no significant difference
between MS patients and control was found with regard
to the presence of coronavirus RNA (104).

Other Viruses

A number of other infectious agents ranging from rabies
virus to primate viruses and tick-borne encephalitis
virus have been reported in different contexts (4,105)
(Table 8.1). These are largely sporadic reports, with-
out substantial confirmatory findings in other labora-
tories. For example, JC virus DNA was detected in the
CSF of MS patients in one study, but that finding was
not confirmed in another investigation (106,107).

Nonviral Agents

The interesting studies associating Chlamydia pneumoniae,
an obligate intracellular pathogen, with MS are discussed
in Chapter 9. There is considerable controversy among
investigators studying this organism and its relation to MS.
Of particular importance is the finding that the nucleic acid
of this organism can be detected in MS CSF, and under spe-
cific conditions the organism also can be cultured from the
CSF (108). Contradictory results have been reported by
different groups of investigators, and it is clear that estab-
lishing standards for the detection of the nucleic acid and
culture of the organism is essential (109,110). Establishing
these findings as specific for MS and determining whether
they occur at the onset of the disease or in the early stages
of the disease are major goals of ongoing research. The
demonstration of adsorption of CSF oligoclonal bands
from MS patients by the C. pneumoniae–specific antigens,
including the elementary body, is an important observa-
tion (111) (Figure 8.1). The magnitude of the adsorption
seems to be very significant in many patients (discussed in
Chapter 9). The adsorption of pathogen-specific antibod-
ies from the CSF of patients with chronic CNS infections
has been observed in several other diseases and, hence, may
be a major confirmatory observation in the MS patients.
Other investigators have found some adsorption of MS
CSF immunoglobulins with C. pneumoniae antigen but
questioned whether the quantity and affinity of the anti-
bodies are of the magnitude seen in other CNS infectious
disorders (112). It would be of particular interest to deter-
mine whether there is significant intrathecal synthesis of
immunoglobulins specific for C. pneumoniae. Current clin-
ical trials are using antibiotic therapy directed against this
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agent. These trials, if successful, would provide strong sup-
portive evidence of a role for this human pathogen.

CONCLUSION

Over the past three decades, many infectious agents have
been proposed as pathogens producing MS. However,
essentially all of the attempts to associate specific

pathogens with MS have been marred by inconsistency
in the data from laboratory to laboratory and by the
absence of a systematic approach to the problem. Trans-
mission of demyelinating disease to an animal will be dif-
ficult and might require a transgenic animal expressing
human receptors for a pathogen. It is probable that we
will never be able to fulfill Koch’s postulates regarding MS
(113,114). Nonetheless, it will be of critical importance
to consider criteria that might be used to establish the role
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TABLE 8.4
Criteria for Establishing the Role of a Virus or Pathogen in Multiple Sclerosis

CRITERIA PATHOGEN

HHV-6 EBV MSRV CP
Reproducible detection by multiple laboratories ? ? ? ?
Pathogen-specific humoral immune responses + + ND +
Pathogen-specific immune response + + + ND
Detection of viral nucleic acid in the CSF + + + +
Detection of viral nucleic acid in MS lesions + ND ND ND
Pathogen cultured from the CSF ND + ND +
Pathogen cultured from the brain ND ND ND ND
Pathogen isolated from demyelinating but not ND ND ND ND
from control regions

Transmission of disease to experimental animals* ND ND ND ND
Effective and specific antimicrobial treatment ND ND ND ND

* Successful transmission to an animal model depends heavily on species specificity of the pathogens.
CP, Chlamydia pneumoniae; CSF, cerebrospinal fluid; EBV, Epstein-Barr virus; HHV-6, human herpes virus-6; MSRV, MS-associated

retrovirus; MS, multiple sclerosis; ND, not determined; +, positive findings.

FIGURE 8.1

Isoelectric focusing gel of CSF immunoglobulins from three
patients adsorbed against pathogen-specific antigens. The first
patient is a control with CNS vasculitis, and CSF immunoglob-
ulins are not adsorbed by HSV-1, measles virus, or EB/Cpneum.
The second patient has MS (Utah-MS) with partial adsorption
of CSF immunoglobulins by EB/Cpneum but not by BSA,
measles virus, or HSV-1. Another patient with MS (Vandy MS)
shows dramatic adsorption of immunoglobulins by EB/Cpneum
and no adsorption with BSA or the viral antigens.

From Sriram and Rose, unpublished data. BSA, bovine
serum albumin; CNS, central nervous system; CSF, cere-
brospinal fluid; EB/Cpneum, elementary bodies from Chlamy-
dia pneumoniae; HSV-I, herpes simplex virus-I; MS, multiple
sclerosis.



of a given virus or pathogen in disease pathogenesis.
Potential criteria and their applications to current candi-
date agents are listed in Table 8.4. Assessing the candidate
pathogens in the context of these criteria will help to
define their validity in MS. For example, simply detect-
ing an elevation of immunoglobulins to a pathogen in sera
will not suffice. Nonspecific elevations might occur as a
result of altered immune responses in MS patients or as
the result of nonpathogenic viral reactivation. As the field
evolves, the application of these criteria will help to sep-
arate pathogenesis from epiphenomenon.

Our current knowledge indicates that MS is a mul-
tifactorial condition, with environmental, genetic, and
immunologic components. The disorder is heterogeneous
in its clinical course, pathology, and response to treat-
ment. Thus, when diagnosing a patient as having MS, we
may be dealing with any of several discrete disease enti-
ties. Many other possible factors also come into play. For
example, the interaction of two different viruses or
pathogens might be required to produce disease in some
patients. In this setting, an ordinarily latent virus could
become pathogenic in environments altered by a second
infection. This sort of interaction could be extremely dif-
ficult to detect. Further, MS could be caused by one or
more undescribed viruses not amenable to current meth-
ods of isolation.

To establish the role of a pathogen, it will be neces-
sary to investigate larger populations of patients and nor-
mal and other disease patient controls to determine the
specificity of immunologic and molecular biologic evi-
dence of infection. The MS patient should be investigated
before receiving immunomodulatory or immunosup-
pressive treatments. In addition, patients treated with
these therapies will need special controls if they are
included in studies attempting to find pathogens. The use
of standardized techniques for measurement of antibody
titers and performance of PCR will ensure reproducibil-
ity of the findings in other laboratories. For detection of
viral DNA in CSF, all cells should be eliminated to pre-
vent contamination from peripheral cells infected with
the virus. At present, no virus or combination of viruses
has been definitively associated with MS, and much work
needs to be done before such an association can be
proven.
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ultiple sclerosis (MS) is the most
common demyelinating disease in
humans. It is considered to be an
autoimmune disease of the central

nervous system (CNS) characterized by inflammatory
demyelinating lesions that coalesce into large plaque
regions within white matter. Contrary to the autoimmune
nature of MS, epidemiologic studies have pointed to a
viral or microbial infection as the etiology (1). Risk of MS
increases as the distance from the equator increases.
Migration studies of individuals moving between high-
risk and low-risk areas have found that individuals carry
the risk of the area from which they migrated if the indi-
vidual moves after age 15 years. However, they acquire
the risk of the new area to which they migrated if the indi-
vidual moves before age 15 years (2) (Figure 9.1). Such
epidemiologic studies have suggested that exposure to an
agent or repeated infections before puberty contributes to
MS in high-risk areas or protects against MS in low-risk
areas. Also in support of a role for an infectious agent in
MS, epidemiologic studies of isolated populations with
no reported cases of MS found an initial wave of MS fol-
lowed by secondary cases arising in small epidemics after
contact with Europeans or North Americans (3). There
has also been a correlation between viral infections and
the exacerbation of MS (4–7). Lastly, in contrast to many
other autoimmune diseases, such as diabetes, arthritis,

and thyroiditis, MS occurs only in humans, with no nat-
urally occurring animal counterpart. This suggests a
pathogen with a limited host range as the cause of MS.

Over the past 100 years, viruses have been suggested
to be the cause of MS, yet no single virus has been iden-
tified as the causative agent. Table 9.1 lists viral or prion
agents including rabies virus, several members of the her-
pesvirus family, several members of the paramyxovirus
family, and retroviral agents recently from MS tissue
(8–12).

Viral infections can cause demyelinating disease (8).
Current animal models for viral-induced demyelinating
disease are listed in Table 9.2. Infection can result in focal
areas to large plaques of demyelination. Due to the sim-
ilarities between these viral-induced demyelinating dis-
eases and MS, many of these animal infections have been
used as models to study MS. Some of the similarities
between MS and these experimental animal models fol-
low: (1) genetic susceptibility plays a role in the develop-
ment of MS and virus-induced demyelination; (2) MS can
be of the relapsing–remitting type or the progressive type,
and animal models are now available that display a
relapsing–remitting or a progressive course of disease; and
(3) similarities in neuropathology.

The primary target in MS is thought to be the oligo-
dendrocyte, which forms myelin in the CNS. White mat-
ter inflammatory demyelinating lesions with glial scarring
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characterize the neuropathology of MS (13). The lesions
are multifocal in time and space, appearing in the optic
nerve, brainstem, spinal cord, and periventricular white
matter. These lesions could be the result of an immune
response recognizing viral determinants in infected oligo-
dendrocytes and killing these infected cells or by lym-
phocytes producing oligodendrocyte toxic factors such as
tumor necrosis factor (TNF) or lymphotoxin that lead to
oligodendrocyte death. Multiple pathologic mechanisms
may lead to myelin destruction, resulting in the charac-
teristic white matter plaques.

BACKGROUND

Theiler’s Murine Encephalomyelitis Virus (TMEV)

TMEV was isolated from the CNS of mice with sponta-
neous flaccid paralysis of the hind limbs (14,15). This
virus was found to be a naturally occurring enteric
pathogen of mice (16). Demyelination during TMEV
infection was first reported by Daniels et al. (17). Little
notice was paid to this animal model for demyelination
until Lipton described a biphasic disease leading to
demyelination (18). TMEV has been divided into two
subgroups based on neurovirulence. The Theiler’s Orig-
inal (TO) subgroup, which includes the DA, TO, WW
and BeAn strains, among others, causes an acute

encephalomyelitis followed by CNS demyelination and
viral persistence. The GDVII subgroup, which includes
the GDVII and FA strains, causes an acute fatal polioen-
cephalomyelitis (19). Infection of mice with strains from
the TO subgroup is a favored animal model for MS (20).

TMEV belongs to the family Picornaviridae, genus
Cardiovirus. TMEV is a nonenveloped, positive sense,
single-stranded RNA virus with a genome of approxi-
mately 8100 nucleotides (Figure 9.2). A small virally
encoded protein, VPg, is covalently bound to the viral
RNA at the 5' end, and the 3' end of the genome is
polyadenylated. The viral RNA is first translated into a
single large precursor polyprotein that is posttransla-
tionally cleaved by a virally encoded protease into var-
ious structural capsid proteins, VP1–4, and at least six
nonstructural proteins. A virally encoded polymerase
allows for the replication of negative sense RNA from
the viral genome and subsequent replication of addi-
tional positive sense RNA, which in turn is incorpo-
rated into viral capsids leading to infectious virus prog-
eny (21). Viruses of both subgroups, although different
in biological activity, are 90 percent identical at the
nucleotide level and 95 percent identical at the amino
acid level (22). The receptors used by TMEV to enter
cells are not known, although P0 may be a receptor
used outside the CNS (23).

The ability of TMEV to cause disease in mice and
the characteristics of the disease depend on the strain
(24), sex (25), and age (26,27) of the mouse and on the
dose and strain of the virus. C57BL/6 and BALB/c mice
are resistant to infection with TMEV, whereas SJL/J mice
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TABLE 9.1
Viruses Recovered from Patients 

with Multiple Sclerosis*

AGENT YEAR

Rabies virus 1946
Herpes simplex virus, type 2 1964
Scrapie agent 1965
MS-associated agent 1972
Parainfluenza virus, type 1 1972
Measles virus 1972
Simian virus-5 1978
Chimpanzee cytomegalovirus 1979
Coronavirus 1980
SMON-like virus 1982
Tick-borne encephalitis flavivirus 1982
Human T-cell lymphotrophic virus, type 1 1986
LM7 (retrovirus) 1989
Herpes simplex virus, type 1 1989
Human herpesvirus-6 1994

*Adapted from Viral Infections of the Nervous System. New
York: Lippincott-Raven; 1998.

MS, multiple sclerosis; SMON, subacute myelo-
opticoneuropathy.

FIGURE 9.1

MS migration studies. Migration after age 15 years results in
retaining the risk of the region from which has moved. Migra-
tion before age 15 years results in acquiring the risk of the
region to which has moved. MS, multiple sclerosis.



are susceptible (24). Resistance maps genetically to the
H-2D region (28,29), to the constant-region �-chain
gene locus of the T-cell receptor (30), and a locus on
chromosome 3 (31).

The demyelination induced by infection of a sus-
ceptible strain of mouse with the DA strain of TMEV is
characterized by destruction of the myelin sheaths with
relative sparing of the axons (32), although axonal loss
has been associated with progressive disease (33). Virus
persists and can be localized to neurons (34), oligoden-
drocytes (35), astrocytes (36), and microglia/macrophages
(37). The clinical symptoms of weakness of the extremi-
ties, spasticity, incontinence, and eventual paralysis are
very similar to what is seen in MS (18).

Mouse Hepatitis Virus (MHV)

MHV was isolated from the CNS of mice with sponta-
neous paralysis of the hind limbs (38). This virus was
found to cause demyelination during infection (38,39).

A systematic study of the ability of MHV to produce
demyelination was performed by Weiner (40). MHV was
found to be a naturally occurring respiratory or enteric
pathogen of mice (41). Infection of mice with neuroad-
apted strains of MHV is a favored animal model for MS.

MHV belongs to the family Coronaviridae, genus
Coronavirus. MHV is an enveloped, positive sense, single-
stranded RNA virus with a genome of approximately
31000 nucleotides (Figure 9.3). The 5' end is capped and
the 3' end is polyadenylated. The viral RNA is first trans-
lated into a virally encoded polymerase. The virally
encoded polymerase allows for the replication of negative
sense RNA from the viral genome and subsequent repli-
cation of additional positive sense RNA, which in turn is
incorporated into infectious virus progeny. The negative
sense RNA acts as a template for the synthesis of a 3' coter-
minal nested set of subgenomic mRNAs by means of a
process of discontinuous transcription. Each of these
mRNAs has a leader sequence that corresponds to the viral
5' terminus. These subgenomic mRNAs encode the struc-
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TABLE 9.2
Animal Models of Demyelinating Diseases*

VIRUS FAMILY VIRUS HOST ANIMAL

Papovavirus SV40 Monkeys
Coronavirus MHV Mice

Rats
Picornavirus TMEV Mice

Encephalomyocarditis virus Mice
Rhabdovirus Chandipura virus Mice

Vesicular stomatitis virus Mice
Togavirus Semliki Forest virus Mice

Venezuelan equine encephalitis virus Mice
Ross River virus Mice

Paramyxovirus Canine distemper virus Dogs
Lentivirus Visna virus Sheep

Caprine arthritis–encephalitis virus Goats

*Adapted from Viral Infections of the Nervous System. New York: Lippincott-Raven; 1998.
MHV, mouse hepatitis virus; SV40, simian virus-40; TMEV, Theiler’s murine encephalomyelitis virus.

FIGURE 9.2

TMEV genome. Structure of the TMEV RNA and cleavages to the polyprotein producing the viral proteins. Adapted from Fields
Virology. New York: Lippincott-Raven; 1996:609–654. L, leader sequence; P1–3, proteins 1 to 3; Poly A, polyadenylated tail;
TMEV, Theiler’s murine encephalomyelitis virus; UTR, untranslater region; VP1–4, capsid proteins 1 to 4; VPg, virally encoded
protein.



tural and nonstructural viral proteins. The viral genomic
RNA is associated with the nucleocapsid protein within
the virion. The nucleocapsid is surrounded by a host
cell–derived envelope that contains three virally encoded
proteins: spike protein (S), membrane or matrix protein,
and the small membrane protein. Some MHV strains also
encode the hemagglutinin-esterase protein, which is also
embedded in the envelope. Nonstructural proteins, includ-
ing the polymerase and two proteases, are encoded by the
remainder of the MHV genome (42). The receptor used by
MHV to enter cells is a cell surface molecules of the bil-
iary glycoprotein and carcinoembryonic family (43).

The ability of MHV to cause disease in mice and
the characteristics of the disease depend on the strain and
age of the mouse (44) and the dose, route of inoculation,
and strain of the virus. BALB/c and C57BL/6 mice
develop fatal encephalitis with infection with the JHM
strain of MHV. Rare survivors develop a chronic
demyelinating disease (45). In contrast, SJL/J mice are
resistant to the development of encephalitis and demyeli-
nating disease due to a polymorphism in the receptor
(43). Many neuroattenuated strains of MHV do not
cause a fatal encephalitis but do cause chronic demyeli-
nation (45).

Chronic demyelination induced by infection of a sus-
ceptible strain of mouse with MHV is characterized by
destruction of the myelin sheaths with sparing of the
axons (46). Virus can be localized to neurons, oligoden-
drocytes, astrocytes, and microglia and macrophages (46).
The clinical symptoms are incoordination and the devel-
opment of hind limb paralysis and, in some animals,
tetraplegia (41,45).

IMMUNE RESPONSE AND
IMMUNOPATHOLOGY

A key element in the development of demyelination
appears to be viral persistence. The level of virus or viral
products is proportional to the amount of demyelination
and clinical disease. Demyelination could occur by means
of four different mechanisms (Table 9.3) or a combina-
tion of any of the four (47).

The immune response to viral infection of the CNS
may contribute to the pathogenesis of demyelination in
TMEV and MHV infections. One means to study the
role of the host immune system in viral-induced demyeli-
nation is to infect immunodeficient mice. Nude mice,
partially immunodeficient, and severe combined immun-
odeficient (SCID) mice, profoundly immunosuppressed,
have been used for this purpose. Another means to study
the role of the host immune system in viral-induced
demyelination is to infect immune knockout mice. When
considering the immune system, one also must consider
the major histocompatibility complex (MHC) class I and
II molecules and the role, if any, they play in viral-
induced demyelination.

TMEV—Nude and SCID Mice

The role of the immune system in demyelination has been
studied for TMEV infection. Intracranial inoculation of
immunocompetent susceptible mice with the DA strain of
TMEV resulted in demyelination apparent at 1 month
postinfection. Intracranial inoculation of nude mice with
DA virus resulted in demyelination apparent as soon as
7 days postinfection (48–50). In addition, intraocular and
intravenous inoculations of nude mice with the DA strain
resulted in demyelination 3 weeks postinfection (51). The
data suggest that the immunocompetent mice are pro-
tected against demyelination during the acute phase of
infection by the immune system and that the route of

EXPERIMENTAL ASPECTS OF DEMYELINATION128

TABLE 9.3
Mechanisms of Demyelination

1. Direct viral lysis of infected oligodendrocytes (cells
myelinate axons in the central nervous system)

2. Direct immune response against infected oligodendro-
cytes

3. Autoimmune response against uninfected oligoden-
drocytes triggered by infection

4. Indirect nonspecific bystander immune response in
vicinity of infection

FIGURE 9.3

MHV genome. Structure of the MHV RNA and open reading frames encoding the viral proteins. Adapted from Fields Virology.
New York: Lippincott-Raven; 1996:1075–1093. 1–7, open reading frames 1 to 7; E, virally encoded small membrane protein; HE,
hemagglutinin-esterase protein; L, leader sequence; M, virally encoded membrane or matrix protein; MHV, mouse hepatitis virus;
N, nucleocapside protein; Poly A, polyadenylated tail; S, spike protein.



inoculation in the immunodeficient mice affects the time
required for the development of lesions but not the dis-
tribution of the lesions.

Intracranial infection of SCID mice resulted in death
17 days postinoculation, without clearance of the virus
and without demyelination (52). Adoptive transfer of
splenocytes from immunocompetent resistant mice to
SCID mice produced results based on the number of
splenocytes transferred. If too few cells were transferred,
the mice died from the lethal challenge without demyeli-
nation. If 1.8 to 7.5 � 106 cells were transferred, per-
sistence of the virus within the white matter of the spinal
cord and demyelination resulted. If too many cells were
transferred, the virus was cleared without demyelination.
Demyelination appeared to depend on a critical balance
between persistent viral infection and lymphocytes.
Adoptive transfer of splenocytes from SCID mice to SCID
mice resulted in the death of the mice from the lethal chal-
lenge. This finding indicated that T- and B-cells are
required for protection and that macrophages and natu-
ral killer cells, normally present in SCID spleens, are not.
If the splenocytes from the immunocompetent resistant
mice, at concentrations that protect against demyelina-
tion, were depleted of CD4� or CD8� T-cells, demyeli-
nation occurred subsequent to their transfer into SCID
mice. The lesions were more severe if the splenocytes were
depleted of CD4� T-cells, suggesting that CD8+ T-cells
may be particularly effective in promoting demyelination.
Depletion of CD4� and CD8� T-cells resulted in death
from the lethal challenge, thus confirming the protection
by T-cells.

The roles of MHC class I and II molecules have been
studied for TMEV infection. The role of MHC class I
molecules remains controversial due to conflicting
reports. MHC class I expression persisted in the CNS of
susceptible mice throughout the chronic demyelinating
disease but returned to normal undetectable levels by 28
days postinfection in resistant mice (53). This upregula-
tion of class I was mediated by interferon-�/� and not
by the direct effect of TMEV infection (54). SCID mice
expressed class I in the CNS after infection, so functional
T- or B-cells are not required for this upregulation (54).
Class I–restricted CD8� cytotoxic T lymphocytes were
TMEV specific at 7 days postinfection in resistant but not
in susceptible strains of mice (55). The susceptible mice
have cells that are cytotoxic; they are just not virus spe-
cific (55). Thus, the TMEV-specific cytotoxic T-cells may
play a role in the clearance of the virus, and the
non–virus-specific cytotoxic T-cells may play a role in
demyelination. In contrast, demyelination can occur in
MHC class I knockout resistant mice that lack functional
CD8� T-cells (56). Demyelination was observed in resist-
ant CD8 knockout mice, and demyelination similar to
that in controls was observed in susceptible CD8 knock-
out mice (57,58). However, demyelination was partly

suppressed in susceptible mice treated with anti-CD8
antibodies (59).

As with MHC class I molecules, there are conflict-
ing reports for MHC class II molecules. MHC class II
molecules are induced on astrocytes during TMEV infec-
tion (60). In contrast, demyelination can occur in MHC
class II knockout resistant mice that lack functional
CD4� T-cells (61). Demyelination was observed in resist-
ant CD4 knockout mice, and severe demyelination as
compared with control mice was observed in susceptible
CD4 knockout mice (57,58). However, demyelination
was partly suppressed in mice treated with anti-MHC
class II antibodies (62,63).

Taken together, these data suggest that CD8� (class
I restricted) and CD4� (class II restricted) T-cells con-
tribute to virus-induced demyelination but that neither is
individually absolutely necessary for demyelination to
occur. Demyelination may be promoted by either T-cell
population, independently, in the presence of virus, or
some other factors may mediate demyelination.

MHV—Nude and SCID Mice

The role of the immune system in demyelination has been
studied for MHV infection (64). Intracranial infection
of immunocompetent susceptible mice with a neuroat-
tenuated MHV strain resulted in clearance of virus and
demyelination. Intracranial inoculation of nude mice with
a wild-type MHV strain resulted in incomplete clearance
of virus and demyelination. However, intracranial infec-
tion of SCID mice resulted in death 12 days postinfection
without clearance of the virus and without demyelina-
tion. Further, clearance of virus and demyelination
resulted from the adoptive transfer of splenocytes from
immunocompetent susceptible mice to SCID mice. An
immunologic basis for viral-induced demyelination is
supported by these studies, and the immune system com-
ponents required for demyelination may be separate from
those required for viral clearance. Conventional T-cells
do not appear to be required for demyelination, as shown
by the presence of demyelinating disease in nude mice;
therefore, �-� T-cells, natural killer cells, and cytokines
may participate in the demyelination process (64). How-
ever, conventional CD4� and CD8� T-cells have been
shown, through the use of an adoptive transfer model,
to be independently capable of producing MHV-induced
demyelination, although neither subset is required for
demyelination (65).

The roles of MHC class I and II molecules have been
studied for MHV infection. Similar to the role of MHC
class I in TMEV infection, the role of MHC class I
remains controversial in MHV infections due to con-
flicting reports. Class I expression on astrocytes
increased when primary cells were infected, decreased
when cells were persistently infected, and showed no
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expression when cells were taken from chronically
infected mice experiencing demyelinating disease
(66–68). Demyelination occurred in mice that lacked
functional CD8� T-cells or the stable expression of MHC
class I (64,69), which is in agreement with the adoptive
transfer model showing no requirement for CD8� T-cells
in demyelination (65).

As with MHC class I, the expression of MHC class
II increased with infection of astrocytes with MHV; how-
ever, demyelination can occur in MHC class II-deficient
mice (64,70), which is in agreement with the adoptive
transfer model showing no requirement for CD4� T-cells
in demyelination (65). Thus, the resulting MHV-induced
demyelination may be controlled by genes other than
MHC classes I and II.

CD4 versus CD8—Protection and Clearance

The host immune system plays an important role in pro-
tection against and clearance of the infecting virus. In
TMEV infection, cellular immune responses play a role
in viral clearance. Lindsley and Rodriguez suggested
that CD8� T-cells play a critical role in clearance of the
virus in resistant mice (71). They found that CD8� T-
cells accumulate in the CNS of resistant mice, at approx-
imately 7 days postinfection, and that very few CD8+ T-
cells accumulate in susceptible mice before 14 days
postinfection. The inability of the susceptible mice to
clear the virus may result in viral persistence and
demyelination. Mice depleted of T-cells by the admin-
istration of anti-CD3, anti-CD4, or anti-CD8 mono-
clonal antibodies at the time of infection were unable to
clear the virus and succumbed to the viral infection
(59,72–74). CD4 or CD8 knockout mice in a resistant
or susceptible background were unable to clear the
virus, and a persistent infection and demyelination
resulted (57,58). Also, adoptively transferred CD8� T-
cells from resistant mice conferred resistance to sus-
ceptible strains of mice (75).

In MHV infection, whole-body irradiation of sus-
ceptible mice prevented viral clearance and confirmed
the role of the host immune system in the reduction of
viral replication; there was a reduction in viral titer in
nonirradiated mice after 7 days postinfection, although
the response was too late to prevent death (76). Virus-
specific CD4� or CD8� T-cells do not effectively clear
the virus while protecting the mice against a lethal chal-
lenge; however, virus-specific CD4� and CD8� T-cells
together did protect mice and clear the virus (47).  Mice
deficient in CD4� or CD8� T-cells were unable to clear
virus and succumbed to the lethal challenge (76,77).
Clearance of virus appeared to be mediated by CD8�

T-cells in a CD4� T-cell–dependent fashion (76). Thus,
protection against a lethal challenge with MHV and
clearance of virus seem to be independent.

Antibodies—Protection 
and Clearance

Humoral immunity plays a role in protection against and
clearance of the infecting virus. Antiviral antibodies
might control virus infection by binding to the virus and
thus directly inactivating the virus or activating the clas-
sic complement pathway. Another mechanism for anti-
body control of infection is antibody-dependent cell-
mediated cytotoxicity. However, antibodies also may be
involved in generating the demyelination seen with virus
infection.

TMEV-infected susceptible mice show increased
immunoglobulin (Ig) in the cerebrospinal fluid, which
was directed against virus (78). Knockout mice deficient
in antibody production succumbed to the lethal challenge
with TMEV infection (79). Depletion of Ig by anti-IgM
antibodies or expression of the xid gene mutation
increased demyelination in susceptible mice (80). Com-
plement depletion of susceptible mice also increased
demyelination (78). These results support a role for anti-
body and complement in clearance of virus in TMEV
infection.

Yamada et al. generated a neutralizing monoclonal
antibody to TMEV that showed specificity for oligoden-
drocytes and myelin structures (81). This antibody dis-
played an in vivo demyelinating effect. Also, the sera of
mice chronically infected with TMEV had antibody with
the same specificity as the monoclonal antibody. Thus,
antibody to virus can augment demyelination in vivo, and
antibody produced in mice may actively take part in the
process of TMEV-induced demyelination.

In MHV infection, antiviral antibodies to the three
viral structural proteins do not effectively clear the
virus, resulting in a persistent CNS infection while pro-
tecting the mice from a lethal challenge (47). Immu-
nization with a recombinant Vaccinia virus producing
the S protein of MHV induced neutralizing antibodies
specific for S protein (82). Subsequent challenge with
MHV at 7 days postimmunization, at a time before the
appearance of the S-specific antibodies, cleared the
virus, with no demyelination. However, challenge with
MHV at 21 days postimmunization, at a time when the
production of S-specific antibodies has peaked, cleared
the virus but left extensive demyelination. Thus, anti-
bodies specific for virus appear to protect against lethal
challenge and contribute to demyelination. These results
are supported by work with recombinant tobacco
mosaic virus producing epitopes of the S protein of
MHV, which induced neutralizing antibodies that pro-
tected mice against a lethal challenge with MHV (83).
Also, antiviral antibodies controlled the recurrence of
infectious MHV during persistent CNS infection as seen
by the reemergence of virus within the CNS of B-
cell–deficient mice (46,84).
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CONCLUSION

Although not perfect, TMEV and MHV infections of the
mouse are reasonable models for MS (Table 9.4). The
TMEV and MHV models are good for the study of the
pathogenic mechanisms of virus-induced demyelinating
disease. The viral-induced demyelination observed in these
infections resembles the demyelination seen in MS patients.
The clinical symptoms observed in TMEV- and MHV-
infected mice mirror some of the symptoms observed in
MS patients. The host immune system contributes to the
demyelination that results from TMEV and MHV infec-
tion in a manner similar to the demyelination seen in MS
patients. In addition, virus infections may play a role in
MS, as shown by the exacerbation of symptoms with viral
infection and the epidemiologic data suggesting a viral
cause of MS. Through the study of viral-induced demyeli-
nation by TMEV and MHV, insights might be gained into
the mechanisms of demyelination in MS.
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ultiple sclerosis (MS) is the most
common inflammatory disease of
the central nervous system (CNS)
in the Western world; although an

infectious cause has been repeatedly proposed, iden-
tifying a specific infectious agent has been difficult (1).
The interest in pursuing a viral etiology for MS is due
to known viral associations with other CNS demyeli-
nating disorders (2). These include progressive multi-
focal leukoencephalitis, human immunodeficiency
virus, and human T-lymphotropic virus-1. These
viruses also have known tropisms to the CNS white
matter, periods of clinical latency, and at times a
relapsing and remitting course. Despite the precedence
of these agents and the clinical disorders they result in,
the isolation of a virus has not met with success in MS,
and this area of research has been one of many mis-
steps and disappointment. We recently proposed that,
even though an infectious theory of MS is the most
likely explanation for the geographic distribution of
the disease and the presence of epidemics in certain iso-
lated regions of the world, other nonviral infectious
agents need to be included in the search (3). In this
chapter we describe the role of Chlamydia pneumo-
niae and other chlamydial species in various diseases,
the association of C. pneumoniae infection and MS,
and the underlying mechanisms of how C. pneumoniae
may trigger MS.

BIOLOGY OF 
CHLAMYDIAL INFECTION

Chlamydia belongs to a genus of intracellular organisms
that are pathogenic to humans and other vertebrates (4).
Chlamydia has a unique life cycle with multiple forms that
are functionally and morphologically distinct (5,6). The
extracellular form, the elementary body (EB), is infectious
and metabolically inactive. After endocytosis, EBs differ-
entiate into the reticulate body, which replicates by binary
fission. Four species are known (C. pneumoniae, C. psit-
tacci, C. trachomatis, and C. pecorum) and of these, C.
pneumoniae is pathogenic to humans and are distributed
worldwide (1).

In most instances, C. pneumoniae causes a self-lim-
iting disease of the respiratory tract. More recently, C.
pneumoniae infections have been thought to play a role
in such diverse diseases as reactive arthritis, atheroscle-
rosis, Alzheimer disease (AD), and MS (7–11). Chlamy-
dia pneumoniae infects and replicates within macro-
phages and monocytes, endothelial cells, and vascular
smooth muscle cells. Because these cell types are widely
distributed, infection and disease ensuing from the infec-
tion may occur in many organ systems. Chlamydia pneu-
moniae is a ubiquitous respiratory agent, and serocon-
version begins as early as age 4 years and by the sixth
decade of life more than 70 percent of individuals show
seropositivity (11). Dissemination of the organism after
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upper respiratory infections is common, and infection in
circulating monocytes is seen in a large number of healthy
individuals (12). Chlamydophila of all species are capa-
ble of entering a cryptic phase of quiescence and may live
in “hibernation” for extended periods (13).

Mechanisms by which Chlamydia causes disease
are not precisely known. The mechanism of tissue injury
in all Chlamydia-related diseases appears to be immune
mediated, and although the exact mechanisms remain
unresolved it clearly involves a close interplay between
the host and the pathogen. The recognition of an invad-
ing organism by the host leads to the initiation of imme-
diate (innate) and late (adaptive) immune responses.
Unlike other gram-negative bacteria, the ability of
chlamydial lipopolysaccharide (LPS) to trigger the
innate immune response and signal the danger of an
invading host is weak (14). However, Chlamydia does
possess a family of outer membrane proteins that are
recognized by the host, leading to the activation of an
immediate inflammatory response. It is believed that
these signals are mediated by toll-like receptors (TLR)
on macrophages and other antigen presenting cells.
These receptors are phylogenetically conserved proteins
and were first discovered as a host defense mechanism
in Drosophila (15,16). As a consequence of TLR acti-
vation, rapid induction of proinflammatory cytokines
occurs as a means to deter entry of the organism. This
is the first line of defense but it is often insufficient to
eradicate the organism. Once Chlamydia enters the con-
fines of the host cell, it is beyond the reach of circulat-
ing antibodies. It is for these reasons that the develop-
ment of an adaptive immune response (cellular
immunity) is likely to play an important role in the long-
term immune surveillance of the organism.

The development of an adaptive immune response
depends on the activation and expansion of antigen-
primed T-cells. In chlamydial infections these have
involved priming of CD4� and CD8� T-cells (17). The
mechanisms by which antigen-activated T-cells contain
systemic infection with C. pneumoniae are unclear, but
they are likely to involve the development of cytolytic T-
cells. Studies in mice that lack CD8� or CD4� T-cells
have shown that both cell types acting independently play
a role in the clearance of the organism. Another poten-
tial mechanism to regulate C. pneumoniae is the induc-
tion of cytokines such as �-interferon and tumor necro-
sis factor (TNF) by antigen-activated T-cells that impede
the replication of the organism. �-Interferon upregulates
indoleamine 2,3-deoxygenase, leading to the depletion of
tryptophan, an important nutrient for Chlamydia. In
addition, �-interferon induces nitric oxide synthase that
also inhibits the replication of Chlamydia (18,19).

Because cellular immunity is an important means
to contain chlamydial infections, the pathology of acute
and chronic infections is inflammatory in nature. It is

believed that tissue persistence of Chlamydia is respon-
sible for many chronic infections in humans and ani-
mals, including chronic obstructive pulmonary disease,
atherosclerosis and asthma (4,20). Chlamydia tra-
chomatis infection of the eye causes trachoma, which
is characterized clinically by periodic exacerbations and
remissions, with progression of inflammation to even-
tual conjunctival and corneal scarring and, hence, blind-
ness (4,20,21). During the quiescent phase of the dis-
ease, C. trachomatis can be demonstrated in tissues in
the absence of inflammation. A similar process with C.
trachomatis involving the genital tract is the most likely
cause of chronic pelvic inflammatory disease and infer-
tility. In cattle, C. psittacci can cause chronic infections
of the lungs, mammary glands, and genital tract. There-
fore, C. pneumoniae infection of the CNS could lead
to a state of persistent infection and tissue injury result-
ing from the periodic activation of the intracellular
pathogen. Because C. pneumoniae is a common respi-
ratory pathogen, reactivation or reinfection can occur
with subsequent dissemination of the organism. There
is a well-known association of the development of an
MS exacerbation after respiratory infections (22).
Whether neurologic worsening is mediated in part by
reactivation of chlamydial infection in these instances
has not been studied.

Diseases mediated by intracellular pathogens such
as Chlamydia result from shared accountability between
the host and the organism as a result of immune inter-
action. The former responds to the invading organism
by mediating a robust immune response, and the latter
uses strategies to evade and elude immune surveillance.
It is believed that tissue damage is the result of the inter-
action between the infected cell and the cellular immune
response to contain and eradicate the infection (i.e.,
direct tropism) (5). A second and perhaps equally plau-
sible disease mechanism is the development of an
autoimmune response after infection.

Acute Neurologic Syndromes Associated 
with C. pneumoniae Infection

Table 10.1, summarizes acute CNS disorders after C.
pneumoniae infections. In most instances, involvement
of the CNS and the peripheral nervous system occurs in
the context of a recent respiratory infection, with sero-
logic evidence pointing to infection with C. pneumoniae.
Clinical and radiologic studies have shown cortical and
subcortical involvement (gray and white matter) but
detailed neuropathology is lacking. In all cases reported
thus far, the acute neurologic disease has been monopha-
sic. Direct evidence of CNS infection with C. pneumo-
niae has been difficult to demonstrate. It is possible that
the neurologic involvement is due to an autoimmune
process resulting from a systemic infection.
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C. pneumoniae and Vascular Diseases

Atherosclerotic vascular disease is not mediated strictly
through metabolic disease. It is clear that local and sys-
temic inflammatory processes have a role in the progres-
sion of vascular lesions. Infectious agents may act in con-
junction with metabolic and other risk factors to mediate
systemic and cerebrovascular diseases. Chlamydia pneu-
moniae infection has been associated with cardiovascu-
lar disease. Serologic and seroepidemiologic studies have
confirmed that C. pneumoniae antibodies are seen more
frequently in individuals with coronary artery disease and
myocardial infarctions (5,10,11).

The role of C. pneumoniae in cerebrovascular dis-
ease also has been evaluated. Grayston et al. found that

37 of 61 carotid endarterectomy specimens had evi-
dence of C. pneumoniae infection by immunohisto-
chemistry. Patients with cerebral infarction or transient
ischemic attack were evaluated in another study (11,23);
46.6 percent of the patients had elevated immunoglob-
ulin A (IgA) titers to C. pneumoniae versus 23.1 percent
of control subjects. Immunoglobulin G (IgG) antibod-
ies were elevated in 24.1 percent of the patients com-
pared with 7.7 percent of the control individuals. It was
concluded that chronic infection with C. pneumoniae is
associated with an increased risk of cerebrovascular
events. The serologic pattern of elevated IgA titers and
IgG immune complexes supported the role of a chronic
persistent infection with C. pneumoniae in these
patients (24,25).
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TABLE 10.1
Acute Central Nervous System Manifestations Associated with Chlamydia pneumonia Infection

REFERENCE YEAR OF REPORT CLINICAL PRESENTATION C. PNEUMONIA SEROLOGY

50 1989 Encephalitis (3 days after the onset of IgM � 1:16–1:64
respiratory tract infection) IgG � 1:16–1:128

51 1993 Meningitis (in addition, the patient had IgM � 1:16
hepatitis, iritis, and atypical erythema IgG: 1:1024 –1:4096
nodosum; the symptoms of meningitis began 
4 days after a high temperature)

52 1994 Meningoencephalitis (10 days after the onset IgM:1:32, IgG: 1:512 on admission;
of respiratory tract infection) 4 months later, IgM: (�), IgG: 1:64

53 1996 Meningoencephalitis (5 patients), 4-fold change in C. pneumonia IgG
meningitis (4 patients), antibody titers or IgM antibodies
polyradiculoencephalitis (1 patient); (without 
other associated or causative infection)

54 2000 Meningoencephalitis (6 days after the onset  Serum IgG: 2048, IgA: 515; blood 
of respiratory tract infection) SAA of IgG antibody to C. pneumo-

nia: 100 � 10�3, intrathecal SAA of
IgG antibody to C. pneumonia:
1442 � 10�3

55 1992 Guillain-Barre syndrome (2 weeks after the IgM: 1:512 IgG: 1:16–1:512 
onset of a respiratory infection)

56 1992 Lumbosacral meningoradiculitis (10 days Serum IgM: 1:64–�1:16,; serum:CSF
after the onset of respiratory infection) antibody ratio for C. pneumonia: 1/8

57 1997 Cerebellar dysfunction (with fever and IgG: 1:16–1:128, IgM: (–), IgA: 1:64
pneumonia)

58 2000 ADEM (1 week after the onset of respiratory IgM: 1:32–1:64; Chlamydia comple- 
infection) ment binding test: positive; C. pneu-

monia DNA was positive on a tra-
cheal swab

59 2001 Encephalitis (initial presentation with fever, IgM: none detected in serum or CSF, 
lymphadenopathy, and sore throat; a few days IgG: 317 U/l enzyme immunoassay 
later became drowsy and confused and had a in serum and 16 U/l in CSF 3 weeks 
generalized seizure) after acute infection.

ADEM, acute disseminatd encephalomyelitis; CSF, cerebrospinal fluid; IgA, immunoglobulin A; IgG, immunoglobulin G; IgM,
immunoglobulin M; SAA, specific antibody activity.



C. pneumoniae and Giant Cell Arteritis

Temporal arteritis occurs as a result of an autoimmune
process in medium-sized blood vessels. Lymphocytic
infiltration is seen within the walls of the blood vessels
and the clinical symptoms respond well to steroid ther-
apy. A recent study used immunohistochemistry, poly-
merase chain reaction (PCR), or both and found that
eight of nine patients with giant cell arteritis had C.
pneumoniae (26). None of the nine control arterial sec-
tions had C. pneumoniae.

C. pneumoniae and AD

AD is largely a chronic degenerative process resulting in
neuronal death. However, cellular inflammation is seen
in areas of neuronal loss. Activated microglial cells, for-
mation of microglial nodules, and proinflammatory
cytokines are seen in AD brains. However, the role of
infections or immune processes has not been examined in
AD until recently. The first report on the association of
AD and C. pneumoniae found that 17 of 19 patients with
late-onset AD were positive for C. pneumoniae by PCR,
and only 1 was positive in 19 control brains (9). Tissue
culture, electron and immunoelectron microscopic,
immunohistochemical, and immunolabeling studies con-
firmed the presence of C. pneumoniae in the brains of
the AD patients. Similar studies in non-AD brains were
negative. Another group analyzed tissue samples of 20
AD patients with the use of nested PCR and immunocy-
tochemistry with a panel of antichlamydial antibodies and
found neither C. pneumoniae–specific DNA nor chlamy-
dial antigens (27). In that study, protocols for the PCR,
immunocytochemistry, and sample processing differed
from those of the initial study. More recent studies have
found evidence of C. pneumoniae in AD (28). The role
that C. pneumoniae may play in the neuropathology of
AD remains unclear.

EVIDENCE OF CHRONIC PERSISTENT
INFLAMMATION IN THE CNS 

OF PATIENTS WITH MS

Over the past few years, we have attempted to demon-
strate the presence of C. pneumoniae by PCR and cul-
ture in the cerebrospinal fluid (CSF) of patients with MS.
In addition, the presence of antibodies to C. pneumoniae
in the CSF indicates that an immune response occurs
within the CNS. After the identification of C. pneumo-
niae in the CSF of an individual with rapidly progres-
sive MS and his improvement after antibiotic therapy,
(29) we undertook a larger study of the association
between C. pneumoniae and relapsing–remitting and
progressive MS. Forty-seven percent of patients (8 of 17)

with relapsing-remitting MS (RRMS) were culture posi-
tive for C. pneumoniae (8). Among patients with pro-
gressive MS, 80 percent of patients (16 of 20) were cul-
ture positive. Chlamydia pneumoniae was isolated from
CSF in three other neurologic disease (OND) control
patients. One of these three patients was diagnosed with
postinfectious encephalomyelitis. The presence of C.
pneumoniae in the CNS was evaluated by PCR methods
that assayed CSF for the major outer membrane protein
(MOMP) gene of C. pneumoniae. The MOMP gene for
C. pneumoniae was amplified and confirmed in all 17
(100 percent) relapsing-emitting MS patients and 19 of
20 (95 percent) progressive MS patients versus 5 of 27
(18 percent) OND controls. One of the major issues con-
cerning the ability of other laboratories to validate our
studies has been the difference in technique in perform-
ing the PCR. In our initial study we noted the PCR results
in 33 of 37 MS patients with established MS. In a repre-
sentative sample of other neurologic disease control
patients, 25 percent of OND controls also were positive.
To establish the specificity of this study and to show that
these results did not exist only within our center, a col-
laborative study was initiated with the Carolinas Medical
Center (under Dr. Kaufman, M.D.). In that study, 52
blinded samples were obtained from patients with MS
and other neurologic diseases and sent to three different
laboratories. Our laboratory identified C. pneumoniae in
22 of 28 MS patients and 5 of 22 patients with other neu-
rologic diseases. The laboratories of Gaydos, Boman, and
Tondilla did not find C. pneumoniae in the CSF of any
of the 52 CSF samples (30). The inability of other labo-
ratories, with established PCR techniques, to find the
organism suggested significant differences in the handling
of the CSF, the techniques used to extract bacterial DNA,
the sensitivity of the PCR primer, and the PCR reactions.
The laboratories of Gaydos, Boman, and Tondilla used
different PCR conditions that were developed in their lab-
oratories for their use. At least two other studies have
shown that technical conditions may be responsible for
the disparate results (30). Ikejima et al. found C. pneu-
moniae in 68 percent of MS patients when they used the
Quiagen DNA extraction kit (Qiagen, Chatsworth, CA,
USA) to extract bacterial DNA (31). Mahony et al. used
replicate testing, and phenol chloroform replicate testing
and with this method found that more than 60 percent
of MS patients were positive for the presence of C. pneu-
moniae. A summary of results from different laboratories
is shown in Table 10.2. Gieffers et al. found C. pneumo-
niae in the CSF of patients with MS and a number of other
neurologic diseases (32). Unfortunately, whether PCR sig-
nal correlated with the underlying clinical diagnosis was
not clear, so this group may have included patients with
early signs of MS.

These different results show that the ability to find
C. pneumoniae depends on the laboratory. These dis-
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crepancies might be related to the different strategies
used by the different laboratories for the extraction pro-
cedure and the running conditions of the PCR. In addi-
tion, methods of handling CSF from the moment it is
obtained and the conditions of its subsequent storage
conditions are important factors that have not been for-
mally addressed.

SEROLOGIC EVIDENCE FOR C. PNEUMONIAE
ANTIBODIES IN THE CSF ADSORPTION OF
OLIGOCLONAL BANDS WITH EB ANTIGENS

OF C. PNEUMONIAE

Elevated IgG indices and oligoclonal bands in the CSF are
well-established features of MS (33). The restricted ampli-
fication of antibodies in the CSF is a consistent feature
of MS, but the specificity of the response to antigens has
remained a mystery. After isoelectric focusing gel (IEF),
the CSF antibodies migrate to the cathodal region of the
gel and are seen as specific bands between isoelectric
points 7.0 and 9.6. These bands can be identified by
immunostaining. When agarose gels using equal amounts
of antibody from CSF and serum are used in the isoelec-
tric focusing experiments, immunoglobulins found
mainly in the CSF and not in serum are visible. These
bands of immunoglobulins are often termed oligoclonal
bands. In many chronic infectious diseases, oligoclonal
bands represent antibodies to the infectious pathogen,
although not exclusively so. One method is to establish
the reactivity of the antibodies with adsorption tech-
niques. If oligoclonal bands represent the dominant CNS
humoral response to C. pneumoniae infection, antigens
of C. pneumoniae should adsorb these bands. We per-

formed solid-phase adsorption assays with a 25-fold
excess of antigen over antibody. In parallel experiments,
CSF samples containing 0.8 µg of IgG were added to wells
coated with 25-fold excess of myelin basic protein (MBP),
measles, or herpes simplex virus-1 (HSV-1) antigens,
which served as antigen specificity controls. In 13 of 17
MS patients, the adsorption by C. pneumoniae EB anti-
gens was partly or fully removed by the incubation of CSF
IgG with excess antigen. Among CSF samples obtained
from those with other neurologic diseases, no changes
in the signal on the gel of the oligoclonal bands were seen
after adsorption with C. pneumoniae antigens in OND
controls. Oligoclonal bands were adsorbed with excess
measles antigen but not with HSV-1 or EB antigens in
all three patients with subacute sclerosing panencephali-
tis, suggesting that the anti-measles antibody response
in the CSF constituted the major antibody response in
these patients. These results suggest that most oligoclonal
bands in CSF of MS patients represent antibodies to C.
pneumoniae antigens (34).

INFECTION, IMMUNITY, AND
AUTOIMMUNITY: A SYNTHESIS OF

MECHANISMS INVOLVED IN CHLAMYDIAL-
ASSOCIATED CNS INFECTIOUS DISEASE

It is clear that the infectious hypothesis of MS must rec-
oncile the large amount of data on the role of autoanti-
gens and autoimmunity in MS (35). Considerable evi-
dence has suggested that autoantigens are involved in the
disease process, and to a large degree this is substanti-
ated by the prevalent autoimmune animal models of CNS
demyelination. The most commonly used model is exper-
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TABLE 10.2
Results of Studies on Finding the C. pneumoniae Genome by Polymerase Chain Reaction in the

Cerebrospinal Fluid in Patients with Multiple Sclerosis and Control Subjects

POSITIVE MS CONTROL METHOD† NEGATIVE MS CONTROL METHOD†
STUDIES PATIENTS SUBJECTS STUDIES PATIENTS SUBJECTS

60 7/30 0/56 B 61 0/48 0/51 B
62 21/103 0/47 B 63 0/19 0/20 B
65 9/41 0/41 B 66 0/20 0/7 Not 

reported
30 22/28 5/22 P/C 30 0/28 0/24 B
67 12/18 4/21 P/C
68 18/34 4/25 P/C
31 9/9 Not done M
8 33/37 5/28 P/C — — —

†B, blood DNA extraction kit (Qiagen, Chatsworth, CA, USA); M, bacterial DNA extraction kit (Qiagen, Chatsworth, CA, USA); P/C,
phelon chloroform extraction.



imental allergic encephalitis (EAE) (36,37). This disease
can be induced in a number of experimental laboratory
animals, including primates, by the injection of whole
brain homogenate or a purified preparation of MBP or
proteolipid protein (PLP) in adjuvant. Passive transfer of
MBP or PLP reactive T-cells is sufficient to induce dis-
ease in naive hosts, and the antigenic peptides for MBP
and PLP that cause disease are known. The peptides that
induce disease differ within and between species; e.g., in
SJL/J mice the encephalitogenic peptides reside between
residues 89 and 103 of MBP, and in PL/J mice the pre-
dominant epitope is at the N' terminus (residues 1 to 14).
Altering the immunization protocols results in a chronic
form of EAE, referred to as chronic relapsing EAE. In the
chronic relapsing model, animals go through multiple
episodes of relapses and remissions, a clinical picture that
closely mimics that of MS. To develop animal models that
more closely resemble the human disease, a number of
transgenic mice models of spontaneous EAE have been
generated. The most ambitious of these models is the
triple transgenic model of human MS, in which mice are
made to express human HLA class II, human CD4, and
T-cell receptor that express the genes that recognize
human MBP p84-102 (38–40). These mice develop spon-
taneous relapses that are reminiscent of clinical MS. All
experimental systems that involve the induction of EAE
involve the use of immunogens in adjuvant or transgenic
mice in which all T-cells express the receptor for myelin
antigens to induce disease. In these situations, the exper-
imental system favors the activation and expansion of a
large population of autoreactive lymphocytes. It is appar-
ent that the spontaneous development of autoimmune dis-
eases remains rare in animals as it is in humans. Infectious
agents may activate a population of autoreactive T-cells
and continue to be the most plausible trigger in the devel-
opment of autoimmunity.

MOLECULAR MIMICRY

Since the early report of cross-reactivity between self and
bacterial antigens, there has been a great deal of interest
in showing the development of autoimmune responses
after infection. Many studies have examined the role of
molecular mimicry in CNS inflammatory disease. With
the understanding that the T-cell receptor is degenerate
in its recognition of peptide antigens, the development
of autoimmunity despite similarity between self and
autoantigens is unpredictable. PLJ mice infected with
Vaccinia virus containing the MBP epitope 1-11 resulted
in the development of tolerance to EAE. In addition,
when the PLP epitope was transfected into Vaccinia virus
and PLJ mice were subsequently infected, no paralytic
disease was noted. However, mice infected with the PLP
encephalitogenic gene showed enhanced EAE after immu-

nization with PLP in adjuvant in contrast to the MBP epi-
tope. These studies confirmed the difficulty in the devel-
opment of spontaneous EAE in outbred animals after
immunization with epitopes that cross-react with
autoantigens (41,42).

There has been considerable interest in the develop-
ment of autoimmune diseases caused by chlamydial anti-
gens. In view of the link between chlamydial antigens and
heart disease, sequence homology between heart myosin
and C. pneumoniae antigens was screened for and the pep-
tides were immunized into mice. Although chlamydial
antigens are not known to cause myocarditis, the cross-
reactive peptide induced active inflammation of myocar-
dial tissue (43). In another study, Lenz et al. showed the
development of inflammatory CNS disease in rats after
immunization with chlamydial peptides having homology
with MBP. Rats developed EAE after immunization with
the peptide. Interestingly, the same group showed that
immunization with C. pneumoniae–infected cells alone
resulted in disease, suggesting that C. pneumoniae infec-
tion can induce autoimmunity (44). Although several
infectious agents have been described as inducing autoim-
mune disease, Rose and McKay urged caution: “in spite
of great interest no firm evidence of molecular mimicry
has been proved for human disease” (41).

Infectious agents amplify immune responses includ-
ing those that are autoreactive. In most instances, this
results in the amplification of a large number of T-cells
specific for the initiating agent. Expansion of other
clonal population of T-cells also may occur through the
secretion of cytokines, superantigens, or epitope spread-
ing. In most instances, such as that seen with lympho-
cyte choriomeningitis virus (LCMV) infection, the spe-
cific immune response is dominant; however, expansion
of T-cells not specific for the inciting pathogen does
occur, but whether the expansion is sufficient to expand
an autoreactive pool of cells remains controversial. In
at least two instances, nonspecific activation has been
sufficient to cause disease. BDC2.5 mice harbor the
transgene encoding the T-cell receptor specific for a dia-
betogenic islet cell granule antigen that is separate and
distinct from the GAD65 antigen, and the receptor
shows no cross-reactivity with Coxsackie-B virus anti-
gens. However, after infection with the Coxsackie virus,
these mice rapidly developed diabetes. This may be due
to the nonspecific activation of T-cells that recognize
autoantigens on the granule cells, leading to pancreatic
destruction and diabetes (45). Bystander activation also
has been seen in mice after intracerebral infection with
Theiler murine encephalomyelitis virus (TMEV). In early
TMEV infection, the disease appears to result from an
active viral infection. The later demyelinating portion of
the disease results from an autoimmune response to neu-
ral antigens (46). Induction of tolerance to self-antigens
reduces the severity of the disease. However, the rela-
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tive contribution of infection versus immunity (in this
case, autoimmunity) remains unknown because there are
no antiviral agents that can treat TMEV; further,
demyelination is seen in nude mice, suggesting that devel-
opment of autoimmunity alone is unlikely to fully
explain the pathology of demyelination.

POSSIBLE INTERACTIONS BETWEEN
INFECTIONS AND AUTOIMMUNITY IN CNS

DEMYELINATING DISEASE

Although T-cells are critical in the development of an
autoimmune response, neither myelin nor oligodendro-
cytes express major histocompatibility complex (MHC)
class II antigens and both express only very low levels of
MHC class I antigens, thereby precluding any direct T-cell
involvement in the demyelinating process (47). Hence, the
mechanism of tissue injury is very likely to be indirect and
mediated by a concerted action of macrophages, cytokines,
antibody, and complement (48). Because chlamydial infec-
tions are inflammatory in nature and therefore likely to
activate proinflammatory cytokines and the complement
pathway, it may facilitate antibody-dependant cell-medi-
ated cytotoxicity (ADCC). Proinflammatory cytokines
such as tumor necrosis factor may act as a two-edged
sword. Although tumor necrosis factor may be necessary
to limit bacterial replication, high levels of the cytokine
may cause injury to the myelin oligodendrocyte unit. Anti-
bodies to chlamydial antigens may cross-react with myelin
or oligodendrocyte surface proteins, resulting in the devel-
opment of ADCC. Such a process has been proposed in
acute inflammatory polyneuropathy after Campylobacter
infections (42). In many microbial diseases, tissue dam-
age follows the colonization of the organism, development
of an immune response, and the antigenic clearance. Dis-
ease is not necessarily the “fault of the pathogen” but in
many instances is a shared responsibility between the host
and the organism. The inflammatory immune response to
the pathogen and the resultant disease often is the result
of “friendly fire.” The immune response may be acute
(innate) or delayed (adaptive). In this scenario the patho-
logic feature of MS is a direct sequela of infection (chronic)
in the white matter of the CNS (49).

CONCLUSION

The concept that an infectious agent may in part trigger
MS has been well known for over a century. Relapses in
MS are preceded by the development of upper respiratory
infections in a substantial number of individuals. Chlamy-
dia pneumoniae fits the epidemiologic profile of an infec-
tious agent in MS, but the data to substantiate this idea
needs validation from other laboratories. The underpin-

nings of a common etiology for diseases as diverse as MS,
cerebrovascular disease, and reactive arthritis are also seen
in other systemic diseases mediated by chlaymdophylia
organisms. Different biovars of C. trachomatis cause dis-
tinctively different diseases such as lymphogranuloma
venorum and trachoma. Further, differences in the pathol-
ogy of primary and tertiary syphilis is persuasive in think-
ing of unified infectious etiologies in the array of
immunopathologic processes (38). Defining the mecha-
nism(s) of disease pathogenesis will be critical in estab-
lishing a causal role of C. pneumoniae in MS. It will be par-
ticularly important to determine which immunologic
processes take place that enable C. pneumonia to cause
or worsen MS. Development of an animal model would be
very useful to analyze immune mechanisms of disease. Fur-
ther, host factors, in particular genetic susceptibility, need
further study with regard to the role of C. pneumoniae and
MS. MHC is clearly important in MS and other immune-
mediated disorders; however, other genes are involved and
have not been identified. The interaction of various gene
products likely confers susceptibility to MS and other
autoimmune diseases. Therefore, only a small subset of
individuals will develop an autoimmune disease, despite
the potential ubiquity of a triggering infectious agent. We
feel that our results thus far are persuasive in implicating
C. pneumoniae in MS.
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CYTOKINES, CHEMOKINES,
AND INTERFERONS
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ytokines are soluble proteins that
mediate and regulate interactions
between cells of the immune system.
The term cytokine encompasses

those factors previously referred to as monokines
(cytokines produced by mononuclear phagocytes), lym-
phokines (cytokines produced by lymphocytes), and
colony-stimulating factors (CSFs). Interleukin (IL) is a
broad term referring to factors produced by T cells or
monocytes that act on other lymphocytes. This term has
gained a much broader usage, and many cytokines are
denoted with the prefix IL.

CELLS PRODUCING CYTOKINES

Cytokines are produced by a variety of cells, including
T cells, B cells, monocytes, macrophages, natural killer
(NK) cells, eosinophils, basophils, and mast cells.
Although the primary producers of cytokines are cells of
the immune system, other cells in the body produce and
are affected by cytokines. These include cells of the cen-
tral nervous system (CNS), neurons, astrocytes, and
microglia.

CYTOKINE FUNCTIONS

Cytokines perform a multitude of tasks and may be
broadly categorized into the following, nonmutually
exclusive, categories based on function (1):

1. Growth factors: IL-1, IL-2, IL-3, and IL-4 and CSF
2. Factors involved in the initiation of immune

responses: interferon-� (IFN-�), IFN-�, and IFN-�,
all of which also have antiviral effects

3. Regulatory or cytotoxic factors: IL-10, IL-12, trans-
forming growth factor-� (TGF-�), lymphotoxin
(LT), and tumor necrosis factor-� (TNF-�)

4. Chemokines, which are chemotactic inflammatory
factors: IL-8, monocyte inflammatory protein-1a
(MIP-1a) and MIP-1b. These are discussed in detail
in Chapter 12

5. Cytokines that activate inflammatory cells: IFN-�,
LT, and IL-5

Alternatively, cytokines may be classified accord-
ing to the roles they play in the immune response. Innate
immunity targets foreign pathogens nonspecifically and
is mediated primarily by mononuclear phagocytes. 
Specific immunity requires the participation of antigen-

145

Role of Cytokines in
Multiple Sclerosis and
Experimental Autoimmune
Encephalomyelitis

Tanuja Chitnis, M.D.
Samia J. Khoury, M.D.

11

C



146

TABLE 11.1
Cytokines and Their Effects

CYTOKINE PRODUCING CELLS TARGET EFFECTS

IL-1 Monocytes, macrophages, Many cells Fever, cachexia, potentiates tissue injury 
astroglia, microglia caused by TNF-�

IL-2 T-cells, lymphocytes, T-cells, NK cells T- and B-cell growth factor activation of 
astrocytes, macrophages NK cells, proapoptotic factor

IL-3 T-cell Immature progenitors Growth and differentiation
IL-4 T-cells, macrophages, Mast cells, eosinophils, IgE production, mast cell growth, mast 

cells, basophils, B cells T-cells, B-cells expression of adhesion molecules, Th2 
growth factor, inhibits IgG2a and IgG3, 
class switching

IL-5 T-cell Eosinophil B-cells Eosinophil activation and cytokine 
production, B-cell growth factor

IL-6 Mononuclear phagocytes, B-cells, hepatocytes Growth factor for B-cells, synthesis of 
fibroblasts, EC acute-phase reactants

IL-7 Fibroblast, bone marrow, Immature progenitors Lymphocyte growth and differentiation
stromal cells

IL-9 T-cells T-cell growth
IL-10 Monocytes, T- and B-cells, Macrophages Inhibits cytokine production by

cytes, microglia macrophages, reduces MHC II and 
costimulatory molecule expression

IL-11 Bone marrow stromal cells Platelets, Megakaryopoiesis
IL-12 p35 subunit, many cells; NK, T-, and B-cells IFN-� secretion by T and NK cells, Th1 

P40 subunit—monocytes differentiation, cytolytic function of NK 
and dendritic cells and CD8� cells

IL-13 Macrophages, EC EC Induction of adhesion molecules and 
chemokines

IL-15 Mononuclear phagocytes NK cells Proliferation of NK cells
IL-16 T-cells Eosinophils Eosinophil chemoattractant
IL-17 T-cells Many Similar to TNF-� and LT
IL-18 Macrophages T and NK cells Th1 cytokine production, NK cell 

activation
IFN-� Mononuclear phagocyte All Antiviral state, increases MHC I expres-

sion, inhibits MHC II expression, inhibits
cell proliferation

IFN-� Fibroblast NK cell Antiviral state, increases MHC I expres-
sion, inhibits MHC II expression, inhibits
cell proliferation

IFN-� T-cells, NK cells, astrocytes Many Activator of mononuclear phagocytes, NK
cells, neutrophils; increases MHC I and II
expression; differentiation of T-cells; B-
cell class switching to IgG2a and IgG3; 
adhesion molecule expression on EC 
apoptosis

TNF-� LPS-activated mononuclear Many, monocytes Adhesion molecule expression on EC; 
phagocytes, mast cells, NK cells, activation of neutrophils, monocytes,
activated T cells, astrocytes, Cytokines and chemokine secretion by 
microglia, EC tissue remodeling, endogenous pyrogen;

production of acute phase reactants; 
activation of coagulation; suppression 
of stem cell division; apoptosis

LT T-cell Neutrophils, EC Activation
TGF-� T-cells, LPS-activated  T-cell, others Inhibitor of T-cell activation and

mononuclear phagocytes, proliferation, inhibitor of inflammation,
astrocytes, microglia synthesis of extracellular matrix proteins

EC, endothelial cells; Ig, immunoglobulin; IL, interleukin; LPS, lipopolysaccharide; LT, lymphotoxin; MHC, major histocompatibility
complex; NK, natural killer; TGF, transforming growth factor; Th, T helper cell; TNF, tumor necrosis factor.



specific T and B cells that intensify a focused immune
response. Stimulators of hematopoiesis act on bone mar-
row progenitor cells (1).

1. Mediators of innate immunity: type I IFN (IFN-�
and IFN-�), IL-15, IL-12, TNF-�, IL-1, IL-6, IL-10,
and chemokines

2. Mediators of specific immunity: IL-2, IL-4, TGF-�,
IFN-�, LT, and IL-5 (IL-16, IL-17, and macrophage
migration inhibitory factor [MIF])

3 Stimulators of hematopoiesis: IL-7, IL-3, IL-9, IL-
11, and granulocyte-monocyte CSF (GM-CSF)

Table 11.1 details each cytokine, the cells that are
the primary producers, the cell targets, and the principal
effects of the cytokine on its target.

CYTOKINE RECEPTORS

All cytokine receptors are transmembrane proteins and
therefore have extracellular and intracellular portions.
The cytokine receptor translates the extracellular cytokine
signal into an intracellular signal that may lead to a cel-
lular response. The cytokine binding to its receptor initi-
ates this process by triggering a cascade of signaling events
that lead to effector responses of the cell.

Cytokine receptors are grouped into six families
based on the presence of conserved folding motifs or
sequence homologies.

1. Immunoglobulin (Ig) superfamily receptors: Several
cytokine receptors contain domains that belong to
the Ig superfamily. These include the type I and type
II IL-1 receptors and several growth factor receptors.

2. Type I family of cytokine receptors: A conserved
sequence containing five amino acids of trytophan-
serine-X-trytophan-serine linked to two cysteine
residues is present in the receptors for the following
cytokines: IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-
11, IL-13, IL-15, and GM-CSF.

3. Type II family of receptors: These receptors have a
definitive nucleotide sequence and include receptors
for the type I (IFN-� and IFN-�) and type II (IFN-
�) interferons.

4. Type III cytokine receptors: The TNF receptors I and
II (TNF-RI and TNF-RII) are defined by the cysteine-
rich domains contained within their structure. TNF-
RI and Fas share a conserved sequence motif that
delivers proapoptotic signals to the cell nucleus. TNF-
RII and CD40 share a common protein-association
domain that is termed TNF-receptor-associated fac-
tors (TRAFs). There are six TRAF members that are
differentially linked to protein kinases, or transcrip-
tion factors, including nuclear factor-�B (NF-�B).

5. Transmembrane �-helical receptors: A series of
seven transmembrane �-helical receptors is found in
a large family of cytokine receptors that includes the
chemokine family.

6. Multichain receptor complexes: Several cytokine
receptors consist of two or more separate trans-
membrane polypeptide chains that function as a
complex. These include the IL-2 receptor, which
contains �, �, and � chains. Different chains medi-
ate different functions.

Intracellular signaling mechanisms provide the link
between the binding of the cytokine with its receptor and
the effect of the cytokine on cellular function. The Janus
kinase (Jak) and signal transducer and activator of tran-
scription (STAT) families of transducer and transcription
activating factors play a critical role in the signaling of
many cytokine receptors. There are four main Jak mole-
cules and six major STAT proteins, and typically one or
two of each are associated with a particular cytokine
receptor. Cytokine binding to the specific receptor acti-
vates the Jak molecule associated with the receptor, caus-
ing phosphorylation of tyrosine residues, and binding of
the Jak molecules to its receptor. Phosphorylation of the
tyrosine residues on the receptor also facilitates binding
of STAT proteins to the phosphorylated receptor. The
phosphorylated STAT protein then dissociates from the
receptor, dimerizes, and activates transcription of genes
containing specific cis-regulatory STAT-binding sequences.
Different cytokine receptors are associated with different
Jak/STAT proteins. For example, the IL-4 receptor is asso-
ciated with Jak-1,3 and STAT6 (2,3). The IL-12 receptor
is associated with Jak-2 and STAT3,4, (4). The IFN-�
receptor is associated with Jak1,2 and STAT1�.

The activation of transcription factors mediates
many of the actions of cytokines on the cell. Binding of
STAT1�, otherwise known as �-activating factor (GAF),
to the regulatory DNA sequence, called �-activating
sequences (GAS), on cells results in the transcription of �-
related genes.

Several transcription factors are critical for the tran-
scription of cytokines. Here are a few examples: C-Maf
is a transcription factor that controls the transcription
of the IL-4 gene in vivo (5). GATA-3 is transcription fac-
tor involved in the production of IL-4 (6), and T-bet con-
trols the production of IFN-� (7).

Signaling and transcription factors are potential tar-
gets for immunologic intervention.

REGULATION OF THE CYTOKINE 
RESPONSE IN T-CELLS

T-cells play a central role in adaptive immunity. Because
autoimmune or immune-mediated disorders are thought
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to be antigen specific, much effort has gone into study-
ing the role of the T-cell and in particular the CD4� T
helper (Th) cell. Many of the effects of the Th cell in mod-
ulating the immune response depend on the cytokines it
produces. Two major types of Th cell responses have been
described: Th1 cells produce IL-2, TNF-�, and IFN-�; and
Th2 cells produce IL-4, IL-5, IL-10, and IL-13. These
cytokines mediate different functions, as described pre-
viously in Table 11.1. A Th3 cell that secretes primarily
TGF-� has been described in the context of oral tolerance
to myelin antigens (8,9) and in other immune-mediated
settings (10). Effector cells in experimental autoimmune
encephalomyelitis (EAE) express predominantly Th1
cytokines and mediate inflammatory disease (11,12); the
expression of Th2 cytokines is associated with disease
recovery (13–15). The evidence for multiple sclerosis (MS)
being a Th1-mediated disease is less clearcut. A similar
division of CD8 effector cells has been demonstrated, with
Tc1 type CD8 cells secreting IL-2 and IFN-� and Tc2 cells
secreting IL-4, IL-5, and IL-10 (16).

METHODS FOR STUDYING CYTOKINES

Much of the information currently available on the func-
tion of cytokines in EAE and MS is derived from labo-
ratory studies in experimental models and human
patients, respectively. Understanding the methodology
used in collecting the data is critical for interpreting the
results. Different studies often yield conflicting results
that may be related to differences in methodologies, sam-
pling times, or patient populations. Because of the redun-
dancy of function, single cytokine knockout or transgenic
animals may not point definitively to the role of a
cytokine in vivo.

GENERAL RESPONSE OF 
CYTOKINES IN EAE AND MS

Cytokines Involved in EAE

EAE versus TMEV

Two models of MS exist: EAE and Theiler murine
encephalomyelitis virus (TMEV) infection. Each model
has unique characteristics in terms of its pathology and
immunology that resemble the variants seen in MS (17).
Different strains of mice or rats may experience differ-
ent forms of EAE: e.g., SJL mice experience a relapsing
remitting form of EAE when immunized with proteolipid
protein, whereas C57BL/6 mice have a chronic form of
EAE when immunized with myelin oligodendrocyte pep-
tide 35-55. This further delineates the importance of
genetic background and response to immunizing pep-

tide. These variants help us in understanding different
aspects of the heterogeneous disease MS.

Th1 versus Th2 Paradigm in EAE

INTERFERON-�. IFN-� plays a central role in EAE.
Expression in the CNS, as shown by immunohisto-
chemical staining, starts at onset of disease, increases
during the peak of disease, and decreases during disease
remission (18,19). Overexpression of IFN-� in the CNS
of mice results in progressive demyelinating disease
(20,21). Contrary to expected results, studies using IFN-
� knockout mice demonstrated that these mice are still
susceptible to EAE, have massive inflammatory infiltrates
into the CNS, and experience a more progressive form
of EAEthan wildtype mice (22). Moreover, IFN-�
receptor-deficient mice developed severe EAE with a
morbidity and mortality higher than those in control
animals (23). Interestingly, BALB/c mice that are normally
resistant to EAE become susceptible and develop severe
EAE when the IFN-� gene is knocked out (24). In
addition, studies using an anti–IFN-� antibody in SJL
mice, which have a relapsing-remitting form of EAE,
showed that treatment with the antibody during the
afferent limb of the immune response enhances EAE (25).
Although IFN-� is clearly a Th1 cytokine, these
paradoxical results concerning its role in EAE may be
explained by its dual role as an inflammatory cytokine
and a mediator of apoptosis, thereby regulating the T-cell
response. Experiments showed that IFN-�–deficient mice
have lower rates of apoptosis of CD4� cells in the CNS
and spleen (26). Therefore, IFN-�’s antiinflammatory
effects may be explained by its anti-proliferative effect on
T-cells (27,28) and induction of T-cell apoptosis,
(26,29,30) possibly mediated through expression of nitric
oxide (28,29). More evidence has emerged for the role
of chemokines in inflammation in initiating the immune
response and clearing cells from the target organ, thereby
aiding termination of inflammation. IFN-� is a potent
regulator of chemokine expression (31,32). Recent studies
showed that IFN-�–deficient mice and IFN-� receptor
deficient–mice display a lack of RANTES and MCP-1 and
have excess MIP-2 and TAG-3 compared with controls
(33). MIP-2 and T-cell activation gene-3 (TAG-3) are
neutrophil-attracting chemokines, which correlate with a
high neutrophil invasion in the CNS of the IFN-�
receptor–deficient mice (33). Therefore, changes in the
profiles of IFN-�–dependent chemokines may have
profound effects on cellular trafficking and inflammatory
responses in EAE.

In summary, the expression of IFN-� correlates with
the course of EAE disease. However, this cytokine plays
dual roles as a proinflammatory and anti-inflammatory
factor. Therefore, complete elimination of this cytokine
worsens EAE by abrogating the termination of the immune
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response. Theoretically, partial elimination of this cytokine
reduces its proinflammatory effects. This has been shown
in STAT4-deficient mice, which lack a major pathway for
the production of IFN-�, but can produce small amounts
of the cytokine and experience very mild EAE (34).

TUMOR NECROSIS FACTOR-�. The TNF family of
cytokines is composed of TNF-�, LT, and LT-�. LT�
refers to the secreted form of LT. Most studies have
found little difference between the biologic effects of
soluble TNF and LT; however, LT is synthesized by T-
cells, whereas TNF is derived predominantly from
mononuclear phagocytes. LT-� is a type II membrane
protein that can merge with LT to form a receptor
related to TNF-RI and TNF-RII. As with IFN-�, the
expression of TNF-� in the CNS parallels the disease
course of EAE (15,19,35). Injections of TNF-� resulted
in a significant prolongation of clinical EAE and more
severe cellular infiltration in the spinal cords of TNF-
� injected mice than in controls (36). Intraperitoneal
injections of anti–TNF-� abrogated clinical EAE in an
SJL/J adoptive transfer model, and CNS tissue from
these mice showed no pathologic infiltrates or
demyelination (37). Monoclonal antibodies to TNF-�
and LT injected into recipient SJL/J mice prevented the
passive transfer of EAE with myelin basic protein
(MBP)–reactive T-cells (38).

Mice transgenic for TNF-� expression in the CNS
develop a spontaneous chronic inflammatory demyeli-
nating disease characterized by infiltration of CD4+, CD8+

T-cells, astrogliosis, and demyelination, which was com-
pletely reversed by peripheral administration of a neu-
tralizing murine anti–TNF-� antibody (39). Local pro-
duction of TNF in the CNS induced oligodendrocyte
apoptosis (40). Mice transgenic for CNS expression of
TNF had more oligodendrocyte apoptosis and demyeli-
nation (41). These results point to an inflammatory role
for TNF and suggest that absence of TNF should ame-
liorate EAE. In contrast to the expected findings, EAE
induced with whole mouse spinal cord homogenate in
TNF-� and LT-� double knockout mice on SJL/J and 129
� C57BL/6 backgrounds was as severe as in control ani-
mals (42). However, EAE induced with myelin aligoden-
drocyte glycoprotein (MOG) peptide in 129 � C57BL/6
TNF-� and LT-� double knockout mice resulted in a sig-
nificant delay in disease onset and a reduction in disease
severity (43). This was paralleled by a drastic reduction
in demyelination but an increase in inflammatory infil-
trates. TNF-� single knockout mice on a C57BL/6 back-
ground or 129 background developed a more severe form
of EAE than did controls (44). This was characterized by
significantly more inflammation and demyelination. An
interesting finding was a decreased anti-MOG peptide
antibody response in C57BL/6 TNF knockout mice com-
pared with controls. These results suggest that TNF-� and

LT-� play significant proinflammatory roles in some
forms of EAE and that this depends on the myelin com-
ponents used for immunization and the genetic back-
grounds of the animals.

The incongruous results regarding the role of TNF
in EAE may be explained by understanding the many roles
of TNF and TNF receptors in inflammation. There are
two types of TNF receptors, TNF-RI (p55) and TNF-RII
(p75). TNF-RI–deficient mice developed a significantly
milder course of EAE than did wild-type mice. In contrast,
TNF-RII knockout mice had a more severe course of EAE
(43). Injection of a soluble TNF-RI molecule prevented
the induction of EAE and subsequent relapses in SJL/J
mice (45). There was an absence of pathologic changes
in the CNS, including demyelination and inflammatory
cell infiltration. Similarly, injection of TNF-RI–IgG into
Lewis rats dramatically reduced the EAE disease score
(46). Therefore, the inflammatory actions of TNF in the
CNS are mediated primarily by TNF-RI. TNF-RI plays
a significant role in the apoptosis of T-cells (47,48) and,
hence, may play an important role in regulating the
immune response.

In summary, TNF has an important homeostatic
role in initiating and limiting the extent and duration of
immune-mediated inflammatory processes and mediat-
ing  end organ damage through apoptosis, inflammation,
and demyelination.

INTERLEUKIN-12. IL-12 is produced principally by
monocytes and dendritic cells and is critical for the
differentiation of Th1 cells. IL-12 mRNA is elevated
immediately before the onset of disease in a monophasic
EAE rat model (15,35) and a relapsing murine model
(14,49). IL-12 is a disulfide-linked heterodimer p70
complex composed of 1 p40 and 1 p35 subunit. The p35
component is synthesized by most cell types, whereas the
p40 component is synthesized only by mononuclear
phagocytes and dendritic cells. In a Lewis rat EAE model,
IL-12 p40 mRNA levels as measured by semiquantitative
reverse transcriptase–polymerase chain reaction (RT-PCR),
increased a few days after the peak of T-cell infiltration
into the CNS, as did IFN-� synthesis. In contrast, IL-12
p35 expression remained unchanged during the course of
disease (50). Systemic administration of recombinant (r)
IL-12 to rats exacerbated the clinical symptoms of EAE
and induced relapse in animals that had recovered from
the initial clinical attack (51). Similarly, adoptive transfer
of proteolipid protein (PLP)–primed lymph node cells
resulted in a more severe course of EAE when the cells
were pretreated with rIL-12 (52). This was associated with
a 10-fold increase in IFN-� production and a 2-fold
increase in TNF-� production. B10.S mice are classically
resistant to the induction of EAE but may be induced to
develop EAE by adoptive transfer of MBP-reactive
lymphocytes treated with IL-12 in vitro before transfer
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(53). In this model, the restoration of defective IFN-�
production was concomitant with an attenuation in
clinical disease. A similar model using PLP as the
immunizing peptide showed an increase in macrophages
staining positively for inducible nitric oxide synthase
(iNOS) within perivascular lesions and a restoration of
IFN-� production (54,55). Treatment of mice with
anti–IL-12 antibody after cell transfer significantly reduced
the severity of EAE (52). Overexpression of IL-12 in the
CNS resulted in increased inflammation and cellular
infiltrate (56). IL-12–deficient mice were resistant to
developing EAE (57).

In summary, IL-12 is consistently associated with
the induction of EAE and consistently plays a proin-
flammatory role, unlike other Th1 cytokines such as IFN-
� and TNF-�.

INTERLEUKIN-6. The Th1 cytokine IL-6 is
synthesized by mononuclear phagocytes, vascular
endothelial cells, fibroblasts, and other cells in response
to IL-1 and, to a lesser extent, TNF. It is also synthesized
by some activated T-cells, astrocytes, and microglia in the
CNS. It is important for the growth and differentiation
of B cells. IL-6 was upregulated in the CNS during the
induction phase of EAE in murine MBP (58,59), MOG-
induced models of EAE (60,61), and a Lewis rat model
(62). Overexpression of IL-6 in the CNS resulted in
neurodegenerative pathology (56). Administration of an
anti–IL-6 neutralizing antibody reduced the incidence of
actively induced and adoptively transferred EAE (63). IL-
6–deficient mice were resistant to the induction of EAE
whereas in a MOG-induced model (64–66). Treatment of
those mice with IL-6 during the preclinical phase caused
typical EAE (64–66). Cytokine profiles in the CNS of IL-
6–deficient mice were similar for other Th1 cytokines;
in peripheral lymphoid organs, one study showed an
increase in Th2 cytokines (64), whereas another showed
a deficiency of Th1 and Th2 cytokines (66). A third study
found a reduction of anti-MOG antibody titres in IL-
6–deficient compared with control mice and a reduction
in vascular cell-adhesion molecule-1 (VCAM-1) and
intercellular cell-adhesion molecule-1 (ICAM-1)
expression on the CNS endothelium, which may affect
the entry of Th1 cells into the CNS (65). IL-6 is a known
activator of B cells; therefore, the absence of IL-6 might
result in the suppression of anti-MOG antibody
production. The role of IL-6 in EAE is consistently a
proinflammatory one. Its absence suppresses both cellular
and humorally mediated immunity.

INTERLEUKIN-1. The major producer of IL-1 is
the activated mononuclear phagocyte. There are two
principal forms of IL-1, IL-1� and IL-1�. Both members
bind the same cell surface receptors, and their
mechanisms of action are identical. IL-1� is biologically

active, but IL-1� must be processed by IL-1 converting
enzyme (ICE) before it can exert a biological effect. The
biologic functions of IL-1 are similar to those of TNF
and may involve a TFN� receptor associated factor
(TRAF) signaling pathway. 

IL-1 expression was upregulated in the CNS during
the induction of EAE, and its expression paralleled that
of other Th1 cytokines (58,60,67,68). Administration of
IL-1� exacerbated EAE (69), whereas soluble(s) IL-1
receptor suppressed disease (69–71). IL-1 activated
astrocytes to release cytokines such as TNF-� and IL-6
(72) and induced synthesis of nitric oxide (73–75) in
culture. Expression of ICE, also known as caspase 1,
increased during the acute stages of EAE as measured by
semiquantitative RT-PCR (50). Caspase 1–deficient mice
experienced a milder course of EAE, correlating with
reduced IFN-� levels (76). There has been little work on
the direct role of IL-1� in EAE.

INTERLEUKIN-18. IL-18 has only recently been
described as an IFN-�–inducing factor (77,78). It is
synthesized as an inactive precursor protein that exhibits
structural homology to that of IL-1 and, similarly, must
be processed by caspase 1 for functional activation
(78,79). IL-12 and IL-18 enhanced the production of
IFN-� by Th1 cells but likely used different intracellular
signaling pathways (4,80). IL-12 may affect the IL-
18–dependent IFN-� production and vice versa by other
mechanisms (81–84). IL-18 mRNA expression as
determined by semiquantitative RT-PCR, EAE correlated
with disease course and lymphocytic infiltration of the
CNS (50). Th1 and NK activity were impaired in IL-
18–deficient mice after Bacillus Calmette-Guerin (BCG)
infection, but the effect of EAE in IL-18–deficient mice
has yet to be explored.

INTERLEUKIN-4. IL-4 is a classical Th2 cytokine
and acts through the STAT6 pathway. However, few
cells expressing IL-4 mRNA were found in the spinal
cord of Lewis rats with EAE, and there was no clear
relation to clinical symptoms or histopathology (18).
In DA rats there was no expression of IL-4, IL-10, or
TGF-� throughout the course of EAE (35). In SJL mice
immunized with PLP, IL-4 mRNA was undetectable
until disease remission (19). In contrast, TMEV-infected
SJL/J mice expressed IFN-�, TNF-�, IL-4, and IL-10
throughout the clinical course, with increasing levels as
the disease proceeded (19). IL-4 has been implicated as
a suppressor cytokine in EAE. Resistance to EAE
mediated by a self-antigen–induced Th2 response was
attributed to IL-4–secreting CD4 cells (85,86). Cells
grown in IL-4 have a reduced encephalitogenic potential
when transferred, and intraperitoneal injections of IL-
4 after adoptive transfer of MBP-reactive cells reduced
the clinical severity of EAE (72).
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Studies in IL-4 knockout mice have led to unex-
pected and often conflicting results. Contrary to expected
results, IL-4–deficient PLJ mice immunized with mouse
spinal cord homogenate had a similar incidence of EAE,
as well as a similar mean maximal score, or fatality rate,
as wild-type mice (87). Similar results were found in IL-
4–deficient C57BL/6 mice immunized with MOG (88).
There was a slight prolongation of disease in IL-4–defi-
cient PLJ mice, signifying that IL-4 may play a role in the
termination of disease (87). One group reported more
severe disease in IL-4–deficient mice on C57BL/6 and
BALB/c backgrounds (89). Neutralizing anti–IL-4 anti-
body did not exacerbate the clinical severity of passively
transferred EAE (38). There have been no reports on the
in vivo treatment with the anti–IL-4 antibody during the
induction phase of actively induced EAE.

Transgenic expression of IL-4 in T-cells does not
protect from EAE (88); however, encephalitogenic T-
cells, transduced with a retroviral gene construct express-
ing IL-4, can delay the onset and reduce the severity of
EAE when adoptively transferred to MBP immunized
mice (90). A number of therapeutic strategies have
increased IL-4 production (85), including induction of
oral tolerance using myelin proteins (91) to protect
against EAE. In summary, it seems that the presence of
IL-4 reduces the severity of EAE, whereas the absence of
IL-4 may not alter the course of EAE. This implies that
other Th2 cytokines may substitute for IL-4 in the reg-
ulation of EAE.

INTERLEUKIN-10. IL-10 is another classical Th2
cytokine. In contrast to IL-4, IL-10 does not exert its
effects throught the STAT6 pathway, but instead
through the STAT3 pathway. Its main function is to
inhibit IL-12 production by macrophages.

In SJL mice immunized with PLP, IL-10 mRNA was
continuously expressed throughout the course of EAE
(19). Likewise, TMEV-infected SJL/J mice expressed
IFN-�, TNF-�, IL-4, and IL-10 throughout the clinical
course, with increasing levels as the disease proceeded
(19). Systemic administration of human IL-10 suppressed
IFN-�–induced major histocompatibility complex
(MHC) class II upregulation in rat peritoneal
macrophages and reduced the incidence and severity of
EAE in Lewis rats (92). In a murine EAE model, IL-10
worsened disease when administered just before the
onset of clinical signs or had no effect when administered
early after sensitization (93). Mice overexpressing human
IL-10, but not murine IL-10, under the MHC class II
promoter were resistant to developing EAE (94). IL-
10–deficient mice on a C57BL/6 background, were more
susceptible and developed a more severe form of EAE
than did IL-4–deficient or wild-type mice. T-cells from
IL-10–deficient mice exhibited stronger antigen-specific
proliferation, produced more proinflammatory cytokines

(IFN-� and TNF-�) when stimulated with an
encephalitogenic peptide, and induced very severe EAE
with transfer into wild-type mice (88). Spontaneous
recovery occurred in wild-type and IL-4–deficient mice
but not IL-10–deficient mice, suggesting that IL-10 plays
an important role in recovery from EAE (95).

In contrast to the other Th2 cytokine, IL-4, absence
of IL-10 consistently results in a more severe form of EAE,
suggesting that its function is unique and cannot be
replaced by other Th2 cytokines. However, exogenous
administration of IL-10 in vivo may worsen disease, rais-
ing the possibility that the addition of Th2 cytokines when
disease is already in progress may worsen disease. This is
a concept that requires further investigation.

TRANSFORMING GROWTH FACTOR-�. The TGF
family of molecules has the general property of allowing
normal cells to grow in soft agar, a characteristic of
malignant cells. TGF-� is a polypeptide growth factor
for epithelial and mesenchymal cells. A second factor
required for cell survival is TGF-�. The TGF-� family
of molecules consists of TGF-�1, TGF-�2, and TGF-�3
which interacts with three types of TGF-� receptors, I to
III. The actions of TGF-� are highly pleiotropic. TGF-�
inhibits proliferation of T-cells, maturation of cytotoxic
lymphocytes and NK cells (96), and activation of
macrophages. It also acts on other cells to counteract the
activities of proinflammatory cytokines. Mice deficient
for TGF-�1 developed uncontrolled inflammatory
reactions (97). Therefore TGF-� is an attractive target
for immunoregulation in EAE.

In the Lewis rat model of EAE, expression of mRNA
for TGF-� in the CNS increased at the peak of disease
and shortly preceding recovery (18); however, in the DA
rat model of EAE, expression of TGF-� was almost
absent (35). TGF-�1,2,3 were found in inflammatory
perivascular brain lesions of SJL mice immunized for EAE
(98). Daily injections of TGF-�1 from the time of immu-
nization protected against the development of relapsing
EAE, (98,99) whereas injections administered during
peak of disease only delayed the onset of further relapses
by 2 to 3 days (99). In the same model, when TGF-� was
administered during disease remission, it prevented the
occurrence of further relapses. Data from another group
demonstrated that administration of TGF-�1 or TGF-�2
to SJL mice immunized with spinal cord homogenate on
days 5–9 after immunization, just before the onset of dis-
ease, can be protective, whereas administration before or
after this time point was not (100). Histologic studies in
similarly treated mice demonstrated a reduction in
inflammatory infiltrates and reduced demyelination in
the CNS (98,101).

Anti–TGF-�1 antibody worsened EAE when admin-
istered in vivo and inhibited myelin antigen T-cell prolif-
erative responses in vitro (102). MBP-reactive clones
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genetically engineered to produce TGF-�, protected
against EAE (103). Similarly MBP-reactive Th1 clones
when transduced to express TGF-�1 were protective in
EAE in an antigen-specific fashion (104). Overexpression
of TGF-�1 in the CNS resulted in enhanced EAE, with
an earlier onset compared with controls (105). These
mice also showed increased �-amyloid deposition, which
may enhance glial reactivity and therefore exacerbate
EAE (106,107).

Investigators further examined the mechanisms
whereby TGF-� modulates EAE. TGF-�1 and -2 have
similar effects in vitro because both factors strongly inhib-
ited in vitro activation of autoimmune T-cells, suppressed
the accumulation of IL-2 mRNA, and decreased the
expression of T-cell activation antigens (108). Other
investigators found that TGF-�2 decreases migration of
lymphocytes in vitro and homing of cells into the CNS
in vivo (109). The cytokine, TGF-�1 also inhibited TNF-
� production (110). 

TGF-� played a regulatory role in EAE, as shown
by oral tolerance–induced suppression of disease. MBP
orally tolerized animals displayed a marked reduction of
the perivascular infiltrate and downregulation of all
inflammatory cytokines, with an upregulation of the
inhibitory cytokine TGF-� (91). T-cell clones isolated
from mesenteric lymph nodes of these orally tolerized ani-
mals demonstrated an increased production of TGF-�,
IL-4, and IL-10 and suppressed EAE induced with MBP
or PLP (91).

Taken together, these data demonstrate that TGF-�
plays an important regulatory role in EAE; however,
within the CNS, it also may play a deleterious role by
enhancing glial reactivity.

INTERLEUKIN-13. IL-13 is a Th2 cytokine that
resembles IL-4 in that it signals through the STAT6
pathway. However, it does not replace IL-4 as a
differentiation or growth factor for T or B cells. IL-13
can induce expression of VCAM-1 and production of
several C-C chemokines and may play an important role
in lymphocyte trafficking. IL-13 is increased during
remission of EAE (13).

In vivo administration of human IL-13–secreting
vector cells into MBP-immunized animals markedly
suppressed the development of EAE. This suppression
of disease coincided with only a minimal reduction of
MBP-directed T-cell autoreactivity and no alteration in
MBP-specific autoantibody production. IL-13 may pri-
marily target cells of the macrophage/monocyte line-
age rather than suppress T-cell or B-cell immunoreac-
tivity in vivo (111).

INTERLEUKIN-5. IL-5 is an important Th2
cytokine. Its primary role is as an activator of eosinophils,
and it also functions as a costimulator for B-cell growth.

As with IL-13, IL-5 is now being used as a marker for Th2
cells in EAE studies, but little information is available on
its specific role in the disease.

Cytokines In Multiple Sclerosis

Unlike in the animal model, the study of the role of
cytokines in MS is limited to indirect measurement of
cytokines produced by peripheral blood cells or meas-
urement of serum or cerebrospinal fluid levels. Some
information also can be obtained from postmortem tis-
sue. Other approaches have relied on measuring cytokine
production by myelin-specific T-cell clones and lines iso-
lated from MS patients and control individuals. Myelin-
specific clones can be isolated from MS patients and nor-
mal individuals, but the clones isolated from MS patients
are activated in vivo (112).

Studies of Cytokines in the CNS

Immunohistochemical studies have been used to examine
the expression of cytokines in the CNS. In addition to
lymphocytes and macrophages, resident CNS cells, astro-
cytes, and microglia are capable of producing the
cytokines IL-1�, IL-2, IL-4, IL-10, TNF-�, and TGF-�,
whereas only astrocytes are capable of producing IFN-�.
Significantly increased expressions of TNF-� and IL-4
were found in brains of MS patients compared with con-
trols (113). Low levels of reactivity of TGF-� and IL-10
were also found in those samples. In that study, IL-4 was
expressed in high levels in acute and chronic active MS
lesions, with no obvious correlation to the resolution of
the lesion. IL-10 immunoreactivity was associated with
astrocytes in chronic active lesions. TGF-�1 was associ-
ated with endothelial cells and the extracellular matrix
around blood vessels. This and other studies using con-
focal microscopy demonstrated that the highest expres-
sion of TNF-� was in macrophages, microglia, and astro-
cytes (113–115) in chronic active lesions. Another study
examining acute MS lesions found that IL-2 was
expressed predominantly in association with perivascu-
lar inflammatory cells (116). IL-6, IFN-�, and TNF-�
were expressed by cells in the perivascular cuffs, sug-
gesting that inflammatory cells are the most important
source of these cytokines in acute MS lesions (117).

Semiquantitative RT-PCR and immunocytochemistry
were used to quantify expression of IL-12 p40 in vascular
CNS infarcts compared with inflammatory MS plaques
from the same brain. The investigators observed increased
expressions of B7-1 and IL12 p40 in acute MS plaques
compared with samples isolated from inflammatory
infarcts (118). Another study using RT-PCR examined
samples obtained from inflammatory plaques in MS brains
compared with samples isolated from noninflammatory
white matter regions in control patients. Analysis of RNA
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transcripts showed upregulations of IL-2R, IL-1b, TNFR1,
IL-15, IL-18, TGF-�, IL-3, IL-5, and IL-6/IL-6R in sam-
ples from MS patients compared with controls.

INTERFERON-�. IFN-� is a hallmark Th1 cytokine
and appears to play an important role in disease
pathogenesis, because increased production of IFN-� in
a whole blood mitogen assay precede clinical attacks
(119), and administration of IFN-� to patients resulted in
clinical attacks (120). Peripheral blood mononuclear cells
(PBMCs) activated with the nonspecific stimulant
concavalin A produced significantly higher levels of IFN-
� in progressive MS (121). Another study similarly found
increased IFN-� expression in patients with secondary
progressive (SP) MS compared with controls, whereas the
levels in patients with untreated relapsing-remitting (RR)
MS were reduced compared with those of controls (122).
In the same study, relapsing-remitting patients treated
with IFN-� had an even greater reduction in the
percentage of IFN-�–secreting cells.

T-cell receptor–mediated IFN-� secretion in SPMS
patients, as determined by anti-CD3 stimulation, was
mediated by increased IL-12 secretion produced via
CD40–CD40 ligand interaction (123). Cytokine produc-
tion by PBMCs from SPMS patients is dysregulated com-
pared with that from RR or control patients. Anti-
CD3–stimulated PBMCs from RRMS and SPMS patients
demonstrated increased levels of IFN-� in both groups
compared with controls (124). In addition, in vitro stud-
ies using anti-cytokine neutralizing antibodies demon-
strated that endogenous IL-10 downregulates IFN-� pro-
duction by anti-CD3–activated PBMCs in control and
RRMS patients but not in SPMS patients. Seasonal vari-
ations in IFN-� secretion have been observed in chronic
progressive MS patients, with significantly increased IFN-
� production in the autumn and winter months compared
with the spring and summer months, and this increase was
linked to endogenous IL-12 production (125). Increased
seasonal IFN- � was not observed in normal control sub-
jects, and there were no seasonal changes in IL-10 in pro-
gressive MS (125).

As is seen in the EAE model, IFN-� may play dual
roles, but it clearly plays a significant proinflammatory
role in MS. Control of IFN-� production appears to be
dysregulated in SPMS patients and may be an important
factor in understanding the immunologic differences
between RRMS and SPMS.

TUMOR NECROSIS FACTOR-�. Several studies
found a correlation between TNF-� levels in the serum
or culture supernatants and the clinical course of MS
(119,126). One study found that increased levels of IFN-
� and TNF-� levels can precede the onset of a relapse
by approximately 2 weeks (119). In contrast, another
study found that TNF-� is a weak predictor of disease

activity and found no correlation of IFN-� levels with
disease activity (127).

Levels of sTNF-R p55 were higher in patients with
stable MS than in those with actively relapsing MS, and
levels increased several weeks after the onset of a relapse
(128). A study examining TNF and sTNF-R p55 levels
in serum and cerebrospinal fluid  (CSF) found no signif-
icant correlations with enhancing lesions on magnetic res-
onance imaging (MRI) (129).

We used frequent sampling at weekly and biweekly
intervals, examined serum levels of sTNF-RI (p55) and
sTNF-RII (p75), and compared levels with clinical and
MRI measures of disease activity (130). We found
increased levels of sTNF-R p55 in chronic progressive
patients compared with controls. These increases corre-
lated with increases in the Expanded Disability Status
Scale (EDSS) and Ambulation Index (AI) in chronic pro-
gressive patients. In addition, the change in TNF-R p55
correlated with the appearance of new gadolinium-
enhancing lesions on MRI (130).

A clinical trial of a TNF antagonist had the unex-
pected result of increasing enhancing lesions on MRI
(131). This unexpected result may be due to prolonga-
tion of TNF half-life in the serum by binding to the
antagonist. Decreasing TNF in the serum may be unre-
lated to TNF level in the lesions; alternatively, TNF may
play a protective role.

In summary, TNF-� and TNF-RI levels show cor-
relations with disease relapse, but these correlations may
not be of sufficient magnitude to allow prediction of clin-
ical or MRI disease activity. As in the EAE model, TNF-
� and its receptors play multiple roles; thus, systemic
immunotherapy may not have the desired effect.

INTERLEUKIN-12. In a longitudinal study, IL-12
production was measured by competitive PCR of
unstimulated PBMCs from controls, RRMS, and SPMS
patients (132). IL-12 p40 levels were increased in SPMS
and RRMS patients compared with controls, and IL-12
p40 correlated with the development of active lesions on
MRI but not with disease relapse. In contrast, IL-12 p35
levels were decreased in both groups compared with
controls, and there was a significant decline in the IL-
12 p35 mRNA levels during the development of active
lesions in SPMS patients. Serum levels of IL-12 p70 were
elevated in chronic progressive MS patients (133).
Production of IL-12 p70 by PBMCs stimulated with a T-
cell–independent mitogen was higher in secondary
progressive patients compared with controls or patients
with acute MS (134). IL-12 p70 also was increased in
cultures of PBMCs from SPMS as compared with
cultures from RRMS patients or normal controls. The
increase in IL-12 was found to be mediated via
CD40–CD40L interactions (123). The percentage of IL-
12–expressing monocytes was increased in chronic

ROLE OF CYTOKINES IN MULTIPLE SCLEROSIS AND EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS 153



progressive-MS patients, and this increase was reversed
in patients treated with cyclophosphamide (135).

INTERLEUKIN-10. Semiquantitative PCR of
cytokines in PBMCs demonstrated that IL-10 levels are
decreased before the onset of an exacerbation in RRMS
patients (128). The same study showed decreased levels of
IL-10 and TGF-� in MS patients compared with controls.
Levels of IL-10 were significantly lower in SPMS patients
than in RRMS patients or controls (132). Decreases in
IL-10 levels were noted only in RRMS patients 4 weeks
before the occurrence of MRI activity and 6 weeks before
clinical relapses. Increase of IL-10 message to normal levels
occurred at the time of MRI activity (132).

INTERLEUKIN-4. IL-4 is the prototypic Th2
cytokine. Studies of IL-4 in MS patients have been
limited. Increased IL-4 secretion by CD3-stimulated
PBMCs was demonstrated in SPMS patients treated with
cyclophosphamide/methylprednisolone compared with
untreated patients, suggesting that the mechanism of
action of this drug is to increase the Th2/Th1 cytokine
ratio. Eosinophilia was observed concomitant with
increases in IL-4 levels (136).

Studies of Cytokines in Myelin-Specific 
T-Cell Clones

Analysis of PLP-reactive clones isolated from patients
during acute relapses and remission and from normal
controls demonstrated PLP-specific skewing toward
Th1 cytokine production (IFN-� and TNF-�) in clones
isolated from MS patients during acute relapse. Those
isolated during remission showed increased production
of IL-10 and TGF-� compared with controls or clones
isolated during acute relapse (137).

Elispot analysis of PLP-reactive memory cells iso-
lated from MS patients versus controls demonstrated
increased levels of IFN-�-producing cells in MS patients
and negligible numbers of IL-5–producing T-cells in
either group (138).

MS patients orally tolerized with daily treatments
of bovine myelin showed increased frequencies of TGF-
�1 secreting short-term T-cell lines in response to MBP
or PLP (8). Cytoxan/methylprednisolone-treated MS
patients had increased frequencies of MBP- and PLP-
specific IL-4–secreting T-cells compared with untreated
MS patients (139).

Cytokine Immunotherapy

Absence of IFN-� in EAE led to worsened disease, sug-
gesting that IFN-� plays a predominantly anti-inflamma-
tory role (22). These and other studies led to the adminis-
tration of IFN-� to MS patients (120). Eighteen patients

with clinically definite RRMS received 1-, 30-, or 1000-�g
doses of IFN-� given by intravenous infusion twice a week
for 4 weeks. Seven patients had exacerbations during treat-
ment. This exacerbation rate, compared retrospectively
with the pretreatment rate and prospectively with the post-
treatment rate, was significantly greater than expected.
Exacerbations were not precipitated by fever or other dose-
dependent side effects. A concomitant increase in circu-
lating monocytes bearing class II (HLA-DR) surface anti-
gen suggested that the attacks induced during treatment
were immunologically mediated (120). Although IFN-�
may play a dual role, as seen in EAE studies, the negative
effects far outweigh its positive effects, making it an unsuit-
able candidate for immunotherapy of MS.

INF-� and INF-� are currently used to treat MS.
This topic is covered in Chapter 13.

Lenercept, or TNF-R IgG p55, is a dimeric recomi-
nant protein molecule built from two copies of the 55-kd
TNF-R extracellular domain fused to a fragment of the
human IgG1 heavy chain. This molecule therefore binds
TNF-� and neutralizes it in vitro. Studies using a murine
equivalent protein showed a protective effect in EAE (140).
Patients treated with Lenercept experienced a larger num-
ber of exacerbations that was dose dependent (131). There
was no significant change in EDSS or the number of new
gadolinium-enhancing lesions on MRI in treated or
untreated patients. The paradoxical effect of Lenercept
may be related to the dual roles of TNF-� in disease induc-
tion and termination of the immune response, as observed
in EAE. In addition, the role of the TNF-� p55 receptor
in humans may differ from that observed in EAE (131).

TGF-� is an attractive candidate for the immuno-
therapy of MS. A safety clinical trial was done with 12
chronic progressive MS patients treated with TGF-�2 2
times a week for 4 weeks. There was a significant decline
in renal glomerular filtration rate, with no change on
EDSS or MRI (141). Glomerular nephrotoxicity was
observed in a TGF-�1 transgenic murine model and asso-
ciated with an accumulation of glomerular extracellular
matrix protein (142). Thus, high doses of TGF-� are con-
sidered unsuitable treatment choices for MS.

In summary, studies of cytokines in humans indicate
that many cytokines, in particular IFN-� and TNF-�, may
play pro- and anti-inflammatory roles, and understand-
ing these mechanisms is critical before immunotherapy
targeting these or other cytokines is considered. We
require further study of cytokines in EAE and MS to
determine whether immune deviation will ultimately be
a viable treatment option for MS.

CONCLUSION

Cytokines play an integral role in the immunopatho-
genesis of MS. Studies of cytokines in the EAE model
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and in MS patients will help us better understand the
pathogenesis of the disease and may lead to novel ther-
apeutic options.
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INFLAMMATION, TISSUE INJURY, AND
DISABILITY IN MULTIPLE SCLEROSIS

he natural history of neurologic dis-
ability in multiple sclerosis (MS) has
been studied intensely (1,2). For
most patients, the disease will have

a significant impact on daily function. Most importantly,
50 percent of patients with the desease achieve an
Extended Disability Status Score (EDSS) of at least 6.0
(indicating requirement of aids for ambulation) between
15 and 20 years. Given the peak age of onset at 30 years,
this statistic translates into a population of individuals
aged 45 to 50 years who require canes or walkers for rou-
tine ambulation. Although textbooks commonly indicate
that as many as 30 percent of patients may experience
“benign” nondisabling disease, contemporary follow-up
studies have demonstrated that two-thirds of patients
classified as  having benign MS after 10 years of disease
are disabled after 25 years (3).

One hypothesis of the origin of disability in MS is
that the pathogenetic cascade begins with invasion of the
nervous system by leukocytes and culminates with irre-
versible injury to myelin and axons (4). Recent studies
have indicated that the disease is pathologically hetero-
geneous so that some cases feature a dissociation of
inflammation and tissue injury (5,6). However, in most

cases, the intensity of inflammation is directly related to
the extent of tissue injury. This conclusion rests on sev-
eral lines of evidence, from which representative studies
are cited below:

1. Examination of autopsy MS brain sections has indi-
cated that the destruction of myelin/axon units (7)
and the death of oligodendrocytes (8) is directly cor-
related to numbers of inflammatory cells in tissue
lesions.

2. Prospective analyses have suggested that cere-
brospinal fluid (CSF) markers of inflammation, such
as white cell count in the CSF, predict the severity
of the neurologic course (9).

3. Investigations using magnetic resonance imaging
(MRI) have shown that clinical deterioration is pre-
dicted by the number of inflammatory events, typi-
fied by disruption of the blood–brain barrier (BBB),
as revealed by foci of gadolinium leakage into brain
parenchymal lesions (10).

MS Neuropathology and The 
Pathogenesis of Disability

The pathology of MS has been characterized with pro-
gressively more detail and specificity during the past 120
years (11). MS specifically and exclusively affects the
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central nervous system (CNS, brain, and spinal cord).
Therefore, the evolution of MS studies has been entirely
concurrent with the development of modern neu-
ropathology (11). In turn, each advance in neu-
ropathologic techniques has produced a new wave of
insights into the pathogenesis of MS. The pathologic
hallmarks of MS include primary demyelination,
inflammation, gliosis, and axonal pathology (11). Pri-
mary demyelination is the most important single patho-
logic feature of the disease (12), which implies that the
principal target of the pathologic process within the
affected CNS is myelin (13). Myelin is a lipid-rich mem-
brane made exclusively by oligodendroglia within the
CNS. Myelin has the function of promoting rapid and
efficient conduction in nerve fibers (axons). In addition,
myelin provides trophic support and protection against
toxic environmental exposures. Studies performed in
pathologic material from very acute lesions have indi-
cated clearly that the initial and primary injured com-
ponent in the CNS of MS patients is myelin (14).

However, tissue injury in MS extends far beyond
demyelination. Specifically, demyelinated nerve fibers
exhibit physiologic abormalities and many undergo
transection, an irreversible event. This fact has been
known since the earliest pathologic descriptions of MS
(15). Recently, with quantitative immunohistochemi-
cal techniques, it has become apparent that nerve fiber
transection occurs frequently in acute lesions (7,15–19).
Research to uncover the molecular bases of axon tran-
section in MS lesions is embryonic but at present guided
by the observation that the maximal density of tran-
sected axons is found in regions of highest concentra-
tion of activated macrophages, in zones of acute
demyelination (7,14). Certainly, removal of the protec-
tive myelin sheath from the nerve fiber exposes the axon
membrane to a toxic inflammatory microenvironment,
but specific destructive components have not been iden-
tified. Hypotheses center around exposure to substances
such as tumor necrosis factor (TNF) and products gen-
erated by nitric oxide (NO) and reactive oxygen species.

Axons also may suffer the consequences of
chronic demyelination. It has been known for some
years that diseases of the peripheral nervous system
in which myelin is damaged or aberrantly formed (dys-
myelination) bring about axonal pathology, which in
turn is related to disability (20). This pathology
appears to arise from loss of the trophic influences pro-
vided by myelin. Denial of myelin’s trophic support is
also deleterious to CNS fibers: mice engineered to pro-
duce abnormal CNS myelin by targeted deletion of the
myelin proteolipid protein gene exhibited axonal
pathology during adulthood (21,22). Therefore,
chronically demyelinated MS lesions are plausible sub-
strates for axon loss and likely to produce clinical pro-
gression (16,18,23).

CHEMOKINES AND LEUKOCYTE
TRAFFICKING IN THE CNS

Chemokines and Leukocyte Trafficking

Understanding Leukocyte Extravasation

New information about the role of tissue inflammation
in the pathogenesis of MS has driven a search for effec-
tive and specific therapeutics that address leukocyte traf-
ficking. These developments in understanding MS are
complemented by advances in clarifying the molecular
mechanisms of leukocyte extravasation that provide the
knowledge base needed to modulate tissue inflamma-
tion. These concepts have been applied with partial suc-
cess through therapeutic trials of humanized monoclonal
antibodies that block leukocyte adhesion molecule inter-
actions with endothelial cells.

Additional targets for study and potential inter-
vention in MS are the chemokines and their receptors.
Chemokines constitute a large family of chemoattractant
peptides that regulate the vast spectrum of leukocyte
migration events. One attribute of chemokines that has
led to intense interest is that their receptors, members
of the superfamily of G-protein coupled receptors
(GPCR), are among the most appealing drug targets of
all immune-system components (24).

Considerable attention has recently been devoted
to understanding leukocyte trafficking during inflam-
matory processes affecting the CNS and integrating
chemokines into this process (25). The fundamental
mechanisms underlying leukocyte extravasation during
physiological migration and into sites of inflammation
have been dissected in some detail during the past decade
(26–33). The process relies on the sequential and over-
lapping interaction of three species of ligand–receptor
pairs. Initial contact between the leukocyte and the
endothelial cell is mediated by selectins and their car-
bohydrate counterreceptors. This interaction is termed
rolling and reduces the velocity of the cell within the
bloodstream sufficiently so that inflammatory parenchy-
mal events can be monitored.

Chemokines are implicated in two subsequent steps
of leukocyte extravasation. First, chemokine signals acti-
vate leukointegrins to bind avidly to their counter-
receptors, the cell adhesion molecules (CAMs) on the
endothelial lumenal surface (34). This binding is essen-
tial for the rolling leukocyte to arrest, achieve firm adhe-
sion to the endothelial cell, and flatten. The final stage,
diapedesis, is driven in part by gradient-dependent
chemoattraction mediated by chemokines. It is not
required that a single chemokine deliver the integrin-acti-
vating signals and the cues for directed migration (35).

Cells respond to chemokines by virtue of the expres-
sion (Table 12.1) of specific high-affinity receptors
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TABLE 12.1
The Chemokine Superfamily

SYSTEMATIC NAME LIGAND HUMAN LIGAND MOUSE RECEPTOR(S)

C family
XCL1;2 Lymphotactin, SCM-1� ATAC; SCM-1� Lymphotactin XCR1

CC family
CCL1 I309 TCA-3, P500 CCR8
CCL2 MCP-1, MCAF JE, MCP-1 CCR2
CCL3 MIP-1�, LD78�/�, MIP-1� CCR1, CCR5

AT 464.1/.2, GOS19-1/-2
CCL4 MIP-1�, AT744.1, AT744.2, Act-2, MIP-1� CCR5

G-26, HC21, H400, LAG-1
CCL5 RANTES RANTES CCR1, 3, 5,
CCL6 ? C10, MRP-1 ?
CCL7 MCP-3 NC28, FIC, MARC CCR1, 2, 3
CCL8 MCP-2, HC14 MCP-2 CCR2, 3
CCL9,10 ? MRP-2, CCF18, MIP-1� ?
CCL11 Eotaxin Eotaxin CCR3
CCL12 ? MCP-5 CCR2
CCL13 MCP-4, NCC-1, CK�-10 ? CCR2,3
CCL14 HCC-1, HCC-3, NCC-2 ? CCR1
CCL15 HCC-2, MIP-1�, NCC-3, MIP-5, Lkn-1 ? CCR1,3
CCL16 HCC-4, NCC-4, LEC, LMC LCC-1 CCR1
CCL17 TARC, dendrokine TARC CCR4
CCL18 DC-CK1, PARC, MIP-4, AMAC-1 ? ?
CCL19 MIP-3�, ELC, exodus-3, CK�-11 MIP-3� CCR7, CCR11
CCL20 MIP-3�, LARC, exodus-1 MIP-3� CCR6
CCL21 TCA4, exodus-2, SLC, 6Ckine 6Ckine CCR7, CCR11
CCL22 MDC, STCP-1, DCtactin� ABCD-1 CCR4, ?
CCL23 MPIF-1, MIP-3, CK�-8, CK�-8-1 ? CCR1
CCL24 Eotaxin-2, MPIF-2, CK�-6 ? CCR3
CCL25 TECK TECK CCR9a,b;CCR11
CCL26 Eotaxin-3 ? CCR3
CCL27 CTACK/ALP CTAK, ALP CCR10

CXC family
CXCL1 GRO-1, GRO-�, MGSA-� GRO (KC) CXCR2, 1
CXCL2 GRO-2, GRO-�, MIP-2�, MGSA-� GRO (KC) CXCR2
CXCL3 GRO-3, GRO-�, MIP-2� GRO (KC) CXCR2
CXCL4 PF4 PF4var1, PF4alt ?
CXCL5 ENA-78 LIX CXCR2
CXCL6 GCP-2 Ck�-3 CXCR1, 2
CXCL7 NAP-2 ? CXCR2
CXCL8 IL-8, MDNCF, NAP-1, NCF ? CXCR1,2
CXCL9 MIG, HuMIG MIG CXCR3
CXCL10 IP-10 crg-2, mob-1 CXCR3
CXCL11 b-R1, I-TAC, H174, ? CXCR3
CXCL12 SDF-1�, SDF-1�, PBSF SDF-1�/� CXCR4
CXCL13 BLC, BCA-1 BLR1L, Angie CXCR5
CXCL14 BRAK, bolekine BRAK ?
CXCL15 ? Lungkine ?

CX3C family
CX3CL1 Fractalkine Fractalkine CX3CR1

BLC, B-lymphocyte chemokine; BLRIL, DCtactin; ENA-78, epithelial cell–derived neutrophil activating protein of 78 amino acids;
GCP, G-coupled protein; GRO, growth regulated oncogene; HuMIG, human monokine induced by interferon-�; IL, interleukin; IP-10, inter-
feron-�–induced peptide of 10 kd; I-TAC, interferon-inducible T-cell �-chemoattractant; MCP, monocyte chemoattractant protein; MCP, mono-
cyte chemoattractant protein; MIG, monokine induced by interferon-�; MIP, macrophage inflammatory protein; NAP, neutrophil-activating
peptide; PF4, platelet factor-4; RANTES, regulated upon activation, normal T-cell, expressed and secreted.



(36–41). This overall scheme of leukocyte extravasation
has been applied with great success to events as diverse
as inflammation, developmental and recirculatory leuko-
cyte trafficking, and colonization of gut and skin with
resident populations of leukocytes; recent reviews have
lucidly explicated these lines of research (42–44). There-
fore, variants of this general scheme appear to underlie
all leukocyte trafficking. Combinatorial diversity is cited
to account for the enormous variety of leukocyte extrava-
sation and migration events explained by the paradigm.

Chemokines and Their Receptors: 
Background and Nomenclature

Chemokines comprise a large superfamily of approxi-
mately 50 peptides constituting a discrete subset of the
general class of polypeptide mediators designated as
cytokines. Distinct from peptide hormones such as
insulin, cytokines typically act in a restricted microenvi-
ronment in paracrine or autocrine fashion. The only
chemokine that is commonly included in lists of tradi-
tional cytokines is interleukin (IL)–8, which was assigned
an interleukin designator before the defining character-
istics of the superfamily of chemokines were recognized.
The chemokines are at present considered a unique sub-
class of cytokines, for several reasons: 1) chemokines
exhibit a highly-conserved structure (see below),  2) most
chemokines are encoded in definable multigene arrays
at specific chromosomal loci, and 3) the chemokine recep-
tors constitute a specific class of cytokine receptors by
virtue of belonging to the superfamily of heptahelical
GPCRs.

Although they are involved in diverse processes,
their “eponymous” role (as “chemotactic cytokines”)
appears to be chemoattraction of subpopulations of
leukocytes (33). In this regard, chemokines differ from
the classical chemoattractants, such as complement com-
ponent C5a, which act toward a larger spectrum of leuko-
cytes. Specificity of chemokine action is mediated by
selective expression of chemokine receptors, the hepta-
helical G-protein–coupled membrane molecules. With
time and further study, chemokines have been implicated
in developmental organogenesis, angiogenesis, neoplasia,
differentiation, and a host of other physiologic and patho-
logic processes (45,46). Considerable interest has been
sparked by the discovery that several chemokine recep-
tors are essential invasion coreceptors for human immun-
odeficiency virus (HIV)–1 and HIV-2 infection of human
cells (47,48).

Given the size and complexity of the chemokine fam-
ily, organizing principles are essential for initiating focused
meaningful study of their biology in health and disease
(Table 12.1). Fortunately, some such principles are read-
ily apparent. All elements with chemokine activity are
small (10–15 kd) and exhibit a conserved structure that

features a core globular �-barrel established by three
antiparallel �-strands. This core is flanked by a highly
basic C-terminal �-helix and a short, relatively disordered,
N-terminal segment (49). The N-terminal segment con-
tains most or all of the structural information required for
receptor specificity (50). Therefore, naturally occurring
proteolytic modifications of the N-terminal segments of
chemokine peptides can dramatically change receptor
affinity or specificity (51–53). Further, engineered modi-
fications of the chemokine N-terminus can give rise to pep-
tides with potent receptor-blocking activity (54).

The core structures of chemokines are maintained in
part by disulfide bonds between positionally conserved cys-
teine resides (49). For most chemokine peptides, a dis-
cernible structural characteristic is the distribution of four
cysteines within the molecule. A convenient informal ter-
minology for the chemokines has been derived from the
observation that subfamilies of chemokine peptides are dis-
tinguished by the organization of the cysteines near the
N-terminus of the molecule. With the use of this algorithm,
four chemokine peptide families have been described. In
the first, or �-chemokine family, the initial two cysteines
are separated by a single residue. Thus, the �-chemokines
are also known as CXC chemokines. In the �-chemokine
family, the first two cysteines are adjacent, giving rise to
the term CC chemokines. Lymphotactin, a peptide with all
the characteristic features of a chemokine, has a single C
residue near the N-terminus and defines the family of �
or C chemokines. The fourth family of chemokine elements
is defined by a molecule termed fractalkine, which is a
unique component of the chemokine superfamily.
Fractalkine is expressed as a typical chemokine motif teth-
ered to the cell membrane by a transmembrane anchor and
“presented” by a long mucinlike stalk. The N-terminal cys-
teines of fractalkine are separated by three residues, and
fractalkine defines the family of � or CX3C chemokines.
Beyond their structural similarities, the chemokine sub-
families exhibit genetic association. Many CXC
chemokines are encoded in a multigene array on human
chromosome 4. Most, but not all, CC chemokines are
encoded in a similar large array on human chromosome
17. Lymphotactin and fractalkine are encoded elsewhere
in the genome. A substantial, current, and practical
chemokine Web site is maintained at http://cytokine.medic.
kumamoto-u.jp/CFC/CK/chemokine.html.

A simplifying nomenclature for the chemokines and
receptors has been proposed and a current version is shown
in Table 12.1 (55). This scheme takes the chemokine sub-
family name (e.g., CC or CX3C), adds the designator L for
ligand or R for receptor, and appends a unique number.
For ligands, the number corresponds to the order in which
the genes were assigned an SCY (small cytokine family)
designation, which usually follows the order of character-
ization by molecular cloning. The SCY designators can be
found at the Web site mentioned earlier.
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The new ligand designations are provided in this
review, with traditional jargon names, although the
nomenclature is not widely employed at present. The
receptor nomenclature is more firmly established. For the
receptors, the order of numeration includes demonstra-
tion of molecular uniqueness, characterizing specific bind-
ing of ligand(s), and documenting biologic function (cal-
cium flux, chemotactic response, or other signaling).

Chemokine Receptors

Structure

Chemokine receptors belong to the superfamily of GPCRs.
The GCPRs are a large family of biologically important
receptors with conserved structure and signaling proper-
ties. Perhaps the best characterized family members are the
retinal rhodopsins. GPCRs exhibit a heptahelical disposi-
tion in the plasma membrane, with residues in the
intramembrane helices being highly conserved within fam-
ilies. The N-terminal segments and extracellular loops 1 to
3 constitute the ligand-binding domains of the receptors
and vary to impart ligand specificity. The intracellular
loops and C-terminal tails of GPCR provide sites of asso-
ciation with signaling components and vary consistently
with different signaling outputs of the various receptors.
The GPCRs are believed to be the largest superfamily of
human genes and constitute important targets for small-
molecule therapeutics. Chemokine receptors belong to the
family of group A GPCRs, and to the subfamily of peptide-
specific GPCRs, thus being closely related to the receptors
for C5a anaphylotoxin and the bacterial N-formylated
peptides, such as N-formylmethionine-leucine-proline
(fMLP). Useful information about GPCR can be obtained
at the Web site http://www.gpcr.org/7tm/html.

The juxtamembrane portion of the second intracel-
lular loop of chemokine receptors contains a conserved
DRYLAIV motif (using the single-letter code for amino
acids) that has been found in all signaling chemokine
receptors to date and is a variant of the acidic
residue–arginine aromatic residue motif at this position
in all GPCRs. Exceptions to this rule are the nonsignal-
ing “promiscuous” chemokine receptorlike molecules,
Duffy antigen receptor for chemokines (DARC) and D6
(56–58). Both D6 and DARC bind many CC and CXC
chemokines with low nanomolar efficiency, despite their
lack of signaling competence. D6 and DARC have pro-
visionally been termed chemokine-binding molecules in
preference to chemokine receptors. These observations
document the functional significance of the conserved
DRYLAIV motif.

DARC and D6 may exert nonsignaling functions
such as immobilization of chemokines on endothelial sur-
faces for “presentation” to passing leukocytes. DARC is
differentially expressed on erythrocytes and endothelia,

probably because of its adventitious function as the inva-
sion receptor for Plasmodium vivax, a major human
pathogen (59,60). DARC is accordingly downregulated on
erythrocytes of individuals from malaria-endemic areas but
is expressed on postcapillary venules even in people who
are DARC-negative on erythrocytes (61,62). Interestingly,
DARC is expressed in the CNS on a population of cere-
bellar Purkinje cell neurons and is upregulated at the
mRNA level in brain tissue of MS patients (63–65).

Nomenclature

A useful nomenclature of the chemokine receptors has
been established. Molecular entities are assigned status
as chemokine receptors with the demonstration that they
represent specific species, that selective high-affinity lig-
and binding can be demonstrated, and that signaling
(preferentially with biological response) can be docu-
mented. Using this approach, there are 18 currently
defined chemokine receptors (CCR1-10, CXCR1-6,
XCR1, and CX3CR1). Chemokine receptors are assigned
to families by virtue of binding ligands from the struc-
turally defined chemokine families. This nomenclature
implies (which is indeed the case) that receptors prefer-
entially bind ligands from individual families. Thus,
CXCRs preferentially bind CXC chemokines, CCRs pre-
fer to bind CC chemokines, and so forth. Individual
reports indicated that CC chemokine bind CXC recep-
tors, generally with high nanomolar affinity and occa-
sionally with effects that suggest antagonist function (66).
Despite these exceptions, the chemokine receptor nomen-
clature has been highly effective and useful.

Ligand–Receptor Relationships

Ligand–receptor relationships in the chemokine super-
family are complex. The receptors have been opera-
tionally subdivided according to the complexity of their
relationships to ligands into various groups (31). Thus,
the private receptors (e.g., CXCR1) bind only a single
ligand, in this case IL-8 (although it was recently
reported that GCP-2/CXCL6 is also a full ligand at
CXCR1). The public receptors (e.g., CXCR2) bind mul-
tiple ligands (all seven glutamateleucine orginine (ELR)-
positive CXC chemokines: IL-8, three growth-regulated
oncogene [GRO] peptides, neutrophil-activating pep-
tide-2 [NAP-2], granulocyte chemotactic protein-2
[GCP-2], and  epithelial cell–derived neutropil-activat-
ing protein-2 [ENA-78]). The promiscuous receptors
(DARC and D-6) that bind multiple chemokines of sev-
eral families do not signal or transduce biological effects.
A substantial population of orphan receptors to which
ligands have not yet been assigned but for which struc-
tural analysis indicates likely membership in the
chemokine receptor family.
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The fact that most chemokine receptors can respond
to a diversity of ligands in vitro can lead to a confusing
impression of redundancy in the chemokine system.
Experiments in gene-targeted animals have indicated that
functional redundancy in vivo is not the rule. These dis-
parate results of experiments in vitro and in vivo suggest
that the apparent overabundance of chemokines and
receptors is a reflection of intricate biological complexity
and specificity (67–69). At present, the most intellectually
satisfying interpretation of chemokine ligand–receptor
interactions holds that different combinations of ligands
and receptors can produce precisely tuned responses to a
wide variety of environmental challenges (70).

Virus-Encoded Chemokine Receptors and Ligands

A fascinating group of functionally competent chemokine
receptors and chemokines is encoded by viruses (prima-
rily the herpesviridae) (71,72). These virus-encoded
chemokines and receptors probably play important roles
in the pathogenesis of primary viral infection (73,74).
Mechanisms of action include expression of receptors
that bind and sequester chemokines within cells, thereby
limiting inflammatory responses. In some cases, these
molecules may mediate unanticipated consequences of
virus infection such as the development of Kaposi sar-
coma (KS) in individuals infected with human herpes
virus-8 (HHV8), likely resulting from expression of the
chemokine receptor encoded by open recording frame
(ORF)-74 (75,76). Assignment of ligands for the virus-
encoded chemokine receptors is clearly complicated
because biologic readouts are not always readily avail-
able (72,77,78). However, these receptors frequently bind
multiple ligands from various chemokine families.

Regulation of Chemokine Receptor Expression

Target cells respond to chemokines only by virtue of
expressing cognate receptors. Therefore, the regulation
of the receptor expression is a critical checkpoint in defin-
ing how cells respond to chemokines in the environment.
Leukocytes express chemokines receptors according to
their lineage, their stage of differentiation, and their state
of activation. One example comes from studies of T-cells
during activation and differentiation (79,80). Naive, rest-
ing T-cells express CXCR4 and CCR7. With activation,
T-cells rapidly upregulate CCR5 and CXCR3, with the
latter receptor exhibiting sustained expression only in
cells that are polarized toward T-helper 1 (Th1) pheno-
typic commitment (79,81). T-cells exposed to chronic
activating stimuli will gradually upregulate CCR2. T-cells
that are polarized in a T-helper 2 (Th2) environment will
express CCR3, CCR4, and CCR8 (79,81,82).

Perhaps the most intricate and well-defined pro-
gram of regulated chemokine expression is exhibited by

dendritic cells (42,43,80,83,84). Immature dentritic cells
migrate from the blood stream into tissue under the
influence of high expressions of CCR1, CCR2, and
CCR5, receptors that respond to “inflammatory”
chemokines. Such cells are competent for antigen inges-
tion and processing but not for presentation. After anti-
gen uptake, immature dentritic cells prepare to undergo
reverse transmigration from tissue into blood and even-
tually to lymphoid organs. In addition to other changes
that indicate acquisition of the mature dentritic cell phe-
notype, these cells downregulate CCR1 and CCR5 to
permit exit from the inflammatory site (where high con-
centrations of the ligands for these receptors are found).
Mature dentritic cells upregulate CCR7, ligands that are
highly expressed in lymphoid organs. These cells pass
from tissue into the blood stream and advance to affer-
ent vessels from secondary lymphoid organs. This pro-
gram of regulated chemokine receptor expression has
been termed weigh the anchor (indicating the decrease
in CCR1 and CCR5) followed by hoist the sail (allud-
ing to increased CCR7 expression). These concepts have
been elegantly explicated (67), and the role of this
chemokine receptor program in the adaptive immune
response is described below.

Signaling

As might be expected from the diversity of biologic
responses mediated by chemokines, postreceptor signal-
ing is complex, and this topic has been recently and ably
reviewed (85). Signals from chemokine receptors gener-
ate outputs that direct two cardinal biological responses:
integrin activation and directional migration (35). Inte-
grin activation depends on calcium flux and mitogen-acti-
vated protein (MAP) kinase activation through inside-out
signaling (86). Cytoskeletal reorganization, uropod for-
mation, and directional migration depend on calcium
entry, G-protein–coupled events, cytoplasmic GTPases
including RhoA, and phospholipases C and D. Other
functional responses (including proliferation and restraint
of proliferation) appear to depend on these events but
require a variety of protein tyrosine kinases and phos-
phoinositol-3 kinase (PI3K) (87,88).

One outstanding question in the chemokine recep-
tor field is related to the G-protein–coupling for diverse
responses in different cells. It is clear that such diversity
exists: although early studies demonstrated that many
consequences of chemokine receptor signaling are per-
tusis-toxin–sensitive (suggesting obligatory coupling to
Gi), pertusis-toxin–insensitive responses to chemokine
receptor stimulation have been unambiguously described
(89). Differential use of G� components by CXC and CC
receptors has also been clearly demonstrated (90). Fur-
ther, variation in G-protein coupling for individual recep-
tors in different cellular backgrounds has been described.
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Chemokines, Their Receptors, and 
Immune Responses

Chemokines and Their Receptors Control Migration
in Secondary Lymphoid Organs During the
Generation of Adaptive Immune Responses

Findings from gene-targeted mice, in vitro studies, cell
transfer studies, and a large variety of descriptive analy-
ses of gene expression have culminated in satisfying
accounts of the roles of several chemokines and
chemokine receptors in the generation of adaptive
immune responses within secondary lymphoid organs
(SLC) such as lymph nodes. These concepts and the data
that underlie them have been extensively and elegantly
reviewed (42,67,91–94).

In lymph nodes, dendritic cells charged with antigen
must encounter naive T-cells with cognate receptors.
Naive T-cells arrive in the T-cell zones of lymph nodes
through the action of CCR7. CCR7 initially engages SLC
(CCL21 in the new nomenclature), which is highly
expressed by high endothelial venules (HEVs), the dis-
tinctive vascular component of lymph nodes. Subse-
quently, after extravasation, naive T cells enter T-cell
zones and are retained there under the influence of high
local concentrations of ELC/CCL19 and SLC/CCL21 act-
ing on CCR7.

Immature dendritic cells in tissue express high lev-
els of CCR1 and CCR5. After uptake of antigen and
achievement of the mature dendritic cell phenotype, these
cells rapidly downmodulate all chemokine receptors, in
part through engagement of CD40 (43,83,84). Elimina-
tion of signaling from these receptors allows reverse
transmigration from tissue into blood and is succeeded
by gradual upregulation of CCR7. These dendritic cells,
which are now fully competent antigen presenting cells
(APCs), migrate through the lymph (which contains
CCR7 ligands on endothelial surfaces) into the T-cell
zones of lymph nodes under the influence of local high-
level SLC/CCL21 and ELC/CCL19 concentrations.
Therefore, through the action of CCR7 and its ligands,
mature antigen-charged dendritic cells and naive T-cells
are brought into apposition in the T-cell zones of lymph
nodes. Dendritic cells promote even closer contact, specif-
ically with activated T-cells, by producing macrophage-
derived chemokine (MDC)/CCL22, which acts on CCR4,
expressed on activated but not on naive T-cells (95,96).
Upon activation by antigen, T-cells downregulate CCR7
and acutely upregulate CXCR3. However, CXCR3
expression is sustained only on those T-cells destined to
become committed to the Th1 functional phenotype.

T-cells activated in T-cell zones but destined to pro-
vide help for immunoglobulin synthesis also may upreg-
ulate CXCR5, which could render these T cells able to
draw close to the B-cell follicles of lymph nodes (under

the influence of B-lymphocyte chemokine [BLC]/CXCL13
(97), there to provide help for B-cell immunoglobin syn-
thesis (42). T-cells determined to persist as Th2-commit-
ted helpers will persistently upregulate CCR3, CCR4, and
CCR8. High levels of interferon-�–induced 10-Kd pep-
tide (IP-10) and monokine induced by interferon-g (MIG)
in sites of TH1-biased inflammatory responses are driven
by the expression of interferon-g (IFN-�) and will serve
to attract Th1-committed T-cells through action on
CXCR3 (80,98). Complementary effects will promote the
accumulation of Th2 cells through the action of eotaxin
on CCR3, MDC on CCR4, and I309 on CCR8. Although
(RANTES)/CCL5 engages Th1- and Th2-associated
receptors, its dominant effects promote Th1 and inhibit
Th2 properties of T-cells (99). Therefore, through the
action of a small number of chemokines and receptors,
intricate, precise, and efficient adaptive immune responses
can be generated.

Roles of Chemokines in Cytokine Expression 
and T-cell Differentiation

In addition to their roles as chemoattractants, it is now
clear that chemokines participate critically in regulating
T-cell activation, cytokine production, and differentia-
tion (100). Subsets of T-cells are classified based on the
cytokines they produce: Th1 cells produce IFN-�, IL-2,
and TNF-�, whereas Th2 cells produce IL-4, IL-5, and
IL-10 (101–103). Th1, but not Th2, cells produce lym-
photactin/XCL1, monocyte chemoattractant protein
(MCP)–1/CCL2, and macrophage inflammatory protein
(MIP)–1�/CCL3, whereas both subsets can synthesize
MIP-1�/CCL4 in vitro (104).

In an experimental animal asthma model, transfer of
Th1 and Th2 cells regulated chemokine expression differ-
ently: lungs from animals that received Th2 cells expressed
mainly eotaxin, whereas lungs from animals that received
Th1 cells expressed lymphotactin, IP-10/CXCL10,
RANTES/CCL5, and MCP-1/CCL2 (105). Collectively,
these data indicate that differences exist in cytokine pro-
duction and chemokine regulation when one compares Th1
and Th2 cells.

The differentiation of Th0 into Th1 cells required IL-
12, whereas differentiation into Th2 cells required IL-4
(102). MIP-1�/CCL3 was associated with Th1-type gran-
uloma formation, whereas MCP-1/CCL2 was associated
with Th2-type granuloma formation in a schistosomiasis
model (106,107). Recently it was shown that naive T-cells
from T-cell receptor (TCR) transgenic, RAG-1 deficient
mice showed enhanced IFN-� production when incubated
with MIP-1�/CCL3 and enhanced IL-4 production when
incubated with MCP-1/CCL2 (108).

Further, MCP-1/CCL2 was important in vivo for T-
cells to express properties of the Th2 phenotype (100). In
particular, MCP-1/CCL2 knockout mice failed to develop
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antigen-specific Th2 commitment. In addition to inducing
T-cell differentiation, chemokines regulate inflammatory
cytokine production. Specifically, MCP-1/CCL2 downreg-
ulated IL-12 expression in the mucosa during oral tolerance
induction, thereby contributing to the T-cell nonrespon-
sive state (109). Thus, chemokines are not only induce dif-
ferentiation of Th cells, they also can participate in tissue-
specific regulation of inflammatory cytokine expression.

Chemokine Receptors in T-Cell Differentiation

Using in vitro polarized T-cell lines, RNase protection
assays, and calcium mobilization assays, Sallusto et al.
(79,80,82) identified a profile of chemokine receptors
expressed on human Th1 and Th2 cells. CCR3, originally
described as a receptor on eosinophils and basophils for
the chemokines eotaxin, eotaxin-2, RANTES/CCL5,
MCP-2/CCL8, MCP-3/CCL7, and MCP-4/CCL13,
(110,111) was found selectively expressed on Th2 cells
from human peripheral blood and also polarized TH2
lines expanded in vitro (82). CCR4 was found on Th2
cells but was also found on non–IL-4–producing cells
(79,81,112). These observations suggest that CCR3
expression by T-cells correlates Th2 phenotype.

CXCR3, which is a receptor for MIG/CXCL9, IP-
10/CXCL10, and interferon-inducible �-chemoattractant
(I-TAC)/CXCL11, was expressed at higher levels on
human Th1 cells than on Th2 cells (79,81,113). CCR5
expression was found on highly polarized human Th1 but
not on Th2 clones (81,114). However, Sallusto et al.
showed that CCR5 expression is transiently expressed on
T-cells with an activated phenotype (CD86�, L-selectin�,
CD45RO�, and CD45RAlow) and therefore is not exclu-
sively a Th1 marker (79). These investigators showed
that, with removal of the T-cell growth factor IL-2, CCR5
is decreased, whereas CXCR3 expression remains ele-
vated, suggesting that CCR5 is a marker for activated
human T-cells, whereas CXCR3 is a marker for Th1 cells.

Unusual Character of 
CNS Inflammation

Clearly, the concept that molecular determinants of
trafficking define how inflammatory infiltrates are
composed has great appeal as one attempts to account
for the distinct characteristics of inflammatory
processes in the CNS. Because swelling rapidly pro-
duces fatal shifts of the cerebral contents, the CNS is
intolerant of acute inflammation, with accompani-
ments of neutrophilia and edema. It seems apparent
that rapid increases in intrathecal fluid volume, pro-
duced by inflammation, will invariably be accommo-
dated by abruptly reduced blood volumes, which will
generate ischemic damage. Apparently, the CNS has
evolved mechanisms to avoid such catastrophes.

Inflammation in the CNS appears to be severely
restricted and controlled by multiple mechanisms
including the BBB, which excludes most macromole-
cules and inflammatory cells (115–122).

The distinct character of CNS inflammation has
been shown elegantly by studies using intracerebral injec-
tions of kainic acid, which produce a necrotizing neuronal
injury due to excitotoxic mechanisms (123). In peripheral
tissues, abundant cellular necrosis would be expected to
elicit neutrophilic inflammation, vasogenic edema, and
tissue swelling (124). However, such injury within the
CNS produces gradual recruitment of hematogenous
macrophages and activation of the resident macrophage
population, represented by microglia (124).

What mechanisms underlie this distinctly restricted
pattern of inflammation? First, cerebrovascular endothe-
lial cells express lower levels of adhesion molecules (com-
pared with other vascular beds) under resting conditions.
However, the activated cerebrovascular endothelium
expresses very high levels of adhesion substrates for
leukocyte recruitment (124). Therefore, the principal
shaping force for CNS accumulation of subpopulations
of leukocytes appears to be expression of specific
chemokines. At a first level of approximation, this tenet
holds that the CNS is specialized to produce chemokines
that attract cells involved in chronic inflammation
(mononuclear cells) from the circulation, and that neu-
trophil recruitment occurs only under unusual circum-
stances. This concept is supported by the fact that neu-
trophil-specific chemokines can be highly expressed in
the circumstances (such as brain abscess) in which neu-
trophils accumulate at high levels within the CNS. As a
unifying statement, it appears likely that selective pro-
duction of specific chemokines underlies the propensity
of the nervous system to develop features of chronic
rather than of acute inflammation.

Second, percussion injury to the rodent spinal cord
produces a very sparse neutrophilic reaction followed by
recruitment of macrophages (125). This pattern is mir-
rored by the brief low-level expression of neutrophil-spe-
cific chemokines followed by robust expressions of MCP-
1 and MCP-5/CCL12 (126).

Transgenic and 
Knockout Models

The concept that chemokines are major determinants of
leukocyte recruitment to the nervous system has been
subjected to numerous proof-of-principle experiments
in animal models. Much of this work has been performed
in a model of MS, experimental autoimmune
encephalomyelitis (EAE). These studies are described
below. Other studies have used transgenic (127) or
knockout mice. Fuentes and colleagues overexpressed
MCP-1/CCL2 within the CNS under the control of an
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oligodendrocyte-specific myelin basic protein (MBP) pro-
moter (128). These mice developed sparse monocytic
infiltrates in the CNS perivascular space. Upon activation
of endothelium by intraperitoneal injection of
lipopolysaccharide (LPS), the mice developed abundant
monocytic infiltrates of the nervous system. Comple-
mentary experiments came from Tani et al. and Bell et
al. (129,130). In the first case, a neutrophil chemoat-
tractant, GRO-�/CXCL1 was expressed under the con-
trol of the MBP promoter, and mice developed remark-
ably abundant infiltrates of neutrophils (129). These cells
invaded the CNS without becoming activated and sub-
sequently underwent apoptosis. Therefore, chemokine
signals were sufficient to recruit but not to activate these
cells within the nervous system. Bell and coworkers
expressed a related neutrophil chemoattractant, MIP-
2/CXCL2, through injection of a recombinant adenovirus
(130). Injection of this construct produced flamboyant
neutrophilic invasion of the nervous system. In both
cases, BBB disruption was observed. Subsequently, Perry
and coworkers showed that this disruption is consequent
to the extent of the neutrophil traffic across the cere-
brovascular endothelium (131).

Recent studies in CCR5-deficient mice (generated by
gene targeting through homologous recombination in
embryonic stem cells) have provided dramatic evidence
for the importance of chemokines in specific leukocyte
recruitment to the CNS in a relevant model of microbial
pathogenesis. In these experiments, the human pathogen
Cryptococcus neoformans was instilled into the tracheae
of wild-type and CCR5 knockout mice (132). Both wild
type and CCR5 �/� mice mounted a vigorous inflam-
matory response in the lung and cleared the organism.
However, CCR5-deficient mice died because of over-
whelming cryptococcal meningoencephalitis. Defective
recruitment of inflammatory cells to the CNS appeared
to be responsible for the susceptibility of CCR5 knock-
out mice to this pathogenic process.

Inflammatory Disease Models

Descriptive Studies of Chemokine Expression

EAE often has been used as an animal surrogate for
MS (133–137). Further, a great deal of understanding
of immune-mediated inflammation in the nervous sys-
tem has resulted from studies in this model
(13,138,139). In early work on chemokine expression
in this system, three groups almost simultaneously
reported high-level expression of multiple chemokines
in the CNS of mice with EAE (140–142). Interestingly,
these chemokines would be predicted to act almost
exclusively on lymphocytes and macrophages, the cells
that overwhelmingly constitute the inflammatory infil-
trate in EAE.

Interventional Studies of Chemokine Function in EAE

Workers in this field were strongly motivated to proceed
with their efforts by the demonstration, shortly after the
initial descriptive studies, that antibodies to one
chemokine, MIP-1�/CCL3, could abrogate adoptive
transfer of EAE in SJL mice (143). This report by Kar-
pus and colleagues represented the first demonstration
of a functional role for chemokines in EAE. Karpus and
coworkers subsequently showed that relapses of adop-
tive-transfer EAE are significantly diminished by anti-
bodies to another chemokine, MCP-1/CCL2 (144). These
results were confirmed and extended in additional reports
by using the novel technique of naked DNA vaccination:
these studies showed that vaccination against MCP-
1/CCL2 or MIP-1�/CCL3 protects mice against EAE,
whereas similar approaches targeted to other chemokines
had no effect (in the case of RANTES/CCL5) or made the
disease more severe (MIP-1�/CCL4) (145). Further inno-
vative studies by Vanguri and colleagues implicated IP-
10/CXCL10, an astrocyte-derived, T-cell-specific
chemokine, in the Lewis rat model of EAE (146). These
investigators used chronic intrathecal infusion of antisense
oligodeoxynucleotides to modify the pathologic process
in the CNS of the experimental animals (146). Such dis-
parate observations were integrated by the hypothesis that
specific chemokines regulate the different processes that
comprise EAE (147).

Sources and Regulation of Chemokines in 
the CNS of Animals with EAE

The sources of chemokines in EAE nervous system have
been addressed by several groups, with generally con-
cordant findings. Several chemokines (MIP-1�/CCL3,
MIP-1�/CCL4, and RANTES/CCL5) are made predom-
inantly by infiltrating leukocytes (148–150). Other
chemokines (IP-10/CXCL10 and MCP-1/CCL2) are pro-
duced mainly by the resident population of astrocytes
(148,149,151). Further, time course studies indicated that
chemokines are elaborated immediately after the earliest
T-cell infiltrates enter the affected CNS (152,153). Using
all available data, it has been proposed that initial inva-
sion of the CNS by activated antigen-specific T-cells
occurs independently of production of chemokines within
the CNS tissue (154,155). However, immediately after
T-cells become resident within the nervous system and
produce inflammatory cytokines, large-scale expression
of multiple chemokines ensues and contributes to the dra-
matic amplification of the inflammatory response (150).

Recent studies have shown that the responder cells
(infiltrating inflammatory leukocytes) express chemokine
receptors that are appropriate for binding the chemokines
produced in the affected CNS tissue (156). It is widely
anticipated that studies in chemokine receptor knockout
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mice will uncover specific roles for individual receptors
in the generation and propagation of the inflammatory
pathology of EAE (25,157).

What drives the expression of chemokines in EAE?
Based on simple descriptive considerations, it appears
likely that inflammatory cytokines produced by activated
T-cells and macrophages are responsible. Tissue culture
studies have shown that such cytokines (IFN-�, TNF-�,
and IL-1) stimulate cells to produce remarkably large
quantities of chemokines (158,159). Further, the distri-
bution of chemokine-expressing cells, around aggregates
of inflammatory cells, suggests that products of the inflam-
matory cells stimulate chemokine expression (151).
Finally, a recent study in IFN-� knockout (GKO) mice
provided data that support this hypothesis (160). 
Surprisingly, GKO mice are susceptible to EAE and exhibit
typical inflammatory pathology. Further, there is high-
level intrathecal production of several chemokines includ-
ing MCP-1/CCL2. Strikingly absent from the array 
of chemokines produced during GKO-EAE is IP-10/
CXCL10 (160). Of interest, IP-10/CXCL10 was initially
cloned in a differential hybridization experiment using
IFN-� to stimulate U937 cells (161). In most, but not all
circumstances, IFN-� is essential for the production of IP-
10/CXCL10. Therefore, the absence of IP-10/CXCL10 in
the CNS of GKO mice with EAE suggested that inflam-
matory cytokines regulated the expression of chemokines
during EAE.

CHEMOKINES AND THEIR RECEPTORS IN
MULTIPLE SCLEROSIS

The study of chemokines in MS has been, to date, descrip-
tive. Gratifyingly, much of the information we have about
chemokines in MS can be readily correlated to findings in
animal models, including EAE.

Genetic Studies

There are hints that chemokine and chemokine receptor
genes are related to the likelihood of getting MS or the
severity of the disease. Fiten and colleagues reported that
the risk to develop MS is decreased in Swedish patients
who possess specific microsatellite polymorphisms in the
upstream region of the MCP-3/CCL7 gene (162). Differ-
ent polymorphisms conferred protection for patients with
high-risk HLA haplotypes as compared with those with
low-risk HLA haplotypes.

Additional work has focused on the well-character-
ized ∆32 polymorphism of CCR5. This genetic lesion
leads to expression of a nonfunctional CCR5 protein.
Homozygotes for this allele (about 1 percent of the West-
ern European population) are functional “knockouts” for
CCR5. In a study of 120 unrelated patients in Australia,

Bennets and colleagues showed that the homozygous ∆32
CCR5 genotype does not protect against MS. In all, two
patients in that small sample were CCR5 ∆32 homozy-
gotes, a frequency that would be expected by chance given
the background allele frequency and prevalence of MS
(163). Sellebjerg and colleagues found an intriguing effect
of the CCR5 ∆32 heterozygote state on MS severity. They
identified patients at the time of first attack and per-
formed genotyping studies for CCR5. In this cohort, ∆32
heterozygotes progressed to clinically definite MS (defined
by the occurrence of a second attack) significantly more
slowly than did patients with wild-type CCR5 genes
(164). Oksenberg and coworkers showed, in a well-doc-
umented cohort of familial MS cases, that ∆32 heterozy-
gotes exhibit a mean 3-year delay in the onset of their
MS, as compared with patients possessing wild-type
CCR5 alleles (165).

These results have correlates in experimental model
systems. Teuscher and colleagues identified a locus termed
eae7, one of several that control the pattern of EAE in
congenic inbred mouse strains (166). This quantitative
trait locus (QTL) proved to be coincident with the �-
chemokine gene cluster. Sequence polymorphisms for
three chemokines distinguished the two eae7 alleles and
predicted significant structural alterations in two of the
chemokine proteins involved. As noted above (132),
CCR5-null mice failed to recruit leukocytes into the nerv-
ous system in response to challenge to Cryptococcus neo-
formans. Therefore, in spontaneous human disease and
the mouse model, inflammatory demyelination is linked,
in susceptibility and severity, to polymorphic genes in the
chemokine system.

Clinical Studies

Other studies of the involvement of chemokines in MS
have used material from patients. For the most part, stud-
ies have focused on body fluids (blood or CSF) or autopsy
brain tissue.

Interestingly, the first study of a chemokine-related
product in MS was reported in 1987 by Cananzi et al.
before the chemokine family was defined (167). In that
study, platelet factor 4 (PF4/CXCL4) was significantly
increased in the plasma of MS patients as compared with
healthy controls. Aspirin treatment did not affect PF4 pro-
duction by cells isolated from patients, suggesting that the
product originated from mast cells. Because the function
of PF4 remains undefined, this observation has not been
extensively followed up.

There have been limited reports of chemokine levels
in the CSF of MS patients (168). Our group compared
chemokine levels by enzyme-linked immunosorbent assay
in the CSF of 38 patients with active symptomatic MS with
the CSF of 21 healthy individuals without neurologic dis-
ease (169). Several chemokines (IP-10/CXCL10,
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MIG/CXCL9, and RANTES/CCL5) were significantly ele-
vated, whereas levels of MCP-1 were significantly
decreased in the MS patients’ CSF. These observations were
extended by analyzing chemokine receptor expression on
T-cells in blood and CSF obtained simultaneously at the
time of lumbar puncture/phlebotomy during diagnostic
work-up. We found that T-cells in the CSF express the IP-
10/MIG receptor CXCR3 on approximately 90 percent
of cells. This frequency was significantly increased over
that observed in blood, where fewer than 40 percent of T-
cells were CXCR3 positive. In the case of the RANTES/
CCL5 receptor CCR5, a small fraction (less than 10 per-
cent) of circulating T-cells were CCR5 positive, and the
percentage of positive cells in CSF was significantly larger
but remained a minority of total CSF T-cells.

These results were extended by immunohistochem-
ical studies of autopsy brain sections containing active MS
lesions. CXCR3-positive cells were found in the perivas-
cular space around more than 99 percent of inflamed ves-
sels within MS lesions.

Balashov and colleagues performed studies that con-
firmed and extended these results and that were reported
at virtually the same time (170). First, they found that
CXCR3-positive circulating T-cells from MS patients
make more IFN-� than those from controls. This result
suggested that CXCR3 expression on Th1-committed T-
cells (previously described in vitro) might be pertinent for
the pathogenesis of MS. Balashov and coworkers also
detected large numbers of IP-10/CXCL10–immunoreac-
tive cells in MS lesions. Taken together, the results sug-
gested that interactions between CXCR3 and its ligands
might mediate trafficking, retention, or activation of T-
cells in MS lesions.

However, it is clear that most CNS-infiltrating lym-
phocytes in MS are not CXCR3/CCR5 double positive
because only a minority of CD4� or CD8� T-cells in MS
CSF was identified as expressing CCR5 by Sørensen et al.
(169). The relative lack of CCR5 expression on CSF T-
cells may not, however, exclude a pathogenic role for these
cells: in particular, Strunk and colleagues found that cir-
culating lymphocytes in MS patients are more likely than
those from controls to express CCR5 and that these
CCR5� T-cells express higher levels of IFN-� and TNF-
� than do cells from control individuals, arguing in favor
of the pathogenic role of Th1-like cells in MS (171).

In the case of CCR5, immunohistochemistry of
lesional material indicated that relatively few perivascu-
lar cells were CCR5 positive but that a large population
of activated phagocytotic macrophages expressed CCR5.
These results suggest that the interactions between
RANTES and CCR5 on monocytes and macrophages
might be implicated in recruitment and activation of
effectors in MS.

Several groups have focused on the production of �-
chemokines within MS lesions, with generally concordant

findings. Simpson et al., MacManus et al., and Van Der
Voorn et al. described MCP-1/CCL2–immunoreactive
astrocytes within MS lesions (172–174). MacManus et
al. also described the production of MCP-2/CCL8 and
MCP-3/CCL7 by glial cells within these lesions, and Simp-
son et al. further analyzed the production of MIP-
1�/CCL3 and MIP-1�/CCL4. Hvas et al. found that
RANTES/CCL5 mRNA is localized to perivascular
inflammatory cells in MS lesions (175). Kivisakk and
colleagues provided support for CNS parenchymal cell
production of these chemokines by demonstrating that
CSF cells from MS cases are no more likely than those
from controls to express RANTES/CCL5 or MCP-
1/CCL2 mRNA (176).

Taken together, these studies appear to support, in
a general sense, the cellular sources of chemokines as
described in EAE. In that model, our group showed that
IP-10/CXCL10 and MCP-1/CCL2 are produced by astro-
cytes (140), and Godiska et al. showed that RANTES/
CCL5 is produced by perivascular inflammatory cells
(177), a finding that we and others subsequently con-
firmed (148,149). Compatible results concerning the
sources of other chemokines were provided by Berman
and colleagues (141,178).

CONCLUSION

It appears plausible that the conceptual scheme of leuko-
cyte trafficking into inflammatory lesions, derived in part
from studies using the EAE animal model, may be appli-
cable to MS. This situation provides a favorable circum-
stance for the evaluation of experimental anti-inflam-
matory strategies that are targeted to production of
chemokines or the function of chemokines (via blocking
chemokine receptors). Many key pieces of information
about chemokines and MS are lacking, however. In par-
ticular, one awaits the results of studies that address serial
changes in CSF chemokine levels, effects of standard
treatment (IFN-� and glatiramer acetate) on the expres-
sion of chemokines and their receptors, clear-cut rela-
tionships between expression of chemokine receptors and
demyelinating or axonal pathology in MS lesions, and
relationships of chemokines or chemokine receptor
expression to disease activity as defined by MRI. The
results of these and other studies will determine how and
if the explosion of new information about chemokines
and leukocyte trafficking can be applied to understand-
ing and treating MS.
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SLC (CCL21): secondary lymphoid organ chemokine.



31. Premack BA, Schall TJ. Chemokine receptors: Gateways to
inflammation and infection. Nature Med 1996; 2:1174–1178.

32. Foxman EF, Campbell JJ, Butcher EC. Multistep navigation and
the combinatorial control of leukocyte chemotaxis. J Cell Biol
1997;139(5):1349-1360.

33. Baggiolini M. Chemokines and leukocyte traffic. Nature 1998;
392(6676):565–568.

34. Campbell JJ, Hedrick J, Zlotnik A, et al. Chemokines and the
arrest of lymphocytes rolling under flow conditions. Science
1998; 279(5349):381–384.

35. Campbell JJ, Qin S, Bacon KB, Mackay CR, Butcher EC. Biol-
ogy of chemokine and classical chemoattractant receptors: Dif-
ferential requirements for adhesion-triggering versus chemotac-
tic responses in lymphoid cells. J Cell Biol 1996; 134(1):255–266.

36. Murphy P. The molecular biology of leukocyte chemoattractant
receptors. Annu Rev Immunol 1994; 12:593–633.

37. Kelvin D, Michiel D, Johnston J, et al. Chemokines and serpen-
tines: the molecular biology of chemokine receptors. J Leukocyte
Biol 1993; 54:604–612.

38. Horuk R. Molecular properties of the chemokine receptor fam-
ily. Trends Pharmacol Sci 1994; 15:159–165.

39. Oppenheim JJ, Zachariae C, Mukaida N, Matsushima K. Prop-
erties of the novel proinflammatory supergene “intercrine”
cytokine family. Annu Rev Immunol 1991; 9:617–648.

40. Taub DD, Oppenheim JJ. Chemokines, inflammation and the
immune system. Ther Immunol 1994; 1(4):229–246.

41. Oppenheim JJ. Overview of chemokines. Adv Exp Med Biol 1993;
351:183–186.

42. Cyster JG. Chemokines and cell MIGration in secondary lymphoid
organs. Science 1999; 286(5447):2098–2102.

43. Sallusto F, Palermo B, Lenig D, et al. Distinct patterns and kinet-
ics of chemokine production regulate dendritic cell function. Eur
J Immunol 1999; 29(5):1617–1625.

44. Bacon KB, Oppenheim JJ. Chemokines in disease models and
pathogenesis. Cytokine Growth Factor Rev 1998; 9(2):167–173.

45. Rollins BJ. Chemokines. Blood 1997; 90(3):909–928.
46. Zlotnik A, Morales J, Hedrick JA. Recent advances in chemokines

and chemokine receptors. Crit Rev Immunol 1999; 19(1):1–47.
47. Bates P. Chemokine receptors and HIV-1: an attractive pair? Cell

1996; 86:1–4.
48. Feng Y, Broder CC, Kennedy PE, Berger EA. HIV-1 entry cofac-

tor: functional cDNA cloning of a seven-transmembrane G pro-
tein-coupled receptor. Science 1996; 272:872–877.

49. Clark-Lewis I, Kim KS, Rajarathnam K, et al. Structure-activity rela-
tionships of chemokines. J Leukoc Biol 1995; 5745(522):703–711.

50. Lusti-Narasimhan M, Power CA, Allet B, et al. Mutation of Leu25
and Val27 introduces CC chemokine activity into interleukin-8.
J Biol Chem 1995; 270:2716–2721.

51. Van Damme J, Rampart M, Conings R, et al. The neutrophil-
activating proteins interleukin 8 and ß-thromboglobulin: in vitro
and in vivo comparison of NH2- terminally processed forms. Eur
J Immunol 1990; 20:2113–2118.

52. Oravecz T, Pall M, Roderiquez G, et al. Regulation of the recep-
tor specificity and function of the chemokine RANTES (regulated
on activation, normal T-cell expressed and secreted) by dipep-
tidyl peptidase IV (CD26)-mediated cleavage. J Exp Med 1997;
186(11):1865–1872.

53. Struyf S, De Meester I, Scharpe S, et al. Natural truncation of
RANTES abolishes signaling through the CC chemokine recep-
tors CCR1 and CCR3, impairs its chemotactic potency and gen-
erates a CC chemokine inhibitor. Eur J Immunol 1998;
28(4):1262–1271.

54. Proudfoot AE, Power CA, Hoogewerf AJ, et al. Extension of
recombinant human RANTES by the retention of the initiating
methionine produces a potent antagonist. J Biol Chem 1996;
271(5):2599–2603.

55. Zlotnick A, Yoshie O. Chemokines: a new classification system
and their role in immunity. Immunity 2000; 12:121.

56. Chaudhuri A, Zbrzezna V, Polyakova J, et al. Expression of the Duffy
antigen in K562 cells: Evidence that it is the human chemokine ery-
throcyte receptor. J Biol Chem 1994; 269:7835–7838.

57. Lu ZH, Wang ZX, Horuk R, et al. The promiscuous chemokine
binding profile of the Duffy antigen/receptor for chemokines is

primarily localized to sequences in the amino-terminal domain. J
Biol Chem 1995; 270(44):26239–26245.

58. Nibbs RJB, Wylie SM, Pragnell IB, Graham GJ. Cloning and char-
acterization of a novel murine beta chemokine receptor, D6. Com-
parison to three other related macrophage inflammatory protein-
1alpha receptors, CCR-1, CCR-3, and CCR-5. J Biol Chem 1997;
272(19):12495–12504.

59. Horuk R, Chitnis CE, Darbonne WC, et al. A receptor for the
malarial parasite Plasmodium vivax: The erythrocyte chemokine
receptor. Science 1993; 261(5125):1182–1184.

60. Mallinson G, Soo KS, Schall TJ, Pisacka M, Anstee DJ. Mutations
in the erythrocyte chemokine receptor (Duffy) gene: The molecu-
lar basis of the Fya/Fyb antigens and identification of a deletion
in the Duffy gene of an apparently healthy individual with the
Fy(a-b-) phenotype. Br J Haematol 1995; 90(4):823–829.

61. Hadley TJ, Lu ZH, Wasniowska K, et al. Postcapillary venule
endothelial cells in kidney express a multispecific chemokine
receptor that is structurally and functionally identical to the ery-
throid isoform, which is the Duffy blood group antigen. J Clin
Invest 1994; 94(3):985–991.

62. Peiper SC, Wang ZX, Neote K, et al. The Duffy antigen/recep-
tor for chemokines (DARC) is expressed in endothelial cells of
Duffy negative individuals who lack the erythrocyte receptor. J
Exp Med 1995; 181(4):1311–1317.

63. Horuk R, Martin A, Hesselgesser J, et al. The Duffy antigen
receptor for chemokines: Structural analysis and expression in
the brain. J Leukoc Biol 1996; 59(1):29–38.

64. Horuk R, Martin AW, Wang Z, et al. Expression of chemokine
receptors by subsets of neurons in the central nervous system. J
Immunol 1997; 158(6):2882–2890.

65. Whitney LW, Becker KG, Tresser NJ, et al. Analysis of gene
expression in mutiple sclerosis lesions using cDNA microarrays.
Ann Neurol 1999; 46(3):425–428.

66. Soto H, Wang W, Strieter RM, et al. The CC chemokine 6Ckine
binds the CXC chemokine receptor CXCR3. Proc Natl Acad Sci
USA 1998; 95(14):8205–8210.

67. Mantovani A (ed.), Chemokines. Basel: Karger; 1999.
68. Mantovani A. The chemokine system: redundancy for robust out-

puts. Immunol Today 1999; 20(6):254–257.
69. Broxmeyer HE, Kim CH. Regulation of hematopoiesis in a sea

of chemokine family members with a plethora of redundant activ-
ities. Exp Hematol 1999; 27(7):1113–1123.

70. Gerard C. Chemokine receptors and ligand specificity: Under-
standing the enigma. In: Rollins BJ (ed.), Chemokines and Can-
cer. Totowa, NJ: Humana Press; 1999; 21–31.

71. Murphy PM. Molecular piracy of chemokine receptors by her-
pesviruses. Infect Agents Dis 1994; 3(2-3):137–154.

72. Lalani AS, Barrett JW, McFadden G. Modulating chemokines:
more lessons from viruses. Immunol Today 2000; 21(2):
100–106.

73. Bodaghi B, Jones TR, Zipeto D, et al. Chemokine sequestration
by viral chemoreceptors as a novel viral escape strategy: With-
drawal of chemokines from the environment of cytomegalovirus-
infected cells. J Exp Med 1998; 188(5):855–866.

74. Howard J, Justus DE, Totmenin AV, Shchelkunov S, Kotwal GJ.
Molecular mimicry of the inflammation modulatory proteins
(IMPs) of poxviruses: Evasion of the inflammatory response to
preserve viral habitat. J Leukoc Biol 1998; 64(1):68–71.

75. Arvanitakis L, Geras-Raaka E, Varma A, Gershengorn MC,
Cesarman E. Human herpesvirus KSHV encodes a constitutively
active G-protein–coupled receptor linked to cell proliferation.
Nature 1997; 385(6614):347–350.

76. Bais C, Santomasso B, Coso O, et al. G-protein–coupled recep-
tor of Kaposi’s sarcoma–associated herpesvirus is a viral onco-
gene and angiogenesis activator. Nature 1998; 391(6662):86–89.

77. Rosenkilde MM, Kledal TN, Brauner-Osborne H, Schwartz TW.
Agonists and inverse agonists for the herpesvirus 8-encoded con-
stitutively active seven-transmembrane oncogene product, ORF-
74. J Biol Chem 1999; 274(2):956–961.

78. Gershengorn MC, Geras-Raaka E, Varma A, Clark-Lewis I.
Chemokines activate Kaposi’s sarcoma–associated herpesvirus G
protein-coupled receptor in mammalian cells in culture. J Clin
Invest 1998; 102(8):1469–1472.

CHEMOKINES AND THEIR RECEPTORS IN MULTIPLE SCLEROSIS 171



79. Sallusto F, Lenig D, Mackay CR, Lanzavecchia A. Flexible pro-
grams of chemokine receptor expression on human polarized T
helper 1 and 2 lymphocytes. J Exp Med 1998; 187(6):875–883.

80. Sallusto F, Lanzavecchia A, Mackay CR. Chemokines and
chemokine receptors in T-cell priming and Th1/Th2-mediated
responses. Immunol Today 1998; 19(12):568–574.

81. Bonecchi R, Bianchi G, Bordignon PP, et al. Differential expression
of chemokine receptors and chemotactic responsiveness of type 1
T helper cells (Th1s) and Th2s. J Exp Med 1998; 187(1):129–134.

82. Sallusto F, Mackay CR, Lanzavecchia A. Selective expression of
the eotaxin receptor CCR3 by human T helper 2 cells. Science
1997; 277(5334):2005–2007.

83. Sallusto F, Schaerli P, Loetscher P, et al. Rapid and coordinated
switch in chemokine receptor expression during dendritic cell
maturation. Eur J Immunol 1998; 28(9):2760–2769.

84. Sozzani S, Allavena P, D’Amico G, et al. Differential regulation of
chemokine receptors during dendritic cell maturation: a model for
their trafficking properties. J Immunol 1998; 161(3):1083–1086.

85. Bacon KB. Analysis of signal transduction following lymphocyte
activation by chemokines. Methods Enzymol 1997; 288:
340–361.

86. Hynes RO. Integrins: versatility, modulation, and signaling in
cell adhesion. Cell 1992; 69:11–25.

87. Wong M, Fish EN. RANTES and MIP-1alpha activate stats in T
cells. J Biol Chem 1998; 273(1):309–314.

88. Ganju RK, Dutt P, Wu L, et al. Beta-chemokine receptor CCR5
signals via the novel tyrosine kinase RAFTK. Blood 1998;
91(3):791–797.

89. Kelly MD, Naif HM, Adams SL, Cunningham AL, Lloyd AR.
Dichotomous effects of beta-chemokines on HIV replication in
monocytes and monocyte-derived macrophages. J Immunol
1998; 160(7):3091–3095.

90. Bischoff SC, Krieger M, Brunner T, et al. RANTES and related
chemokines activate human basophil granulocytes through dif-
ferent G protein–coupled receptors. Eur J Immunol 1993;
23(3):761–767.

91. Cyster JG, Ngo VN, Ekland EH, et al. Chemokines and B-cell hom-
ing to follicles. Curr Top Microbiol Immunol 1999; 246:87–92.

92. Melchers F, Rolink AG, Schaniel C. The role of chemokines in
regulating cell Migration during humoral immune responses. Cell
1999; 99(4):351–354.

93. Sedgwick JD, Riminton DS, Cyster JG, Korner I. Tumor necro-
sis factor: A master-regulator of leukocyte movement. Immunol
Today 2000; 21(3):110–113.

94. Cyster JG. Leukocyte Migration: Scent of the T zone. Curr Biol
2000; 10(1):R30–R33.

95. Imai T, Chantry D, Raport CJ, et al. Macrophage-derived
chemokine is a functional ligand for the CC chemokine receptor
4. J Biol Chem 1998; 273(3):1764–1768.

96. Tang HL, Cyster JG. Chemokine up-regulation and activated T-
cell attraction by maturing dendritic cells. Science 1999;
284(5415):819–822.

97. Gunn MD, Ngo VN, Ansel KM, et al. A B-cell-homing chemo-
kine made in lymphoid follicles activates Burkitt’s lymphoma
receptor-1. Nature 1998; 391(6669):799–803.

98. Farber JM. MIG and IP-10: CXC chemokines that target lym-
phocytes. J Leukoc Biol 1997; 61(3):246–257.

99. Chensue SW, Warmington KS, Allenspach EJ, et al. Differential
expression and cross-regulatory function of RANTES during
mycobacterial (type 1) and schistosomal (type 2) antigen-elicited
granulomatous inflammation. J Immunol 1999; 163(1):165–173.

100. Gu L, Tseng S, Horner RM, et al. Control of TH2 polarization
by the chemokine monocyte chemoattractant protein-1. Nature
2000; 404(6776):407–411.

101. Mosmann TR, Sad S. The expanding universe of T-cell subsets:
Th1, Th2 and more. Immunol Today 1996; 17(3):138–146.

102. Abbas AK, Murphy KM, Sher A. Functional diversity of helper
T lymphocytes. Nature 1996; 383:787–793.

103. Mosmann TR, Coffman RL. Th1 and Th2 cells: Different pat-
terns of lymphokine secretion lead to different functional prop-
erties. Annu Rev Immunol 1989; 7:145–174.

104. Bradley LM, Asensio VC, Schioetz LK, et al. Islet-specific Th1,
but not Th2, cells secrete multiple chemokines and promote

rapid induction of autoimmune diabetes. J Immunol 1999;
162(5):2511–2520.

105. Li L, Xia Y, Nguyen A, Feng L, Lo D. Th2-induced eotaxin
expression and eosinophilia coexist with Th1 responses at the
effector stage of lung inflammation. J Immunol 1998;
161(6):3128–3135.

106. Chensue SW, Warmington KS, Lukacs NW, et al. Monocyte
chemotactic protein expression during schistosome egg granu-
loma formation. Sequence of production, localization, contri-
bution, and regulation. Am J Pathol 1995; 146(1):130–138.

107. Chensue SW, Warmington KS, Ruth JH, et al. Role of mono-
cyte chemoattractant protein-1 (MCP-1) in Th1 (mycobacterial)
and Th2 (schistosomal) antigen-induced granuloma formation:
Relationship to local inflammation, Th cell expression, and IL-
12 production. J Immunol 1996; 157(10):4602–4608.

108. Karpus W, Lukacs N, Kennedy K, et al. Differential CC
chemokine-induced enhancement of T helper cell cytokine pro-
duction. J Immunol 1997; 158:4129–4136.

109. Karpus W, Kennedy K, Kunkel S, Lukacs N. Monocyte chemo-
tactic protein 1 regulates oral tolerance induction by inhibition
of T helper cell 1-related cytokines. J Exp Med 1998;
187:733–741.

110. Ponath PD, Qin S, Post TW, et al. Molecular cloning and char-
acterization of a human eotaxin receptor expressed selectively
on eosinophils. J Exp Med 1996; 183(6):2437–2448.

111. Uguccioni M, Mackay CR, Ochensberger B, et al. High expres-
sion of the chemokine receptor CCR3 in human blood
basophiles. Role in activation by eotaxin, MCP-4, and other
chemokines. J Clin Invest 1997; 100(5):1137–1143.

112. Imai T, Nagira M, Takagi S, et al. Selective recruitment of CCR4-
bearing Th2 cells toward antigen- presenting cells by the CC
chemokines thymus and activation-regulated chemokine and
macrophage-derived chemokine. International Immunol 1999;
11(1):81–88.

113. Loetscher M, Gerber B, Loetscher P, et al. Chemokine receptor
specific for IP10 and MIG: structure, function, and expression
in activated T-lymphocytes. J Exp Med 1996; 184(3):963–969.

114. Loetscher P, Uguccioni M, Bordoli L, et al. CCR5 is character-
istic of Th1 lymphocytes. Nature 1998; 391(6665):344–345.

115. Bolton SJ, Perry VH. Differential blood-brain barrier breakdown
and leucocyte recruitment following excitotoxic lesions in juve-
nile and adult rats. Exp Neurol 1998; 154(1):231–240.

116. Perry VH, Bolton SJ, Anthony DC, Betmouni S. The contribu-
tion of inflammation to acute and chronic neurodegeneration.
Res Immunol 1998; 149(7-8):721–725.

117. Perry VH. A revised view of the central nervous system microen-
vironment and major histocompatibility complex class II anti-
gen presentation. J Neuroimmunol 1998; 90(2):113–121.

118. Perry VH, Anthony DC, Bolton SJ, Brown HC. The blood–brain
barrier and the inflammatory response. Mol Med Today 1997;
3(8):335–341.

119. Castano A, Bell MD, Perry VH. Unusual aspects of inflamma-
tion in the nervous system: Wallerian degeneration. Neurobiol
Aging 1996; 17(5):745–751.

120. Perry VH, Bell MD, Brown HC, Matyszak MK. Inflammation
in the nervous system. Curr Opin Neurobiol 1995; 5(5):
636–641.

121. Lawson LJ, Perry VH. The unique characteristics of inflamma-
tory responses in mouse brain are acquired during postnatal
development. Eur J Neurosci 1995; 7(7):1584–1595.

122. Fabry Z, Raine C, Hart M. Nervous tissue as an immune com-
partment: The dialect of the immune response in the CNS.
Immunol Today 1994; 15:218–224.

123. Sperk G, Lassmann H, Baran H, Kish S, Seitelberger F. Kainic
acid induced seizures: Neurochemical and histopathological
changes. Neuroscience 1983; 10:1301–1315.

124. Bell MD, Perry VH. Adhesion molecule expression on murine
cerebral endothelium following the injection of a proinflamma-
gen or during acute neuronal degeneration. J Neurocytol 1995;
24(9):695–710.

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

CYTOKINES, CHEMOKINES, AND INTERFERONS172



126. McTigue D, Tani M, Kravacic K, et al. Selective chemokine
mRNA accumulation in the rat spinal cord after contusion
injury. J Neurosci Res 1998; 53:368–376.

127. Lira S, Fuentes M, Strieter R, Durham S. Transgenic methods
to study chemokine function in lung and central nervous system.
Methods Enzymol 1997; 287:304–318.

128. Fuentes M, Durham S, Swerdel M, et al. Controlled recruitment
of monocytes/macrophages to specific organs via transgenic
expression of MCP–1. J Immunol 1995; 155:5769–5776.

129. Tani M, Fuentes ME, Peterson JW, et al. Neutrophil infiltration,
glial reaction and neurological disease in transgenic mice express-
ing the chemokine N51/KC in oligodendrocytes. J Clin Invest
1996; 98:529–539.

130. Bell MD, Taub DD, Kunkel SJ, et al. Recombinant human aden-
ovirus with rat MIP-2 gene insertion causes prolonged PMN recruit-
ment to the murine brain. Eur J Neurosci 1996; 8(9):1803–1811.

131. Bell MD, Taub DD, Perry VH. Overriding the brain’s intrinsic
resistance to leukocyte recruitment with intraparenchymal injec-
tions of recombinant chemokines. Neuroscience 1996;
74(1):283–292.

132. Huffnagle GB, McNeil LK. Dissemination of C. neoformans to the
central nervous system: role of chemokines, Th1 immunity and
leukocyte recruitment. J Neurovirol 1999; 5(1):76–81.

133. Dal Canto M, Melvold R, Kim B, Miller S. Two models of multi-
ple sclerosis: Experimental allergic encephalomyelitis (EAE) and
Theiler’s murine encephalomyelitis virus (TMEV) infection. A
pathological and immunological comparison. Microsc Res Tech
1995; 32:215–229.

134. Raine CS. Analysis of autoimmune demyelination: Its impact upon
multiple sclerosis. Lab Invest 1984; 50:608–635.

135. Eng LF, Ghirnikar RS, Lee YL. Inflammation in EAE: Role of
chemokine/cytokine expression by resident and infiltrating cells.
Neurochem Res 1996; 21(4):511–525.

136. Brosnan CF, Raine CS. Mechanisms of immune injury in multiple
sclerosis. Brain Pathol 1996; 6(3):243–257.

137. Tsunoda I, Fujinami RS. Two models for multiple sclerosis: Experi-
mental allergic encephalomyelitis and Theiler murine encephalomyelitis
virus. J Neuropathol Exp Neurol 1996; 55(6):673–686.

138. Steinman L. A few autoreactive cells in an autoimmune infiltrate
control a vast population of nonspecific cells: a tale of smart bombs
and the infantry. Proc Natl Acad Sci USA 1996; 93(6):2253–2256.

139. Steinman L, Miller A, Bernard CC, Oksenberg JR. The epigenet-
ics of multiple sclerosis: Clues to etiology and a rationale for
immune therapy. Annu Rev Neurosci 1994; 17:247–265.

140. Ransohoff RM, Hamilton TA, Tani M, et al. Astrocyte expres-
sion of mRNA encoding cytokines IP-10 and JE/MCP-1 in exper-
imental autoimmune encephalomyelitis. FASEB J 1993;
7:592–602.

141. Hulkower K, Brosnan CF, Aquino DA, et al. Expression of CSF-
1, c-fms, and MCP-1 in the central nervous system of rats with
experimental allergic encephalomyelitis. J Immunol 1993;
150:2525–2533.

142. Godiska R, Chantry D, Dietsch GN, Gray PW. Chemokine expres-
sion in murine experimental allergic encephalomyelitis. J Neu-
roimmunol 1995; 58(2):167–176.

143. Karpus WJ, Lukacs NW, McRae BL, et al. An important role for
the chemokine macrophage inflammatory protein–1a in the patho-
genesis of the T-cell–mediated autoimmune disease, experimental
autoimmune encephalomyelitis. J Immunol 1995; 155:5003–5010.

144. Kennedy KJ, Strieter RM, Kunkel SL, et al. Acute and relapsing
experimental autoimmune encephalomyelitis are regulated by dif-
ferential expression of the CC chemokines macrophage inflam-
matory protein-1alpha and monocyte chemotactic protein-1. J
Neuroimmunol 1998; 92(1-2):98–108.

145. Youssef S, Wildbaum G, Maor G, et al. Long-lasting protective
immunity to experimental autoimmune encephalomyelitis fol-
lowing vaccination with naked DNA encoding C-C chemokines.
J Immunol 1998; 161(8):3870–3879.

146. Wojcik WJ, Swoveland P, Zhang X, Vanguri P. Chronic intrathe-
cal infusion of phosphorothioate or phosphodiester antisense
oligonucleotides against cytokine responsive gene-2/IP-10 in exper-
imental allergic encephalomyelitis of Lewis rat. J Pharmacol Exp
Ther 1996; 278(1):404–410.

147. Karpus WJ, Ransohoff RM. Chemokine regulation of experi-
mental autoimmune encephalomyelitis: Temporal and spatial
expression patterns govern disease pathogenesis. J Immunol 1998;
161(6):2667–2671.

148. Miyagishi R, Kikuchi S, Takayama C, Inoue Y, Tashiro K. Iden-
tification of cell types producing RANTES, MIP-1� and MIP-1�
in rat experimental autoimmune encephalomyelitis by in situ
hybridization. J Neuroimmunol 1997; 77:17–26.

149. Glabinski A, Tani M, Strieter R, Tuohy V, Ransohoff R. Syn-
chronous synthesis of �- and �-chemokines by cells of diverse lin-
eage in the central nervous system of mice with relapses of exper-
imental autoimmune encephalomyelitis. Am J Pathol 1997;
150:617–630.

150. Ransohoff RM, Glabinski A, Tani M. Chemokines in immune-
mediated inflammation of the central nervous system. Cytokine
Growth Factor Rev 1996; 7(1):35–46.

151. Tani M, Glabinski AR, Tuohy VK, et al. In situ hybridization
analysis of glial fibrillary acidic protein mRNA reveals evidence
of biphasic astrocyte activation during acute experimental autoim-
mune encephalomyelitis. Am J Pathol 1996; 148:889–896.

152. Glabinski A, Tani M, Tuohy VK, Tuthill R, Ransohoff RM. Cen-
tral nervous system chemokine gene expression follows leuko-
cyte entry in acute murine experimental autoimmune encephalo-
myelitis. Brain Behav Immun 1996; 9:315–330.

153. Glabinski AR, Tuohy VK, Ransohoff RM. Expression of
chemokines RANTES, MIP-1alpha and GRO-alpha correlates with
inflammation in acute experimental autoimmune encephalomyelitis.
Neuroimmunomodulation 1998; 5(3-4): 166–171.

154. Hickey WF. Migration of hematogenous cells through the
blood–brain barrier and the initiation of CNS inflammation. Brain
Pathol 1991; 1:97–105.

155. Hickey WF, Hsu BL, Kimura H. T-lymphocyte entry into the cen-
tral nervous system. J Neurosci Res 1991; 28:254–260.

156. Jiang Y, Salafranca MN, Adhikari S, et al. Chemokine receptor
expression in cultured glia and rat experimental allergic
encephalomyelitis. J Neuroimmunol 1998; 86(1):1–12.

157. Mennicken F, Maki R, de Souza EB, Quirion R. Chemokines and
chemokine receptors in the CNS: a possible role in neuroinflam-
mation and patterning. Trends Pharmacol Sci 1999; 20(2):73–78.

158. Majumder S, Zhou Z-HL, Ransohoff R. Transcriptional regula-
tion of chemokine gene expression in astrocytes. J Neurosci Res
1996; 45:758–769.

159. Hayashi M, Luo Y, Laning J, Strieter RM, Dorf ME. Production
and function of monocyte chemoattractant protein-1 and other
beta-chemokines in murine glial cells. J Neuroimmunol 1995;
60(1-2):143–150.

160. Glabinski AR, Krakowski M, Han Y, Owens T, Ransohoff RM.
Chemokine expression in GKO mice (lacking interferon-gamma)
with experimental autoimmune encephalomyelitis. J Neurovirol
1999; 5(1):95–101.

161. Luster AD, Unkeless JC, Ravetch JV. Gamma-interferon tran-
scriptionally regulates an early-response gene containing homol-
ogy to platelet proteins. Nature 1985; 315:672–676.

162. Fiten P, Vandenbroeck K, Dubois B, et al. Microsatellite poly-
morphisms in the gene promoter of monocyte chemotactic pro-
tein-3 and analysis of the association between monocyte chemo-
tactic protein-3 alleles and multiple sclerosis development. J
Neuroimmunol 1999; 95(1-2):195–201.

163. Bennetts BH, Teutsch SM, Buhler MM, Heard RN, Stewart GJ.
The CCR5 deletion mutation fails to protect against multiple scle-
rosis. Hum Immunol 1997; 58(1):52–59.

164. Sellebjerg F. CCR5 delta32, matrix metalloproteinase-9 and dis-
ease activity in multiple sclerosis. J Neuroimmunol 2000;
102(1):98–106.

165. Barcellos L, Schito A, Rimmler J, et al. CC-chemokine receptor 5
polymorphism and age of onset in familial multiple sclerosis.
Immunogenetics 2000; 51:281–288.

166. Teuscher C, Butterfield RJ, Ma RZ, et al. Sequence polymorphisms
in the chemokines Scya1 (TCA-3), Scya2 (monocyte chemoat-
tractant protein (MCP)-1), and Scya12 (MCP-5) are candidates
for eae7, a locus controlling susceptibility to monophasic remit-
ting/nonrelapsing experimental allergic encephalomyelitis. J
Immunol 1999; 163(4):2262–2266.

CHEMOKINES AND THEIR RECEPTORS IN MULTIPLE SCLEROSIS 173



167. Cananzi AR, Ferro-Milone F, Grigoletto F, et al. Relevance of
platelet factor four (PF4) plasma levels in multiple sclerosis. Acta
Neurol Scand 1987; 76(2):79–85.

168. Miyagishi R, Kikuchi S, Fukazawa T, Tashiro K. Macrophage
inflammatory protein-1a in the cerebrospinal fluid of patients with
multiple sclerosis and other inflammatory neurological diseases.
J Neurol Sci 1995; 129:223–227.

169. Sørensen T, Tani M, Jensen J, et al. Expression of specific
chemokines and chemokine receptors in the central nervous sys-
tem of mutiple sclerosis patients. J Clin Invest 1999; 106:807–815.

170. Balashov KE, Rottman JB, Weiner HL, Hancock WW. CCR5(+)
and CXCR3(+) T-cells are increased in multiple sclerosis and their
ligands MIP-1alpha and IP-10 are expressed in demyelinating
brain lesions. Proc Natl Acad Sci USA 1999; 96(12):6873–6878.

171. Strunk T, Bubel S, Mascher B, et al. Increased numbers of CCR5+
interferon-g- and tumor necrosis factor-a–secreting T lymphocytes
in multiple sclerosis patients. Ann Neurol 2000; 47:269–273.

172. McManus C, Berman JW, Brett FM, et al. MCP-1, MCP-2 and
MCP-3 expression in multiple sclerosis lesions: An immunohis-
tochemical and in situ hybridization study. J Neuroimmunol 1998;
86(1):20–29.

173. Simpson JE, Newcombe J, Cuzner ML, Woodroofe MN. Expres-
sion of monocyte chemoattractant protein-1 and other beta-
chemokines by resident glia and inflammatory cells in multiple
sclerosis lesions. J Neuroimmunol 1998; 84(2):238–249.

174. Van Der Voorn P, Tekstra J, Beelen RH, et al. Expression of MCP-
1 by reactive astrocytes in demyelinating multiple sclerosis
lesions. Am J Pathol 1999; 154(1):45–51.

175. Kivisakk P, Teleshova N, Ozenci V, et al. No evidence for elevated
numbers of mononuclear cells expressing MCP-1 and RANTES
mRNA in blood and CSF in multiple sclerosis. J Neuroimmunol
1998; 91(1-2):108–112.

176. Godiska R, Chantry D, Dietsch G, Gray P. Chemokine expres-
sion in murine experimental autoimmune encephalomyelitis
[abstract]. J Leukoc Biol 1994; suppl:17.

177. Berman J, Guida M, Warren J, Amat J, Brosnan C. Localization
of monocyte chemoattractant peptide-1 expression in the cen-
tral nervous system in experimental autoimmune encephalo-
myelitis and trauma in the rat. J Immunol 1996; 156:3017–3023.

CYTOKINES, CHEMOKINES, AND INTERFERONS174



nterferon-� (IFN-�) is an
approved treatment for multiple
sclerosis (MS) that results in
relapse reduction and a slowdown

in disease progression. The therapeutic mechanism of
IFN-� in MS remains elusive, although several lines of
experimental evidence and ex vivo findings in cells
from MS patients receiving such treatment suggest a
pleotropic effect on the immune system. This chapter
reviews the evidence that IFN-�’s therapeutic effect in
MS involves several systemic effects, including inhibi-
tion of antigen presentation and T-cell activation,
induction of immune deviation, antagonism of inter-
feron-� (IFN-�) effects, and an effect at the blood–brain
barrier (BBB). The potential effects of IFN-� in the cen-
tral nervous system (CNS), including immunomodula-
tion and remyelination, are also discussed.

SOURCES OF INTERFERON

Interferons are naturally occurring proteins that were dis-
covered in 1957 as products of virus-infected cells whose
function was to prevent infection of other cells, hence,
the name interferons (1). Interferons occur in two natu-
ral forms: type 1 interferons include interferon-� (IFN-
�), produced by leukocytes, and IFN-� produced by

fibroblasts; type 2 interferon or immune interferon, bet-
ter known as IFN-� is produced by immune T-cells. IFN-
� is produced by lymphocytes and macrophages in
response to virus infection and microbial proteins. The
major type 1 interferon-producing cells in human blood
are believed to be CD4�, CD11c type 2 dendritic cell pre-
cursors (2). At least 15 human gene sequences are natu-
rally expressed in humans and code for several subtypes
of IFN-� (3). In contrast, one type of IFN-� exists in
humans and is produced primarily by virus-infected
fibroblasts. IFN-� is also produced by other cell types,
including glial cells in the CNS. IFN-� and IFN-� share
32 to 40 percent homology at the nucleic acid and amino
acid sequence levels: both are encoded on chromosome
9, and both interact with a common cell surface recep-
tor (4). Naturally occurring IFN-� is a 23-kd glycopro-
tein that consists of 166 amino acids and 20 percent car-
bohydrates. Two recombinant forms of IFN-� are
currently available for the treatment of MS: IFN-�1b
(Betaseron®) is a 165-amino acid protein produced in
Escherichia coli. It differs from the natural protein in that
it is not glycoylated and contains a serine residue substi-
tution for cysteine at position 17 (5). IFN-�1a (Avonex®)
is obtained in Chinese hamster ovary cells and has the
same primary structure, glycosylation pattern, and molec-
ular weight as that of naturally occurring in IFN-�. IFN-
�1a is also available pharmacologically as Rebif® (6).
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IFN-� (type 2 interferon) is produced by activated
T lymphocytes, primarily T helper (Th) cells. It is a gly-
coprotein that does not share significant homology
with either IFN-� or IFN-�; its gene is localized on a
different chromosome, and it binds to a different cellu-
lar receptor (7).

STRUCTURE AND BIOLOGIC EFFECTS

Interferons mediate their biologic effects by binding to
species-specific cell surface receptors (8,9). The type 1
IFN receptor consists of two subunits referred to as IFN-
�-R1 and IFN-�-R2. Recent experimental evidence sug-
gested that IFN-�-R2 is primarily responsible for stabi-
lizing the bound IFN–receptor complex (10), whereas
IFN-�-R1 is responsible for the activation state of the
receptor and its antiviral activity (11). The IFN-� mole-
cule consists of a framework of five helices (A–E) and
contains three closely located functionally important seg-
ments (12). Although IFN-� and IFN-� share this recep-
tor, mutational analysis suggested distinct centers of bind-
ing for IFN-� and IFN-� on IFN-�-R2 (13). Regions of

the IFN-� molecule that are important for receptor bind-
ing and the topology of the ligand binding domain of the
receptor are subjects of ongoing studies. In fact, recent
evidence indicates that different domains of the IFN-�
molecule bind to different receptor subunits (10). There
is evidence that type 1 IFNs downregulate their receptors,
which may have implications on the dosing frequency in
clinical applications (14).

The IFN-�/� receptor lacks enzymatic activity but
is associated with two cytoplasmic tyrosine kinases, Jak1
and Tyk2 (Figure 13.1) (15). These kinases phosphorylate
latent cytoplasmic transcription factors known as STATs
(signal transducers and activators of transcription). The
STAT complex consists of STAT1a/� (p91/p84) and
STAT2 (p113) and is designated ISGF3-� (interferon-stim-
ulated gene factor 3), which enters the nucleus with a 48-
kd DNA binding protein termed ISGF3-�. The complex
ISGF3-�/ISGF3-� forms ISGF3, which binds a promoter
region of IFN-inducible genes called ISRE (IFN-stimulated
response element) and leads to the transcription of inter-
feron-stimulated genes (ISGs) (16,17). A recent study
reported that tyrosine phosphorylation of STAT1 and
STAT2 and formation of ISFG3 complex are higher in
response to IFN-� than to IFN-� in human myocardial
fibroblasts, which correlated with the higher sensitivity of
these cells to the antiviral effects of IFN-� (18).

Like other IFNs, IFN-� has antiviral, antiprolifera-
tive, and immunomodulatory effects (19). The mecha-
nistic aspects of these effects are beginning to be under-
stood at a molecular level. The antiviral effect of IFNs is
thought to be due to the induction of cellular proteins that
can inhibit viral replication at different steps in the virus
replicative cycle. These proteins include 2',5'-oligoad-
enylate synthetase, Mx protein, double-stranded RNA-
dependent protein kinase (PKR), and inducible nitric
oxide synthetase (20,21). The antiproliferative effect of
IFN-� is complex and not well understood. Prolongation
of the cell cycle and depletion of essential metabolites may
underlie the antiproliferative effect in tumor cells and per-
haps in lymphocytes (22,23). Type 1 IFNs inhibit DNA
binding of the positive transcription factor E2F, result-
ing in reduced c-myc expression and prolongation of the
cell cycle. IFN-� also may affect cell growth through PKR-
mediated eIF2a phosphorylation and subsequent inhibi-
tion of mRNA translation (24). The immunomodulatory
effect of IFN-� is multifaceted. Similar to other IFNs, IFN-
� enhances the expression of HLA class I molecules (25).
This may contribute to the antiviral effect of IFNs by ren-
dering infected cells more susceptible to lysis by cytotoxic
T-cells (26). In contrast to IFN-�, which upregulates HLA
class II, IFN-� inhibits class II molecules induced by IFN-
� in a variety of cell types (27–32) and subsequently
inhibits antigen presentation (26). IFN-� also may effect
Th cell function by inhibiting Th1 cytokine production,
including IFN-�, interleukin-12, and tumor necrosis fac-
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FIGURE 13.1

Type 1 (interferon-�/�) and type 2 (interferon-�) signaling
pathways. GAS, interferon-� activated site; INF, interferon;
ISRE, interferon-stimulated response element; STAT, signal
transducer and activator of transcription.



tor (TNF) (33–35) and by promoting Th2 cytokine secre-
tion such as interleukin (IL)–10 (36). An IFN-�/�
inducible protein called ISG15 has been identified (37).
This protein is secreted by lymphocytes and monocytes,
induces IFN-� in T-cells, enhances natural killer (NK) cell
activity, and, hence, is believed to mediate some of the
immunomodulatory effects of IFN-�/�. More recently, a
novel gene designated NKLAM (NK lytic-associated mol-
ecule) was identified, whose expression is associated with
NK cells’ enhanced cytolytic activity in response to IFN-
� (38). Using oligonucleotide microarrays assays, several
IFN-stimulated and IFN-repressed genes have been iden-
tified (39). Understanding the function of these genes
undoubtedly will enhance our understanding of the bio-
logic and therapeutic effects of this molecule.

MECHANISMS OF IFN-� THERAPEUTIC
EFFECT IN MS

The present mechanism of action of IFN-� in MS is
believed to occur at three levels: 1) the systemic immune
system, 2) the blood–brain barrier, and 3) possibly in the
CNS compartment. Although there is evidence that IFN-
� has significant effects on the peripheral immune sys-
tem and the blood–brain barrier in MS, there is very lit-
tle evidence that the drug enters the CNS; therefore, its
effect in the CNS compartment is speculative.

T-Cell Activation

T-cell activation requires the interaction of at least three
sets of molecules with their corresponding ligands on anti-
gen-presenting cells. These include the trimolecular com-
plex, adhesion molecules, and costimulation molecules
(Figure 13.2). There is evidence that IFN-�1 can interfere
with these three groups of molecules and downregulate
T-cell activation. At the trimolecular complex level, there
is strong evidence that IFN-� inhibits antigen presenta-
tion by peripheral blood mononuclear cells (PBMCs) and
by other accessory cells (26). The mechanism for inhibi-
tion of antigen presentation is not completely understood,
but, in addition to IFN-� effect on HLA, class II expres-
sion on antigen-presenting cells could involve an effect on
antigen processing independent of the levels of class II or
an inhibitory effect on differentiation of immunocompe-
tent dendritic cells (40,41). In fact, one study found that
IFN-� treatment in vivo may result in enhanced HLA class
II expression on macrophages (40). This raises the possi-
bility that IFN-� inhibition of antigen presentation may
in fact be independent of its effect on class II molecules
and involve an effect on antigen processing or perhaps on
other molecules involved in T-cell activation.

Two classes of accessory molecules have been
shown to be modulated by IFN-� treatment and con-

ceptually contribute to its therapeutic effect (42). These
include the CD28–B7 and the CD40–CD40 ligand sig-
naling pathways. The B7 molecule is expressed on a
variety of antigen-presenting cells including
macrophages, B-cells, and some T-cells. It consists of
two forms: B7.1 (CD80) and B7.2 (CD86). Whereas
B7.2 is constitutively expressed at low levels, B7.1 is
inducible by inflammation. The ligand for B7.1 is
CD28, which is expressed on T-cells and is responsible
for T-cell activation. Another ligand on T-cells that
binds to B7.2 is CTLA-4, which appears later in the
course of T-cell activation and could be involved in
inhibiting the inflammatory response. B7.1 and, to a
lesser extent, B7.2 have been found to be overexpressed
on the PBMCs in MS patients. Treatment with IFN-�
inhibited B7.1 expression on lymphocytes and, to a
lesser extent, B7.2. However, expression of these mol-
ecules was increased on monocytes in response to IFN-
� treatment (42–44). How these changes in B7 mole-
cules relate to the therapeutic effect of IFN-� in MS
patients is not clear at the present time. IFN-� treatment
in MS also targets a second group of accessory mole-
cules, the CD40–CD40 ligand pathway. Interaction of
CD40 on antigen-presenting cells with the CD40 ligand
on T-cells leads to IL-12 secretion by the antigen-pre-
senting cell, which in turn upregulates IL-12 receptors
on T-cells. This consequently leads to increased IFN-�
secretion by T-cells (45). CD40 ligand expression was
elevated on T-cells from MS patients, and this overex-
pression was normalized by treatment with IFN-� (46).
In addition, several studies found an inhibitory effect of
IFN-� on inducible IL-12 secretion by PBMCs. Two
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FIGURE 13.2

A schematic representation of the molecular interaction
between T-cells and antigen-presenting cells. ICAM, inter-
cellular cell adheshion molecule; LFA, leukocyte function
antigen; TCR, T-cell receptor; VCAM, vascular cell adhesion
molecule; VLA, very late activated antigen.



independent studies showed that IFN-� inhibits CD40-
mediated IL-12 secretion by human antigen-presenting
cells independent of the T-cell response (40,47). There-
fore, inhibition of the CD40-mediated IL-12 pathway
by IFN-� might have a positive therapeutic impact in
MS because IL-12 and IFN-� are deleterious cytokines
in this disease. The third group of molecules involved
in T-cell activation consists of the adhesion molecules.
IFN-� does not seem to affect the level of expression
of LFA-1 or ICAM-1 but might have a modest
inhibitory effect on IFN-�–induced VLA-4 on mono-
cytes. However, increased level of soluble VCAM-1 as
a result of IFN-� treatment has been reported in vivo
and in vitro (48,49). This could block the VCAM–VLA-
4 interaction and thus interfere with T-cell activation.

The finding that MS is associated with low mean
NK cell activity and that this defect may be corrected
by IFN-� has been challenged recently by the findings
of Kastrukoff et al. (50) who demonstrated a positive
relation between mean NK cell functional activity and
the total number of active lesions on MRI in a serial
study of relapsing-remitting MS patients. Further, they
showed that high-dose IFN-� treatment can result in an
inverse relation between mean NK cell functional activ-
ity and total number of active lesions on magnetic res-
onance imaging (MRI) over 2 years. The investigators
concluded that patients with higher mean NK cell func-
tional activity may be not only at greater risk for the
development of active lesions but also more likely to
respond to IFN-�.

IFN-� also may reduce T-cell activation by reduc-
ing T-cell IFN-� receptor binding on lymphocytes (51).
Moreover, IFN-� treatment may augment activation-
induced T-cell death in MS (52). Consequently, patho-
genically activated T-cells may be more susceptible to
IFN-� driven cell death than nonactivated T-cells. How-
ever, this hypothesis has been challenged by Zipp et al.
(53) who found that, although IFN-� moderately
enhances the expression of the death receptor CD95 on
human myelin basic protein (MBP)–specific T-cells, this
treatment does not induce apoptosis.

Induction of Cytokines Shift

It is now accepted that, in MS and experimental autoim-
mune encephalomyelitis (EAE), Th cells of the Th1 phe-
notype, which secrete inflammatory cytokines, play an
important role in the pathogenesis of the inflammatory
lesion. Conversely, Th2 cells, which secrete anti-inflam-
matory cytokines, are believed to participate in recov-
ery and tissue repair. Cytokines that have been incrim-
inated in the pathogenesis of MS include IFN-�, IL-12,
and TNF-�, whereas cytokines that have been associ-
ated with recovery include IL-4, IL-10, and TGF-� (54).
Many studies have examined the effect of IFN-� on Th1

and Th2 cytokine messenger RNAs or protein secretion
in PBMC in vitro and in vivo (55–69). The over-
whelming finding is that IFN-� inhibits Th1 cytokines
including IFN-�, IL-12, and TNF, whereas IL-10 and
TGF-� are enhanced. This suggests that the therapeu-
tic effect of IFN-� could be the result of cytokine shifts
in favor of a Th2 response. During the past few years,
numerous studies examined the ex vivo cytokine
changes associated with IFN-� treatment in MS
patients. Those studies examined cytokine protein secre-
tion, messenger RNA expression, and in some cases
cytokine receptor changes. The results of some of these
studies are summarized in Table 13.1. The in vivo find-
ings seem to parallel the in vitro findings in the sense
that Th1 cytokines are inhibited, whereas Th2 cytokines
are enhanced by IFN-� treatment in MS patients. Of
recent interest is the reciprocal relationship between IL-
12 and IL-10 (70) and their role in response to IFN-�
in MS patients (69). Recent studies in our laboratory
indicated that IFN-�1b inhibits IL-12 production in
PBMC and that this inhibition is mediated by IL-10
(69). IL-12 and IL-10 negatively regulate each other
(70). A recent study in patients with MS associated a
decrease in IL-10 and an increase in IL-12 p40 mRNA
with disease activity in MS, whereas an increase in IL-
10 correlated with recovery (71). Therefore, IFN-� effi-
cacy in MS may be related to an inhibitory effect on
IL-12, and patients who respond by inhibiting IL-12 and
enhancing IL-10 production may be more likely to
respond clinically to such treatment.

The observation that blocking antibodies to IFN-
�, which are associated with a decline in clinical response,
block the immunoregulatory effect of the drug, suggests
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TABLE 13.1
In Vivo Cytokine Modulation by IFN-�

Treatment in Multiple Sclerosis

MODULATION CYTOKINE/RECEPTOR REFERENCES

Inhibition IFN-�, IL-12 55–57, 69
(Th1 cytokines) TNF-� 58–60
Enhanced IL-10 57,61,62
(Th2 cytokines) TGF-� 63

TGF-�-R2 63
IL-1-RA 64
TNFR1 and 2 64

Unchanged IL-1�, IL-6 67,68
IL-10
TNF-�

IFN-�, interferon-�; IL, interleukin; R, receptor; TGF,
transforming growth factor; Th, T-helper cell; TNF, tumor
necrosis factor.



that cytokine shifts is an important therapeutic mecha-
nism in MS (72).

It is worth pointing out that not all ex vivo studies
agree on the cytokine changes associated with IFN-�
treatment in MS (73–78). The apparent discrepancies in
the results could be related to a number of factors includ-
ing the clinical and genetic heterogeneities of the MS pop-
ulation studied, the methods used to examine cytokine
expression, and variables related to the dose and kinet-
ics of the different types of IFN-� administered.

Effects of IFN-� on MBP-Reactive T-Cells

The therapeutic effect of IFN-� may be due in part to a
direct effect on autoreactive T-cells. Studies have demon-
strated that IFN-�-1b decreases the proliferation and pre-
cursor frequency of MBP-reactive T-cells in vitro. MBP-
reactive T-cells exposed to IFN-� also manifest a
reduction in TNF-� and IFN-� secretion and an enhance-
ment of IL-10 and IL-4 secretion, consistent with Th1 to
Th2 shift induced by this drug (56,69–71,74,75). There
is also some evidence, although controversial (53,77), that
IFN-� enhances apoptosis of MBP-reactive T-cells (57)
(Table 13.2).

Effect of IFN-� on CD8� T-Cells

IFN-� promoted the proliferation CD8� T-cells, which
could have therapeutic consequences for MS (78). First,
a reduction in T-cell suppressor activity was associated
with MS, and IFN-� treatment seemed to correct this
defect (79). By enhancing the proliferation of CD8� T-
cells and, therefore, the secretion of Th2 cytokines such
as TGF-�, IFN-� may correct the suppressor T-cell defect
and enhance immune suppression. By augmenting the
proliferation of CD8� T-cells, IFN-� also may enhance
viral surveillance by cytotoxic T-cells, if MS were to be
caused by a viral infection. The latter also could be
enhanced by the upregulation of class I molecule expres-
sion induced by IFN-� on a variety of target cells (80).

Effect of IFN-� at the BBB

IFN-� has a dramatic effect in reducing gadolinium-
enhanced MRI lesions (81). Because gadolinium enhance-
ment is a reflection of BBB leakiness, a therapeutic effect
of IFN-� at the level of the BBB is possible. This effect may
involve interference with T-cell adhesion and diapedesis
across the BBB. Our studies indicated that IFN-� treat-
ment of human umbilical vein endothelial cells (UVECs)
does not inhibit the expression of the adhesion molecules
ICAM-1, VCAM, or E-selectin, (82) nor does it affect the
functional adhesion of phytohemagylutinin (PHA)-acti-
vated lymphoblasts to UVECs (83). On the contrary, IFN-
� seems to enhance adhesion molecule expression induced
by IFN-�, TNF-�, or IL-1 on UVECs. It was also reported
that soluble VCAM serum levels increase significantly in
IFN-�–treated patients, and the levels correlated with the
reduction in MRI disease activity (48). These observations
suggest that IFN-� interferes with T-cell/BBB adhesion by
enhancing the expression and release of soluble adhesion
molecules, which in turn can bind T-cells and block their
ability to adhere to the BBB (48–84). In addition, we and
others (85) observed that IFN-� inhibits IFN-�–induced
VLA-4 (the ligand for VCAM) on monocytes, which
could reduce T-cell/BBB adhesion. The effect of IFN-� on
VLA-4 may be significant in view of the observations that
expression of this adhesion molecule on T-cells correlates
with encephalitogenecity (86), and its expression is
increased on cerebrospinal fluid lymphocytes in MS (87).
IFN-� also may interfere with T-cell/endothelial cell adhe-
sion by inhibiting class II expression on endothelial cells,
which can function as ligands for T-cells (88,89). Recent
studies also indicated that IFN-� inhibits the matrix met-
alloproteinases involved in the digestion of the matrix
membrane of the BBB and therefore could interfere with
T-cell migration to the CNS (90–97). Collectively, these
findings are consistent with the proposition that IFN-�
inhibits the opening of the BBB in MS.
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TABLE 13.2
Effects on Myelin Basic Protein–reactive T-Cells

Decreased proliferation and precursor frequency
(69–71).
Enhanced IL-10 � IL-4 secretion (69–71).
Decreased TNF-� and IFN-� secretion (56,69,71).
Possible enhanced apoptosis (57).

IFN-�, interferon-�; IL, interleukin; TNF-�, tumor necrosis
factor-�.

TABLE 13.3
Possible Interferon-� Effects at 

the Blood–Brain Barrier

• Increased soluble VCAM, blocks VCAM-1/VLA-4
binding

• Decreased VLA-4 on monocytes, decreased homing
to the CNS

• Modest increase in ICAM-1 and E-selectin on
endothelial cells of uncertain significance.

• Migration: inhibition of metalloproteinase-9.

CNS, central nervous system; ICAM, intercellular cell
adheshion molecule; VCAM. vascular cell adhesion molecule;
VLA, very late activated antigen.



Potential IFN-� Effects 
in the CNS

The effects of IFN-� in the CNS are poorly understood.
Changes in cerebrospinal fluid immune markers such as
a reduction in white blood cell count and IFN-� expres-
sion have been observed in IFN-�–treated MS patients
(98). These observations suggest, but do not necessarily
implicate, a central effect. Theoretically, IFN-� could
inhibit T-cell activation in the CNS through an inhibitory
effect on class II and costimulatory molecule expression
on resident antigen-presenting cells and possibly on other
molecules involved in antigen processing and presenta-
tion. The effect of IFN-� on IFN-�–induced class II
expression appears to depend on the cell type and the
species. For example, IFN-� inhibits IFN-�–induced
class II (DR) on cultured human astrocytes and astro-
cytoma cell lines (99,29) and on mouse astrocytes (S
Dhib-Jalbut, unpublished data). However, IFN-� effect
on human fetal astrocytes class II (DR) expression has
not been consistent (100), although it seems to inhibit
the antigen-presenting capacity of this cell type (101).
The relevance of IFN-� effects on astrocytes has been
questioned based on the observations that astrocytes are
not the predominant class II–expressing cell in the MS
lesion and by the lack of their expression of the costim-
ulatory molecule B7 (102). The effect of IFN-� on class
II in microglia is also unclear. Although it has been
reported to inhibit IFN-�–induced class II in neonatal
rodent microglia, (102) IFN-� has no effect on IFN-
�–upregulated class II (DR) expression on cultured adult
human microglia (100). However, in a functional assay
we found that IFN-� inhibits presentation of alloanti-
gens, thus raising the possibility that IFN-� affects other
HLA molecules or that it interferes with antigen pro-
cessing or with molecules involved in the transport and
loading of peptide antigens. Other potential therapeu-
tic targets for IFN-� in the CNS could involve its abil-
ity to inhibit molecules involved in myelin damage
including nitric oxide (103,104), proteases (105), and
free radicals (106), produced in macrophages and
microglia.

IFN-� has also increased astrocytic production of
nerve growth factor, which has been reported to promote
oligodendrocyte proliferation and processes extension
(107). Therefore, IFN-� could have a role in repair and
remyelination. However, this in vitro effect is IFN-� dose
dependent, so its in vivo significance is unclear at the pres-
ent time because it is unknown whether IFN-� achieves
biologically active levels in the CNS.
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iseases of myelin comprise a variety
of illnesses with varied etiology.
They range from clearly infectious
diseases such as progressive multi-

focal leucoencephalopathy to hereditary metabolic dis-
orders such as adrenoleucodystrophy and metachro-
matic leucodystrophy to a group of disorders of
unknown etiology (Table 14.1). Whether multiple scle-
rosis (MS) and its variants comprise a single disease with
a highly varied course or a group of syndromes of diverse
etiology remains controversial, although recent evidence
suggests that it actually involves at least four different
pathologic variants (1). Numerous clinical demyelinat-
ing disorders may be part of the MS spectrum or may
represent different diseases with similar clinical and
pathologic features. For years, many clinicians have felt
that primary progressive MS and Devic syndrome (neu-
romyelitis optica) were distinct from relapsing remitting
and secondary progressive MS. Balo concentric sclero-
sis was felt to be a different disease, but recent evidence
has suggested that it is a variant of relapsing remitting
MS. Whether the Marburg variant and acute dissemi-
nated encephalomyelitis (ADEM) are part of the MS
spectrum or represent different disease entities remains
a matter of debate. Recent immunopathologic studies
are beginning to clarify these issues, but, ultimately, clar-
ification of the relationship of the variants to each other

will have to await determination of the etiology of these
conditions.

Recent developments in immunopathology have
suggested that MS is several different diseases with a com-
mon clinical presentation (1). These immunopathologi-
cally different disorders are likely to have different eti-
ologies. Guillian-Barre syndrome has been shown to have
several variants caused by different agents including
Campylobacter jejuni, cytomegalovirus, Epstein-Barr
virus, Mycoplasma pneumonia, swine flu vaccine, and
probably several others (2–4). Typical relapsing remitting
MS now appears to have several variants, and these are
likely to have different etiologies. The inflammatory
demyelination in different cases has immunologic features
that are sufficiently different from each other to suggest
that this is really a group of diseases (1).

These demyelinating disorders appear to have cen-
tral myelin and the cells that form central myelin, the
oligodendrocytes, as the target of attack. MS usually does
not affect peripheral myelin, although there are cases of
a disease clinically and pathologically indistinguishable
from MS in which there is also peripheral demyelina-
tion in a pattern indistinguishable from chronic inflam-
matory demyelinating polyneuropathy (5–7). Because
there is good evidence that molecular mimicry is involved
in Guillian-Barre syndrome (3), molecular mimicry of a
shared epitope could cause this rare combination of cen-
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tral and peripheral demyelination and lends further cre-
dence to the idea that it is an autoimmune disease. The
increased risk of MS in first-order relatives of MS
patients, the higher concordance rate in identical versus
fraternal twins, and the overrepresentation of certain
HLA types (8) point to significant genetic risk factors,
although it is clear that no single gene is responsible for
genetic susceptibility.

ETIOLOGY

The etiology of MS remains unknown. The most widely
accepted hypothesis is that it is an autoimmune disease
induced by a virus or other infectious agent. The possi-
bility of it being a primary infectious process with or with-
out an associated autoimmune reaction has not been
entirely ruled out despite repeated failure to identify a
causative agent. Over the past four decades, there have
been a number of reports of viruslike particles in brain tis-
sue from MS patients (9). At least 14 different viruses have

been isolated from the brains of MS patients, yet none has
been shown to be etiologically related (10). Cook listed
22 agents suspected of being related to MS for which sub-
stantial evidence of a causative role has not thus far
appeared (11). The demonstration of viral nucleic acid
by polymerase chain reaction in MS brain and cere-
brospinal fluid (CSF) (12,13) has created some interest,
but it has never been possible to clearly demonstrate a con-
nection between any of these agents and the disease
process. No agent has been found in 100 percent of active
plaques. The demonstration of herpes viruses, in particu-
lar herpes I, II, and VI, in a significant proportion of MS
plaques over the past decade (12,13), evidence that the
anti-herpes drug acyclovir will reduce the number of
attacks of MS (14), and, more recently, evidence for
chlamydial infection (15) have renewed interest in infec-
tious hypotheses. Because herpes viruses are activated by
other infections and viral infections are known to precip-
itate some MS attacks, reactivation of herpes viruses may
be related to some attacks or may be significant aggra-
vating factor even if not causative. Only time will tell if
any of these agents plays a role in disease causation. The
report of a patient with MS developing acute optic neu-
ritis two months after an allogenic bone marrow trans-
plant for chronic myelogenous leukemia suggests that it
is not purely an autoimmune disease (16). The possible
role of infectious agents in MS is discussed in more detail
in Chapters 7 and 8. Part of the problem in determining
the role of infectious agents in MS may be multiple cau-
sation, as occurs in Guillian-Barre syndrome, in which sev-
eral different agents can induce acute autoimmune neu-
ropathies that are difficult to differentiate clinically (2).

Extensive effort has gone into the attempt to under-
stand the role of the immune system in MS. Much of this
effort has been directed toward understanding the
immunology of experimental autoimmune encephalo-
myelitis (EAE), which is the most extensively studied ani-
mal model of the disease (see Chapter 6). This work has
taught us an enormous amount regarding immunology
in general and immunology as it applies to the human
nervous system. Unfortunately, attempts to apply to MS
what has been learned about EAE have rarely been suc-
cessful. Numerous treatments that work well in EAE have
failed completely when tried in MS, making it clear that
MS is not simply EAE. However, there is good evidence
that autoimmunity is involved in the disease, and immuno-
modulating agents such as the � interferons and glatiramer
acetate and immunosuppressant drugs such as cyclophos-
phamide, methotrexate, and mitoxantrone can slow the
disease process. With the development of a more detailed
understanding of immunology and the ability to directly
assess various immunologic components in situ, it is pos-
sible to begin to define the immune reaction in the acute
plaque of MS and to begin to understand the nature of the
immune reaction in MS, as discussed below.
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TABLE 14.1
Demyelinating Diseases

Demyelination due to infectious agents (see Chapter 9)
Progressive multifocal leucoencephalopathy
Subacute sclerosing panencephalitis

Metabolic disorders of myelin
Metachromatic leucodystrophy
Globoid cell leucodystrophy
Pelizaeus-Merzbacher disease

Peroxisomal disorders affecting myelin
Generalized peroxisomal disorders

Cerebrohepatorenal (Zellweger) syndrome
Infantile Refsum disease (phytanic acid storage)
Neonatal adrenoleucodystrophy
Hyperpipecolic acidemia

Single peroxisomal enzyme deficiencies with wide-
spread pathology

Thiolase deficiency
Acyl-CoA oxidase deficiency
Rhizomelic chondrodysplasia

Single peroxisomal enzyme deficiencies with more 
restricted pathology

Adrenoleukodystrophy complex
Diseases of unknown etiology
Multiple sclerosis

Relapsing remitting/secondary progressive multiple
sclerosis
Marburg variant
Neuromyelitis optica (Devic disease)
Primary progressive multiple sclerosis

Acute disseminated encephalomyelitis
Fibrinoid leucodystrophy (Alexander disease)



CLINICAL SPECTRUM OF HUMAN
INFLAMMATORY DEMYELINATING DISEASES

The entities described here have at different times been
considered distinct diseases and, largely because of over-
lap syndromes, been considered part of the MS spectrum.
Recent advances in pathology are clarifying the relation-
ships, but definitive answers to the relationship of these
diseases remain to be established.

Relapsing Remitting Multiple Sclerosis

This is the classic MS clinical pattern marked by exac-
erbations, with a variable amount of improvement
between attacks

Secondary Progressive Multiple Sclerosis

About 80 percent of relapsing remitting MS cases go on
to develop a secondary progressive disease pattern, with
a slowly progressive ascending paralysis from a few to
20 or so years after onset. This represents a later stage of
relapsing remitting disease rather than a separate variant,
although not all relapsing remitting MS goes on to
develop secondary progression.

Primary Progressive Multiple Sclerosis

This disease pattern has a later onset, usually after age
40 years, and begins with an insidious progression of dis-
ability affecting primarily the spinal cord without exac-
erbations or remissions. Unlike exacerbating remitting
disease, in which two-thirds of the cases are female, pri-
mary progressive MS is only slightly more common in
females with a ratio of about 1.3:1 (17). Magnetic reso-
nance imaging (MRI) of the brain is sometimes normal
in these cases, and MRI of the spinal cord may show only
cord atrophy.

Devic Syndrome (Neuromyelitis Optica)

Devic syndrome is an acute disorder in which optic neu-
ritis and transverse myelitis occur within a short time of
each other, with little or no involvement of other parts
of the central nervous system (CNS) (18). It has gener-
ally been considered a monophasic disease without
relapses after the initial episodes; however, numerous cases
that begin with optic neuritis and transverse myelitis pro-
ceed to develop a relapsing remitting course similar to typ-
ical relapsing remitting MS, but with more severe residua
from attacks and a more necrotic pathology. MRI in these
cases shows no lesions within the brain itself but gener-
ally shows evidence of cord inflammation usually extend-
ing over three or more segments. Whether this is a variant
of MS or a distinct disease remains controversial. It may

be a distinct disease entity, or the course and intensity dif-
ferences may relate more to the genetic makeup of the host
than to the etiology.

Marburg Disease (Acute Multiple Sclerosis)

This acute, fulminant demyelinating disorder was first
described by Otto Marburg in 1906 (19). It is a severe,
unrelentingly progressive demyelinating disease that typ-
ically leads to death within a few months to a year.

Balo Concentric Sclerosis

This has been thought to be an aggressive variant usu-
ally leading to death in weeks to months. It is marked by
large plaques of demyelination with concentric bands of
preserved or regenerated myelin. These bands can some-
times be seen on MRI. There is now good evidence that
some cases with Balo-like lesions on MRI improve and
have a course typical of relapsing remitting MS. It may be
that the Balo type lesion is a feature of some early MS
with very active remyelination, features that disappear
as the disease progresses so that the concentric lesions are
observed only pathologically in individuals who die soon
after the onset of the disease.

Acute Disseminated Encephalomyelitis

This is usually a monophasic demyelinating disorder that
typically follows a viral infection. It appears to be closely
analogous to EAE. The most severe cases are seen after
measles infection, smallpox vaccination, or rabies vac-
cine. It is marked by the rapid, sometime sudden, onset
of confusion, fever, and depressed consciousness, often
with seizures and multiple focal neurologic signs such as
ataxia, paraplegia, or cranial nerve signs. It can be fatal
within days to weeks, although survivors often recover
remarkably well over a period of many months.

PATHOLOGY OF RELAPSING REMITTING
MULTIPLE SCLEROSIS

The pathology of typical relapsing remitting MS consists
of lesions (plaques) disseminated in location and varying
in age, as would be expected from the clinical features.
In addition, there is a second demyelinating process con-
sisting of the demyelination of individual fibers or small
groups of fibers that is best seen in the spinal cord. Plaques
can be found wherever there is central myelin. They are
present in white and gray matter, but the gray matter
lesions are much less obvious and generally do not appear
on MRI, possibly because of the relatively small amount
of myelin present and a less intense inflammatory reaction.
The lesions occur in different parts of the nervous system
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and are in different stages of activity or maturity. Lesions
range from acute plaques with active inflammatory infil-
trates and macrophages loaded with lipid and myelin
degeneration products, through various degrees of lesser
activity to plaques that are active only at their margin, to
chronic, inactive demyelinated shrunken glial scars.
Although plaques can appear anywhere there is central
myelin, there is a predilection for the periventricular white
matter, optic nerves, spinal cord, and juxtacortical areas.

Areas of white matter outside the plaques are not
normal. They show biochemical abnormalities that some
feel can be explained on the basis of Wallerian degener-
ation (18) and gliosis, whereas others believe that they
represent an important aspect of the pathology, particu-
larly in secondary progressive MS. (20). This appears to
occur concurrently with plaque formation and consists of
patchy demyelination in one or a few fibers with mini-
mal inflammation. This is best seen in the spinal cord.

Recent reports by Lucchinetti et al. (1) and Lass-
man et al. (21) have dramatically altered our view of the
pathology of MS. They described four different patterns
of demyelination in active MS lesions based on a vari-
ety of modern staining and labeling techniques, sug-
gesting that MS is a group of diseases with similar clin-
ical and pathologic features rather than a single entity.
Three of these patterns are seen in exacerbating remit-
ting MS, and the fourth has been seen only in primary
progressive MS. These recent observations already have
had a major impact on our thinking regarding etiology
and pathogenesis. It seems likely that the different pat-
terns relate, at least in part, to different etiologies and
may provide the basis for associating particular agents
with particular disease patterns. They also explain some
of the discrepancies found in the description of various
investigators. The first two patterns appear to be
autoimmune reactions against myelin, whereas the third
and fourth patterns more closely resemble a disease pri-
marily of oligodendrocytes. Pattern four appears to be
associated exclusively with primary progressive MS,
although it is likely that some cases that appear clini-
cally to be primary progressive will have one of the
other pathologies, because many cases of relapsing
remitting MS are essentially silent clinically, and some
apparently primary progressive cases are likely actu-
ally secondary progressive (22). The pathology of the
fourth group is discussed below. The patterns can be
summarized as follows.

Pattern 1: Active Demyelination Associated with
T-Lymphocyte and Macrophage-Dominated

Inflammation without Significant Amounts of
Antibody or Complement Deposition

Plaques were perivenular in location, and loss of all types
of myelin protein appeared to occur simultaneously. There

was some diffuse immunoglobulin G (IgG) staining
throughout the lesion. Staining for complement compo-
nents was negative. This pattern comprised about 12 per-
cent of the reported cases.

Pattern 2: Active Perivenular Demyelination
Associated with T-Lymphocyte and Macrophage-

Dominated Inflammation with Extensive 
Antibody Deposition in the Tissue and 

in Astrocyte Cytoplasm

Complement C9 neoantigen was deposited at sites of
active demyelination, indicating that the antibody plays
a role in the demyelinating process. Plaque borders were
well defined, and lymphocytic perivascular cuffs were
frequent. Loss of all types of myelin protein appeared
to occur simultaneously. There was heavy staining of
myelin degradation products in the macrophages. In
older, inactive plaques, there was variable loss of oligo-
dendrocytes at the plaque borders, with reappearance of
oligodendrocytes in the plaque centers. A high incidence
of shadow plaques was seen in these cases, indicating
that some remyelination is common. This was the most
common pattern, comprising 53 percent of the reported
cases. The formation of clathrin coated pits (caveolae)
seen on electron microscopy reported by Prineas and
Connell is consistent with a role for antibody in the
demyelination; thus, these two cases were most likely
type II (Figure 14.1) (23).

Pattern 3: Active Demyelination with an
Infiltrate of T Lymphocytes and Activated

Macrophages and Microglia

No IgG deposition, possible preservation of a rim of
myelin around venules, and the plaque borders were ill
defined. With this lesion pattern, there was preferential
loss of myelin-associated glycoprotein (MAG) relative
to other myelin proteins such as MBP and proteolipid
protein (PLP) as originally described by Itoyama et al.
(24). A concentric (Balo type) pattern was seen in some
of these cases. This pattern comprised about 30 percent
of the cases.

Forty-three of the lesions examined by Lucchinetti
and others were biopsies of initial clinical lesions. Thirty-
three of these patients developed clinically definite MS
in the follow-up period, including individuals with each
of the first three disease patterns. Multiple lesions were
examined from most of the cases, and the pattern was the
same in all of the lesions from a given patient (1). Con-
version of one pattern to another would seem possible,
but, except for conversion of pattern 1 to pattern 2 with
the development of an antibody reaction, conversion
between types seemed a priori unlikely.
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THE ACUTE PLAQUE

According to Prineas (25), most MS plaques appear to
begin with margination and diapedesis of lymphocytes
and macrophages forming perivascular cuffs about cap-
illaries and venules. This is followed by diffuse parenchy-
mal infiltration by inflammatory cells, edema,
macrophage activity with stripping of myelin from
axons, astrocytic hyperplasia, and the appearance of
increased numbers of lipid-laden macrophages and
demyelinated axons. Prineas also described a marked
increase in the number of plasma cells in some cases,
which would be consistent with a type 2 case. In con-
trast, Lumsden described plaques in which myelin frag-

mentation preceded the appearance of macrophages.
This would seem to correspond to a type 4 case of
Lucchinetti et al. In type 2 cases, as plaques enlarge and
coalesce, the initial perivenular distribution of the lesions
becomes less apparent. The inflammatory reaction in the
plaques usually is less pronounced in gray matter, prob-
ably because of the smaller amount of myelin in these
areas and the correspondingly fewer macrophages
needed to remove cellular debris.

Acute plaques begin in a perivenular location
(25,26), and are marked by perivascular cuffs (Figure
14.2 and 14.3) of inflammatory cells including lym-
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FIGURE 14.1

Electron micrograph showing a clathrin-coated pit on the sur-
face of a macrophage (lower right center) and a remyelinat-
ing axon. Original magnification, 39000X. Reprinted from:
Neurology 1978;28:S68–S75 (Figure 9), with permission.

FIGURE 14.2

Hematoxylin and eosin stain of subacute multiple sclerosis
plaque in the subcortical white matter, with a few perivascu-
lar inflammatory cells. At the top, the plaque extends into
the cortical gray matter. The plaque edge stains more heavily
with hematoxylin due to the concentration of inflammatory
cells.

FIGURE 14.3

Perivascular cuff of lymphocytes and inflammatory infiltrate
in an acute plaque. Hematoxylin and eosin stain.



phocytes, activated macrophages, microglia, and occa-
sionally plasma cells. Polymorphonuclear leukocytes
and eosinophils are rare except in Devic syndrome, in
which they are much more common. Myelin breakdown
occurs with stripping of myelin from the axons by
macrophages, and many of the macrophages are filled
with myelin debris and neutral lipid. Extracellular
myelin debris is rarely, if ever, seen, but some of the
myelin breakdown is extracellular, because recogniza-
ble myelin fragments are frequently seen on electron
microscopy of CSF sediment taken at the time of an
acute attack (27,28).

CHRONIC ACTIVE AND INACTIVE PLAQUES

As plaques mature, the lipid-laden macrophages and
microglia exit the central plaque area, which becomes
hypocellular (Figure 14.4). Gliosis gradually increases,
followed by gradual shrinkage of the plaque. The plaque
margin may remain active with continuing or recurring
activity, or the plaque margin may gradually lose inflam-
matory cells and become inactive. Plaque reactivation can
commonly be seen on MRI during acute attacks, in which
a known plaque shows ring enhancement thus indicating
active inflammation with breakdown of the blood-brain
barrier. The pathologic correlate of this recurring activ-
ity is a plaque with a gliotic, sparsely cellular center and
a band of lipid-filled macrophages and lymphocytes at
the plaque margin.

Considerable axonal interruption even in new acute
plaques. Axonal interruption is marked by axonal ovoids
that are easily demonstrated with special stains and con-

focal microscopy. Over time, these interrupted axons
undergo retrograde degeneration and the ovoids disap-
pear. Axonal damage is demonstrated on MR spec-
troscopy by loss of N-acetyl aspartate (NAA), an axonal
marker (29). Trapp and colleagues reported an average
of about 11,000 axonal ovoids/mm3 in acute plaques,
indicating that significant axonal loss begins early in the
disease process (30,31). How much of the NAA loss is
due to axonal interruption and how much is due to loss
in axonal diameter and impairment of axonal transport
remains to be determined. Demyelinated axons initially
become irregular in diameter but in later stages appear to
have a uniformly reduced diameter (Figure 14.4). They
may lose as much as 50 percent or more of their diame-
ter, which would reduce the axoplasmic volume by 75
percent, so that, even if the concentration in the axons
remained the same, the amount would be markedly
decreased. At the same time, axon transport is seriously
impaired, which also could reduce the amount of NAA
out of proportion to the actual axonal loss and might well
decrease the concentration distal to the site of demyeli-
nation (see Chapter 16).

Wallerian degeneration due to axonal destruction in
acute plaques can be extensive enough to be detected by
MRI (32) (see Chapter 15). Additional axonal destruc-
tion occurs when older plaques are reactivated with
demyelination at the plaque margins. The fact that spar-
ing of axons is relative and not absolute has been known
since the time of Charcot, but the extent of the damage
to the axons has been only recently quantified. Cerebral
atrophy and atrophy of the corpus callosum, which is
commonly seen in advanced disease, is probably due to
a combination of myelin and axonal loss and shrinkage
due to scarring.

Most investigators now believe that axonal loss
accounts for most of the chronic, irreversible disability
in MS. Cumulative axonal loss in long pathways such as
the pyramidal tracts and the dorsal columns of the spinal
cord, where there may be several plaques along their
course, is often very substantial. This in part accounts
for the pallor that is frequently seen in these tracts at
autopsy. It is important to recognize that axonal loss is an
important factor in MS and that experimental efforts to
improve conduction in surviving fibers will not affect
those symptoms due to axonal loss, even though they may
produce dramatic improvement in symptoms that are due
to conduction failure in surviving axons.

Immunocytochemical studies of inflammatory
cytokines indicate that most of the lymphocytes at the
plaque margins are T-cells. CD4� T-cells (helper/inducer)
are seen in the plaque margin and extend beyond the mar-
gin into periplaque white matter. CD8� T-cells (suppres-
sor/cytotoxic) are fewer in number and more confined
to the plaque margin. Occasional B cells and a few
plasma cells may be seen. Macrophages may be seen
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FIGURE 14.4

Inactive plaque center, with the axon stain showing numer-
ous demyelinated axons and very little inflammation. The
axons have a relatively uniform diameter, unlike newly
demyelinated axons, which are irregularly dilated.



throughout the plaque but are rarely seen beyond the
plaque margin (33).

GRAY MATTER PLAQUES

Although juxtacortical plaques extending into the adja-
cent gray matter have long been recognized, isolated cor-
tical plaques are rarely mentioned in the literature. Nev-
ertheless, they are an important part of the pathology
of MS. The failure to detect these plaques arises from
two factors: they are much less inflammatory than white
matter plaques and cannot be detected with myelin stain-
ing techniques. The instructions after staining with luxol
fast blue, the most commonly used current myelin stain,
is to destain until the gray matter no longer shows any
staining. Thus gray matter plaques do not stain for
myelin and are difficult to see with myelin stains. Gray
matter involvement is frequently reported when plaques
at the gray–white junction extend into the cortex, but
isolated gray matter plaques were rarely discussed or
commented on until the recent report of Peterson et al.
(34). They reported a careful analysis of gray matter
plaques and classified them into three types: type 1 were
contiguous with subcortical lesions and accounted for
34 percent of the cortical lesions; type 2 were small, usu-
ally perivascular lesions confined to the cortex,  and con-
stituting 16 percent of the lesions; and type 3 extended
from the cortical surface to layer 3 or 4 of the cortex,
constituting 50 percent of the lesions (34). These plaques
are much less inflammatory than those in the white mat-
ter, with only one-thirteenth as many CD3� lymphocytes
and one-sixth as many microglia and macrophages (34).
They found activated microglia apposed to and
ensheathing neuronal perikarya and apical dendrites.
Apoptotic neurons were increased in the cortical plaques.
Transected neurites were found with an average density
of 4119/mm3, which is about one-third the number
found in white matter plaques. They were about one-
fourth as frequent in chronic gray matter plaques and
much less common in inactive lesions. These cortical
lesions may account for many of the cognitive changes
seen in MS.

In chronic active lesions, astrocytes in and about
the plaque express class I and class II histocompatibil-
ity antigens, although expression of class II antigens was
both more common, intense, and consistent than expres-
sion of class I antigens (33,35). Class I and class II pos-
itive astrocytes extended into the periplaque area, but
astrocytes outside the plaque and peri-plaque areas are
negative for both antigens. Astrocytes in the plaque mar-
gin and peri-plaque area often stain for interferon-� and
a bit less frequently for interferon-� (33). Astrocytes in
the plaque center and in normal-appearing tissue away
from the plaques were consistently negative except in

patients dying with intercurrent infections in whom
staining was more generalized.

Staining for the intercellular adhesion molecule 1
(ICAM-1) revealed diffuse staining of the plaque periph-
ery, most intense at the plaque margin but extending well
beyond the zone of inflammation. Staining also was seen
in perivascular cuffs, which included diffuse and cellular
staining. LFA-1 is a ligand for ICAM-1 and is present on
essentially all of the hematogenous cells in the plaque and
peri-plaque areas. LFA-3, with its ligand CD2, is more
selective for T-cells than ICAM-1, but it has a very simi-
lar distribution to that of ICAM-1 in the plaque and peri-
plaque areas (33).

Old inactive plaques generally have sharp margins
without hypercellularity, a few widely scattered T-cells, and
do not stain for adhesion molecules or interferon. They are
marked by gliosis and stain heavily for glial fibrillary acidic
protein. Inflammatory cells are scarce, and most cells in the
plaque are astrocytes. A few nonmyelinating oligoden-
droglia may be seen near the plaque margins.

Immunocytochemical studies have shown the inflam-
matory cells in the actively demyelinating central area of
acute plaques to be mainly Ia-positive cells. These are mostly
activated microglia and macrophages with a few T-cells and
antibody-producing plasma cells. The T cells in the acute
plaque are a mixture of T4� (helper-inducer) and T8� (sup-
pressor/cytotoxic) lymphocytes and are more numerous
near the center of the plaque, diminishing in numbers
peripherally. As the lesion enlarges, T cells become relatively
more numerous peripherally, whereas macrophages take
their place centrally. T4� (helper) cells invade the normal
appearing white matter about the lesion, whereas T8+ (sup-
pressor) cells are confined largely to the plaque margins and
perivascular cuffs. The plaque margins contain increased
numbers of oligodendrocytes, astrocytes, and inflammatory
cells (33–35). As the lesions become more mature, myelin
remnants and macrophages progressively disappear from
the central part of the plaque (Figure 14.4), which eventu-
ally becomes a gliotic scar. At the plaque margin, a hyper-
cellular “glial wall” contains lymphocytes, oligodendro-
cytes, and a few macrophages and astrocytes. In many
instances, the disease process appears to continue, with
low-grade activity at the plaque margins, manifested by
lipid-laden macrophages and lymphocytes, often accom-
panied by a few thin perivascular cuffs. In chronic-active
MS, inflammatory cells are scattered in small numbers
through much of the normal-appearing white matter. These
include T4�, T8�, and Ia� cells (35,36).

Chronic inactive MS plaques usually have a sharply
demarcated border with little, if any, hypercellularity.
Occasional T4� and Ia+ cells are scattered throughout the
lesions. At the edges, a few T4�, T8�, and Ia� cells, includ-
ing macrophages and B lymphocytes, may be seen, and
these also occur in small numbers throughout the other-
wise normal-appearing white matter.

THE PATHOLOGY OF MULTIPLE SCLEROSIS AND ITS VARIANTS 191



REMYELINATION

Plaquelike areas of very pale myelin staining are a fre-
quent occurrence in many cases of MS. On examination,
these areas have increased cellularity and abnormally
thin myelin sheaths of relatively uniform thickness (Fig-
ure 14.1 and 14.5). Numerous studies in experimental
animals have demonstrated the characteristics of regen-
erated myelin with thin sheaths (Figure 14.6) and short
internodes (Figure 14.7). The thickness of the myelin
about individual axons in these shadow plaques bears
no relationship to fiber diameter as it does in normally
myelinated areas. Some have regarded these shadow
plaques as evidence of partial demyelination; however,
it is now clear that most, if not all, represent areas of
remyelination (37).

Until the late 1950s, it was accepted dogma that
remyelination did not occur and that oligodendroglia, like
neurons, were endstage cells incapable of regeneration.
Since Bunge et al. (38) first unequivocally demonstrated
central remyelination in the cat in 1958, remyelination
has been shown to occur in the CNS in essentially every
species tested, including tadpole, mouse, rat, guinea pig,
rabbit, cat, and dog (39). The characteristics of the
shadow plaque are essentially identical to those of
remyelinated areas in experimental animals: an increased
number of oligodendrocytes that, contrary to traditional
views, have been demonstrated to be capable of prolifer-
ation (40–42), thin myelin sheaths of relatively uniform
thickness, and short internodes. The alternative pos-
sibility that shadow plaques arise from partial demyeli-
nation seems unlikely because partial demyelination
has been convincingly demonstrated only during the
acute phase of the demyelinating process or where the

myelin is under mechanical pressure. In addition, these
thin myelin sheaths, particularly those at plaque mar-
gins, have been shown to have short internodes (37).
There is abundant evidence for remyelination in exper-
imental animals and humans, and the appearance of
shadow plaques and short internodes indicates that
these are indeed remylinated fibers.

Regeneration of central myelin in some cases is
accompanied by Schwann cell invasion of the CNS; con-
sequently, the peripheral myelin can be seen within a
demyelinated or remyelinated area (43). Schwann cells
occur in small numbers in normal spinal cord, but it is
uncertain whether they come from peripheral nerves
innervating CNS blood vessels or occur independent of
blood vessels. In pathologic conditions, most of the
Schwann cell remyelination within CNS occurs near root
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FIGURE 14.5

Luxol fast blue stain of a shadow plaque in optic nerve. Note
the myelin pallor at lower left compared with the deeper stain-
ing of the undemyelinated area at upper right.

FIGURE 14.6

Electron micrograph of remyelination 28 days after mouse
hepatitis virus inoculation. The newly regenerated myelin
sheaths are very thin, and the myelin thickness bears no rela-
tionship to axon diameter. An oligodendrocyte can be seen
at upper left. Original magnification, 5800X. Herndon RM and
Weiner LP, unpublished observations.



entry or exit zones. Breaches in the glial limitans caused
by the demyelinating process allow Schwann cells in the
nerve roots or autonomic nerves accompanying cerebral
blood vessels to migrate into the central white matter,
where they retain their capability to form myelin.

With progression of the pathologic process, recur-
rent demyelination at the plaque margins causes slow
enlargement of the plaques. Although remyelination
appears to be a regular event in early MS, it clearly
becomes less common and less effective as the disease pro-
gresses, so that, at autopsy in patients with long stand-
ing disease, evidence of remyelination may be quite lim-
ited. Over time, demyelination of newly remyelinated
areas may result in scarring, so that further remyelina-
tion cannot occur and the plaque becomes a hypocellu-
lar glial scar. Shadow plaques are thus more likely to be
seen in autopsies of younger patients with continued
active remitting disease (37), and much less common in
older patients with inactive disease or chronically active,
indolent disease progression. In most cases, the end result
is a nervous system riddled with chronically scarred, inac-
tive plaques and a considerable amount of Wallerian
degeneration resulting in the pallor of long tracts in
myelin-stained preparations.

SECONDARY PROGRESSIVE 
MULTIPLE SCLEROSIS

Secondary progressive MS is usually marked by a slowly
ascending paralysis or, much more rarely, progressive
ataxia. It commonly occurs in patients in their 40s or early

50s who have had MS for a number of years. The patho-
logic substrate for this appears to be a progressive loss
of axons in the spinal cord with cord atrophy. Examina-
tion of the cord, in addition to chronic inactive or occa-
sionally active plaques, shows demyelination and/or
degeneration of multiple individual fibers. Careful exam-
ination of the cord shows widely scattered individual fiber
demyelination with a few scattered macrophages along
the sheaths (20). This could result from an inadequate
supply of transported materials with a resulting inability
of the axon to adequately signal the myelin-forming oligo-
dendrocytes. Certainly such scattered fiber demyelination
could be a part of a dying axonopathy and thus the sub-
strate for the slowly progressive ascending paralysis of
secondary progressive MS (44) (Chapter 16).

What mechanisms could be invoked for such a
process? It might be a problem in axonal transport, with
retrograde degeneration, or axonal interruption second-
ary to scarring with Wallerian degeneration. The former
seems more likely. Extensive studies in animals have
shown that fast and slow axonal transport are markedly
slowed by demyelination. Such axonal damage upstream
would lead to an inadequate supply of the structural
materials needed to maintain energy metabolism and
axonal structure. These conditions, particularly if the
axons metabolic resources are stretched due to induced
sprouting of the distal axon to take over synapses vacated
by death of other axons, could lead to a dying back
axonopathy. Clinically this would result initially in death
of the longest axons with gradual progression to shorter
and shorter axons. The second major possibility is that
they are undergoing Wallerian degeneration secondary to
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FIGURE 14.7

Remyelinated axon 28 days after mouse hepatitis virus inoculation. Two nodes are seen only 6 �m apart. Original magnifica-
tion, 19000X. Herndon RM and Weiner LP, unpublished observations.



glial scar formation, with death of axons occurring in
plaques as the extensive astrocytic scarring causes shrink-
age of the plaques, thus compressing and choking off the
axons. Either scenario could lead to an ascending paral-
ysis, although one would expect that the second would
cause a more scattered, less clearly ascending picture.

PRIMARY PROGRESSIVE 
MULTIPLE SCLEROSIS

In the studies of Lucchinetti et al., all of the cases of pri-
mary progressive MS had pattern 4 (1). Inflammation was
dominated by T lymphocytes, and macrophages, IgG, and
complement deposition were absent. Death of oligoden-
drocytes ocurred in peri-plaque white matter adjacent to
areas of demyelination. The dying oligodendrocytes
demonstrated DNA fragmentation without features of
apoptosis. Staining for the various myelin proteins showed
an essentially simultaneous loss in staining for each of the
proteins. Thus, it appears to be an oligodendrogliopathy.

Primary progressive MS constitutes about 10 per-
cent of MS cases and is equally common in men and
women. This pattern was the least common in the series
of Lucchinetti et al., comprising 4 percent of the cases
studied, and was the only one associated with a partic-
ular clinical disease pattern. Its association with primary
progressive MS strongly supports the frequently
expressed view that true primary progressive MS is a
disease distinct from relapsing remitting and second-
ary progressive MS. Some cases that clinically appear as
primary progressive disease undoubtedly will have the
pathology of secondary progressive disease because
relapsing remitting cases can be asymptomatic or nearly
so (22) and thus may present clinically only when they
move into the secondary progressive phase. Such cases
show the pathology of secondary progressive disease
even though clinical attacks were never observed. This
will tend to confuse the clinical distinction between the
disease types but is explained by the fact that a person
can have multiple demyelinating events without symp-
toms in relapsing remitting MS, so that secondary pro-
gressive disease can masquerade clinically as primary
progressive disease.

ACUTE MULTIPLE SCLEROSIS 
(MARBURG DISEASE)

Acute MS is fortunately rather rare. It is marked by the
rapid onset and almost continual progression of demyeli-
nation. It can begin in the hemispheres or the brainstem,
and typical cases display on MRI multiple high signal
areas that increase in size and become confluent. Many
patients die within a few weeks to several months. Many

of those who survive go on to have a typical relapsing
remitting course.

Pathologically, it is marked by intense and wide-
spread inflammation with T lymphocytes, large numbers
of lipid-laden macrophages, and a scattering of B lym-
phocytes (18,19). The lipid-laden macrophages stain
intensely for neutral lipid with oil red-O but show little
staining with most myelin stains. Essentially, total demyeli-
nation occurs within the lesions, although beginning
remyelination can be seen. Extensive IgG and complement
product is deposited in the lesions, which pathologically
resemble type 2 lesions of Lucchinetti et al. There is no
evidence of death of oligodendroglia in the area sur-
rounding the plaques. In semithin sections, partly digested
bits of myelin are seen in macrophages. The demyelinated
axons are irregularly constricted and dilated, unlike those
in more chronic plaques, which have a more uniform
diameter. Perivascular lymphocytic cuffs may be present
but often are sparse.

Oligodendrocytes are usually considerably reduced
in the acute lesions, although larger numbers may appear
in somewhat older lesions (19), indicating that oligoden-
drocyte regeneration occurs in humans as it does in exper-
imental animals.

ACUTE DISSEMINATED
ENCEPHALOMYELITIS

ADEM has a host of names, including perivenous
encephalomyelitis, encephalitis periaxalis diffusa, acute
hemorrhagic encephalomyelitis, postinfectious encephalo-
myelitis, and postvaccinal encephalomyelitis. Of the
demyelinating diseases, this appears to correspond most
closely to EAE. It is an acute diffuse inflammatory demyeli-
nating disorder that often occurs 1 to 3 weeks after a viral
infection or immunization. Its severity and intensity vary,
but it usually runs a monophasic course, with a very small
percentage later developing into a relapsing remitting dis-
ease. In those who survive the acute episode, slow improve-
ment usually occurs over many months, often with remark-
ably good recovery and little residua. Most fatal cases
follow smallpox vaccination or measles infection. The
hemorrhagic form has been considered to represent a dif-
ferent entity by some (18), although some have consid-
ered it to be a more severe form of ADEM (45) because,
in addition to the perivenous hemorrhages, perivenous
inflammation and demyelination are regularly observed.

The gross pathology is marked by swelling and con-
gestion, often with evidence of uncal and foraminal her-
niation. The fresh brain may show numerous petechia or
simply appear swollen. Microscopically, it is marked by
extensive perivenous inflammation and demyelination.
The venules are surrounded by prominent cuffs of lym-
phocytes and macrophages. Often, long strips of perive-
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nous demyelination occur, giving the tissue a reticulate
appearance. In some cases, there is spread of macrophages
and lymphocytes into the parenchyma. The macrophages
may be laden with neutral lipid even rather early in the
disease process.

In the hemorrhagic cases, in addition to the perivas-
cular cuffs, there is edema and necrosis of blood vessels
with fibrin deposition and numerous ring or ball hemor-
rhages. In these cases, there are usually numerous neu-
trophils in the infiltrate, and there may be areas of frank
necrosis of tissue. Attempts to recover virus in these cases
or to demonstrate by antibody staining or in situ
hybridization have usually failed. Overall, the pathologic
picture is essentially identical to EAE as seen in experi-
mental animals (45).

NEUROMYELITIS OPTICA (DEVIC DISEASE)

The place of neuromyelitis optica in the MS spectrum has
long been in dispute. It has been said to be a monophasic
disease, with optic neuritis and transverse myelitis occur-
ring within a few weeks to a month or two of each other,
without recurrences. However, it is clear that over half the
cases that fit these criteria initially go on to develop
relapses and remissions. Wingerchuk and coworkers
reviewed 71 patients with neuromyelitis optica (46). Of
these, 23 had a monophasic course and the other 48 had
a relapsing remitting course. In the cases of monophasic
illness, they noted that the initial optic neuritis and trans-
verse myelitis occur quite close together, with a median
of 5 days between the two events, whereas the median was
166 days for the relapsing cases. The relapsing cases had
a poor prognosis with poor recovery between attacks.
They frequently developed respiratory failure secondary
to cervical cord disease.

Clinically Devic syndrome differs from typical MS
in its clinical pattern and in the relatively poor recovery
usually seen after the attacks. It also differs in its distri-
bution in the population, being more common in Asians
and Africans than in Caucasians. In Japan, the Devic pat-
tern makes up about 7 percent of reported cases (47).

In the acute stages there is necrosis of the cord, usu-
ally extending over three or more segments. The cord is
usually swollen and soft in the affected area. There may
be additional demyelinating lesions in other cord segments
but the brain itself is not involved. The CSF has a vari-
able pleocytosis, often with 50 to 100 or more cells. These
are predominantly lymphocytes with a variable number
of monocytes and neutrophil leucocytes and occasionally
a few eosinophil leucocytes. There may be extensive
perivascular cuffs containing macrophages and granulo-
cytes, including eosinophils and CD3� lymphocytes (48).
The inflammation and necrosis are marked by extensive
macrophage infiltration with lymphocytes and often poly-

morphonuclear leucocytes. Extensive deposition of IgG
and C9 neoantigen is a marker for complement deposi-
tion in areas of myelin necrosis. Extensive oligodendro-
cyte destruction occurs, and all the myelin proteins dis-
appear at about the same time. Thus the pathology
resembles a more severe, necrotic pattern similar to the
type 2 of Lucchinetti et al. It differs in that much of the
IgG and complement deposition is on and around blood
vessels in the Devic’s cases (48).

In the late stages, cavitation and necrosis of gray and
white matter occurs in the cord, and most of the length
of the cord is affected. There is extensive scarring with
marked hyalinization and thickening of blood vessels and
perivascular fibrosis (49). Numerous macrophages are
present in necrotic areas. In the optic nerves, similar necro-
sis and thickening and hyalinization of blood vessels is not
seen, but demyelination typically includes the entire optic
chiasm.

Axonal destruction in the lesions is much greater
than that usually seen in MS. The destructiveness of the
lesions is emphasized by the clinical findings, with rela-
tively poor recovery from the lesions. For example, com-
plete blindness is extremely rare in exacerbating remitting
MS but common in neuromyelitis optica. Similarly, per-
manent paraplegia or quadriplegia is rare after a single
attack of relapsing remitting MS but fairly common in
Devic disease.

STRUCTURES RESEMBLING INFECTIOUS
AGENTS IN MS TISSUES

Despite a number of reports of “viruslike particles” seen
by electron microscopy of MS biopsy and postmortem
material (9,50,51), credible morphologic evidence for the
presence of true virions has not been reported. Dense bod-
ies surrounded by a membrane have been seen intracel-
lularly, mainly in macrophages, in proximity to actively
demyelinating areas. These are of variable size, do not
closely resemble any particular virus or class of viruses,
and are generally regarded as myelin breakdown prod-
ucts. Many other investigators, beginning with Prineas
in 1972 (9), have reported “paramyxoviruslike” tubules
in the nuclei of inflammatory cells in MS plaques. These
consist of strands of 18- to 20-nm intranuclear filaments
or tubules. In size and appearance, they resemble the
nucleocapsid of paramyxoviruses. They have been seen
in a variety of conditions including normal tissues fixed
under acidic conditions (R.M. Herndon, unpublished
observations) and appear to be chromatin strands, which
have an altered appearance due to the metabolic state of
the cell or conditions of tissue fixation (52).

With newer techniques of polymerase chain reac-
tion, representational difference analysis, in situ
hybridization, and immunocytochemical techniques,
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viruses are frequently found in MS plaques. The effort
to tie viruses found in brain to the disease process has
failed thus far. The viruses of greatest interest are the her-
pes viruses. These viruses are found latent in nervous tis-
sue, are activated by other viral infections, just as new
attacks of MS frequently follow viral infection, and might
activate an inflammatory process in the nervous system
resulting in a new attack of MS. Challoner et al. (12)
reported the detection of herpes type 6 in MS brain using
polymerase chain reaction and representational differ-
ence analysis followed by localization in plaques using
immunocytochemistry. Subsequently, Sanders et al. (13)
detected several herpes viruses in brain tissue (Table
14.2). Although several were more common in MS brains
and more common in MS plaques, the differences did not
reach statistical significance. Many of these viruses are
carried in macrophages, so they would be more likely to
appear in sites with large numbers of macrophages, such
as MS plaques. Nothing in this work indicated an etio-
logic relationship to MS, but the presence of latent
viruses, which are easily activated in plaques, suggests
that they could contribute to the pathology.

CHLAMYDIA PNEUMONIAE

The presence of Chlamydia pneumonia in the CSF of
individuals with MS has been demonstrated by poly-
merase chain reaction and culture (15,53) and is dis-
cussed in detail in Chapter 10. Chlamydia has not
been reported pathologically in MS tissue thus far, but
structures resembling microorganisms compatible
with C. pneumonia have been seen in the CSF sedi-
ment in MS cases (R.M. Herndon, unpublished obser-
vations). Whether this will prove to be related to the
disease or yet another incidental occurrence remains
to be determined.

CONCLUSION

MS is an inflammatory demyelinating disorder or, more
likely, a group of disorders of unknown but most likely
autoimmune or infectious origin. Current pathologic evi-
dence suggests that MS may have more than one etiology
and that primary progressive MS is a separate disease.
Much of the permanent disability in MS results from
axonal destruction, which falls most heavily on very long
pathways such as the pyramidal tract supplying the legs
and the dorsal columns carrying sensory information
from the legs. These long pathways take multiple hits
over the years, with increasing axonal destruction lead-
ing to the loss of lower extremity function so common
in advanced MS. Other aspects of the disease, such as
incoordination and imbalance are caused by delayed and
degraded information resulting from slowed conduction
of proprioceptive information and the inability to mon-
itor, on line, motor processes due to conduction delays
and signal dispersion occurring as the signals pass
through demyelinated areas, as discussed further in the
chapter on pathophysiology. Every attack, even subclin-
ical ones, causes some permanent damage, and it is the
accumulation of damage from repeated demyelinating
episodes that accounts for most of the long-term disabil-
ity. It is this progressive accumulation of damage that pro-
vides the best rationale for early use of disease-altering
therapies.
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agnetic resonance imaging (MRI)
and spectroscopy methods have
contributed enormously to our
understanding of multiple sclerosis

(MS), including its early diagnosis, prognostic informa-
tion, the natural history, and the effect of therapeutic
intervention (1). I summarize our current understanding
of the pathology of MS from the perspective of conven-
tional and advanced MR-based methodologies, includ-
ing concepts of the focal MS lesion, the global pathol-
ogy of MS, and the potential relationships between focal
and global injury as seen in the brain and spinal cord.

NATURAL HISTORY OF THE MS LESION
BASED ON MRI

Although possibly an oversimplification, the evolution of
MS pathology generally follows a characteristic course
that is conveniently viewed from the perspective of the
isolated acute lesion, developing de novo from normal
tissue, into a chronic lesion. From the beginning, tempo-
rally related but spatially distant effects may be initially
subtle but become more apparent as disease progresses
in time.

The Earliest MS Lesion—Before Those
Visualized by Conventional MRI

Until recently, the initial event in the evolution of the MS
lesion was that detected by MR imaging as a contrast
enhancing lesion that was typically also hyperintense on
T2-weighted images (T2-hyperintense); Figure 15.1. Sev-
eral studies now suggest that there are MR-detectable
changes in brain tissue that precede the conventionally
visualized MR lesion. Goodkin et al. (2) described newly
enhancing lesions arising from what appeared to be nor-
mal-appearing white matter (NAWM), yet quantitative
T2-relaxation, T1-intensity, and magnetization transfer
measures indicated pre-existing white matter abnormal-
ity when using the contralateral homologous NAWM
regions as control. Werring et al. (3) described a similar
finding based on water diffusion measures. They found
a steady, moderate increase in the average diffusion coef-
ficient in the prelesion NAWM. Filippi et al. (4) and Pike
et al. (5) also described a pre-existing reduction in the
mean magnetization transfer ratio (MTR) in NAWM that
subsequently developed focal enhancing lesions.

Although this finding of prelesion pathology appears
to be consistent across most, although not all series (6),
the time course for these changes is more controversial,
ranging from intervals of months to years. The signifi-
cance of these findings is also not known. For example,
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do these represent the true point at which pathology is
initiated, well before major disruption of the blood–brain
barrier as determined by gadolinium enhancement, or
might these represent areas of prior injury more likely to
be subsequent sites of essentially unrelated additional
acute events?

The Early Inflammatory MS Lesion

The first conventional imaging sign of an acute MS
lesion is the focal enhancing lesion (Figure 15.1). These
lesions meet a threshold of a sufficiently disturbed
blood–brain barrier such that they are readily visible
on standard postcontrast enhanced T1-weighted MR

images. We typically describe enhancing lesions as pres-
ent when lesions more than a few millimeters in diam-
eter appear. However, it should be recognized that
smaller (e.g., 1–2 mm in diameter) areas of pathologic
enhancement could exist, but by standard visual crite-
ria would not be reliably separated from vascular
enhancement or “noise” in an image. Normally, the clin-
ically approved MR contrast agents that are ionic or
non-ionic gadolinium chelates in the range of 600 to
1000 daltons are effectively confined to the intravascu-
lar space in the brain and spinal cord by the tight junc-
tions of the endothelial cells making up the blood–brain
barrier (BBB) (7). The inflammatory and immune events
central to MS, primarily or secondarily, are thought to
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FIGURE 15.1

Multiple sclerosis lesions. Top: Acute enhancing lesion and the T2-hyperintense counterpart. The enhancing lesion (arrow) is
a marker for the inflammatory stage. The T2-hyperintense lesion is nonspecific with regard to pathology. In the acute stages,
the T2 hyperintensity results from inflammation, demyelination, and water space dysruption including reversible edema. Some
acute lesions are hypointense on T1-weighted images, primarily due to edema fluid. Bottom: After several weeks, the T2-hyper-
intense lesion volume shrinks, leaving a stable residual lesion, the T2 footprint (dashed arrow), which is also nonspecific regard-
ing pathology. 



disrupt the endothelial tight junctions, making gadolin-
ium enhancement (leakage into the interstitial spaces) a
convenient marker for many of the early events in the
inflammatory–demyelination cascade of events (8–10).
The association between enhancing lesions and the acute
inflammatory stage of individual MS lesions is based on
few correlative MRI autopsy or MRI biopsy studies in
humans. Nevertheless, this has become a well-accepted
principle (11–13). Further support for the inflammatory
lesion–lesion enhancement association was provided by
studies of experimental allergic encephalomyelitis
(EAE), where a good temporal–spatial correlation had
been established (14–17) (Figure 15.2). More exquisite
probes of the BBB in MS have been proposed, based on
magnetically tagged or gadolinium-tagged lymphocytes

and macrophages, but these approaches are not as prac-
tical in human MS. More sensitive methodologies are
likely to be revealing because there is immunohisto-
chemical evidence for leakage of serum proteins across
the BBB in old plaques (18), that are not detected by
standard enhanced MRI methods. Dynamic contrast
enhanced MRI is a potential MRI approach for detec-
tion of leakage of gadolinium chelates through a defec-
tive BBB (19–20), but this approach has not shown prac-
tical application to date. However, by factoring in the
influence of BBB leakage, it becomes feasible to deter-
mine the regional cerebral blood volume (rCBV) by
MRI. By this approach, (21) we learned that acute MS
lesions have an increased rCBV compared to NAWM,
presumably related to cerebral vasodilation.
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FIGURE 15.2

Lymphocyte migration through the blood–brain barrier in experimental demyelination. Lymphocytes attached to the endothe-
lial surface of the postcapillary venule in experimental demyelination (adaptively transferred experimental allergic
encephalomyelitis). Electron micrograph shows mouse spinal cord after sensitization to emulsion of mouse spinal cord and
Freund adjuvant. Two intraluminal lymphocytes (long arrows) are attached to the postcapillary endothelium (short open arrow).
Lymphocytes have migrated through the endothelium (curved arrows) and abut myelinated nerve fibers (short closed arrow). A
similar process occurs to allow gadolinium-chelate entry through the blood–brain barrier, which occurs simultaneous to these
cellular events and serves as a convenient marker for the inflammatory events early in the demyelination process. Reprinted
with permission from Magn Reson Imaging 1999;17:731–737.



Once gadolinium enhancement is observed in the
acute MS lesion, it remains visible for about 2 to 8 weeks
in most cases (22,23), but enhancement can last from less
than 1 week (23) to as long as 16 weeks. Enhancing
lesions tend to start out as small homogeneous areas,
some of which progress to ringlike enhancement after
about 4 weeks (24).

In contrast to relapsing and secondary progressive
MS, the acute lesions of primary progressive MS appear
to be less intensely inflammatory based on their
histopathology and the reduced numbers of enhancing

lesions observed by MRI (25,26). Despite this quanti-
tative difference, primary progressive MS shows typical
conventional imaging features as compared with relaps-
ing MS (27).

There is now good evidence from biopsy and
autopsy series that the acute, inflammatory MS lesion is
accompanied by an impressive degree of axonal injury,
including full transection within the lesion and along its
borders (28,29). The MR spectroscopy literature provides
in vivo evidence supporting axonal injury in early MS
lesions as well. For example, the concentration of N-
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FIGURE 15.3

Reduced NAA by proton magnetic resonance spectroscopy in a large, acute demyelinating lesion. Multivoxel spectroscopy shows
reduced area under the NAA peak (arrow) within a focal lesion, as compared with adjacent voxels.



acetylaspartate, a neuronal marker (30–32) is reduced in
focal, acute MS-like lesions in patients with a clinically
isolated syndrome and a positive MRI (33,34) (Figure 15.
3). Independent evidence from longitudinal studies of
patients at risk for MS shows focal enhancing (i.e., inflam-
matory) lesions are also the precursor to neuronal tract
injury, which may contribute to secondary abnormalities
of the NAWM (35,36) (Figure 15.4).

The Acute T2-hyperintense Lesion

The vast majority of acute, enhancing MS lesions are
hyperintense on T2-weighted imaging, the T2-hyperin-
tense area including and extending beyond the borders of
the enhancing component of the lesion. The more periph-
eral areas of T2-hyperintensity most likely represent
reversible, perilesional edema. Overall, the T2-hyperin-
tense lesion is a relatively nonspecific manifestation of a

locally disturbed water environment and, as such, is non-
specific regarding pathology. In some cases, a rim of T2-
hypointensity may be seen. This has been hypothesized to
be from the zone of macrophage infiltration along the
border of actively demyelinating lesions (11,37). Other
regional differences have been described in acute MS
lesions based on magnetization transfer or diffusion imag-
ing methods evaluating the core or the periphery of indi-
vidual lesions or based on the stage of lesion, which may
relate in part to histologic variation (38–41).

Lesion Regression Stages

After reaching a maximal T2-hyperintense lesion size over
a period of about 4 to 8 weeks, the T2-hyperintensity
(42,43) and the underlying gadolinium enhancing areas
decrease over a period of weeks (44,45) (Figure 15.1).
Visually, MR enhancement becomes completely non-

PATHOLOGY OF MULTIPLE SCLEROSIS AS REVEALED BY IN VIVO MAGETIC RESONANCE–BASED APPROACHES 203

FIGURE 15.4

Wallerian degeneration pattern in the corticospinal tract, developing secondary to an acute multiple sclerosis–like lesion in a
patient with a monosymptomatic clinical event and a positive magnetic resonance imaging. Such secondary degenerations are
probably more common in multiple sclerosis than initially recognized but are difficult to detect in relapsing or more advanced
stages of disease due to numerous, superimposed lesions. Reprinted from J Neuroimmunol, 1999;98:7–15.



apparent during these late subacute stages of lesion evo-
lution. Although this finding suggests that the BBB dam-
age is returning to normal, the barrier is likely to continue
to be partially damaged, as indicated by the leakage of
serum protein observed in biopsied lesions, irrespective
of activity, and as seen in long-standing MS plaques
(11,18). After several months, the original MS lesion
becomes a smaller residual area of focal T2-hyperinten-
sity. This T2-hyperintense area is the “footprint” of the
prior acute event. The footprint is typically about one-
third to one-half the size of the initial lesion (42,43). After
stabilizing, the vast majority of these lesions will not
change over a period of many years, although reactiva-
tion, with lesion activity along the periphery or more cen-
trally, does occur in a minority of lesions within a few
years, probably analogous to the reactivation described
in the pathology literature (46,47).

The Chronic MS Lesion—T2 Footprints

The chronic MS lesion appears on T2-weighted images as
a focal area of elevated signal intensity or as a confluent
region of T2-hyperintensity. The ratio of volume of focal
to volume of confluent lesion is proportional to the dura-
tion of disease in MS population studies. For example,
in the earliest stages of disease, as in patients with a clin-
ically isolated syndrome (CIS) and a positive MRI resem-
bling demyelination (CIS�MRI), all the lesions are focal.
In a fraction of relapsing MS patients, focal lesions remain
the most common finding; many patients will have

regions of confluent lesions. This fraction increases in sec-
ondary progressive MS as the mean duration of disease
also increases. Confluent lesions have two etiologies. They
are in many cases the result of multiple, focal, adjacent
lesions that then appear inseparable. More speculative is
the hypothesis that confluence results from secondary
degeneration around focal lesions or shrinkage of tissue
around focal lesions.

Lesions that are hyperintense on T2-weighted
images are described as nonspecific with regard to the
underlying pathology, but there is some potential to use
information from T2-weighted images to categorize these
lesions. An early approach to classifying T2-hyperintense
lesions was based on maps of the average T2-relaxation
time determined from standard two or experimental four-
echo spin-echo imaging because some lesion heterogene-
ity was expected based on known variations in T2 (and
T1) relaxation times among lesions (48). A more refined
approach to lesion characterization has been described
based on the collection of MR data with large numbers
of echoes (eg, 32) spanning very short, moderate, and long
echo delay times (49–52). This allows more accurate
measures of T2 relaxation and at the same time dissec-
tion of T2-relaxation curves into multiexponential T2-
relaxation components (Figure 15.5). The shortest com-
ponent may be related to myelin water, an intermediate
component possibly related to extracellular water and
cytoplasm; a long component may be related to cere-
brospinal fluid (49–52). By analyzing the multiexponen-
tial decay, normal variations in water content and myelin
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FIGURE 15.5

A magnetization transfer ratio (MTR) image (left), a myelin water map (center), and a proton density weighted image (right)
from a patient with multiple sclerosis. The myelin water map is based on myelin water percentage at each voxel, determined by
considering the multiexponential T2 relaxation decay curve. The MTR and myelin water percentages are uncorrelated in nor-
mal white and gray matter, but there is a small significant correlation in multiple sclerosis lesions. Reprinted with permission
from Magn Reson Med 1998;40:763–758.
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FIGURE 15.6

Major reduction in N-acetylaspartate in chronic T1-hypointense lesions, suggesting injury and loss of axons. Compared with
the spectrum from normal white matter (NAWM) (A), there is a progressive reduction in NAA in NAWM (B), from a voxel in a
mildly hypointense T1 lesion (C), and significant reduction in a typical T1-hypointense lesion (D). E shows NAWM in a patient
with multiple sclerosis; F and G a T2-hyperintense, mildly T1-hypointense lesion; and H a severely hypointense lesion on T1-
weighted image. Reprinted from Van Waldermeer MA, et al. Ann Neurol 1999;46:79–87.



water percentage can be seen in normal white and gray
matters. Reductions in the moderately short T2-relax-
ation component have been proposed as a relatively spe-
cific marker of demyelination in humans (48–51) and ani-
mals (52). Supporting this are recent pathology–MRI
correlative studies in MS showing that the moderately
short T2 fraction is reduced in chronic MS lesions (50).
Experimental evidence shows that, even though both the
T2 relaxation measures and MTR assess myelin, they are
not equivalent (Figure 15.5). Although the MTR meas-
ure may be sensitive to changes to myelin induced by
inflammation, the short T2 component is a more specific
indicator of myelin content in tissue (51–52).

Chronic T1-hypointense Lesions

In contrast to the uniform appearance of lesions on stan-
dard T2-weighted imaging, T1-weighted images show that
chronic MS lesions can be separated into two distinct
groups. Most chronic T2-hyperintense lesions are isoin-
tense to NAWM (same signal intensity) on T1-weighted
images. A smaller fraction of the chronic T2-hyperintense
lesions are hypointense to NAWM (lower signal ) on T1-
weighted images (53–56) (Figure 15.6) Based on popula-
tion studies, the fraction of hypo- to isointense lesion area
on T1-weighted images increases with disease duration or
disease stage. In CIS�MRI, most patients have no or a few
T1-hypointense lesions. In relapsing MS, about 10 to 20
percent of the T2 lesion volume shows chronic T1-
hypointensity (57). That fraction increases in secondary
progressive MS.

Good evidence exists that the chronic T1-
hypointense lesion fraction is white matter foci enriched
for severe injury compared with lesions that are T1-isoin-
tense. By histopathologic–ex vivo MRI analyses of
autopsy material, the T1-hypointense lesions are charac-
terized primarily by their reduced axonal density, then
by their greater matrix dysruption, and less so by their
number of reactive astrocytes or their degree of demyeli-
nation (56). In vivo, the chronic T1-hypointense lesions
have reduced MTRs (58), elevations in diffusion coeffi-
cient (41,59), and reduced fractional anisotropy (41).
Compared with isointense T1 lesions, hypointense T1
lesions also show a reduction in NAA (55,60) (Figure
15.6). Chronic plaques that appear hypointense on T1-
weighted images also show reduced rCBV (21).

Assessing the Severity of Injury in the 
Chronic MS Lesion

Based on simple classification schemes using intensity on
T1-weighted images or T2-relaxation data, acute and
chronic MS lesions are not homogeneous with regard to
the underlying pathology. Full characterization of lesions
has been an unfulfilled promise. More sophisticated mul-

tivariable analyses are feasible in principle by using com-
bined MR-based approaches (e.g., diffusion based meas-
urements, MTR, T2 and T1 relaxation time measures,
chemical characterization by MRS). This is particularly
important as evidence mounts for discrete lesion patterns
as observed in the recent pathology literature based on
immunologic and neurobiologic markers (61), where four
patterns of “MS” lesions have been described. Types 1 and
2 show close similarities to T-cell–mediated or T-cell plus
antibody–mediated EAE, respectively. Types 3 and 4 are
thought to suggest primary oligodendrocyte dystrophy.
Whereas patterns of demyelination were heterogeneous in
type between patients, they were homogeneous in type
within individuals. Although extremely provocative, the
relevance of these classifications to everyday MS is not
known because there is almost certainly case selection bias
in the unusual cases that come to biopsy or autopsy. In the
future, a more complete characterization of the focal MS
lesion in vivo might include a marker for remyelination
(62), neuronal concentration N-acetylasparate (NAA),
neuronal (axonal) architecture (diffusion), oligodendro-
cytes (MR spectroscopy), and specific cellular infiltration.
Unfortunately, imaging of specifically tagged cells with
iron particles or other markers remains a bench, not a bed-
side, approach to MS lesion characterization.

Another important area of interest is using a lesion’s
initial MR characteristics to predict its future: i.e., does
it become an area of severe damage and does it remyeli-
nate? The relationship between the area, location, or
duration of contrast enhancement and subsequent out-
come has been evaluated in several series, with variable
conclusions (63). In one series (63) peristently enhanc-
ing lesions were more likely to result in T1 holes, but size,
location, and configuration ultimately were unrelated to
outcome.

THE NORMAL APPEARING 
WHITE MATTER IN MS

Although a great deal of attention has been directed at focal
MS lesions in the brain and spinal cord, initially by pathol-
ogy and now by MRI, there is renewed interest in nonfocal
or microscopic pathology—that appearing in the NAWN or,
more comprehensively, the normal-appearing brain or spinal
cord tissue. Abnormality of the NAWM may have several
etiologies. Microscopic lesions may be contributory, as indi-
cated in the pathology literature (64). Abnormal NAWM
may result from neuronal tract degeneration. Some abnor-
malities are likely to be artifacts of contamination with focal
lesions, the so-called partial volume errors.

The strongest MR evidence for microscopic involve-
ment comes from the highest spatial resolution MR meth-
ods, those based on magnetization transfer experiments,
with secondary support from lower, but modest resolution
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diffusion studies, and then from the low-resolution MRS
studies. Changes in MTR occur independently of changes
on T2-weighted images, and MTR is considered more sen-
sitive than T2-weighted imaging in assessing NAWM in MS
(65–71). In general, greater deviation from normal tissue
values is seen in secondary progressive MS compared to
relapsing MS, for primary progressive MS compared with
normal, and for secondary progressive MS NAWM com-
pared with primary progressive MS (69,71). Little is known
about the specific pathologies reflected in changes in the
MTR, and they are likely multiple. Animal demyelination
model studies show that a low MTR correlates with myelin
loss and axonal destruction (66). Edema elevates MTR (72).
The MTR is an early indicator of Wallerian degeneration
in visual tract degeneration after experimental section of
the feline visual tract (66) and is more sensitive than con-
ventional spin-echo imaging in that application.

After Christiansen et al. (73) first reported results
for water diffusion in MS, subsequent studies have con-
firmed abnormal diffusion values in focal MS lesions
(41,59,74–76), and abnormal diffusion or anisotropy val-
ues in the NAWM compared with white matter in normal
controls (41,59,74,77–78). Werring et al. (74) and Bam-
mer et al. (41) reported elevated water diffusion values
based on the diffusion tensor. Reduced fractional isotropy
has also been reported (41,74), although not in all white
matter regions (41) (Figure 15.7).

Abnormally low NAA levels have been found in the
NAWM in relapsing and progressive MS. Fu et al. (79)
found that, although focal lesions in both groups show sim-
ilarly decreased NAA, the NAA levels in the NAWM were
lower for the secondary progressive group. Overall, the
reduced NAA in the NAWM accounted for most of the
decrease in NAA in the brains in relapsing MS patients fol-
lowed longitudinally. Although it is commonly accepted
that decreases in NAA:creatine ratios determined by MR
spectroscopy are the result of reductions in the NAA frac-
tion, in some cases this interpretation has been challenged.
Rooney et al. (80) also found a reduced NAA:creatine ratio
in the NAWM in relapsing and progressive MS, but eval-
uation of the absolute concentrations indicated that the
ratio reduction was due primarily to increases in the crea-
tine � phosphocreatine resonances. They speculated that
the pathologic NAWM harbored increased glial cells, as
reflected in the elevated creatine content.

Few studies have addressed the NAWM in earliest
MS, as in patients presenting with clinically isolated syn-
drome and a positive MRI. Mixed results for abnormal-
ity have been reported (81,82).

NEURONAL TRACT DEGENERATION IN MS

Axonal injury including transection occurs within early
inflammatory MS lesions and along their periphery

(28,29) therefore it is likely that these injuries are causally
related to more distant axonal degeneration as well.
Neural tract degeneration, distant from focal MS lesions,
although until recently thought to be rare in MS, has been
hypothesized to account for tissue loss in the upper spinal
cord in MS, as seen by MRI (83), and may be an impor-
tant factor in cerebral tissue loss (35,84,85).

The evidence for tract degeneration in MS is largely
circumstantial or indirect, but recent studies have pro-
vided good evidence that this type of injury does occur
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FIGURE 15.7

Water diffusion measures in multiple sclerosis (MS). Water
diffusion can be measured in vivo by several magnetic reso-
nance (MR) methods. The diffusion tensor approach involves
a relatively rigorous data acquisition that allows analyses of
diffusion independent of the orientation of the brain to the
magnetic gradients in the MR instrument. After acquiring the
information for the diffusion tensor, several kinds of data can
be displayed. A. The mean diffusivity is displayed in a patient
with early MS. Arrow indicates focal lesion with increased dif-
fusivity. B. This image shows the fractional anisotropy map,
with high signal indicative of strongly oriented axons, such as
in the corpus callosum (central X-shaped structure). The MS
lesion shows decreased anisotropy. C. This image shows the
corresponding T2-weighted image. D. The fiber direction map
from the corpus callosum is indicated by lines (through slice
component) and circles (components perpendicular to slice).



and occurs in the earliest stages of disease. Evangelou et
al (86) detected axonal loss in the NAWM of the corpus
callosum in eight postmortem brains from MS patients
compared with controls. This confirmed previous reports
of volume loss in the corpus callosum in MS in vivo (87)
(Figure 15.8) and extended these findings by showing a
53% reduction in axonal number, which was propor-
tionate to reduction in cross-sectional area (86). Ganter
et al. (88) found substantial reductions in nerve fiber den-
sity in the spinal cord (lateral columns, corticospinal
tracts) in patients lacking focal plaques in those regions.
De Stefano et al. (89) found abnormally low NAA:crea-
tine ratios in homologous voxels in the contralateral
hemisphere 1 month after focal demyelinating lesion
development. Similarly, Werring et al. (3) found con-
tralateral abnormalities based on diffusion measures.

My colleagues and I found two indications of tract
degeneration temporally and spatially related to acute
lesions in the earliest stages of MS (35,36). Changes in the
corticospinal tract (Figure 15.4) resembles that seen for
Wallerian degeneration in stroke (35). The second pattern
suggesting tract degeneration after focal lesions resulted
in T2-hyperintenity extending across the corpus callosum
over months to years (36). Abnormalities extending

across the callosum may have some relation to findings
of decreased NAA and increased transcallosal diffusion
coefficient, as discussed above (3,89). Bammer et al. ( 41)
speculated that the abnormally low fractional anisotropy
in their studies of otherwise NAWM indicate fiber tract
changes remote from MS lesions rather than from dif-
fuse astrocytic hyperplasia and perivascular infiltration.
NAA is also decreased along the visual pathways in MS
(90). Enlargement of the third ventricle, striking already
at the time of the relapsing stages of MS, occurs, pre-
sumably related to volume loss in the adjacent tissues.
Because few focal lesions are seen in the thalamus by
imaging or pathology, the working assumption is that this
atrophy may be related to tract degeneration in the thal-
amus, although there may be an additional contribution
from focal lesions or tract degeneration in the internal
capsule fibers lateral to the thalamus (85,91).

MORE DIFFUSE AND GLOBAL EFFECTS OF
INJURY—CNS ATROPHY

Although atrophy of the central nervous system
(CNS) in MS is well known from the pathology, and pri-
marily autopsy literature (92,93), atrophy was thought
until very recently to be a late or rare event in MS (93,94).
The recent neuroimaging literature, however, shows that
atrophy is not rare; it is initiated in the early stages of
disease, and may progress at a surprisingly rapid pace
(85,95–97). CNS atrophy in MS can be focal, affecting
the central white matter and resulting in ventricular
expansion, or global, resulting in a reduced spinal cord
area or brain volume. In many cases, in the later stages
of disease, focal and global atrophy is seen. Although
there is very little direct pathology–MRI correlative data,
CNS atrophy in MS is thought to be the result of vari-
able contributions including loss of myelin and axonal
loss or thinning (83,98,99). Myelin, of course, represents
an important volume fraction of the normal white mat-
ter, and microscopy routinely confirms considerable
myelin loss in MS lesions (11). The etiology of focal atro-
phy is believed to be related to focal pathology—likely
demyelination, axonal injury, and matrix disruption. The
etiology of global atrophy is more speculative but likely
is the result of numerous focal lesions, distant degenera-
tion, and possibly other unknown diffuse effects (e.g.,
“humoral” factors).

Although inflammatory lesions are associated with
axonal injury (28,29) and demyelination, large studies
have failed to show strong relationships between inflam-
matory activity and subsequent atrophy. This may be
because we use relatively crude methods to evaluate
inflammation (enhancing lesion counts), or because atro-
phy to date has been evaluated over relatively short inter-
vals. However, several, but not all, (85,95,100,101) stud-
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FIGURE 15.8

Top. Atrophy of the corpus callosum in multiple sclerosis,
thought to be related to reduction in the number of axons.
Atrophy of the corpus callosum over a 2-year interval in a
patient with relapsing multiple sclerosis. Bottom. Atrophy
resulting in enlarged third ventricle on T2-weighted image.
Reprinted from J Neuroimmunol 1999;98:7–15.



ies have detected at least some relationship between
inflammation (enhancing lesions) and atrophy. One inter-
esting study of humanized antileukocyte (CD52) mono-
clonal antibody (Campath 1H) in secondary progressive
MS showed progression of brain atrophy and clinical dis-
ability despite early and effective suppression of inflam-
mation based on enhancing lesions (102). However, atro-
phy during the study correlated with the extent of cerebral
inflammation (enhancement) in the pretreatment phase,
suggesting the possibility of linkage between enhancing
(inflammatory) lesions and atrophy, although somewhat
temporally dissociated. In the trial of interferon-�la
(Avonex®) in relapsing MS, a reduction in the rate of atro-
phy was seen in the second year (95). One can hypothe-
size that delayed slowing of atrophy by effective therapy
is explained if atrophy, even after effective therapy, is
already set in motion before treatment by prior inflam-
matory events, which play out over several months to a

year. That time course is in fact seen for atrophy subse-
quent to Wallerian degeneration in the CNS after stroke
and is the time course of the Wallerian degeneration pat-
tern in patients in the earliest stages of MS (35,36).

OTHER SIGNS OF NEURONAL
DEGENERATION—T2-SHORTENED 

(BLACK-T2) AREAS

Specific regions of the normal brain show decreased sig-
nal (T2 shortening) on T2-weighted imaging. There is a
good correlation between these areas and iron accum-
lation, with the iron as ferritin (ferric) iron, as suggested
by Perls-stained autopsy material. The principal early
iron-containing regions in the brain include the globus
pallidus, dentate nucleus, substantia nigra pars reticu-
laris, red nucleus, and, with normal aging, the putamen.
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FIGURE 15.9

T2-shortened (black-T2) areas in the basal ganglia in multiple sclerosis. The pathologic accumulation of ferritin iron in the
basal ganglia in MS has been hypothesized to be the result of interrupted iron transport in neuronal degeneration. Reprinted
from Balishi with permission. Neuoreport 2000;11:15–21.



Pathologic iron accumulation has been described in MS
in most (103–105) but not all, series(106). Abnormal
degrees of T2-shortening, independent of age have been
described in the thalamus, putamen, and caudate, fol-
lowed in frequency by the Rolandic cortex (103) (Figure
15.9).These regions of T2 shortening seem to be related

to longer disease duration and advanced neurologic dis-
ability (103,105). Although the basis for abnormal iron
accumulation is not known, one theory is that axonal
damage may induce an impaired transport of iron, thus
resulting in an accumulation of ferritin in the thalamus
and putamen.
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FIGURE 15.10

Abnormal cortical activation pattern by functional magnetic resonance imaging in multiple sclerosis. Activation due to finger
tapping in a normal control subject (A. right hand; B. left hand) and a patient with multiple sclerosis (C. right hand; D. left hand).
Activation in the contralateral sensorimotor cortex and supplementary motor cortex. The patient shows increased activation in
the ipsilateral sensorimotor cortex and the supplementary motor area, hypothesized to be related to cortical reorganization or
unmasking of latent pathways. Reprinted from Lee with permission. Ann Neurol 2000;47:606–613.



PLASTICITY AND RECOVERY

Functional MRI (fMRI) is likely to become an important
method to evaluate neuronal systems in MS. Several early
studies associated motor impairment in MS with fMRI
activation over greater cortical regions (107–110), includ-
ing recruitment of contralateral and ipsilateral supple-
mentary motor cortex (108,109). These findings have
been interpreted as suggesting that cortical reorganization
or use of latent pathways may be mechanisms that con-
tribute to functional recovery (108,109). In one study, uni-
lateral optic neuritis was associated with a reduction in
the area of activation in the primary visual cortex and a
decreased activation for the unaffected eye (111).

CONCLUSION

In vivo MR analyses using the wide range of methodolo-
gies that are currently available provide a great opportu-
nity to determine the pathology of MS in vivo, by com-
plementing and extending what can be learned from direct
pathlogic examination. Although MR-based methods are
always limited by the inherently low signal to noise in
the procedure, the virtually unlimited variety of pulse
sequences in nuclear magnetic resonance (NMR) and the
improved means to evaluate those data have already
greatly extended our understanding of MS, from its early
to late stages. Future innovations, particularly in high-
field, high-resolution imaging approaches (112), MR
spectroscopy (113), and molecular tagging approaches
(114) will no doubt accelerate our understanding of the
underlying pathology, its classification in individuals and
patient groups, in predicting good and poor pathologic
outcomes, and in monitoring therapeutic intervention.
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Optic Neuritis…very rarely issues in complete blind-
ness. This is peculiarly worthy of notice, especially if
you remember that patches of sclerosis have been
found, after death, occupying the whole thickness of
the nerve trunks in the optic nerves, in cases, where
during life, an enfeeblement of sight simply had been
noted. This apparent disproportion between the symp-
toms and the lesion constitutes one of the most pow-
erful arguments which can be invoked to show that the
functional continuity of the nerve tubes is not
absolutely interrupted…

Jean Martin Charcot, 1877 (1)

atients with acute optic neuritis usu-
ally recover vision quite well and are
left with minimal residual effects
(2). Most patients with multiple

sclerosis (MS) also recover from exacerbations early in
the disease, sometimes without clinically detectable
residua. Despite these examples of good functional recov-
ery, the dogma in the 1950s was that oligodendrocytes,
like neurons, could not reproduce, remyelination did not
occur, and demyelinated fibers could not conduct. A lit-
tle historic knowledge would have shown that the dogma
regarding conduction by demyelinated fibers was incor-
rect (1). That remyelination does occur was first estab-
lished by Bunge et al. who reported electron microscopic
studies of remyelination in the cat spinal cord after bar-

botage induced demyelination in 1961 (3). Subsequently,
remyelination has been demonstrated in a host of animals
including humans (4). Studies demonstrating conduction
in demyelinated fibers began in the peripheral nervous
system in the early 1960s (5) and in the central nervous
system (CNS) soon thereafter (6).

As MS progresses, the ability to recover from exac-
erbations decreases, and permanent irreversible disability
accumulates. Recovery from exacerbations and adapta-
tion to compensate for functional losses occurs over peri-
ods ranging from hours to months or even years. Multi-
ple mechanisms contribute to functional improvement.
The most important of these appear to be 1) resolution of
the inflammatory response, 2) remyelination, 3) restora-
tion of conduction in demyelinated fibers, 4) adaptation,
and 5) neural plasticity. In this chapter I discuss known
and postulated mechanisms of recovery, why the time
course of recovery varies so widely, and why, ultimately,
permanent, nonrecoverable disability accumulates.

RESOLUTION OF THE 
INFLAMMATORY RESPONSE

The role of the inflammatory response itself in interfering
with conduction, as opposed to the physical destruction
and phagocytosis of myelin, has not been well character-
ized but is undoubtedly important. The local inflamma-
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tion and edema are accompanied by release of numerous
enzymes, chemokines, and cytokines into the extracellu-
lar space (see Chapters 11 and 12). Most of these enzymes
are secreted by macrophages and are capable of damag-
ing a variety of structures including myelin and axons.
Enzymes released include a variety of proteases, lipases,
neuraminidase, phosphatases, and glycosidases. Their
actions are potentiated by complement (7). Phospholi-
pase, in part by producing lysolecithins that have a pow-
erful detergent effect, may be one of the most destructive
to myelin. Phospholipase also interrupts conduction and
alters or destroys sodium channels as measured by saxi-
toxin binding (8,9). Proteases alone appear to cause lit-
tle damage to peripheral nodes of Ranvier, probably
because the proteins are largely inaccessible to the
enzymes; however, it is not known whether this holds for
central nodes that, unlike peripheral nodes, are not cov-
ered by overlapping folds of myelin. In addition, in the
presence of lipases, membrane proteins may become
accessible to proteases that then cause further membrane
damage. Damage from enzymes in the inflammatory
milieu is not likely to be limited to ion channels on the
axonal membrane but probably includes other function-
ally important surface structures.

Lipolytic enzymes in the inflammatory milieu such
as phospholipase A2 can also damage the axonal mem-
brane itself by creating lysolipids from the myelin lipids.
These, through their detergent action, attack myelin and
axonal membranes. Indeed, one model used to study
demyelination in experimental animals is the focal injec-
tion of lysophosphatidyl choline (10), which is produced
by the action of phospholipase on myelin lipids. Enzymes
in the axonal membrane can inactivate lysolipids by re-
acylating them, which provides some degree of protec-
tion, but when lysolipids are present in a high enough con-
centration, they may attack lipids in the axon and thus
may contribute significantly to the axonal destruction that
occurs acutely in the demyelinating lesions (11). In addi-
tion, the detergent effect of lysolipids released by the
action of lipases contributes to the spread of myelin dam-
age in the MS plaque. With resolution of the inflamma-
tion and disappearance of the inflammatory milieu, sur-
viving axons that have retained their myelin can replace
damaged ion channels essential to nerve conduction and
regain the ability to conduct impulses. Demyelinated
fibers need to undergo further changes before they can
resume conduction, as detailed below. There is evidence
that the nodal membrane is damaged by phospholipase
and by lysolipids generated from myelin. Relatively little
is known of the time course of replacement of damaged
channels in the nodal region once the inflammatory
response resolves. The process most likely occurs through
slow transport. Partial replacement might occur rapidly
by using channels already in the pipeline. However, gen-
eration of additional channels almost certainly occurs in

the soma so that complete replacement may take time for
the transport of additional channels from the soma. The
process of replacement may be significantly impaired in
axons, with additional demyelinated areas upstream from
the new demyelinated region because transport is almost
certain to be impaired.

REMYELINATION

Our understanding of remyelination in the CNS began
with the classic report on remyelination in cat spinal cord
(3). Until that time, remyelination was thought not to
occur in the CNS even though remyelination was well
known in the peripheral nervous system. Since then,
remyelination has been repeatedly demonstrated in a vari-
ety of experimental demyelinating conditions including
experimental autoimmune encephalomyelitis (10,12,13),
mouse hepatitis virus infection (14), Theilers virus infec-
tion (15), and in cuprizone (16), and lysolecithin-induced
demyelination (17) in humans (18).

The characteristics of myelin generated during
remyelination differ from those of normal myelin. Typi-
cally internodes are much shorter (Figure 16.1), the rela-
tionship between myelin thickness and fiber dimeter is lost,
and fibers of widely different diameters have similar myelin
thickness. With this information, it soon became clear that
“shadow plaques” are not areas of partial demyelination
but of remyelination. Subsequently, Prineas demonstrated
that remyelination occurs regularly early in the course of
relapsing-remitting MS but with decreasing frequency as
the disease progresses, so there was little evidence of
remyelination in advanced disease. In some cases, Waller-
ian degeneration in a tract will cause an area of pallor that
superficially resembles a shadow plaque but is secondary
to axon loss. Examination at high magnifications show
that the myelin is of normal thickness but there are fewer
than normal myelinated fibers.

Regeneration of oligodendrocytes (Figure 16.2) as
part of the process of remyelination was demonstrated in
experimental animals (14,16), and there is evidence of per-
sistence and regeneration of oligodendrocytes in humans.
The source of the newly generated oligodendrocytes
involved in remyelination is most likely from undifferen-
tiated glial precursor cells. That pre-existing mature oligo-
dendrocytes can divide has been clearly demonstrated
(19,20). Indeed, Ludwin (19) demonstrated division occur-
ring in oligodendrocytes that had retained their attachment
to myelin. In contrast, Blakemore produced evidence that
the oligodendrocytes involved in remyelination are derived
from undifferentiated glial precursor cells (21).

Little work has been done on conduction speed and
safety in remyelinated central axons. In the periphery,
remyelinated fibers can achieve 95 percent of their nor-
mal conduction rate. In the CNS, where the regenerated
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myelin remains thinner than normal, it is likely that con-
duction is slowed more than it is in the periphery, but I am
unaware of any data on the speed or safety of conduc-
tion after remyelination over the full length of the previ-
ously demyelinated region. In any case, it is very clear that
remyelination significantly improves conduction and plays
an important role in recovery from acute attacks of MS.

RESTORATION OF CONDUCTION IN
DEMYELINATED FIBERS 

The occurrence of conduction in demyelinated fibers was
inferred by Charcot (1), but until the 1960s, little was

known regarding how this occurred or what was neces-
sary for restoration of conduction after demyelination.
During the process of demyelination, conduction failure
is probably invariable in the demyelinated fibers. Clini-
cally silent lesions that have been demonstrated to occur
in major motor and sensory pathways without causing
clinically obvious deficits (21–23) probably occur when
demyelination affects a minority of fibers in a pathway
at any one time, leaving intact conduction in other fibers.
Other lesions appear clinically silent because they occur
in areas of the white matter that do not produce clinically
eloquent deficits. The causes of conduction failure dur-
ing demyelination are not completely understood but may
include 1) damage to the nodal sodium channels (8,9),
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FIGURE 16.1

Electron micrograph of a remyelinated fiber. A node can be seen at the far left and another node can be seen right of center with
adjacent paranodal loops. The fiber is from a mouse recovering from mouse hepatitis virus infection. The distance between the
nodes is 6 µm. Magnification, 15000X. From Herndon RM, Weiner LP, unpublished data.

FIGURE 16.2

Autoradiograph of a regenerated oligo-
dendrocytes and astrocytes labeled wih
tritiated thymidine after mouse hepati-
tis virus infection. Thymidine in a dose
of 6 ML/g was given every 12 hours
from the 13th through the 19th day
after intracerebral inoculation with
mouse hepatitis virus. The mice were
anesthetized and perfused with a glu-
taraldehyde/ paraformaldehyde fixative
28 days postinoculation. Note the uni-
formity of myelin thickness unrelated
to fiber diameter and the silver grains
overlying astrocytic and oligodendro-
cytic nuclei. Magnification, 400X.
Herndon RM, Weiner, LP unpublished
data. (X1200)



2) virtual absence of sodium channels from the intern-
odal membrane (24–26), and 3) increased membrane
capacitance (impedance mismatch) in the demyelinated
region (25).

The internodal membrane normally contains very few
sodium channels (24,27). Unmyelinated fibers in the rat
sympathetic trunk have a sodium channel density of about
200/µm2, close to the theoretical density needed for con-
duction based on computer simulation. If the sodium chan-
nels of a myelinated fiber were evenly distributed over the
length of the fiber, the density would be much less than half
that in most unmyelinated fibers and would be too few to
support conduction (29). For continuous conduction to
develop in a demyelinated axon, additional sodium chan-
nels must be inserted into the axonal membrane. When the
axon is demyelinated, the sodium channels from the node
remain clustered and do not spread out evenly over the
axolemma (29). The sodium channels appear to be
anchored at the node and remain clustered even after the
myelin is gone. Thus insertion of new sodium channels is
a prerequisite for the restoration of continuous conduc-
tion. The newly inserted sodium channels appear to be
made in the soma, are transported down the axon by the
slow transport system, and differ from those normally pres-
ent at the nodes (29) but clearly are capable of supporting
continuous conduction, albeit with a markedly decreased
velocity and safety margin for conduction.

Increased membrane capacitance and the resulting
increase in capacitative charge on the demyelinated
axolemma results in an increase in the amount of current
required to depolarize the membrane to threshold. The cur-
rent, which must pass down the axon from the nearest
node in the myelinated region, is normally insufficient to
discharge the demyelinated membrane to threshold. This
can be most easily understood if one regards the axolemma
and myelin as the dielectric of a tubular capacitor, with the
extracellular fluid and axoplasm serving as the plates (Fig-
ure 16.3). Because capacitance is inversely proportional
to the distance between the two plates of a capacitor, the
capacitance of a demyelinated fiber is many times that of
a myelinated fiber, where numerous layers of myelin mem-
brane separate the axoplasm and the extracellular space.

The current passing along the last myelinated segment
to a demyelinated segment comes mainly from the last
node, which may be as much as a millimeter away. This is
normally insufficient to discharge the large capacitative
charge on the demyelinated membrane and depolarize the
demyelinated membrane to threshold (impedance mis-
match). Thus, conduction fails at the junction of the myeli-
nated and demyelinated segments even if the number of
sodium channels in the demyelinated membrane has
increased enough to support continuous conduction.

Conduction block due to impedance mismatch can
be overcome in several ways. First, membrane capacitance
can be decreased by increasing the distance between the

two “plates” of the capacitor. This is accomplished by
remyelination and is an effective and important mecha-
nism in experimental animals and humans. In addition,
the sodium current can be increased enough to discharge
the additional capacitative charge on the demyelinated
membrane. This is an important mechanism but depends
on remyelination at the plaque margins.

Second, in preterminal axons, there is a need to
increase the sodium current to depolarize the rather large
unmyelinated membrane area of the terminal. This is
accomplished by an anatomic arrangement where the last
few internodes are much shorter than normal, allowing
a summation of current from several adjacent nodes (30).
Similarly, in demyelinated fibers, the sodium current can
be increased by decreasing the distance between nodes just
proximal to the area of demyelination. New myelin regen-
erated at the plaque margins has such short internodes.
This allows summation of current from several nodes,
which can discharge the added capacitance of the demyeli-
nated membrane, thus triggering continuous conduction
in the demyelinated segment.

Third, conduction can be improved by blocking
potassium channels with compounds such as 4-amino-
pyridine. This slows the efflux of potassium, which
tends to repolarize the membrane during conduction
and improve the safety margin. This produces a notice-
able symptomatic improvement (Davis). Unfortunately,
the safety margin for 4-amino-pyridine is quite low; seri-
ous dose-dependent toxicity occurs, and as a result,
although available from compounding pharmacies, it
has not been commercialized.

Conduction that has been restored through a
demyelinated segment is suboptimal (29). Experimental
studies of demyelinated fibers show marked temperature
sensitivity. This is thought to relate to the high Q10 in the
sodium channels. Essentially all of the sodium channels
in a node open during impulse conduction. The rate of
closure is markedly increased by even a small increase in
the temperature. As a result, the amount of sodium
allowed to pass is reduced rapidly as temperature
increases, and a rise in temperature of as little as 0.5°C
above normal will cause conduction failure in some fibers
(31). By the same token, cooling allows the channels to
remain open longer, allowing more inward current and
improving the safety margin for conduction.

The increased influx of sodium and efflux of potas-
sium that occur as a result of the increased number of
nodes and ion channels at the plaque margin and in the
demyelinated segments is another important factor lead-
ing to rapid nerve fiber fatigue with conduction failure.
Demyelinated fibers have a poor ability to conduct trains
of impulses, in part due to an increased refractory period
in the demyelinated segment. In addition, studies in
experimentally demyelinated fibers have demonstrated
a progressive reduction in longitudinal current amplitude
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followed by conduction block that is attributed to an
increase in intracellular sodium or an increase in extra-
cellular potassium (25,31). The capacity of the sodium
pump is soon overwhelmed by the increased sodium
influx, leading to loss of the axon’s membrane potential
with conduction failure (nerve fiber fatigue). These and
other features of demyelinated and partly remyelinated
fibers explain some of the clinical features of motor fati-
gability and activity-related failure of neurologic function
that are clinically prominent in MS.

Slowed conduction and conduction failure in
demyelinated fibers has been well demonstrated in MS
in the form of delays in and loss of evoked potentials. This

has important clinical consequences. Delayed and
degraded feedback from proprioceptors accounts for
much of the imbalance and tremor in MS (33). In some
patients this results in an inability to monitor arm or leg
position concurrently with the movement, so that force
cannot be adjusted to the demands of the task. This results
in inaccurate movement and terminal tremor. The termi-
nal tremor is often described as cerebellar but usually is
due to problems related to delayed and degraded propri-
oceptive feedback. In addition, conduction failure due to
nerve fiber fatigue, an increase in body temperature, or
both accounts for many of the limitations in activity, such
as walking, that MS patients experience.
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FIGURE 16.3

Cartoon of impulse conduction in myelinated, demyelinated, and partly remyelinated fibers. At rest, there is about a –70-mV
positive charge across the membrane. A. A positive charge moves down the axon. B. This results in an initial outward current
at the nodes, which opens sodium channels in the membrane resulting in an inward current (small arrows) with a reversal of
the charge, and the positive current moves down toward the next node. C. Because the charge on the demyelinated membrane
is much larger, the charge moving down the axon is insufficient to depolarize the membrane to threshold and conduction fails.
D. Partial remyelination has occurred with abnormally short internodal segments and thin myelin. The charge on the partly
remyelinated membrane is more than normal but less than on the totally demyelinated portion. E. An impulse moves down the
normally myelinated portion of the nerve, which is sufficient to depolarize the nodes that, because they are very close together,
depolarize almost simultaneously. The resulting summation of the current from several nodes is now sufficient to depolarize
the initial portion of the demyelinated segment F, resulting in slow continuous conduction in the demyelinated segment G,
with a wave of local depolarization followed by a wave of repolarization produced by potassium efflux H. For an excellent tech-
nical discussion of the effect of remyelination at the plaque margins on conduction, see Waxman et al. (25) and Waxman (30).



ADAPTATION

By adaptation I mean the substitution or modification of
one function or functional system to compensate for
another. This may be conscious or unconscious. In its
most obvious form, this includes use of canes, walkers,
and other equipment. In the mental sphere, it may take
the form of notes, a diary, or other memory aids, but other
important but much subtler and less well-known forms
of adaptation exist.

The best known unconscious and essentially auto-
matic adaptation in MS is substitution of vision for pro-
prioception. Many with MS have impaired or delayed
proprioceptive sensation from their feet and legs and can-
not depend on proprioception for balance. These indi-
viduals routinely use vestibular and visual functions to
compensate for the impaired or delayed proprioceptive
sensation, usually without being aware of it (33). Such
individuals have difficulty when they are out in the open,
away from close visual references, and in the dark. For
such individuals, a cane can provide another point of con-
tact with the surface and augment proprioception. Simi-
larly, when proprioception is impaired in the upper
extremities, certain functions such as buttoning buttons
or holding light objects becomes difficult. By watching
their movements, they may be able to substitute vision for
the inadequate proprioception.

Another form of adaptation is substituting con-
sciously directed movements for what previously were
automatic movements. This often happens with ambu-
lation, for example. We normally are not particularly
aware of the movement of our legs when we walk. With
increasing motor deficits, conscious effort must be
brought into play to get the legs to move where they
should. Thus, conscious control is substituted to com-
pensate for the deficit in an automatic behavior. Adap-
tation of this type has the benefit of partly restoring a
function that has been lost, but it has a cost. That cost is
in multitasking ability. It is a requirement for increased
conscious attention to the activity and inability to attend
to other activities because conscious effort must be
directed to the activity in question. This is the reason
some with MS complain that they cannot walk and talk
at the same time.

NEURAL PLASTICITY WITH 
RESTORATION OF FUNCTION

In the peripheral nervous system, partial denervation of
a muscle is followed by sprouting of adjacent fibers that
take over the vacated neuromuscular junctions. This
results in recovery of motor strength and, electrophysio-
logically, in the development of polyphasic motor poten-
tials. In the CNS, similar sprouting, with the formation

of new synapses on vacated postsynaptic terminals is an
established but less well-known phenomenon. Liu and
Chambers (34) demonstrated extensive sprouting with
formation of new contacts after spinal cord and nerve
root lesions. After section of a dorsal root, fibers from
adjacent dorsal roots sprouted, enlarged their territories,
and took over the vacated synapses. Similar sprouting
occurred after lesions in descending tracts and, in some
cases, sprouting resulted in the extension of processes
over quite long distances. Reinnervation of vacated
synapses on anterior horn cells by sprouting dorsal root
fibers is thought to be an important mechanism involved
in the maintenance of extensor strength and the hyper-
reflexia seen after pyramidal tract damage. However,
regrowth of fibers that have been interrupted in a plaque
rarely occurs. Oligodendrocytes fail to support or possi-
bly actively inhibit regrowth of disrupted axons (35),
which in MS have been disrupted during the process of
demyelination.

Sprouting probably also plays a role in cortical
reorganization, although reinforcement of transmission
through existing connections is thought to play an
important role. That reinnervation can occur in central
gray matter has been known for decades (36,37), but the
extent of its role in cortical reorganization is unknown.
There is very good evidence from positron emission
tomography and functional magnetic resonance imaging
data that cortical reorganization occurs with peripheral
injury and that cortical resources can expand in response
to central damage as in stroke or loss of peripheral struc-
tures (38,39). That the areas involved in information
processing change and expand in response to damage
from MS has been demonstrated using functional mag-
netic resonance imaging (40–42). This has other conse-
quences. When extensive cortical areas are substituted
to process information, these areas cannot simultane-
ously be processing other information efficiently. Thus,
many previously automatic tasks require conscious
attention, and multitasking becomes increasingly diffi-
cult. In addition, many with MS complain that visually
busy environments are upsetting, so they avoid super-
markets, not because of difficulty getting about but
because their visual processing is altered and less effi-
cient and they have difficulty making sense of the visual
cacophony surrounding them.

Another factor affecting function in MS is the inabil-
ity to concentrate in the presence of distractions. It is
important to recognize that ignoring distraction is an
active process and involves processes that go back to the
very first synapses in the pathway through which the
information is arriving. The efficiency with which trans-
mission of the distracting information can be shut down
is impaired by the loss of fibers and impaired conduction
in MS, thus leading to difficulty in shutting out unwanted
stimuli. Restoration of conduction through demyelinated
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fibers likely plays a role in restoring the ability to con-
centrate and to deal with distractions; however, this sit-
uation is best dealt with by environmental adaptation, i.e.,
removing the distracting stimulus.

FAILURE OF COMPENSATORY 
MECHANISMS

Despite relatively effective compensatory mechanisms,
over time these mechanisms are overwhelmed and per-
manent deficits accumulate. Initially this is seen as a
poorer recovery from acute attacks. Progressive loss of
axons, which occurs with each attack, eventually reaches
a point where the remaining axons can no longer carry
the added load. Sprouting and remodeling of connections
can no longer compensate. The disease then usually enters
a secondary progressive phase that is most commonly
manifested as a slowly ascending paralysis. Although the
cause is not known, I hypothesized that it is a dying back
axonopathy (43). In the CNS, when synaptic terminals
are lost, sprouting occurs in adjacent terminals to replace
the lost contacts (36,44). This puts an added metabolic
burden on the axon terminals. The structural materials
needed to enable sprouting come from the cell soma and
are carried by the slow axonal transport system. Slow
transport is impaired in areas of demyelination in the
peripheral (45) and central (46) nervous systems. Thus,
although there is likely to be an effective stimulus to
sprout, the structural material needed to do so success-
fully is inadequate. In addition, because they presumably
have sprouted previously as part of the compensatory
process, the cells are already in metabolic overload. This
occurs in postpolio syndrome, in which the added burden
of disrupted transport is not present. It is marked by a
dying back axonopathy with increasing paralysis (48). I
postulated that secondary progressive MS is just such a
dying back process and therefore is not amenable to alle-
viation by drugs, which are relatively effective in relaps-
ing remitting MS (43).

CONCLUSION

A variety of mechanisms is important in the recovery of
function in MS. These include restoration of conduction
after suppression of the inflammatory process and
restoration of conduction in demyelinated fibers, sprout-
ing of fibers to replace damaged or destroyed inputs to
various structures, and cortical reorganization. These
adaptive and reparative processes can restore function,
but their ability to compensate is limited and has a cost
that is most obvious in multitasking. With progressive
damage, the ability to compensate is progressively over-
whelmed. Permanent irreparable damage ensues with pro-

gressive disability and a conversion from a relapsing-
remitting disease to a secondary progressive process.
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