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Preface

There is a need for a paradigm shift in our thinking about the pathogenesis of 
 multiple sclerosis (MS). From the days of Charcot in the 1800s, MS has been path-
ologically characterized primarily by demyelination; that is, the loss of myelin with 
the relative preservation of axons. Early manuscripts emphasized the inflammatory 
component, but in many cases, this was not thought to play a major role in the 
pathogenesis.

At the present time, the prevailing concept in MS is that the inflammatory 
response is critically involved in the destruction of the myelin sheath. This is 
derived from relatively weak data in humans but primarily based on an experimen-
tal model of MS known as experimental autoimmune encephalomyelitis (EAE), in 
which animals are immunized with myelin antigens. These animals usually develop 
a monophasic disease characterized primarily by inflammation and the relative 
absence of demyelination. More recently, this experimental model has demon-
strated clear evidence of demyelination. This has mostly occurred as a result of the 
adoptive transfer of antibody directed against one of the myelin-specific proteins, 
myelin oligodendrocyte glycoprotein (MOG).

However, after more than 100 years of investigation into this disease, there still 
is no diagnostic clinical test dealing with the immunology of MS to support the 
autoimmune hypothesis. This is in contrast to a disease related to MS, neuromyeli-
tis optica, in which patients develop an antibody directed against aquaporin 4 (see 
the chapter by B.G. Weinshenker and D.M. Wingerchuk). In this situation, there is 
evidence that autoimmunity plays a major role. This is not surprising in that neuro-
myelitis optica, for a very a long time, has been associated with other autoimmune 
disorders. Specifically, patients with neuromyelitis optica frequently develop anti-
bodies against native DNA, antinuclear antibodies, and antibodies to other autoan-
tigens. Unfortunately, similar assays done in MS have failed to reveal a specific 
antibody associated with the disease. Even the most recent attempts to associate 
antibodies to myelin basic proteins or MOG to disease progression have not been 
replicated by a number of investigators. MS is not associated with other autoim-
mune diseases. At this point in time, there is insufficient evidence to consider MS 
an autoimmune disease.

If the disease is not autoimmune in nature, then what is the basis of its patho-
genesis? In an effort to begin to understand this, it is important to go back to the 
roots of neuropathology. The neuropathology of this disease has been revisited (see 
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the chapter by C.F. Lucchinetti). It is clear that there are different subtypes of MS; 
at least four have been identified. Two of these are diseases in which myelin 
appears to be the primary target; in the other two subtypes, the disease appears to 
be directed against the cells that make the myelin sheaths, the oligodendrocytes. 
Even in those subtypes in which myelin sheaths are the primary target of injury, 
there is still loss of 30% of oligodendrocytes, which suggests that early oli-
godendrocyte injury may be common to all forms of MS. If early oligodendrocyte 
injury is a prerequisite to MS, then what is the basis of this injury? A number of 
possible scenarios come to mind in view of the experimental models. Clearly, 
viruses are high on the list because a number of viruses have been shown to induce 
demyelination in animals as well as in humans (see the chapters by A.J. Bieber and 
by A.E. Warrington and M. Rodriguez). In particular, infection with viruses of 
many different families results in well-demarcated areas of demyelination in asso-
ciation with variable axonal loss. In addition, toxins such as cuprizone or 
Lysolecithin (see the chapter by W.F. Blakemore and R.J.M. Franklin) also 
appear to cause dysfunction of oligodendrocytes and induce very focal areas of 
demyelination. Finally, demyelination may result from a genetic defect that 
affects oligodendrocyte function. In most of these known genetic disorders, the 
disease manifests before myelin completely forms, and therefore, these diseases 
are called dysmyelinating in nature. However, in adrenoleukodystrophy, the 
myelin begins to degenerate after it has been completely formed. This known 
genetic disorder of lysosomes clearly shows evidence of inflammation as well as 
areas of demarcated demyelination. Therefore, it is possible that a genetic abnor-
mality is the initial driving event in the oligodendrocytes that predisposes to long-
term demyelination.

Clearly, we may not be able to identify the very early event that initiates MS, 
since it may occur decades before clinical presentation. However, by understanding 
the effector molecules initiating the demyelination process, we may be able to 
intervene in the disease therapeutically. What has become clear in the last few years 
is that one of the most important effector cells in the MS lesion is the CD8+ T cell. 
In contrast to previous thought, which has focused primarily on the role of CD4+

T cells in EAE, CD8+ T cells are usually cytotoxic in nature. While some have been 
shown to perform a regulatory function in the immune system, many of these cells 
are cytotoxic in nature and recognize class I MHC antigens on the surface of cells. 
It was once thought that class I MHC antigens were not expressed in the central 
nervous system (CNS); however, recent evidence suggests that class I antigens are 
expressed in many of the cell types including oligodendrocytes, astrocytes, micro-
glia, axons, and neurons. In experimental models of demyelination, class I antigens 
are expressed very early after the induction of virus infection. It is well known that 
viruses can cause the elevation of class I MHC in the CNS. It is likely that the 
mediators of the generation of class I MHC in the CNS are the interferons. If CD8+

T cells play a major role in the disease process, then what do they recognize? It is 
clear that CD8+ T cells recognize peptides that have been processed within the cell 
by macrophages or microglia. These are usually eight to ten amino acids in length. 
They can encompass parts of the host cell as well as exogenous factors such as 
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viruses. It is possible that many antigens are presented in the context of class 
I MHC in the MS lesion to be recognized by CD8+ T cells. It is interesting to note 
that experiments in the models of MS induced by viruses indicate a clear immuno-
dominance of peptides recognized by CD8+ T cells. In some experimental models, 
up to 60% or 70% of the CD8+ T cells are directed against one specific immuno-
dominant peptide. This provides a very interesting target for preventing the 
 demyelinating process by immunotherapy. Unfortunately, it is difficult to isolate 
CD8+ T cells from MS brain or CSF and even more difficult to culture these cells 
to a significant number to allow for identification of the peptides recognized by 
these cells.

The other aspect of immune response critical to demyelination is immunoglobu-
lin. Immunoglobulins are the hallmark of the clinical assays used to diagnose MS. 
MS patients are known to have oligoclonal IgG and IgM bands in the CSF. These 
oligoclonal bands are directed against a relatively small number of antigens. Efforts 
have been made to identify the antigens recognized by these antibodies. In experi-
mental models and viral diseases of humans demonstrating oligoclonal bands, the 
oligoclonal bands are directed against the infectious agent. It is possible that the 
same process may be occurring in the MS plaque. Therefore, continuing efforts to 
identify the antibodies’ target are extremely important. The other possibility is that 
these antibodies are part of a natural immune response important in the reparative 
process in MS (see the chapter by A.E. Warrington and M. Rodriguez). If this is the 
case, then these antibodies are reparative in nature and may be part of the natural 
immune response that promotes remyelinating activity.

What has also become apparent is that remyelination is a common event in the 
MS plaques. Efforts to enhance remyelination in MS have not yet been attempted 
clinically. Some investigators believe that the progenitor cells within the MS plaque 
are depleted; therefore, it would be necessary to transplant either stem cells or puri-
fied populations of oligodendrocytes into the MS plaques for remyelination to take 
place (see the chapter by W.F. Blakemore). Other investigators believe that the pro-
genitor cells are present in MS plaque; therefore, approaches to trigger remyelina-
tion by these cells are potential mechanisms of treatment (see the chapter by A.E. 
Warrington and M. Rodriguez). Most recently, studies have recognized natural 
autoantibodies directed against oligodendrocytes, and these demonstrate remarka-
ble remyelination when used as treatment in experimental models of demyelina-
tion. These natural autoantibodies have been cloned and sequenced and appear to 
have genetic sequences very close to the host germline sequences. These antibod-
ies, therefore, are called natural autoantibodies, since they are directed against 
host-cell proteins and are present as part of the normal repertoire. Work with a 
human recombinant IgM antibody, isolated from a human designated 22, is nearing 
the late phase of completion of animal experiments and may soon be ready for 
application in human trials. This would be the first attempt to enhance remyelina-
tion in the MS lesion and a completely different approach to the present MS treat-
ments. In this case, the therapies would target the cells that make the myelin sheath 
(the oligodendrocytes), in contrast to all other known MS treatments, which target 
immune cells.
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There may be other approaches to interfere with the demyelinating process. One 
area that has received very little attention is the study of proteases (see the chapter 
by I.A. Scarisbrick). Multiple proteases have been demonstrated in the CNS and 
have been associated with MS lesions. One specific protease identified at the Mayo 
Clinic (kallikrein 6) is particularly associated with active demyelination within the 
MS plaque. Kallikreins are a group of proteases of which the best-known member 
is prostate-specific antigen (PSA). PSA has become the most important marker of 
malignancy in clinical practice. Other proteases (and likely kallikreins) may also 
become specific markers of other disease processes. If these proteases are associ-
ated directly with a demyelinating event, then it would be reasonable to design 
protease inhibitors to target a specific population of enzymes, which could be ben-
eficial in the MS lesion.

Axonal degeneration in MS has been an area of extensive investigation in the last 
few years (see the chapter by C.L. Howe on axonal pathology). It was once thought 
that axons were relatively preserved in MS lesions. However, loss of axons has been 
demonstrated in both acute and chronic plaques, since 20%-30% of axons may be 
lost within the lesion. Clinical deficits, especially long-term disability, best corre-
late with the degree of axonal loss. Therefore, understanding the mechanisms of 
axonal pathology in MS is important. It is possible that demyelination in itself 
results in axonal pathology. This is supported by the concept that oligodendrocytes 
provide nutritive factors to axons. Without these factors, axons would then degener-
ate. The other possibility is that an active immune-mediated mechanism destroys 
axons. Here again, CD8+ T cells are the most likely culprit. Data both from experi-
mental animals and human disease demonstrate a close association between the 
number of CD8+ T cells and the degree of axonal pathology. In experimental ani-
mals, deletion of the CD8+ T cells, either by genetic knockouts or with antibody 
treatment directed to these cells, results in improved function with preservation of 
axons. In addition, a large number of neuroprotective strategies may be applicable 
to the MS lesion. Traditionally, these strategies have been considered important in 
diseases such as stroke, where there is ischemia or anoxia. Recent evidence indi-
cates that some of the same factors upregulated in ischemia may also be upregu-
lated in the MS lesion (see the chapter by C.F. Lucchinetti). This suggests that 
similar neuroprotective factors may be utilized for treatment in MS.

The area of genetics has received wide attention in the last 20 years. MS tradi-
tionally is not considered a genetic disease, although there is an increase in con-
cordance in identical twins in MS compared to fraternal twins. However, this 
concordance is only between 20% and 25%. While this indicates a genetic compo-
nent, clearly environmental factors account for most of the variance. In an effort to 
understand the important genetic factors in MS, many large genome studies have 
been performed (see the chapter by J.P. McElroy and J. Oksenberg). To date, the 
only genetic factor consistently demonstrated to be associated with MS is HLA, 
specifically the DR2 haplotype associated with CD4+ T cells; this has been consist-
ently observed in most subsets of MS patients. This genetic factor, however, only 
explains a very small percentage of the genetic variance of MS. Clearly, other genes 
also play a role. Unfortunately, large genome studies have failed to identify these 
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genes, and it is possible that the difficulty has been in grouping all MS patients 
together. If the neuropathological observations hold true, there may be specific 
subtypes of MS. It may be necessary to perform genetic studies segregating the 
various subtypes of MS to see if associations are stronger. The pathological sub-
strates (see the chapter by C.F. Lucchinetti) are very distinct in that they either tar-
get the myelin sheaths or the oligodendrocytes. It would be reasonable to assume 
that different genetic factors play a role in each of these various subtypes.

In addition, genetics may also play a role in the degree of spontaneous remyeli-
nation occurring in MS (see the chapter by A.J. Bieber). Some genetic strains in 
experimental models spontaneously remyelinate following a demyelinating inci-
dent, but others do not. Mating studies between these strains have shown the remy-
elinating components to be dominant, such that remyelination is expressed as a 
dominant trait. Similar events may occur in MS lesions. Some patients spontane-
ously remyelinate following MS attacks and recover completely following acute 
events. In contrast, other patients develop an acute attack from which they never 
fully recover; these patients are less likely to exhibit full remyelination. No genetic 
studies in MS thus far have compared patients who remyelinate (recover com-
pletely from MS attack) to those who do not remyelinate (fail to recover from acute 
attacks). Genetic studies of the experimental models may provide unique insights 
on how to study the genetics of MS.

To develop successful treatments for remyelination, we will need specific surro-
gates of remyelination to follow in clinical trials. The most obvious surrogate for 
studying remyelination is magnetic resonance imaging (MRI) (see the chapter by 
B.J. Erickson and the chapter by I. Pirko and A.J. Johnson). Preliminary data in 
experimental animals suggest an association between remyelination and decreased 
size of T1 and T2 lesions. In addition, magnetic transfer may be a reliable measure 
and surrogate marker for remyelination. These observations will require detailed 
study in experimental animals before they can be applied to clinical trials in MS. 
However, given that treatment approaches for remyelination may soon reach the 
clinical arena, it becomes essential to develop MRI technologies to distinguish 
between remyelinated and non-remyelinated lesions.

Further studies in the epidemiology of MS may help determine the pathogenesis 
of the disease or may give a link to treatment. This has been the case in the investi-
gation of the link between uric acid and demyelination (see the chapter by S. Spitsin 
and H. Koprowski). Epidemiological studies have shown that patients with high 
uric acid are less likely to develop MS, whereas MS tends to be associated with 
lower levels of uric acid. Whether this observation can be converted into a clinical 
treatment paradigm remains to be determined. Similarly, the statin drugs commonly 
used for the treatment of lipid metabolism disorders are gaining significant interest 
for the treatment of MS. These statin drugs may have an effect on the immune sys-
tem that may be beneficial in MS. Some experimental studies using these statin 
drugs are in process, while others are under consideration. Of concern is the statin 
drugs’ effect on lipid metabolism, since myelin itself is a lipid membrane. It is 
unknown whether statins in themselves are detrimental from the standpoint of oli-
godendrocyte function. It will be important to determine whether the use of statin 
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drugs is associated with different clinical outcomes in MS. The issue is complex 
because there may be both beneficial and harmful effects of statins. Statins may be 
beneficial in downregulating the immune system; however, statins may also be 
harmful to lipid membranes causing injury to the oligodendrocyte (see the chapter 
by M.S. Weber and S.S. Zamvil).

Similarly, based on the observation that MS improves during pregnancy, there is 
growing interest in using hormone therapy in MS (see the chapter by E.A. Shuster). 
Again, hormones such as estrogen and progesterone may positively affect the 
immune system while potentially harming myelin/oligodendrocyte biology.

Finally, we hope that the reader will appreciate the diversity of approaches 
needed to understand the pathogenesis of this most disabling disease. Only by dis-
carding the paradigm that the inflammatory response is the causative factor of MS 
will we make significant headway in the treatment of this disease. Clearly, inflam-
matory response influences pathogenesis; however, whether it is the primary con-
tributor to the demyelinating disease process or whether it is primarily a response 
to an exogenous factor and therefore, playing a reparative role, still remains unde-
termined. The work of the talented investigators contributing to the various chapters 
of this book provides great hope for our patients with MS. These investigators are 
dedicated to finding a cure and ultimately eliminating this disease completely from 
the textbook of neurological diseases. One cannot help but draw analogies to 
human poliomyelitis. During polio outbreaks, hundreds of patients were hospital-
ized and required respiratory support with the use of iron lungs. The dedicated 
efforts of investigators, scientists, epidemiologists, virologists, immunologists and 
clinicians identified a single causative agent that induced poliomyelitis. Development 
of a vaccine for polio has led to the near disappearance of poliomyelitis in most 
parts of the world. We work toward a similar scenario in our lifetime with MS.

I wish to acknowledge the editorial support of Lea Dacy at Mayo Clinic College 
of Medicine and the production support of Anne Clauss at Springer.

Moses Rodriguez, MD
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Abstract  This chapter describes the natural history of multiple sclerosis and, in 
particular, reviews the controversy regarding the entity of benign multiple sclerosis.
Based on the Olmsted County population prevalence cohort study performed at the 
Mayo Clinic, MS patients with EDSS scores of 2 or lower followed for a period of 
5–10 years have a very small risk of developing disability over the next 10–20 years.
Based on these findings, this chapter reviews the indications, efficacy, mode of 
action, and side effect profiles of the currently approved and available disease-
modifying agents for the treatment of multiple sclerosis. The efficacy of these 
agents is discussed based on the concepts of evidence-based medicine and the natural 
history of the disease. We review the arguments for and against treating all patients 
with MS. The authors propose an individualized approach to the use of these agents 
in the MS population.    
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  1  Introduction 

 The past decade has witnessed significant advances in the understanding of the 
pathophysiology of MS and in the development of novel disease-modifying agents 
(DMA). The use of DMA in the treatment of patients with MS has drastically 
increased not only in the United States but throughout the rest of the world. 
Currently, in the United States, most patients given a diagnosis of relapsing-remit-
ting MS are commenced on a DMA. Controversy still exists regarding how early 
DMA should be commenced and whether all patients with relapsing-remitting MS 
should in fact be treated [21, 54]. To answer these questions, it is important to know 
the natural history of the disease. 

 The public associates a diagnosis of MS with the need for a wheelchair and 
certain disability. This misinformation may motivate many patients with a recent 
diagnosis of MS or a clinically isolated syndrome to initiate long-term DMA. In 
order for the patient and physician to make the best therapeutic decision for the 
patient, both parties must study DMA efficacy, the side effects, mode of adminis-
tration, and costs, and review the natural history of the disease. 

 In this chapter, we will describe the natural history of MS and review the 
controversies regarding the entity of benign MS. We will review the indications, 
efficacy, mode of action and side effect profiles of the currently available FDA 
approved DMA. We will discuss the importance of evidence-based medicine and 
natural history studies in treatment decision making. We will review the arguments 
for and against treating all patients. We will discuss a possible change from the 
blockbuster to a more individualized patient care approach. 

  2  Natural History of Multiple Sclerosis: Disability Progression 

 Upon receiving a diagnosis of MS, patients are generally most concerned with their 
long-term prognosis. Long-term follow-up studies of MS natural history cohorts 
from many different regions including Lyon, France [10, 11], Gothenburg Sweden 
[14, 58], Olmsted County, Minnesota, USA [50, 51, 57], London, Ontario, [67, 69] 
and British Columbia [65] Canada provide useful information on the accumulation 
of disability in MS. Most of these natural history studies define the course of the 
disease over a long period of time in an untreated population. 

 These studies have relied heavily on the use of the expanded disability status 
scale score (EDSS) as an outcome measure [35]. The EDSS, a measure of impair-
ment, ranges from a level of zero (no disability) to ten (death). Three cutoff scores 
used consistently throughout natural history studies include EDSS 3 (or 4 in some), 
moderate dysfunction including monoparesis or mild hemiparesis; EDSS 6, which 
indicates a need for unilateral assistance (need for a care); and EDSS 8 (or 7 in 
some), in which the patient is restricted to a wheelchair but retains effective use of 
arms. Time from onset (or diagnosis) of MS to the assignment of one of these disa-
bility scores has been estimated in many studies and provides information regard-
ing the rate of accumulation of physical disability. 
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 The median time from onset of MS to EDSS 3 or 4 (mild disability) reported in 
studies is the most variable ranging from 6 to 23 years. (Table  1 ) EDSS 6 is a more 
reliable and robust measure, and thus median times from onset of MS to EDSS 6 
(need for a cane) are more consistent between studies varying from 16 to 28 years. 
There is a significant difference in median time from onset to EDSS 6 in the1980s 
compared with 2000 population-based study in Lyon, France (18 years and 30 
years, respectively). This difference may be related to the fact that the 1980 cohort 
was exclusively hospital-based [8, 10, 11]. In addition, these results relate to all 
types of MS patients (relapsing-remitting and progressive). 

 MS type, whether relapsing or progressive, has a significant impact on disability 
outcome. In the Olmsted County 2000 study, the estimated median time from MS 
onset to EDSS 6 for patients remaining relapsing-remitting MS was 51 years. This 
compares with 17.9 years for secondary progressive and 6.3 years for primary pro-
gressive MS [50]. In the Lyon, France study, 1,562 patients had a relapsing course 
at onset and had median time from onset to EDSS 4, 6, and 7 of 11, 23, and 
33 years, respectively, compared with 0, 7, and 13 years, respectively for 282 
patients with a progressive course [10, 11]. This and other recent studies have 
reported that progression of MS was slower than had been previously reported [65] 
and that many patients with MS, especially those that remain relapsing-remitting, 
may have a more favorable outcome than previously assumed. 

  3  Benign MS: A Fallacy or a Distinct Clinical Entity? 

 A significant subgroup of MS patients (approximately 30%) have little disease progres-
sion and minimal or no disability after many years of disease [9]. Controversy exists 
regarding the definition of benign MS, which is both complicated by the limitations of 
measurement tools and differences in data interpretation. Though the natural history is 
favorable for patients considered benign after a certain disease duration, not all will 
remain well as time continues [24, 52, 59]. Clearly, however, the longer the duration of 
MS together with a low level of disability, the more likely it becomes that a patient will 
remain stable and not progress [52]. This is currently the best clinical predictor of long-
term outcome and has been recognized for at least the past 30 years. 

Table 1 Median time from onset of MS to selected EDSS levels of disability 

  EDSS 3 EDSS 6 EDSS 8

Lyon, France [8] 6 a   18  b

Lyon, France [10] 8.4 a   20.1 29.9  b

Gothenburg, Sweden [58] – 18 –
London, Ontario, Middlesex County [67] 9 16 33
Olmsted County [50] 23 28 52
British Columbia [65] – 28 –
Turkey [29] 11 18 –
a  denotes median time from onset on EDSS 4;
b  denotes median time from onset to EDSS 7 
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 Charcot suggested the concept that some patients with MS may have a mild course 
in 1872 when he wrote “it is not rare to encounter complete remission, which is hoped 
to be definitive” [6]. McAlpine reported that 62 (26%) of 241 hospital-based patients 
followed for at least 15 years (mean disease duration of 18.2 years) were ambulatory 
and could walk for greater than 500 m without assistance and were “without restriction 
of activity for normal employment and domestic purpose but not necessarily symptom 
free “[44]. Multiple long-term follow-up studies of a large natural history cohort have 
reported a similar and strikingly consistent frequency of benign disease[9]. 

 In the Lyon cohort of 1,844 patients, 26% of all MS patients studied had EDSS 
less than 4 after 20 years disease duration [10, 11]. There is currently no consensus 
agreement on the definition of benign MS. Before the introduction of the EDSS, 
various definitions existed. For example, McAlpine described it as “working away 
from or at home and could walk at least half a mile without a rest or support” [43], 
whereas Bauer defined benign course as “the ability to work after 20 years” [4]. 
Even after the introduction of the EDSS [35], which permitted the definition of 
benign course by a certain score after a specific disease duration, there still has been 
a lack of consensus. Definitions of benign MS have varied in terms of the disability 
score (0–4) and the duration of disease (5–15 years) [56]. Most consider benign MS 
as an EDSS ≤ 3.0 after disease duration of10 years or more. Others have suggested 
using a progression index (EDSS score/disease duration) [61]. An international sur-
vey by the National MS Society in the United States arrived at a consensus defini-
tion of disease in which the patient remains fully functional in all neurological 
systems 15 years after onset [42]. More recently, smaller studies suggested that a 
better definition of benign MS should be an EDSS ≤ 2 ≥ 10 years [52]. With these 
multiple varying definitions, it is difficult to compare results from one study with 
another and even more problematic to estimate the actual frequency of benign MS. 

  4   Does Benign MS Stay Benign with Increasing 
Disease Duration? 

 Another important issue is whether patients with an initial diagnosis of benign MS 
actually remain benign with the passage of time. In other words, how benign is 
benign [49]? For example, in the French cohort of 1,844 patients, 35% of patients 
had not reached an EDSS 4 at 15 years, 26% had not reached EDSS 4 at 20 years, 
and 13% had not reached EDSS 4 at 30 years. These results suggest that the likeli-
hood of remaining benign decreases with the duration of the disease [10, 11]. 

 Recent natural history studies have tried to address this issue. In the 2001 
Olmsted County MS study, the authors investigated the level of disability and the 
duration of disease as predictors of subsequent EDSS a decade later [52]. All 
patients from the 1991 Olmsted County MS prevalence cohort who were then con-
sidered to have benign MS (EDSS ≤ 4 for ≥ 10 years) were followed up in 2001 
(or ≥ 20 years disease duration). To patients with minimal disability (EDSS ≤ 2 for 
≥ 10 years) in 1991, the authors asked how they were doing after an additional 
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decade had passed. Of 28 relapsing-remitting MS patients with EDSS ≤ 2 for 
≥ 10 years in 1991, 93% continued to have a low disability (EDSS ≤ 3) after an 
additional decade (Fig.  1 a). No patient in this group developed secondary progres-
sive MS. Most patients (all but two) continued to be employed. All described their 
quality of life as satisfactory or better. 

 For 21 patients with moderate disability (EDSS 2.5–4, for ≥ 10 years) in 1991, 
43% continued to have mild to moderate disability after an additional decade, but 
57% did develop significant disability (Fig. 1b). Of 21 patients, 14 (67%) had a 

Fig. 1 Change in EDSS over 10 years vs duration of disease in 1991-Olmsted County Population 
Based MS study 2001.  a  How are patients with minimal disability (EDSS ≤ 2 for ≥ 10 years) doing 
a further decade later?  b  How are patients with moderate disability (EDSS 2.5–4 for ≥ 10 years) 
doing a further decade later? 
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worsened EDSS, 12 (57%) progressed to EDSS >4, and eight (38%) required 
unilateral or bilateral assistance to walk and had developed secondary progressive 
MS. The authors suggested that a better definition of benign MS was an EDSS £ 2 
for ³ 10 years, since the chances of these patients developing significant disability 
in the future was less than 10%. 

 A recent but similar study of a large British Columbia MS cohort ( n  = 2,204), 
reported 20-year follow-up EDSS in 169 out of 200 patients who had EDSS £ 3 
after 10 years [59]. For patients with EDSS £ 2 for 10 years, 68% continued as 
benign at 20 years. For those with EDSS £ 3 for 10 years, only 52% continued to 
be benign, 21.3% required the use of a cane, and 23% had developed secondary 
progressive disease. The only variable associated with disease progression at 20 years
was the 10-year EDSS score. The slight differences in likelihood of patients with 
EDSS £ 2 after 10 or more years remaining benign after 20 years or more (93% vs 
68%), may be a result of differing methodologies. The Olmsted County study, 
though a much smaller study, was population-based with 100% ascertainment. 
More than half the patients, when evaluated at the first time point in 1991, had MS 
for more than 20 years and thus MS for more than 30 years at the 10-year follow- 
up point in 2001. Sayao et al.’s exclusion of patients with onset of symptoms prior 
to 1978 in their study (patients that accounted for 50% of the Olmsted County 
benign cohort) may account for some of the difference. Considering both studies, 
the chances of a patient with a benign course (EDSS £ 2 after 10 years or more) of 
remaining ambulatory without significant disability is between 68% and 93%. 
Furthermore, both studies found that the best clinical predictor of long-term out-
come is how well a patient fares over the initial 10-year period, although both the 
above studies used ³ 10 years from onset as the cutoff for defining a likelihood of 
a benign course. Further analysis of the Olmsted County data suggests the 5-year 
cutoff, as previously reported by Kurtzke and colleagues, as a duration of disease 
at which prediction of outcome was more reliable [34]. 

  5  Other Clinical Predictors of MS Outcome 

 There have been many different variables reported in large natural history studies 
associated with disability outcome [9]. Most studies report that a younger age of 
onset, female gender, and optic neuritis as a first attack were indicators of a better 
prognosis [10, 11, 14, 29, 58, 67, 68]. On the other hand, cerebellar, brainstem, 
or motor presentations are typically associated with a worse outcome [69]. Many 
 studies, however, have not replicated these findings, and some have even reported 
the  opposite [3, 36, 37, 39, 40, 46]. 

 Since one of the two most proven benefits of DMAs is the reduction in 
relapse rate, an important issue is whether a higher incidence of attacks early 
in the disease process impacts the clinical course and long-term disability in 
 natural history studies. Unfortunately, this again is controversial. Longitudinal 
studies from Lyon, France, and London, Ontario, as well as a small study from 
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Turkey, reported a statistically significant association between numbers of 
relapses during the early years of MS and subsequent development of disabil-
ity [8, 10, 29, 67]. However, the effect was weak. Others have not found any 
association between numbers of attacks in the early years of MS and disability 
outcome [19, 34, 48]. Whether the frequency of early attacks in MS has long-
term implications remains controversial. If it does, however, natural history 
studies suggest that its effect is weak. This raises concern, since one of the 
arguments for initiating early immunomodulatory medications in patients with 
MS is that prevention or reduction in the frequency of early attacks may have 
some long-term protective benefit in terms of disability. 

 Despite a statistically significant  p -value in many large natural history studies, 
the strength of association of all of these variables with disability outcome is weak 
and likely of little practical predictive value in an individual patient. Furthermore, 
combining clinical imaging or laboratory variables to perform multivariate analysis 
has been unhelpful, and combinations of predictors have not been shown to 
improve predictive power as many of these variables are interdependent [9]. 

 A recent 2006 systematic review of clinical and demographic predictors of long-
term disability in patients with relapsing-remitting MS reported that the most 
robust predictors were sphincter symptoms at onset and early disease outcomes. 
Incomplete recovery from the first attack and a shorter time to second attack 
seemed to predict a worse prognosis. Furthermore, the review found that a higher 
early relapse frequency was not always associated with poor prognosis [38]. 

  6  Neuroimaging Studies in Benign MS 

 Recent magnetic transfer imaging studies reveal evidence of milder underlying 
brain pathology. This supports the argument that benign MS does truly exist and 
may be differentiated from other forms of the illness. De Stefano and colleagues 
carried out conventional MRI and magnetization transfer imaging in 50 patients 
with benign MS (EDSS< 3, disease duration >15 years) and compared their find-
ings with 50 MS patients with early (EDSS 3, disease duration < 3 years) relapsing-
remitting disease [13]. They found lesional and nonlesional magnetic transfer 
imaging values to be significantly less pronounced in benign MS than in the cohort 
of relapsing-remitting patients at their earliest disease stage. This suggests that 
brain tissue damage is milder in benign MS. 

 In a study of benign MS, secondary progressive MS, and healthy controls, spinal 
cord area and transverse decimeter at C5 on MRI were inversely correlated with the 
degree of disability; this likely reflects preservation of neural tissue in benign MS 
[16]. Other studies have failed to show a good correlation between amount of white 
matter lesions on T2-weighted MR and disability [15, 31, 53, 62]. The rate of 
development of new gadolinium-enhancing lesions is, however, less than in the 
relapsing-remitting patients [63]. Similar numbers of brain lesions have been 
reported for both benign and secondary progressive MS despite significant in 
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 disability in the latter [16, 17, 28, 33]. Figure  2  demonstrates the variability of MRI 
findings in benign MS (EDSS £ for > 20 years) for six patients. 

 Small sample size, differing definitions of clinical course, and lack of an ideal 
control group may explain the conflicting results reported in the literature [5, 12, 15, 
16, 18, 25, 45, 64, 66]. Though differences in magnetization transfer imaging have 

Fig. 2A–F Variability in MRI appearance of six patients with so-called benign MS (EDSS 3, 
duration >20 years). All are axial T2-weighted MRI images at or slightly above the level of the 
lateral ventricles  
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been shown between those with benign MS and those with early relapsing-remitting 
MS, future studies need to address whether MT measures are predictive of clinical 
and pathological evolution of MS. 

 In summary, regardless of the definition, significant numbers of patients (prob-
ably between 20% and 30%) continue to have a favorable course with low levels 
of disability despite a long duration of disease. A diagnosis of benign MS does not 
entirely guarantee a continued favorable course, but the odds are in the patient’s 
favor. With this in mind, we need to consider the currently available immunomodu-
latory medications. 

  7   The Currently FDA-Approved Disease-Modifying Agents: 
Efficacy, Mode of Action, and Side Effects 

 Over the past 15 years, multiple large randomized clinical trials have shown DMA 
to reduce both relapse rate and the development of new MRI lesions. There are 
currently several licensed and FDA-approved DMA (all parenteral) for use in MS. 
These agents include (a) three beta interferon preparations (Avonex, Betaseron, and 
Rebif), (b) glatiramer acetate (Copaxone), (c) mitoxantrone (Novantrone), and (d) 
the monoclonal antibody natalizumab (Tysabri). The Executive Committee of the 
Medical Advisory Board of the National MS Society has adopted the following 
recommendations: “consideration of treatment as soon as possible following the 
definite diagnosis of MS with active disease (i.e. recent relapses and or new lesions 
on MRI) and may also be considered for some patients with a first attack who are 
at high risk in developing MS (known as clinically isolated syndrome).” The 
Therapeutics and Technology Assessment Committee of the American Academy of 
Neurology and the MS Council of Clinical Practice guidelines also suggest that it 
is appropriate to consider treatment with approved therapy in these patients. 
Furthermore, the treat all approach has been a growing trend in the United States, 
and this has been supported by many leaders in the field. The presentation of data 
to the reader can result in a significant problem when reviewing DMA efficacy in 
the literature. Most studies present efficacy data in terms of relative risk reduction, 
which overinflates benefit, especially if the control event rate is small. Here we will 
discuss numbers needed to treat (NNT). 

 7.1  Beta Interferon Therapies (Avonex, Betaseron, and Rebif) 

 7.1.1  Efficacy 

 The IFNβ drugs have been shown to reduce both relapse rate (by approximately 
30%) and the accrual of new lesions on brain MRI in patients with relapsing-
remitting disease [1]. For patients with a clinically isolated syndrome (CIS), seven 
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to nine patients needed to be treated for 2 years to prevent one patient developing 
clinically definite MS. The Champions group compared immediate vs delayed 
interferon therapy in CIS and reported that 33 patients need to be treated for 5 years 
to prevent a single patient developing an EDSS of  2.5 [32]. Similarly, for RRMS, 
6–13 patients require treatment for approximately 2 years to increase by one the 
number of patients free of relapse, and 8–13 patients must be treated for 2 years to 
prevent one patient developing an increase in EDSS [20]. The NNT mentioned 
above may be underestimated, since randomized control trials contain an enriched 
sample of patients who differ from patients seen in a population-based sample. 
Current data suggest that IFNβ-1a, 44 mcg subcutaneously three times per week, 
provides the most favorable benefit-to-risk ratio of the available DMA [20]. 

 The role of IFNβ in secondary progressive MS is unclear. A European study 
reported a modest benefit [2], but subsequent North American trials [7, 22, 41, 60] 
did not confirm this finding. 

  7.1.2  Mode of Action 

 A variety of action mechanisms have been reported, including inhibition of T-cell 
co-stimulation and/or activation processes, modulation of anti-inflammatory and 
pro-inflammatory cytokines, inhibition of interferon gamma-induced class-II 
expression, inhibition of antigen presentation, and reduction in aberrant T-cell 
migration. IFNβs are administered either by subcutaneous injection (Betaseron and 
Rebif) or by intramuscular injection (Avonex). 

  7.1.3  Adverse Effects 

 Injection site reactions usually subside within weeks. Management includes icing and 
rotation of site, topical application of anesthetics or corticosteroid, improved injection 
technique, and warming the medication or using autoinjectors. Flu-like symptoms are 
common; dose titration, nonsteroidal anti-inflammatory drugs (NSAIDS) or acetami-
nophen may be helpful, though symptoms usually resolve by 3 months [70]. Symptoms 
occur within a few hours of each injection and last 12–24 h. Injections should be 
administered at night. Hematologic and hepatic function abnormalities may occur; 
therefore, complete blood count and liver function test monitoring is recommended at 
baseline, 1 week, 1 month, 3 months and then every 3–6 months thereafter. Treatment-
related depression may occur, and patients and their caregivers should report any mood 
changes. Women may experience menstrual disorders. Women of child-bearing age 
should practice contraception, and women planning to become pregnant should dis-
continue IFNβ at least 3 months prior to discontinuation of contraception to avoid the 
reported risks of spontaneous abortion, still birth, and lower mean birth weight. 
Neutralizing antibodies (NAb) occur in up to 45% of patients on IFNβ therapy and 
reduce biological activity. If high titers of antibodies are identified, discontinuation of 
IFNβ in favor of one of the other DMAs may be appropriate [30]. 
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   7.2  Glatiramer Acetate  (Copaxone)

 7.2.1  Efficacy 

 Glatiramer acetate (GA), approved for use in relapsing-remitting MS, has mild 
benefits in the short term. It reduces the relapse rate and disease activity on MRI 
and may have some long-term disability benefit, although data are difficult to inter-
pret because of high patient attrition in the controlled clinical trials [27, 47]. For 
relapsing-remitting disease, 14 patients need to be treated for 2 years to increase by 
one the number of patients free of relapse [20, 26]. 

  7.2.2  Mode of Action 

 GA is administered subcutaneously daily and has multiple mechanisms of action 
that influence T-cell activation/proliferation, dendritic cell co-stimulation proc-
esses, antigen presentation, neurotrophic factors, cytokines, interferon gamma 
secretion, and regulatory TH2/3 cells [47]. 

  7.2.3  Adverse Effects 

 GA is generally well tolerated. Injection site reaction is common and managed as for 
IFN reactions [70]. Lipoatrophy occurs in up to 46% of patients on long-term therapy. 
There is no treatment, but injection into an area of lipoatrophy should be avoided. 

 Lymphadenopathy (up to 30% of patients in clinical trials) is usually limited to 
inguinal nodes but may be generalized. Injection site rotation and/or discontinuation 
of injections may be beneficial. Benign systemic reaction (chest tightness, anxiety, 
palpitations, or dyspnea) occur in less than 15% of patients within a few minutes after 
injection and last 30 s to 30 min. Long-term treatment with GA does  not  result in 
hematologic or liver enzyme abnormalities. Binding antibodies to GA may develop 
within 3–4 months after initiation of therapy but do not interfere with efficacy. 

   7.3  Mitoxantrone (Novantrone) 

 Mitoxantrone, an anthracenedione agent, reduces relapse rate as well as numbers of 
T2 and gadolinium-enhancing lesions on MRI in patients with relapsing-remitting 
MS or early secondary progressive MS (with active inflammatory disease and 
 evidence of substantial disease worsening over short periods of time) [23, 47]. There
is no proven benefit for patients with relapse independent progression. The drug is 
generally used in patients with aggressive relapsing-remitting or secondary progres-
sive disease. For patients with progressive disease, The NNT for 2 years to prevent 
one patient from worsening by 1 EDSS point was 11. 
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 7.3.1  Mode of Action 

 Mitoxantrone reduces T- and B-cell immunity by inhibition of both DNA and RNA 
synthesis.

  7.3.2  Adverse Effects 

 Patients may notice a temporary blue discoloration of the urine and sclerae. 
Leukopenia and neutropenia occur commonly. CBC should be monitored closely, 
and if the white blood cell count drops to less than 3,000/µl or if neutrophils are less 
than 1,500/l, mitoxantrone should be held. Liver function tests (LFTs) should also 
be monitored, and therapy held if LFTs increase by more than 2.5 beyond the upper 
limits [70]. 

 Cardiomyopathy is dose-dependent and may be as great as 6% in patients 
 receiving 140 mg/m 2  or less [47]. Prior to each infusion, patients should have an 
echocardiogram to evaluate their ejection fraction. Delayed effects of mitoxantrone 
on cardiac function have been reported. Antiemetic premedication (with  ondansetron)
may alleviate nausea during and for several days after infusion. Alopecia, 
 amenorrhea, and infertility may also occur. Mitoxantrone is teratogenic. Leukemia 
occurs in approximately 1% of patients and generally responds to treatment. 

   7.4  Natalizumab (Tysabri) 

 Natalizumab, a recombinant humanized IgG-4 kappa monoclonal antibody, 
appears to have significantly greater efficacy than any of the other DMAs. It 
reduces the rate of clinical relapse by 68% and reduced sustained disability pro-
gression at 2 years by 42%. The NNT to render one patient relapse-free after 
2 years of therapy is between 2 and 4. Unfortunately, despite its greater efficacy in 
terms of relapse rate and MRI lesion load reduction, natalizumab (approved for 
use in 2004) was withdrawn from the market in 2005 due to the development of 
progressive multifocal leukoencephalopathy (PML) in two patients. Natalizumab 
has recently become available again but only under a restricted distribution pro-
gram called the TOUCH (Tysabri Outreach: Unified Commitment to Health) 
Prescribing Program. 

 7.4.1  Mode of Action 

 Natalizumab inhibits the molecular interaction of alpha 4, beta 1 integrin with the 
vascular cell adhesion molecule (VCAM)-1 on activated vascular endothelium, 
thus preventing leukocyte transmigration across the blood–brain barrier. Natalizumab 
is administered by monthly infusions. 
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  7.4.2  Adverse Effects 

 Two cases of PML have been reported in 1,859 MS patients treated with 
 natalizumab. The risk of for PML in patients treated with natalizumab is roughly 
1 in 1,000 patients [71]. Readers should refer to the TOUCH Prescribing Program 
issued by Biogen Idec and Elan for guidelines. Hypersensitivity reactions occur in 
1%–4% of patients within 2 h of infusion and should be treated by stopping the 
infusion. Acetaminophen, antihistamines, corticosteroids, and fluids should be 
used as necessary. Natalizumab may increase the risk for infection; concurrent use 
of antineoplastic immunosuppressant or immunomodulation medications is not 
recommended. Approximately 6% of patients present with antinatalizumab anti-
bodies, and the result is a reduction in efficacy and an increase in infusion-related 
side effects [55]. 

    8   Should All MS Patients Be Treated 
with Disease-Modifying Therapies? 

 8.1  Clinical Implications of Benign MS 

 The default position regarding the use of DMA in the USA currently seems to be 
to treat. This, however, remains controversial [21, 54]. The decision to treat a 
patient with a DMA should be based upon a shared patient/physician therapeutic 
decision-making model. This model incorporates knowledge of the natural history 
of the disease, evidence-based medicine, and the patient’s personal preference. 
Evidence-based medicine statistics inform us of the magnitude of benefit of the 
currently available DMA. As has been discussed above, DMA reduces relapse rate 
and MRI lesion accrual and has modest benefits in terms of short-term disability. 
However, the long-term benefits remain unproven [47]. The benefit of treating 
secondary progressive MS is unclear, and no benefit has been found in primary 
progressive MS. Patients may be overwhelmed by the data and unwilling to initiate 
an injectable treatment. They may have significant anxiety regarding the use of 
subcutaneous or intramuscular injections, although treatments generally are well 
tolerated and safe. MS often has a favorable natural history. The blockbuster treat-
ment approach of MS may need to become more individualized as evidence-based 
medicine may not support the treat all approach. 

 Most natural history studies and clinical trials have been conducted using EDSS 
as the outcome measure. MS has effects on every aspect of the patient’s life. The 
EDSS, albeit a good measure of MS impairment, does not measure quality of life, 
symptomatic complaints, employment status, or effects on activities of daily living. 
Though patients may do well over a long period of time in terms of EDSS measure-
ments, they may not be doing so well in these other areas. Studies investigating 
these other important nonambulatory outcomes in patients deemed benign are 
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ongoing. Furthermore, it is still unclear whether DMA benefits these outcomes over 
a period of many years. 

 One approach might be to consider initiation of DMA in patients who have 
active disease, either clinically (relapses) or radiographically (new or enhancing 
lesions) [49]. However, other patients may be appropriate candidates for a watchful 
waiting approach. These include patients with a greater chance of a benign course 
such as those with a low EDSS score at 5 years with infrequent attacks and little 
accumulation of MRI lesion. Likewise, patients with established progressive dis-
ease without clinical or radiologic markers of active disease might not require 
DMA treatment. Finally, patients with an indeterminate prognosis of clinically iso-
lated syndrome or early relapsing-remitting MS with infrequent mild attacks lack-
ing evidence of disease activity on MRI and a favorable prognostic profile may also 
benefit from postponed treatment. Patients who fully recover from their attacks 
may also be candidates for delayed therapy. These patients are more likely to have 
a remyelinating phenotype that may be altered by the drugs. 

 The watchful waiting approach does not imply never treat [54]. Patients in watchful 
waiting mode should undergo yearly neurological examination and MRI of the head. 
If the clinical course changes or if the MRI shows accumulation of new or enhancing 
lesions, the caregiver and patient should consider DMA. Some patients will request 
early treatment regardless of their clinical course or MRI findings, and their wishes 
should be respected within the shared decision-making model. 
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Abstract The last decade has seen a resurgence of interest in MS  neuropathology. 
This resurgence was partly fueled by the development of new molecular and 
 histochemical tools to examine the MS lesion microscopically, as well as 
 technological advances in neuroimaging, which permit a dynamic assessment of 
lesion formation and disease progression. The heterogeneous pathology of MS in 
relation to stage of lesion activity, phase of disease, and clinical course is  discussed.
Pathological studies reveal that the immune factors associated with multiple differ-
ent effector mechanisms contribute to the inflammation, demyelination, and tissue 
injury observed in MS lesions. While many agree that  pathological heterogeneity 
exists in white matter demyelinated lesions, it is uncertain whether these observa-
tions are patient-dependent and reflect pathogenic heterogeneity or, alternatively, 
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are stage-dependent with multiple mechanisms occurring sequentially within a 
given patient. Evidence supporting both concepts is presented. Remyelination is 
present in MS lesions; however, the factors contributing to the extent of repair and 
oligodendrocyte survival differ depending on the disease phase. A variable and 
patient-dependent extent of remyelination is observed in chronic MS cases and 
will likely need to be considered when designing future clinical trials aimed to 
promote CNS repair. MS is one member of a spectrum of CNS idiopathic inflam-
matory demyelinating disorders that share the basic pathological hallmark of CNS 
inflammatory demyelination. Advances based on recent systematic clinicopatho-
logic-serologic correlative approaches have led to novel insights with respect to the 
classification of these disorders, as well as a better understanding of the underlying 
 pathogenic mechanisms.    

   1 Introduction 

 Multiple sclerosis (MS) is an inherently heterogeneous disorder with respect to its 
clinical, radiographic, and genetic features. Its basic pathology consists of 
 multifocal central nervous system (CNS) lesions characterized by inflammation, 
demyelination, astrogliosis, variable remyelination preservation, and relative 
axonal  preservation. MS represents only one member of a family of CNS idio-
pathic inflammatory demyelinating disorders (IIDDs), all similarly characterized 
by focal demyelination, and includes acute disseminated encephalomyelitis 
(ADEM), acute MS (Marburg  variant), Balo’s concentric sclerosis (BCS), and 
neuromyelitis optica (NMO). 

 Largely due to similarities with experimental autoimmune encephalomyelitis 
(EAE), the role of CD4 +  T cells has been emphasized in MS pathogenesis. 
However, accumulating in vitro and in vivo studies challenge the traditional view 
that MS is purely a CD4 +  T cell-mediated autoimmune disease and suggest that 
the events involved in MS immunopathogenesis may be more complex than pre-
viously recognized. Furthermore, the advent of more sophisticated histological 
and molecular tools to study MS pathology has contributed to evolving concepts 
regarding disease initiation and progression. Although all MS lesions are charac-
terized by destruction of myelin sheaths, they display a significant degree of 
pathological heterogeneity with respect to the topography of the lesions, the 
severity and character of the inflammatory response, the extent of remyelination 
and the degree and pattern of oligodendrocyte and axonal injury. It is debatable 
whether these observations reflect patient-dependent pathogenic heterogeneity 
or, alternatively, are stage-dependent with multiple mechanisms contributing to 
the observed pathological heterogeneity. This chapter will focus on the concept 
of MS pathological heterogeneity with respect to white matter lesions, the fate of 
the oligodendrocyte and extent of repair, and it will elaborate upon the heteroge-
neous clinicopathological spectrum of the CNS idiopathic inflammatory 
 demyelinating disorders. 
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   2 Heterogeneity of Multiple Sclerosis White Matter Lesions 

 MS pathology varies with respect to the demyelinating stage of the lesion as well 
as with disease duration. MS neuropathological studies are largely skewed toward 
the analysis of either very early lesions derived from fulminant autopsy cases, brain 
biopsies when the diagnosis was still in question, or very late chronic lesions from 
patients who died with longstanding disease. This essentially provides snapshots 
from which investigators attempt to draw dynamic conclusions regarding disease 
evolution and progression. However, pathological information is limited regarding 
the preclinical phase of the disease and the transition phase, when patients convert 
from relapsing to progressive disease. 

  2.1 Stages of Lesions 

 A variety of criteria have been used to stage the activity of MS lesions including 
the extent and activation state of lymphocytes and macrophages, the presence of 
MHC class II antigens, and the presence of adhesion molecules or cytokines. 
However, these approaches do not reliably distinguish inflammatory from demyeli-
nating activity, and it is not uncommon to find inflammatory MS lesions with no 
signs of active demyelination. 

 Pathological studies investigating demyelinating mechanisms must therefore rely 
on a precise definition of demyelinating activity. At a minimum, the presence of 
luxol-fast blue (LFB+) myelin degradation products within the macrophage cyto-
plasm is a reliable indicator of ongoing demyelination [54]. A more rigorous 
approach to demyelination staging in MS lesions has been proposed based on the 
structural profile and chemical composition of myelin degradation products within 
macrophages in correlation to the expression of macrophage differentiation markers 
(Fig.  1 ) [18]. The time sequence of myelin degradation in macrophages is based on 
the evaluation of EAE lesions [55] as well as recent in vitro studies analyzing the 
sequential breakdown of myelin by human monocytes [37]. Whenever myelin 
sheaths are destroyed, macrophages or microglia cells take up the remnants. Minor 
myelin proteins, such as myelin oligodendrocyte glycoprotein (MOG) or myelin-
associated glycoprotein (MAG), rapidly degrade within macrophages 1 to 2 days 
after phagocytosis. In contrast, major myelin proteins, such as myelin basic protein 
(MBP) and proteolipid protein (PLP), may persist in macrophages for 6–10 days. In 
later stages, the macrophages contain sudanophilic and periodic acid Schiff (PAS)-
positive granular lipids that may persist in the lesion up to several months. Macrophages 
expressing distinct markers of macrophage activation and  differentiation (myeloid 
related protein [MRP14], a member of the S100 family of calcium-binding proteins, 
and 27E10) infiltrate early active demyelinating MS lesions. Their cytoplasms con-
tain myelin degradation products immunoreactive for both MOG and MAG. These 
minor myelin proteins disappear within late active MS lesions;  however, myelin 
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debris is still immunoreactive for MBP and PLP. Macrophages within inactive, com-
pletely demyelinated areas no longer contain either minor or major myelin proteins; 
however, PAS+ debris may still be present. Early remyelinating lesions are charac-
terized by clusters of short, thin, irregularly organized myelin sheaths with greater 
MAG or CNPase reactivity relative to MOG or PLP, and PAS+ macrophages may be 
present. Evidence for areas of early remyelination occurring concurrently with 
active demyelination can also be observed. 

 This staging classification scheme provides a dynamic topographical framework 
for analyzing lesion evolution. In any MS brain, a variety of lesions at different 
stages of demyelinating activity may be present. Furthermore, a single MS lesion 
may have multiple areas of differing demyelinating activity. However, it is impor-
tant to acknowledge that this staging approach may fail to capture events in lesion 
evolution preceding myelin degradation. Using these stringent criteria, the inci-
dence of actively demyelinating lesions in MS brains is quite low, especially in 
brain bank material largely consisting of longstanding chronic MS cases. 

   2.2 MS Plaque Types 

 Based on the topographical distribution of the macrophages and their immunoreac-
tivity for minor and major myelin protein degradation products, several active MS 
plaque types can be distinguished (Fig.  2 ). The acute active plaque is characterized 
by the synchronous destruction of myelin, with all the macrophages containing 
early and late myelin degradation products distributed evenly throughout the lesion. 
The chronic active plaque consists of numerous macrophages clustered at the radi-
ally expanding plaque edge immunoreactive for both minor and major myelin deg-
radation products, which diminish in number toward the inactive plaque center. The 

Fig. 1 Staging of demyelinating activity. MS lesions can be classified into early active (EA), late 
active (LA), and inactive (IA) stages based on the type of myelin degradation products present in 
the macrophage cytoplasm 
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smoldering active plaque has an inactive lesion center surrounded by a rim of 
microglia and few activated macrophages immunoreactive for myelin degradation 
products, but in the majority, myelin digestion is already completed [82]. 
Inflammation is typically less prominent in the smoldering active plaque compared 
to the acute or chronic plaque. The chronic inactive MS plaque area appears sharply 
circumscribed; it is relatively hypocellular with marked myelin loss, prominent 
fibrillary astrocytosis, variably reduced axonal density, and loss of mature oli-
godendrocytes. There is no evidence of ongoing myelin breakdown. Inflammatory 
cells may still be present. 

 Acute active and chronic active plaques most likely represent the pathologic 
substrate of acute neurological dysfunction due to a combination of inflammation, 
edema, conduction-blocking demyelination, and variable axonal damage. They are 
mainly found in early-phase MS patients or in secondary progressive (SPMS) 
patients with ongoing clinical relapses. With increased disease duration and pro-
gression, as in SPMS and primary progressive MS, inactive plaques predominate, 

Fig. 2 MS plaque types. The acute active plaque is characterized by the presence of macrophages 
containing early ( red ) and late ( green ) myelin degradation products, distributed throughout the extent 
of the lesion. The chronic active plaque shows the accumulation of numerous macrophages, contain-
ing both early ( red ) and late ( green ) myelin degradation products, clustered at the advancing plaque 
edge, and diminishing in number toward the inactive plaque center ( blue ). The smoldering rim is 
defined by the presence of very few macrophages restricted to the plaque edge containing early and 
late myelin degradation products, whereas the inactive plaque contains no early or late myelin deg-
radation products within the macrophages 
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and acute and chronic active plaques are uncommon. Occasionally, smoldering 
plaques appear, and these may contribute to disease progression in SPMS [82]. 

 Destructive plaques are characterized by demyelination associated with a  pronounced 
destruction of other tissue elements including axons, oligodendrocytes and astrocytes. 
These lesions are often necrotic and cystic, resulting in encephalomalacia associated 
with prominent gray and white matter atrophy [109]. Destructive plaques are a hall-
mark of Marburg’s acute MS, typically characterized by a rapidly progressive course 
leading to death within 1 year of onset [67]. Destructive plaques are also frequently 
found in patients with neuromyelitis optica (NMO), an inflammatory, typically 
 relapsing demyelinating disorder affecting the optic nerves and spinal cord [64]. 

 Shadow plaques are sharply demarcated plaques in a typical MS distribution, with 
only a moderate reduction of axonal density and a uniform presence of nerve fibers 
with disproportionately thin myelin sheaths. Shadow plaques typically contain few 
macrophages and are associated with pronounced fibrillary gliosis. Immunocytochemical 
and ultrastructural data suggest shadow plaques represent complete remyelination of 
previously demyelinated plaques [53, 79] and are characterized by reduced staining 
of myelin (myelin pallor) due to a decreased ratio between myelin thickness and 
axonal diameter. However, reduced myelin density may also present within active 
plaques or in areas of secondary Wallerian degeneration. Areas of active demyelina-
tion, however, are clearly defined by macrophages containing myelin degradation 
products, whereas areas of Wallerian degeneration have ill-defined borders and pre-
served nerve fibers in the lesions and show a broad range of thick to thin myelin 
sheaths. Shadow plaques may become targets of new demyelinating attacks [81]. 

   2.3 Inflammation and Immune Effector Heterogeneity in MS 

  2.3.1 T and B Lymphocytes 

 The inflammatory infiltrate in active MS lesions largely consists of activated 
mononuclear cells, including macrophages, activated microglia, and lymphocytes. 
Most infiltrating lymphocytes are T cells [100], predominantly MHC class 
I-restricted, CD8 +  T lymphocytes [15] showing preferential clonal expansion [4]. 
The CD8 +  T cell repertoire appears more antigen-driven than the MHC II-restricted 
CD4+  T cells [30], and a close apposition of activated cytotoxic T cells with degen-
erating oligodendrocytes and axons has been described in some acute MS lesions 
[71], suggesting a possible role for MHC I CD8 + -dependent tissue damage in MS. 
This hypothesis is further strengthened by recent pathologic evidence demonstrating 
upregulation of MHC class I expression on microglia, endothelial cells, neurons,
axons, astrocytes, and oligodendrocytes within active MS lesions, suggesting these 
cells may become targets of an MHC class I-restricted immune response [43]. 
Adoptive transfer of CD8 +  T cells also induces EAE. This results in brain lesions 
with pronounced demyelination that more closely resembles MS pathology [44, 
98], and disease induction is not dependent on CD4 +  T cells [30]. 
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 Recent studies implicate B cells and autoantibodies in MS pathogenesis. B cells, 
plasma cells, myelin antibodies, and immunoglobulin transcripts have all been 
identified in MS lesions [27, 60, 70, 83]. Molecular studies of B cells and plasma 
cells within MS CNS tissue and CSF suggest T cell-mediated antigen-driven clonal 
expansion [25, 72]. Furthermore, the H chain variable (V) regions of immunoglob-
ulin (Ig) expressed in MS plaques and CSF reveals a limited repertoire. The VH 
sequences are oligoclonal, extensively mutated and derived in part from clonally 
expanded B cell populations, all features suggestive of antigenic stimulation [7, 75, 
76, 84, 93, 105]. Pathologic studies have described the co-deposition of immu-
noglobulin (Ig) and activated terminal lytic complement complex in active MS 
lesions [62, 97]. These findings, coupled with the presence in CSF of membrane 
attack complex-enriched membrane vesicles, also indicate a potential role for 
 complement-mediated injury in MS [38]. 

 Although MS patients have presented with elevated antibody titers to a number of 
self and foreign antigens [5, 68, 73, 99], none have proven pathogenic [25]. MOG has 
received much attention as a possible autoantigen; however, its role in MS pathogen-
esis remains uncertain. Demyelination is often limited in T cell models of EAE; 
however, the presence of autoantibodies directed against MOG extensively amplifies 
the extent of demyelination [58]. Serum MOG antibodies have been described in MS 
patients [11]; however, they are also present in patients with noninflammatory neu-
rological diseases and in normal controls. Although an increased risk of progression 
to clinically definite MS in patients with serum MOG antibodies has been reported 
[11], a recent study failed to confirm this association [51]. 

 Structures suggestive of lymphoid B cell follicles have appeared in the meninges 
of patients in the late progressive disease phase, suggesting that ectopic lymphoid 
follicle formation maintains humoral autoimmunity and contributes to disease 
severity and progression in chronic MS [89]. Clonally expanded populations of Ig 
variable gene-mutated B cells appear in the CNS of MS patients, supporting the 
occurrence of a germinal center-like reaction [23]. Furthermore, the CSF of MS 
patients is enriched with centroblasts and B cells with a memory phenotype com-
pared to peripheral blood. In the same individuals, antibody-secreting cells are 
detected in the CSF and appear to correlate with CNS inflammation. These B cell 
subsets are the output of a germinal center reaction thought to occur in the CNS. 
Recent findings suggest that the inflamed brain becomes a favorable niche for B 
cell survival and proliferation and, under some circumstances, sustains the forma-
tion of ectopic lymphoid structures. B cells might therefore expand and mature 
inside the CNS, giving rise to antibody-secreting cells, which could play an effector 
role in disease pathogenesis [22]. 

   2.3.2 Macrophages/Microglia 

 Hematogenous macrophages and activated CNS microglia are important antigen-
presenting and myelin-phagocytizing cells involved in active demyelination [88] and 
significantly outnumber lymphocytes within active MS lesions. However,  macrophages 
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exert both beneficial and detrimental effects on lesion evolution [16, 88] and are 
subclassified into two phenotypes. The M1 phenotype produces pro-inflammatory 
mediators and reactive oxygen species (ROS )  [42, 65] and is predominantly involved 
in Th1 cell responses. The M2 phenotype, on the other hand, produces anti-inflam-
matory mediators and is associated with Th2 responses, tissue scavenging, tissue 
remodeling, and repair and resolution of inflammation [66]. Additionally, M2-
induced signals inhibit M1-induced chemokines [65, 66]. Active MS lesions contain 
numerous foamy macrophages, reflecting ingestion and accumulation of myelin lip-
ids. A recent MS immunocytochemical in vitro study suggested that the foamy mac-
rophages found at the MS plaque edge is mainly involved in myelin phagocytosis, 
whereas those located in the plaque center  demonstrate an M2 phenotype and may, 
therefore, contribute to the resolution of inflammation, limit further lesion develop-
ment, and promote tissue repair [16]. Macrophages may also contribute to lesion 
repair and neuroprotection by  promoting the clearance of cell debris [88] as well as 
by the secretion of neurotrophic  factors and cytokines [48, 49, 95]. 

   2.3.3 Excitotoxicity, Nitric Oxide, and Histotoxic Hypoxia 

 Glutamate is the most abundant excitatory neurotransmitter in the CNS. It is 
secreted in large amounts by macrophages. An excess of glutamate causes excito-
toxicity, which can lead to neuronal and oligodendrocyte damage and degeneration 
during CNS inflammation. Prolonged activation of neurons by glutamate may be 
damaging via production of nitric oxide (NO), reactive oxygen species (ROS), ara-
chidonic acid, phospholipase A2, and proteases such as calpain-causing calcium 
influx [69]. Impaired glutamate clearance and degradation by astrocytes and oli-
godendrocytes and inhibited clearance by pro-inflammatory cytokines may all con-
tribute to excess extracellular glutamate [41]. Glutamate receptors in the CNS of 
MS patients reportedly had altered expression, and the presence of a specific gluta-
mate receptor correlated with the presence of axonal damage [34]. In MS, macro-
phages and microglia were immunoreactive for the glutamate-producing enzyme 
glutaminase, which co-localized with dystrophic axons [104]. 

 Nitric oxide (NO) is a signal transducer involved in glutamate-induced 
 excitation, is expressed by activated microglia, astrocytes, and macrophages during 
inflammation in the CNS [14], and is induced by several different cytokines 
 including IFN-γ, TNF-α, and IL-1β [28]. NO directly affects CNS inflammation 
via induction of encephalitogenic T cell apoptosis and contributes to demyelina-
tion, oligodendrocyte destruction, and axonal injury [92]. Although not detected in 
the normal human CNS, iNOS is abundantly expressed by astrocytes in plaque 
areas in MS autopsies [36] and was demonstrated in a biopsy taken 33 days after 
onset of disseminated symptoms in a patient with fulminant MS [13]. Inducible 
NOS labeling decreases as lesions age and become less active [26, 59]. 
Oligodendrocytes and axons are highly vulnerable to NO. NO induces a functional and 
reversible conduction block in demyelinated axons [85]; however, repetitively 
 stimulated axons ultimately degenerate upon exposure to NO [91]. NO impairs 
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mitochondrial electron transport and, therefore, oxidative phosphorylation [17]. 
Exposing CNS white matter to NO also causes ATP depletion and irreversible 
injury [32]. These observations suggest that irreversible axonal damage by NO 
results from the combined effect of direct toxicity and energy failure. 

 When inflammatory mediators, such as reactive oxygen and nitrogen species, 
are excessively liberated, they contribute to mitochondrial dysfunction and a state 
of histotoxic hypoxia [2]. Hypoxic brain damage leads to the destruction of glial 
cells and neurons in the lesions. If the hypoxia is incomplete, a cascade of events 
occurs to increase the resistance of the tissue to subsequent hypoxic damage and 
thus limit structural damage from the insult. This is referred to as hypoxic precon-
ditioning [90]. One master switch in the induction of hypoxic preconditioning is the 
expression of hypoxia-inducible factors (HIFs) α and β [90]. They act as transcrip-
tion factors to induce gene expression of downstream molecules involved in neuro-
protection, vasomotor control, angiogenesis, cell growth, and energy metabolism 
[2]. These proteins render the tissue resistant to further hypoxia-induced injury. 

 Sublethal hypoxia at the border of a stroke lesion also induces the expression of 
stress proteins, especially hsp70, a molecular chaperone that re-natures damaged 
proteins and protects the tissue against further insult [21, 103]. The expression of 
these survival proteins is not restricted to hypoxic or ischemic lesions. HIF expres-
sion can be induced or increased by pro- or anti-inflammatory cytokines, and pro-
tein denaturation in injured tissue induces HSP expression [2, 90]. All these 
proteins are expressed at the border between active inflammatory lesions and the 
adjacent normal tissue. While hsp70 is found at the edges of all inflammatory 
lesions in the CNS, the expression of HIF-1α is restricted to lesions following 
hypoxia-like tissue injury [1]. In a systematic study in over 80 cases of inflamma-
tory and degenerative CNS white matter diseases and 20 controls, HIF-1α expres-
sion was significantly associated ( p  < 0.0000001) with a subset of MS lesions, 
various viral encephalitides, metabolic encephalopathy, and acute stroke lesions 
characterized by a preferential loss of MAG, and a distal oligodendrogliopathy with 
apoptotic oligodendrocyte cell death. Similar patterns of tissue injury and HIF-1α
expression between these viral, demyelinating, and ischemic disorders suggest a 
shared pathogenesis related to energy failure and histotoxic hypoxia. 

    2.4  Evidence for Immunopathogenic Heterogeneity 
in Multiple Sclerosis 

 Pathological studies suggest that the immune factors associated with multiple 
 different effector mechanisms contribute to the inflammation, demyelination, and 
tissue injury observed in MS lesions. Binding T cells to myelin epitopes leads to mac-
rophage activation and secondary myelin destruction. T cells and microglia/
macrophages release a variety of toxic mediators including cytokines, proteases, 
reactive oxygen, and nitrogen species or excitotoxins, which result in direct tissue 
damage. Antibodies mediate tissue damage via complement activation or interaction
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with activated macrophages. Cytotoxic T cells directly attack oligodendrocytes and 
axons. However, it is unclear whether a dominant immune effector pathway of 
active MS lesion formation operates with a given patient or, alternatively, whether 
multiple immune effector pathways occurring either in parallel or sequentially 
within a given patient produce the active white matter lesion. 

 Analyzing large samples of human brain biopsies and autopsies during early 
disease revealed patterns of demyelination that were homogenous in multiple 
active lesions of the same patient but differed between patients [62]. Active demy-
elinating lesions were classified into four patterns based on plaque geography, 
myelin protein expression, pattern of oligodendrocyte pathology, and presence of 
immune complex deposition (Fig.  3 ). Only T cells and macrophages dominated the 

Fig. 3 Histopathology of MS immunopattern (IP) I–IV.  A–C  IP I.  A  A perivenous confluent 
active demyelinating lesion. Macrophages contain myelin debris within their cytoplasm ( inset ).  B
Macrophages accumulate in a sharp rim at the lesion border.  C  Complement deposition is absent.
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active lesions in Pattern I, whereas Pattern II lesions were additionally characterized
by Ig deposition and products of complement activation at sites of active myelin 
breakdown, suggesting the involvement of pathogenic antibodies. Pattern III 
lesions had pronounced oligodendrocyte apoptosis associated with a preferential 
loss of MAG and CNPase, in a pattern of tissue injury closely resembling acute 
white matter infarcts [1]. These lesions appear to be driven by an exaggerated 
production of oxygen and nitric oxide radicals resulting in mitochondrial dysfunction
and subsequent histotoxic hypoxia. Pattern IV lesions had extensive oligodendro-
cyte degeneration in the periplaque white matter adjacent to the active lesion, 
suggesting an increased susceptibility of the target tissue for immune-mediated 
injury. Although these four MS immunopathological patterns share similarities 
with existing animal models, the reason for this complex pathology is unknown. 
Different inciting factors may result in immunopathological heterogeneity; however, 
pathological heterogeneity may also result from different genetic factors influencing
immune-mediated inflammation, as well as glial, axonal, and neuronal survival. 

 Regardless, these observations suggest fundamental differences in the patho-
genic mechanisms leading to focal demyelination in MS between different patient 
subgroups and may, in part, account for the variable treatment response often 
observed among MS patients. However, applying these findings to MS patients 
requires technologies that allow the stratification of MS pathologic subtypes with-
out dependence on brain biopsies. Studies to identify immunopathological, specific 
clinical, and paraclinical surrogate markers are ongoing. To date, pattern IV has 
been seen exclusively in three patients with PPMS; however, Patterns I, II, and III 
do not correlate with a specific clinical course (RR, SP, PP), or early disability [78]. 
Longer clinical follow-up, however, is needed to determine whether immunopatho-
logical patterns differentially impact long-term clinical course and disability. 
Despite the apparent lack of correlation between immunopathological patterns and 
prototypic MS clinical course in early MS, a striking correlation has been reported 
between therapeutic response to plasma exchange (PLEX) administered for steroid-
unresponsive fulminant MS attacks and immunopathological pattern. Only Pattern 
II MS patients with active lesions characterized by antibody and complement 
deposition responded to PLEX, in contrast to no response in either pattern I or III 
patients [47]. 

Fig. 3 (continued)  D–F IP II.  D  A perivenous confluent active demyelinating lesion. Clustering of 
oligodendrocytes and labeling of delicate oligodendrocyte processes is suggestive of concurrent ongo-
ing remyelination.  E  Macrophages accumulate in a sharp rim at the lesion border.  F  Macrophages 
contain complement-positive myelin debris within their cytoplasm.  G–I  IP III.  G  MOG overexpression 
within active MS lesion compared to adjacent NAWM.  H  A striking loss of MAG is demonstrated 
within the lesion corresponding to the region of MOG overexpression.  I  Condensed oligodendrocyte 
nuclei suggestive of apoptosis ( arrowheads ). Note residual MAG immunoreactivity in the 
 oligodendrocyte process at  upper left corner .  J–L  IP IV.  J, K  Distribution of myelin antigens MO ( J ) 
and MAG ( K ) is similar in the lesions.  L  DNA fragmentation of oligodendrocytes is seen in the peri-
plaque white matter [double staining of in situ tailing (DNA fragmentation) and CNPase (myelin and 
oligodendrocytes)]. (Reprinted with permission from Lucchinetti et al 2000) 
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 How long these patterns persist in disease course is unknown, since the 
 mechanisms of MS lesion formation in chronic active, late-phase plaques are not 
well understood. Slowly expanding rims of active demyelination with microglial 
activation and limited inflammation have been described [82]; however, whether 
the immunopathologic heterogeneity seen in early active MS lesions persists in 
these later phases is uncertain. Perhaps a common mechanism underlies disease 
progression among all patients once the active demyelinating phase subsides. 
Ongoing studies address the impact of these different pathological subtypes on 
long-term clinical and radiographic progression. 

   2.5 Immunopathologic Heterogeneity May Be Stage-Dependent 

 There have been recent challenges to both the primary role for inflammation in MS 
pathogenesis and the concept of interindividual heterogeneity of MS lesions [10]. 
Based on extensive oligodendrocyte apoptosis in the absence of inflammation in a 
pediatric MS patient who died 9 months after disease onset (and 17 h after presen-
tation with acute pulmonary edema) as well as 12 other cases reportedly demon-
strating similar pathological findings, the authors proposed that a primary 
oligodendrocyte injury preceding inflammation and active myelin breakdown rep-
resents the initial lesion in all RRMS patients. This study questions whether inflam-
mation is a prerequisite in MS pathogenesis. However, lymphocyte subsets were 
not examined, and the index patient was treated with high-dose corticosteroids prior 
to death, which may have dampened the inflammatory response. 

 This study also reported the coexistence of different tissue injury patterns within 
the same patient [10]. The authors described the presence of oligodendrocyte apop-
tosis in the absence of overt inflammation in some areas as well as complement 
activation with evidence of remyelination in others, which was interpreted as evi-
dence of an overlap of features typically associated with both Patterns III and II, 
respectively, within a single patient, thus challenging the hypothesis of MS immu-
nopathogenic interindividual heterogeneity. The authors suggest that these Pattern 
III-like apoptotic lesions are prephagocytic and represent an early stage in the for-
mation of most, if not all, lesions in RRMS (starter lesion) [9]. They further propose 
that these apoptotic lesions evolve directly into demyelinated lesions or, once remy-
elinated, become the targets of additional demyelinating episodes. However, in this 
study, the definition of complement activation, as well as the immunopathological 
classification of the lesions, partially differed from that described in the original 
publication [62]. Whether methodological differences explain the divergent results 
or whether, in some patients, different mechanisms of tissue injury occur side by 
side is not yet resolved. However, in our studies based on a large sample of cases, 
including serial biopsies and autopsies as well as detailed follow-up studies with 
MRI, such an overlap has not been observed [61]. Furthermore, the presence of 
probable hypoxia related to the patient’s known perimortem pulmonary edema may 
result in an identical pattern of myelin and oligodendrocyte pathology [1, 2]. 
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    3 Remyelination in MS 

 Remyelination is present both in early [63] and chronic MS lesions [77] (Fig. 5). Early 
in the disease, remyelination may be extensive; however, the extent of oligodendrocyte 
loss in these early MS lesions is highly variable with two distinct patterns of 
oligodendrocyte pathology described [63]. The first pattern is characterized by oli-
godendrocyte survival or progenitor recruitment, and the second is characterized by 
extensive oligodendrocyte destruction. The pattern remains uniform among multiple 
active MS plaques examined from a single patient, arguing against this variability sim-
ply reflecting varying severity of a single inciting event but rather suggesting that mye-
lin and mature oligodendrocytes and/or their progenitors are differentially affected 
among MS patients. The extent of remyelination in early MS lesions apparently 
depends on the availability of oligodendrocytes or their progenitor cells. Furthermore, 
evidence for early remyelination is found in actively demyelinating lesions, suggesting 
both destructive and reparative capabilities in the inflammatory microenvironment 
(Fig.  4 ). Mononuclear immune cells, such as T cells, release anti-inflammatory 
cytokines, such as IL-4 and IL-10, and neurotrophic factors, such as brain-derived neu-
rotrophic factor (BDNF) [48]. Recent histopathological studies have produced clear 

Fig. 4 Remyelination and demyelination in MS. Electron microscopy of an early MS lesion 
reveals active demyelination occurring simultaneously with remyelination. A macrophage-
containing myelin debris is in proximity of a field of both denuded, completely demyelinated 
axons ( Ax ), as well as thinly remyelinated axons (*). (Provided courtesy of Moses Rodriguez, 
Mayo Clinic, Rochester, MN, USA) 
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evidence that immune cells within MS lesions produce BDNF [95]. These findings 
support a potentially important role for inflammation in lesion repair. In addition, the 
induction of inflammation can transform a non-remyelinating experimental situa-
tion into a remyelinating one [29]. It is therefore possible that the complete blockage of 
all inflammatory responses in the MS lesion is counterproductive. 

 The factors influencing the extent of remyelination may differ with disease chro-
nicity. The density of mature oligodendrocytes within chronic MS plaques is low 
[107]. When remyelination is present, it is either restricted to the plaque edge or may 
extend throughout the lesion and form a completely remyelinated shadow plaque. A 
radiologic–pathologic correlative study reported that more than 40% of MS lesions 
showed signs of remyelination [8]. However, a recent study indicates significant 
interindividual heterogeneity in the extent of remyelination present in chronic MS 
cases [77]. In up to 20% of the cases, the plaques analyzed in the forebrain were 
completely remyelinated shadow plaques; in other cases, the extent of remyelination 
was sparse. This diverse capacity to form shadow plaques does not correlate with 
clinical subtype, age at disease onset, or gender. In fact, shadow plaques are not 
restricted to patients with early and relapsing MS but are particularly prominent in 
patients with long-standing chronic disease who died at an advanced age. 

 It is not clear why remyelination is extensive in some patients yet is limited in 
others. Lesions located in the subcortical or deep white matter have a higher remy-
elination potential than those present in the periventricular white matter [77]. 
Axonal health and density are also key factors impacting the extent of remyelina-
tion. It is also plausible, though not yet proven, that genetic factors contribute to the 
variable extent of remyelination observed among chronic MS patients. Recent stud-
ies on Theiler’s murine encephalomyelitis (TMEV) MS model demonstrate that 
hereditary factors contribute to the remyelinating capacity following inflammatory 
demyelination. Crossing mice strains that lack spontaneous remyelination with 
strains that demonstrate extensive remyelination, leads to an inherited, dominant 
reparative phenotype [12]. Although the variable and patient-dependent aspects of 
remyelination observed in MS need to be considered in the design of future clinical 
trials aimed to promote CNS repair, investigators still lack magnetic resonance 
tools that reliably distinguish demyelinated from remyelinated lesions. 

   4  The Clinicopathologic Spectrum of CNS Idiopathic 
Inflammatory Demyelinating Disorders  

 Relapsing-remitting and progressive (primary or secondary) MS represents the 
most common CNS idiopathic inflammatory demyelinating disorder (IIDD); how-
ever, there is a broad clinicopathologic spectrum of IIDDs that share the basic 
pathological hallmark of CNS inflammatory demyelination (Fig.  5 ). These disorders
vary in their clinical course, regional distribution and specific pathological features 
and include the fulminant demyelinating disorders (e.g., acute disseminated 
encephalomyelitis [ADEM], the Marburg variant of acute MS, tumefactive MS, and 
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Balo’s concentric sclerosis) as well as the recurrent demyelinating disorders with a 
restricted topographical distribution (e.g., NMO). Although the clinical and patho-
logical characteristics of these disorders are diverse, the presence in some cases of 
transitional forms suggests a spectrum of inflammatory demyelinating disorders
that share a pathogenic relationship. A.B. Baker acknowledged this broad spectrum 
and stated, “In all probability, what is generally known as multiple sclerosis is not 
a single disease but a group of diseases with certain clinical similarities. From the 
standpoint of clinical research, the present state of affairs is not satisfactory. In 
order to conduct clinical research in MS, it is imperative that very rigid criteria
for diagnosing this disease be developed [6].” Advances based on recent systematic 
clinicopathologic–serologic correlative approaches have led to novel insights with 
respect to the classification of these disorders as well as a better understanding of 
the underlying pathogenic mechanisms. 

  4.1 Acute Disseminated Encephalomyelitis 

 ADEM is clinically defined as an acute or subacute monophasic, multifocal, 
 steroid-responsive CNS syndrome occurring after infection or vaccination and is 

Fig. 5 Spectrum of CNS idiopathic inflammatory demyelinating disorders.  A, B  Macroscopy of 
Marburg’s type MS. Large confluent lesions lead to mass effect and herniation.  C, D  Microscopy 
of the lesion shown in  A  and  B  with extensive demyelination (LFB-PAS) and axonal loss 
(Bielschowsky’s silver impregnation). E. Balo’s concentric sclerosis showing the characteristic 
alternating bands of demyelination and preserved myelin.  F  ADEM lesions are characterized by 
perivascular inflammation and only minimal, mainly perivenular demyelination ( circles ).
 G  Tumefactive lesion with severe edema and mass effect.  H  Hypertrophic astrocyte (Creutzfeld-
Peters cell) in an acute demyelinating lesion 
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often considered in the differential diagnosis when a patient presents with a first 
attack of IIDD of the CNS. However, most first attacks of IIDD, especially in 
adults, are harbingers of MS and, accordingly, indicate a significant risk of future 
relapse and disability. A hallmark of ADEM is its monophasic course, which 
imparts a more favorable prognosis largely because of a tendency not to recur. Early 
and accurate distinction between ADEM and other IIDDs, especially MS and neu-
romyelitis optica (NMO), is important for prognostication and treatment, especially 
for patients presenting with fulminant or progressive disease. Still, there is consid-
erable overlap in the epidemiologic, clinical, CSF and imaging features of ADEM 
and MS. This often makes it difficult to distinguish reliably between the two fol-
lowing a single demyelinating event. However, important pathological differences 
exist between ADEM and MS. 

 In ADEM, the postmortem brain is edematous, and yellow or grayish perivascular 
halos corresponding to microscopic inflammatory infiltrates surrounding vessels may 
be visualized. ADEM lesions are microscopic and diffusely involve the brain and 
spinal cord. In contrast, in rare cases of fatal MS, the brain may also be edematous, 
but circumscribed demyelinated plaques are easily visible and sometimes massive, 
particularly in cases of Marburg acute MS [40, 67, 80, 102] . 

 Histopathologically, ADEM is characterized by a prominent perivenular pattern 
of predominantly macrophage infiltration associated with the hallmark of restricted 
perivenular “sleeves of demyelination” [40, 74]. These areas of inflammation and 
demyelination are limited to an approximately 1- or 2-mm margin around the vessel 
or extend less than the diameter of the vessel (Fig. 5F). Although these perivenular 
lesions may coalesce and appear confluent in places, their perivenular pattern 
remains evident, and the lesions do not become globoid or ellipsoid as in MS [74]. 
Confluent sheets of inflammation and demyelination are not characteristic of 
ADEM but rather are the pathological hallmarks of the MS lesion. ADEM lesions 
are typically of the similar histological age, in keeping with a monophasic process 
[101]. Though diffuse, certain areas may have a regional predominance. Microscopic 
lesions predominantly affect white matter, but gray matter may also be involved as 
well as the brainstem (especially ventral pons), cerebellum, optic nerves, deep gray 
matter, and spinal cord. A mild lymphocytic meningeal infiltrate and subpial layer 
of microglial cells are also characteristic. Acute hemorrhagic leukoencephalitis 
(AHLE) is a very rare condition pathologically similar to ADEM with the addi-
tional evidence of petechial hemorrhages and venular necrosis. AHLE is considered 
to be a severe form of ADEM with a high mortality rate. 

   4.2 Marburg Variant of Acute MS 

 Otto Marburg recognized acute MS as a subtype of the disease in 1906 [67]. 
Clinically, this entity is characterized by rapid progression and an exceptionally 
severe course, which typically ends in death within 1 year of presentation. The 
course is generally monophasic and relentlessly progressive, with death usually 
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secondary to brainstem involvement. Although for most patients, this is the 
 presenting episode of demyelination, there are a several recorded cases of well-
documented MS that subsequently progressed to a fulminant terminal stage. 

 Pathologically, the lesions are more destructive than typical MS or ADEM lesions 
and are characterized by massive macrophage infiltration, acute axonal injury, and 
necrosis (Fig. 5A–D). Multiple small lesions may be disseminated throughout the 
brain and spinal cord and may result in large confluent white matter plaques. In 
some cases, there is widespread diffuse demyelination throughout the white matter. 
Despite the destructive nature of these lesions, remyelination is often observed. 

 One study suggests that this acute form of MS is associated with immature 
myelin basic protein (MBP) [108]. An autopsy study on a single case of Marburg’s 
disease documented pronounced posttranslational changes that converted mature 
MBP to an extensively citrullinated and poorly phosphorylated immature form. 
These changes were thought to render myelin more susceptible to breakdown. 
More recent neuropathological studies suggest that these fulminant destructive 
lesions are often associated with deposition of immunoglobulins (mainly IgG) and 
pronounced complement activation at sites of active myelin destruction [33, 97]. 
These observations suggest an important role for demyelinating antibodies. 

   4.3 Tumefactive MS 

 MS occasionally presents as a mass lesion indistinguishable clinically and 
 radiographically from a brain tumor. These patients often present with cerebral symp-
toms of headache, aphasia, disturbance in consciousness, or seizures. Neuroimaging 
often reveals unifocal or multifocal enhancing lesions with associated mass effect and 
brain edema (Fig. 5G, H). These patients pose considerable diagnostic difficulty and 
often require brain biopsy to confirm a diagnosis. Even the biopsy specimen may 
resemble a brain tumor given the hypercellular nature of these lesions, which are often 
associated with bizarre astrocyte morphology (nuclear inclusions and mitoses). 
However, the presence of large numbers of infiltrating macrophages in the setting of 
myelin loss and relative axonal preservation ultimately confirms the diagnosis of 
inflammatory demyelinating disease. It is difficult to classify these tumefactive lesions 
within the spectrum of IIDDs. Although some cases behave like the acute Marburg 
variant of MS or have features suggestive of Balo’s concentric sclerosis, there are other 
examples in which the course is monophasic and self-limited. Some tumefactive MS 
patients develop typical MS, whereas others have recurring tumor-like lesions. 

   4.4 Balo Concentric Sclerosis 

 Considered a variant of inflammatory demyelinating disease closely related to MS, 
Balo concentric sclerosis (BCS) is characterized pathologically by large demyeli-
nating lesions with a peculiar pattern of alternating layers of preserved and 
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destroyed myelin, mimicking the rings of a tree trunk (Fig. 5E). Clinically, BCS 
resembles Marburg MS with similar acute fulminant onset followed by rapid pro-
gression to major disability and death within months [24, 52, 67]. Of interest, one 
of the cases in Marburg’s original series (Case no. 3) contained extensive concentric 
lesions [67]. There are reports of less fulminant disease [50, 86], and smaller con-
centric rims of demyelination have been observed in lesions from some MS patients 
with a more classical acute or chronic disease course. T2-weighted MR images may 
reveal a distinct pattern of hypointense/isointense and hyperintense rings corre-
sponding to bands of preserved and destroyed myelin and permit  ante mortem
diagnosis [20, 31, 35, 39, 46, 50, 94]. 

 A recent report described MAG loss and hypoxia-like tissue injury in Balo con-
centric sclerosis lesions in a pattern similar to other Pattern III MS lesions [96]. 
This study analyzed 12 autopsied cases with Balo-type concentric lesions and 
reported that all actively demyelinating concentric lesions followed a pattern of 
demyelination, suggesting hypoxia-like tissue injury. Active lesions were associ-
ated with high expression of iNOS in macrophages and microglia. Proteins involved 
in tissue preconditioning, such as  hsp 70, HIF-1α, and D-110, were upregulated at 
the edge of actively demyelinating Balo lesions, as well as in the outermost myeli-
nated layers of the concentric lesion. Due to their neuroprotective effects, the rim 
of periplaque tissue expressing these proteins may be resistant to further hypoxia-
like injury in an expanding lesion and therefore remain as a rim of preserved mye-
lin. Hypoxic preconditioning may therefore explain the concentric pattern of 
demyelination found in Balo’s concentric sclerosis [96]. 

   4.5 Neuromyelitis Optica 

 Neuromyelitis optica (NMO; Devic disease) is an idiopathic inflammatory CNS 
demyelinating disease characterized by monophasic or relapsing attacks of optic 
neuritis and myelitis that, unlike classical MS, tends to spare the brain in early 
stages. Debate continues as to whether NMO is an MS variant or a separate disease. 
Most experts now regard NMO as a relapsing demyelinating disease distinguished 
from classical MS by clinical, neuroimaging, laboratory, and pathological criteria 
[106]. Pathologically, NMO lesions demonstrate extensive demyelination across 
multiple spinal cord levels, associated with necrosis and cavitation, as well as acute 
axonal damage in both gray and white matter. Active NMO lesions are character-
ized by Ig and complement deposition in a characteristic rim and rosette vasculo-
centric pattern, quite distinct from the pattern of immune complex deposition 
observed in a subset of active MS lesions (Fig.  6 ) [64]. 

 The recent discovery of a specific serum autoantibody biomarker, NMO-IgG, 
which distinguishes NMO from MS, provides further evidence that NMO and MS 
may be distinct pathogenic entities [57]. NMO-IgG binds at or near the blood–brain 
barrier (BBB) and outlines CNS microvessels, pia, subpial, and the Virchow-Robin 
spaces. The staining pattern of patients’ serum IgG binding to mouse spinal cord is 
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remarkably similar to the vasculocentric pathologic pattern of immunoglobulin and 
complement deposition seen in NMO lesions. Sensitivity and specificity for this 
autoantibody are 73% (95% Cl, 60%–86%) and 91% (95% Cl, 79%–100%) for NMO 
in North American patients and 58% (95% Cl, 30%–86%) and 100% for optic-
spinal multiple sclerosis in Japanese patients [57]. Clinical correlations of NMO-
IgG seropositivity have extended the NMO spectrum to include cases of Asian 
optic-spinal MS, recurrent myelitis associated with longitudinally extensive spinal 
cord lesions, recurrent isolated optic neuritis, and either optic neuritis or myelitis 
occurring in the context of systemic autoimmune diseases. 

 NMO-IgG binds selectively to the mercurial-insensitive water channel protein 
aquaporin-4 (AQP4), which is concentrated in astrocytic foot processes at the BBB 
[56]. AQP4 is the predominant water channel in the brain and is also expressed to 
a limited extent in stomach, kidney, lung, skeletal muscle and inner ear [3]. AQP4 
has an important role in brain water homeostasis and, consistent with its location in 
the CNS, is involved in the development, function, and integrity of the interface 
between the brain and blood and brain and cerebrospinal fluid [45]. In contrast to 
MS lesions, which exhibit stage-dependent loss of AQP4, all NMO lesions demon-
strate a striking loss of AQP4, regardless of the stage of demyelinating activity, 
extent of tissue necrosis, or site of CNS involvement [87]. These data strongly 
suggest a pathogenic role for a complement-activating AQP4-specific autoantibody 

Fig. 6 AQP4 Immunoreactivity (IR) in acute pattern II MS ( A–C ) and NMO ( D–F ) lesions.  A
Numerous macrophages containing myelin debris are dispersed throughout the active lesion 
(arrowheads  and  inset ; LFB/PAS).  B  C9neo antigen is present within macrophages ( arrowheads ), 
but absent around blood vessels ( arrow ).  C  Higher magnification reveals AQP4 IR is prominent 
in a rosette pattern surrounding a penetrating blood vessel in the lesion.  D  In NMO, there is exten-
sive demyelination involving both gray and white matter (LFB/PAS); (*) indicates preserved 
myelin in the PPWM.  E  C9neo is deposited in a vasculocentric rim and rosette pattern ( inset ) 
within the active lesions, but not in the PPWM (*).  F  The lesions lack AQP4, which is retained in 
the PPWM (*) and gray matter.  A, D  LFB/PAS;  B, E  C9neo IHC;  C, F  AQP4 IHC  
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as the initiator of the NMO lesion and further distinguish NMO from MS. A direct 
antibody-mediated injury against this astrocytic protein would be expected to 
disrupt essential homeostatic functions, including regulation of water flux, ions, 
and neurotransmitter levels, ultimately resulting in irreversible tissue damage. The 
divergent immunopathogenic concepts for NMO and MS have important  therapeutic 
consequences.

    Conclusions 

 The pathological hallmarks of the basic MS lesion, namely focal demyelination, 
inflammation, gliosis, and relative axonal preservation, were described over 
160 years ago [19]. However, the last decade has seen closer examination of the MS 
lesion with newer, more sophisticated immunological and molecular tools. 
Although the cause of the disease remains elusive, recent studies have yielded novel 
pathogenic insights into the multiple potential effector mechanisms involved in 
lesion formation, the possible factors contributing to remyelination, and the spec-
trum of the CNS idiopathic inflammatory demyelinating disorders. The dominant 
effector mechanisms involved in the formation of the MS lesion may be hetero-
geneous and differ between patients. The extent of remyelination varies between 
patients and is independent of disease course. In addition, major advances have 
been made in understanding the pathogenic basis of the unique pathology associ-
ated with both Balo’s concentric sclerosis and neuromyelitis optica. A better under-
standing of the diverse immune effector mechanisms and targets involved in the 
pathogenesis of MS and other CNS inflammatory demyelinating disorders will lead 
to more effective therapeutic strategies, better tailored for the specific patient, as 
well as the specific inflammatory demyelinating disorder.   
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Abstract Multiple sclerosis (MS) clusters with the so-called complex genetic 
diseases, a group of common disorders characterized by modest disease risk herit-
ability and multifaceted gene–environment interactions. The major histocompat-
ibility complex (MHC) is the only genomic region consistently associated with MS, 
and susceptible MHC haplotypes have been identified. Although the MHC does 
not account for all genetic contribution to MS, the other genetic contributors have 
been elusive. Microarray gene-expression studies, which also have not identified a 
major MS locus, have, however, been promising in elucidating some of the pos-
sible pathways involved in the disease. Yet, microarray studies thus far have been 
unable to separate the genetic causes of MS from the expression consequences of 
MS. The use of new methodologies and technologies to refine the phenotype, such 
as brain spectroscopy, PET and functional magnetic resonance imaging combined 
with novel computational tools and a better understanding of the human genome 
architecture, may help resolve the genetic causes of MS.    

     J.R. Oksenberg
Department of Neurology, School of Medicine ,  University of California at San Francisco , 
  San Francisco ,  CA   94143,   USA   
 e-mail: Jorge.Oksenberg@ucsf.edu 



46 J.P. McElroy, J.R. Oksenberg

   1 Introduction 

 Although the etiology of multiple sclerosis (MS) is unknown, it is widely accepted 
to be caused by a complex interaction between environmental factors and genetics 
(Table  1 ). Possible environmental influences on MS susceptibility are geography, 
pathogen or chemical exposure, exposure to sunlight, month of birth, and nutrition. 
Evidence supporting genetic influence on MS susceptibility comes from familial 
aggregation and ethnic group susceptibility data. Heterogeneity has been observed 
in terms of whether the inflammatory infiltrate is associated with the deposition of 
antibody and activation of complement, and whether the target of the pathology is 
the myelin sheath or the oligodendrocyte [76]. A key but unresolved question is 
whether a single genetic mechanism of tissue damage is operative in MS, or 
whether fundamentally distinct pathologies are present in different genetic 
backgrounds.

 Cases of MS often cluster in families. The risk of MS increases with relatedness 
to an MS-affected individual, although inheritance of MS does not follow simple 
mendelian inheritance patterns [108]. Monozygotic twins have a concordance rate 
of approximately 25%–30%, whereas dizygotic twins and full sibs have a concord-
ance of about 2%–5% [107, 86]. While the greater concordance of monozygotic 
twins as compared to dizygotic twins indicates a strong genetic component, a 
monozygotic twin concordance rate of 30% is also consistent with strong environ-
mental and/or epigenetic risk factors. To separate the shared family environment 
from the genetic risk of sib concordance, Sadovnick et al. [109] studied half-sib 
individuals who did or did not reside in the same household. They found that half-
sibs raised together did not have a higher concordance than half-sibs raised apart, 
which indicates a lack of environmental influence within families on the risk of 
developing MS. Ebers et al. [37] studied MS patients who were adopted as children 
or who had first-degree adopted relatives. Adoption into a family with a first-degree
relative who developed MS did not increase the risk of the adoptee developing MS. 
Also, no first-degree family members developed MS after adopting an individual 
who developed MS. These results also point to a lack of intra-family environmental 

Table 1 Model of genetic contributions in MS 

 1. Difficult to identify nonheritable (environmental factors)
2. Unknown genetic parameters and mode of inheritance
3. Multiple genes of moderate and cumulative effect dictate susceptibility and influence disease 

course
4. Etiologic heterogeneity. Identical genes, different phenotype
5. Genetic heterogeneity. Different genes, identical phenotype
6. Allelic heterogeneity. Identical genes, different alleles, identical phenotype
7. Postgenomic (transcriptional) mechanisms
8. Complex gene–gene and gene–environment interactions
9. Gender effect in susceptibility 
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influence on the risk of developing MS and indicate that intra-family aggregation 
of MS is primarily a result of genetic or epigenetic factors. 

 Differences in prevalence of MS between different ethnic groups residing in 
the same locations provide evidence supporting the genetic control of MS. For 
instance, people of European descent living in South Africa have higher preva-
lence of MS than native South Africans [30]. However, reports of altered sus-
ceptibilities for individuals moving between geographic regions with different 
prevalence provide evidence for environmental influences on MS [8, 30, 67, 82]. 
In addition, symptoms of the disease vary across ethnicities. For example, optic 
and spinal involvement is more common in patients of Asian descent than in 
White patients [64]. The results of these studies emphasize the role of both genet-
ics and environment in MS. 

   2 Major Histocompatibility Complex and Multiple Sclerosis 

 The only genomic region consistently shown to have a large effect on multiple 
sclerosis susceptibility across studies is the major histocompatibility complex 
(MHC; human leukocyte antigen [HLA] in humans), which spans about 3.5 Mb on 
chromosome 6p21.3 . The HLA contains a large array of highly polymorphic genes 
involved in immune response and self-recognition [78]. The major classes of the 
HLA genes are the class I and class II genes, located telomerically and centromeri-
cally, respectively (Fig.  1 ). In an immune response, the cell surface HLA proteins 
present fragmented antigen proteins to T cells. The highly polymorphic regions of 
the class I and class II HLA genes correspond to the peptide-binding grove of the 
protein, which indicates that the polymorphisms likely developed to battle varying 
pathogenic challenges throughout evolution. Because of its role in antigen recog-
nition, including self-antigens, the HLA system has been extensively studied in 
autoimmunity. 

 The association between the HLA and MS was first reported in 1972. Since then,
many linkage scans and HLA directed analyses have confirmed this association. In 
most populations studied, the HLA class II  DR2  haplotype ( HLA-DRB1*1501-

Fig. 1 The HLA region, the genomic region most strongly associated with MS susceptibility, is 
divided into three classes of immune-related genes with the class II located centromerically, class 
I located telomerically, and class III genes between 
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DQA1*0102-DQB1*0602 ) has been associated with MS susceptibility [91], and 
studies have found a DR2 dose effect on MS susceptibility [13, 85, 14]. The HLA 
locus has been estimated to explain 15%–60% of the genetic contribution to MS 
susceptibility [55]. 

 There is a clear association between MS susceptibility and the HLA region and 
the DR2 haplotype. However, the causative gene or genes within the HLA have not 
been clearly identified because of the extensive linkage disequilibrium and high 
gene density within the region. Some studies have attempted to distinguish the 
effects of  DQB1  from  DRB1  in Northern Europeans [119, 7, 18]. Taken together, 
however, the results were inconclusive. Using a multivariate logistic model includ-
ing the effects of the  DRB1*1501 ,  DQA1*0102 , and  DQB1*0602 , Fernandez et al. 
[42] found that only the  DQB1  gene was significantly associated with MS in a 
Spanish population. The high level of linkage disequilibrium between  DQB1*0602
and DRB1*1501  seen in people of European ancestry is not seen in people of 
African origin, which is more conducive to analyzing the effects of the genes sepa-
rately. Oksenberg et al. [92] studied the HLA locus in African Americans for an 
association to MS. They found an association with  DRB1*15  and MS that was 
independent of  DQB1*0602 , and that the  DRB1*1503  and  DRB1*0301  alleles were 
also associated with MS. Another conclusion from this study, based on the haplo-
type data in the African American population, was that the MS-associated genes in 
the HLA developed prior to the divergence of human ethnic groups. 

 Non- DRB1*1501  alleles and interactions between different alleles of the  DRB1
gene may also affect MS susceptibility. Ligers et al. [71] found an association 
between MS susceptibility and the  DRB1  gene in  DRB1*15 -negative Canadian 
families, indicating that other  DRB1  alleles may also modestly affect MS suscepti-
bility. The  DRB1*0301  and  DRB1*0405  alleles were associated with MS in a 
Sardinian population [80]. Dyment et al. [33] studied a Canadian population of 873 
families with 1,781 MS-affected individuals for the HLA  DRB1  locus. They found 
that, in addition to the  DRB1*15  allele, the  DRB1*17  allele was also associated 
with susceptibility and that the  DRB1*14  and  DRB1*01  alleles, which are both 
commonly in disequilibrium with  DQA1*01  and  DQB1*05  in Whites, were associ-
ated with MS resistance in the presence of the  DRB1*1501  allele. An interaction 
was found between the  DRB1*15  and the  DRB1*08  alleles in association with sus-
ceptibility. Results from a population of 1,339 families of European descent with 
1,571 affected individuals were recently reported by Barcellos et al. [14]. In addi-
tion to confirming the well-known association of  DRB1*15  with MS, they identi-
fied several other interesting associations.  DRB1*03  was also identified as a 
susceptibility allele. As in the Dyment et al. [33] study, the  DRB1*14  was identified 
as a resistance allele, and the  DRB1*15/DRB1*08  allelic combination was identi-
fied as conferring high risk for MS. These studies illustrate the complexity of the 
genetic contribution to MS and the complexity of the HLA effect. 

 Some studies suggest that genes in the HLA region other than the  DRB1  and 
DQB1  may also affect MS susceptibility. In Japanese MS patients with neuromyeli-
tis optica, a subset disease of MS predominantly involving the optic nerve and spinal 
cord, the  HLA DPA1*0202  [60, 133] and  HLA DPB1*0501  alleles [133] were found 
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to be associated with susceptibility. However, Fukazawa et al. [45] found that while 
the DPB*0501  allele was associated with MS susceptibility, it did not distinguish 
between opticospinal MS and nonopticospinal MS in  DPB1*0301 -negative patients. 
The DPB*0301  allele was associated with a nonopticospinal disease course. Palacio 
et al. [94] and de Jong et al. [29] found associations with loci inside the class III 
HLA region, and others have found associations between loci telomeric to or within 
the class I region and MS [117, 44, 80, 70, 104]. Finally,  HLA-DRb 5DRa  het-
erodimers also appear to be effective myelin antigen-presenting molecules [118], 
and recently published experiments using triple DRB1-DRB5-hTCR transgenics 
support functional epistasis between  DRB1  and  DRB5  genes [52]. 

 To summarize, without question, the HLA region is associated with MS suscep-
tibility. Most of the studies have shown the  HLA-DRB1*1501-DQA1*0102-
DQB1*0602  haplotype to increase susceptibility. The effect of the  DRB1  gene has 
been demonstrated separately from the  DQB1  gene and vice versa. The causal 
genes are still not clear, although it is possible that several or even many genes in 
the HLA region may have an effect on MS susceptibility. 

   3 Genetic Analyses 

 The majority of attempts to identify genetic polymorphisms associated with MS 
susceptibility have come in the form of candidate gene (hypothesis-driven) analyses 
or linkage and association scans (hypothesis-neutral). In the candidate gene 
approach, polymorphisms in genes are screened for an association with a trait of 
interest. Genes are chosen for the candidate gene approach based on known or 
hypothesized function, location in the genome, and/or function in other species. In 
linkage and association analyses, markers are chosen throughout the genome with-
out prior knowledge of a hypothetical association with the trait of interest (although 
they are sometimes chosen based on a positional association with a trait) to test for 
an association with a phenotype of interest. The advantage of this approach is that 
the whole genome can be surveyed to identify genes that may affect a trait even in 
the absence of prior knowledge of function; the disadvantage is the large number 
of tests for which significance values need to be corrected. However, the candidate 
gene approach would also suffer from multiple testing if the total number of candi-
date genes analyzed for a trait (from multiple studies) were taken into account. 

 Linkage disequilibrium, which is a statistical association between two or more 
genetic loci, extends further in a group of related individuals than in a group of 
unrelated individuals. This is because many of the genomic regions in members of 
the same family are identical by descent (IBD), i.e., inherited as large segments of DNA 
from a recent common ancestor. Because the goal of the candidate gene approach 
is to identify an association between a specific gene and a trait, a population with 
lower linkage disequilibrium, such as a group of unrelated individuals, is ideal. 
Studying a population with limited linkage disequilibrium increases the likelihood 
that observed associations between a gene and a trait are due to the effects of the 
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gene being scrutinized, instead of another linked gene. Since a linkage analysis is 
typically an exploratory experiment to identify trait-associated regions of the 
genome, populations with higher linkage disequilibrium, such as families, are ideal 
for identifying the trait-associated genomic regions that may not be close to the 
markers under analysis. With the high number of polymorphisms across the 
genome now available for genotyping on some predesigned arrays (>500,000), the 
need for extended regions of disequilibrium is minimized. Therefore, a whole 
genome association scan can be performed in a population of unrelated individuals 
while still maintaining reasonable power to detect trait-associated regions. 

  3.1 Linkage Analyses and Association Scans 

 The first genome scans to identify genomic regions associated with MS were 
reported in 1996. The three studies utilized sib-pair data structures and microsatel-
lite markers. Haines et al. [54] analyzed 443 markers in 52 American families with 
multiple MS-affected individuals. They identified 19 genomic regions of suggestive 
association with MS including the HLA region. The analysis concluded that there 
was no single locus with a large effect on MS susceptibility. A genome scan in a 
UK population of 129 families was reported by Sawcer et al. [114]. Using 311 
markers, 19 suggestive genomic regions were identified with two regions reaching 
significance:6p21 (HLA) and 17q22. Ebers et al. [36] studied 257 markers in a 
population of Canadian families with 100 sib-pairs. Five loci were suggestively 
associated with MS. Surprisingly, the HLA showed no linkage, but a marker near 
the HLA region did show a significant correlation with MS. Taken together, the 
results from the three pivotal studies supported a role for the HLA in MS and 
showed that other loci additively affecting MS susceptibility probably have small 
overall effects on the disease. The following year, Kuokkanen et al. [66] reported 
an analysis of 328 markers in 16 Finnish families with MS-affected individuals, 
followed by analysis of additional markers in the ten most interesting regions in 21 
families (which included the 16 families from the first stage of the analysis). They 
found several regions, including the HLA locus, which were mildly associated with 
MS in the first stage of the study and suggestive significance at the  17q22-q24
region in the second stage of the study. Although no genomic regions showed strik-
ing associations with MS across the four studies, there were some overlapping 
regions between the studies. These included  1p36-p33 , 2 p23-21 ,  3p14-p13 ,  3q22-
24 ,  4q31-qter ,  5p14-p12 ,  5q12-q13 ,  6p21 ,  6q22-27 ,  7q11-q22 ,  17q22-24 ,  18p11 , 
and 19q12-13  [90]. 

 Following these studies, many other MS linkage or association studies were 
conducted either as whole genome scans or as follow-up studies to investigate spe-
cific genomic regions of interest. These studies utilized many different ethnic and/
or national populations (Table  2 ). The most comprehensive was conducted by the 
International MS Genetics Consortium [113], which included 2,692 individuals 
from 730 multiplex families of Northern European descent genotyped for 4,506 
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markers, resulting in a mean information extraction of 79.3%. The study identified 
several regions associated with MS (Table  3 ). Considering all of these studies 
together, no genomic regions other than the HLA region were either very strongly 
associated with MS in multiple studies or moderately associated with MS in a 
majority of the studies. However, across studies, two regions of the genome do 
seem to stand out more than the other regions: 17q22-24  and  19q13 . 

 A meta-analysis combines the data from several separate studies to gain more 
power for identifying loci affecting a trait. Several meta-analyses have been con-
ducted for MS using data from some of the studies mentioned above. Wise et al. 
[130] used a novel meta-analysis method (the Genome Search Meta-analysis 
method: GSMA) to analyze the data from the first four [54, 114, 36, 66] genome 
scan studies. Taking all four studies into account, significant associations were 
detected on chromosomes 6p (HLA), 19p, 5p, 17q, 2p, and 14q. Additional signifi-
cant associations were identified on chromosomes 3, 4, and 7 when the Finnish data 
[66] were removed; however, the significance was reduced for chromosomes 2, 5, 
14, and 17. The GSMA method utilized the statistical results of the four studies, but 
it should have been more powerful to combine the raw data of the studies for a sin-
gle large analysis. The Transatlantic Multiple Sclerosis Genetics Cooperative [122] 
combined the raw data from the three 1996 genome scan studies for a meta-analysis. 
Although no genetic regions reached genome-wise significance, there were several 
suggestive regions: 17q11 ,  6p21  (HLA),  5q11 ,  17q22 ,  16p13 ,  3p21 ,  12p13 , and 
6qtel . Another meta-analysis reported by the GAMES and the Transatlantic 
Multiple Sclerosis Genetics Cooperative in 2003 [46] included the raw data from 
nine populations [54, 36, 114, 66, 20, 25, 5, 10, 39] previously studied. A genome-
wise significant association was found for chromosome  6p21  (HLA), and a sugges-
tive association was found for chromosomes  17q21  and  22q13 . To further 
investigate a genomic region associated with MS in several studies, Akesson et al. 
[4] genotyped individuals from the studies for additional markers on chromosome 
10, and did a combined analysis across the data sets. The results of the study sup-
port an MS-associated locus on chromosome  10p15 . Fernald et al. [41] conducted 
a meta-analysis of all published whole genome screens for MS, whole genome 
screens for experimental autoimmune encephalomyelitis (EAE), and large-scale 
expression analyses for MS and EAE. The meta-analysis of the genome screen 
studies revealed several interesting regions of consensus across multiple studies, 
including chromosomes 2q, 5p, 6p (MHC), 7p, 7q, 11q, 16q, 17q, and 18p (Fig.  2 ). 

Table 3 Genomic regions associated with MS from Sawcer et al. [113], 
the most comprehensive genome screen for MS to date 

 Chromosome MLS Sib allele sharing (%) s a

6p21 11.66 58.5 1.51
17q23 2.45 53.8 1.18 
5q33 2.18 54.0 1.19 
20p12 1.83 54.0 1.09 
3p26 1.74 53.4 1.16 
a  s<CHFAN> is the relative risk attributed to the locus [103] 
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Fig. 2 Figure from Fernald et al. [41] showing the overlap in MS- or EAE-associated genomic 
regions from linkage and expression studies in humans and mice. Human chromosomes are shown 
in their entirety and the corresponding syntenic regions of the mouse genome are indicated below 
each chromosome. The  intensity of red  is proportional to the value of the Z-statistic for the marker 
data in the 10 Mb window around each point. Consensus susceptibility regions that overlap with 
differentially expressed genes are indicated in  green  (human) and  blue  (mouse)  boxes .  Red boxes
indicate syntenic regions where clusters of DEG were identified. (Reprinted from Fernald GH, 
Yeh RF, Hauser SL et al. 2005. Mapping gene activity in complex disorders: integration of 
expression and genomic scans for multiple sclerosis. J Neuroimmunol 67:157–169, with permis-
sion from Elsevier)  
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With the exception of the MHC region, chromosome 17q had the largest consensus 
across studies. A meta-analysis of 18 populations previously studied for MS sus-
ceptibility was conducted by Abdeen et al. [1], followed by a screen of the most 
interesting genomic region from the meta-analysis in a Northern Irish population. 
Ten significantly MS-associated genomic regions were identified: 1p13 ,  2p13 , 
2q14 ,  3p23 ,  7q21 ,  13q14 ,  15q13 ,  17p13 ,  18q21 , and  20p12 . 

 Taken together, two points are evident from the linkage/association studies and 
meta-analyses of these studies: the MHC is important in MS and the genetic contribu-
tion to MS is complex. The complexity of MS genetics indicates the need to use more 
elaborated statistical models than have currently been employed to identify new MS 
genes. Enough evidence exists to facilitate follow-up studies for a few regions, such as 
17q22-24  and  19q13 , to identify the causative mutations resulting in the MS associa-
tions. However, attempts thus far to identify the causative mutations in these regions 
have not yielded definitive new MS genes. The lack of reproducibility between many 
of the linkage/association studies is likely a result of several factors, including insuffi-
cient power, small single-gene effects, genetic heterogeneity, phenotypic heterogene-
ity, genetic interactions, and false-positives. These factors are discussed in depth in 
relation to candidate gene studies below. The advent of whole genome association 
studies with dense sets of markers (>500,000) that are currently underway will facili-
tate more in-depth analysis of these regions without the need to design genomic 
region-specific studies. A screen of such type in 931 MS trio families was recently 
completed by an international consortium. The study yielded a large number of prom-
ising leads, which were pursued in a confirmatory dataset. A combined analysis from 
more than 12,000 sample identified a number of genes involved in disease susceptibil-
ity including the interleukin 2 receptor (also known as CD25) on chromosome 10p15 
and the interleukin 7 receptor (CD127) on chromosome 5p13 [New Reference #1]. 

   3.2 Non-MHC Candidate Genes 

 Many non-MHC genes have been investigated individually for an association with MS 
(Table  4 ). The majority of the genes studied are related to immune response, and many 
genes have been initially reported to have an association with MS. However, until now, 
the only non-MHC gene–MS association that has been consistently replicated across 
studies and populations is the interleukin 7 receptor alpha chain [New References #1, 
#2, #3], and the estimated effect size of this gene on MS susceptibility is small in these 
very recent studies. The general lack of replication is probably due to insufficient 
power (low numbers of individuals), small single-gene effects, genetic heterogeneity, 
phenotypic heterogeneity, genetic interactions, and false-positives. Low numbers and 
small single-gene effects jointly contribute to a lack of reproducibility. If the contribu-
tion of a gene is small, detecting its effect in a small population would require a 
chance-positive association between the effect and random error. This could inflate the 
observed effect of the gene enough to be significant in the small population. Since the 
associated error is a random occurrence, it would not be expected to happen by chance 
in another similarly small independent population. Therefore, the association is not 
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Table 4 Examples of non-MHC candidate genes that have been recently associated with MS. 
Although the results of these studies are promising, they require replication for validation of gene 
effects 

Gene
Chromosomal
location Population(s)

Biological
function(s) Reference

CD24 molecule 
( CD24 )

6q21 Central Ohio 
case-control

Apoptosis
Immune response

Zhou et al. [135]

Neuropeptide
prepro-
tachykinin-1
( TAC1 )

7q21–22 Northern Irish 
case-control

Neurotransmission
Vasodilatation
Behavior

Cunningham
et al. [26]

Interleukin 4 
receptor
( IL4R )

16p11–12 Single case US 
MS families

Immune response Mirel et al. [84]

MHC class II 
transactivator 
( Mhc2ta )

16p13 Nordic case-
control

Regulation of 
MHC class II 
expression

Swanberg et al. 
[121]

Nitric acid 
synthase
( NOS2a )

17q11 Multi-case US 
families and 
African-
American
case-control

Neurotransmission
Antimicrobial
Immune response

Barcellos et al. 
[12]

Beta-chemokines
or CC chem-
okine ligands 
( CCLs )

17q11 Multi-case US 
and Canadian 
families

Immune response Vyshkina et al. 
[125]

Protein kinase 
C alpha 
( PRKCA )

17q24 Multi-case 
Finnish and 
Canadian MS 
families

Cell adhesion
Cell transformation
Cell cycle check-

point

Saarela
et al. [105]

2′,5′- oligoad-
enylate 
synthetase 1 
(OAS1)

12q24.1 Spaniard case-
control

Innate antivirus 
response

Fedetz et al. [40] 

Angiotensin-
converting 
enzyme
(ACE)

17q23.3 Slovania and 
Croatia
case-control

Renin-angiotensin
system

Lovrecic et al. 
[75]

alphaB-crystal-
lin gene 
(CRYAB)

11q22.3-q23.1 Denmark 
case-control

Molecular
chaperon

Myelin
component

Stoevring et al. 
[120]

replicated in the other populations. Note that this is an issue of power rather than false-
positives, since the gene does have an effect on the trait. 

 Mutations in some genes may be sufficient, but not required, for an individual to 
develop MS. For instance, a mutation in one of several genes in the same biological 
pathway may be sufficient to alter the pathway and contribute to MS. This redun-
dancy would dilute the statistical effect of any one of those genes when being 
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 studied in a population segregating susceptible alleles at all of the loci. Also, 
genetic stratification, which can occur when different ethnicities are present in a 
population, can increase the genetic heterogeneity of the disease in that population. 
Genetic heterogeneity can result in a lack of reproducibility when studying popula-
tions with different genetic backgrounds (ethnicity) or with different allelic fre-
quencies at the susceptible loci. It is noteworthy that genetic heterogeneity may 
occur even within seemingly homogeneous populations such as Europeans [116]. 
In addition, phenotypic heterogeneity, which may be a reflection of genetic hetero-
geneity, can result in a lack of reproducible associations. While there may be some 
genetic overlap, populations with different disease manifestations may very well 
have different genetic causes, and therefore it is unclear whether individuals with 
these diseases should be analyzed separately. 

 Statistical genetic interactions, which may or may not be a result of direct biological 
interactions of molecules, also reduce the power of an analysis. The aforementioned 
redundancy of or within biological pathways would result in a statistical interaction, 
even if the products of the genes involved do not molecularly interact with each other 
to affect the disease. On the other hand, a complex protein, such as some hormones, 
may have several components from different genes. Combinations of specific alleles 
of the different genes may result in an aberrant function of the protein that individual 
mutations in the genes by themselves could not manufacture. 

 Finally, many irreproducible gene–MS associations may be false-positives. For 
those associations, the random error, by chance, has a configuration that results in a 
statistical association between the genes and MS. Although there are many reported 
significant gene–MS associations, there are surely more non-reported gene–MS non-
associations that have been identified. As the number of genes independently tested 
within and between labs increases (while using significance thresholds that are not 
adjusted correspondingly), the probability of getting a false-positive increases [83]. 
Since it is not feasible to correct for all genes tested, especially when many tests are 
unreported, reproducibility is relied on as the standard for declaring true effects. 
Unfortunately, consistent reproducibility is a standard that only the HLA and the 
interleukin 7 receptor have achieved in MS genetic research. 

    4 Microarray Studies 

 Another method to identify genes associated with a trait is gene expression studies.
Unlike the linkage and candidate gene analyses, in which genetic polymorphisms 
are analyzed for associations with a trait, gene expression studies identify genes 
whose RNA expression levels are associated with a trait. Microarrays survey the 
expression levels of many genes (from thousands to tens of thousands) throughout the 
genome to determine if differing expression levels are associated with differing trait 
values. As with the genome scans using markers, microarrays involve a large 
number of tests and therefore suffer from high significance thresholds required for 
multiple testing. 
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 Microarray studies in MS have primarily used either brain tissue or blood [74, 
2]. Each tissue has advantages. Since the primary site of damage in MS is in the 
brain, brain tissue gene expression may be more MS-specific than gene expression 
in the blood. Also, use of brain tissue is conducive to analysis of more precise phe-
notypic characteristics, such as lesion type or lesion region (margin vs center), and 
allows a comparison of normal-appearing tissue with abnormal tissue within the 
same individual. Brain tissue samples, however, are obtained at autopsy and there-
fore will also reflect many non-MS physiological events. Further, the normal-
appearing tissue or other control tissue may be plagued by pathological confounding 
events. Alternatively, blood samples from patients are much more easily obtained 
and are acquired from living subjects. In addition, since MS may be autoimmune 
in origin, the immune cells in the periphery, prior to entering the brain, may be the 
proper targets for analysis. 

  4.1 Brain Microarray Studies 

 The first microarray analysis of MS brain tissue was conducted on a single 46-year-
old male patient [128]. Acute white matter plaque tissue was contrasted with nor-
mal-appearing white matter to determine differentially expressed genes between 
the samples. Sixty-two differentially expressed genes (out of more than 5,000 genes 
surveyed) were identified, including several genes related to the brain or inflamma-
tion. In a follow-up paper, Whitney et al. [129] compared the gene expression from 
lesions in two MS patients and brains of EAE mice with normal-appearing white 
matter using a microarray consisting of 2,798 human genes. They found that the 
myelin basic protein gene was under expressed in the MS lesions as compared to 
normal white matter, indicating that the oligodendrocytes in the lesions were not 
properly functioning or dead. One interesting upregulated gene that was upregu-
lated in both the MS lesions and the EAE brains was arachidonate 5-lipoxygenase. 
The product of this gene is involved in the formation of biologically active leukot-
rienes, which play a role in allergic reactions and immune response. Chabas and 
colleagues [21] sequenced cDNA libraries to identify RNA transcripts present in 
two MS brain lesion libraries but not in a healthy control brain library. The most 
abundant transcripts in the MS lesions not found in the healthy controls were alpha 
B-crystallin, prostaglandin D synthase, prostatic binding protein, ribosomal protein 
L17, and osteopontin. The researchers also found increased levels of osteopontin in 
the spinal cord of rats with EAE but not in rats protected from EAE. In a follow-up 
study, Hur et al. [59] also found that osteopontin exacerbated EAE and promoted 
the survival of activated T cells. Lock et al. [73] compared gene expression levels 
between brain lesion samples from four MS patients and brains of two control 
individuals. The inflammatory cytokines interleukin-6, interleukin-17, and interferon-γ
were among the genes upregulated in the MS samples. The group also found 
 differentially expressed genes between two extremes of MS pathology – acute 
inflammatory lesions and noninflammatory silent lesions. They then chose two of 
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these differentially expressed genes, immunoglobulin Fc receptor common γ chain 
and granulocyte colony stimulating factor, to test their effects on EAE in mice. 
Immunoglobulin Fc receptor common γ chain (which was downregulated in acute/
active lesions) knockout and granulocyte colony stimulating factor injection both 
ameliorated EAE. Mycko et al. [87] used microarray analysis to compare the mar-
gins and centers active and silent lesions in four MS patients. They found that the 
majority of the differentially expressed genes among the four groups (silent/margin, 
silent/center, active/margin, and active/center) resulted from upregulated genes in 
the margin of the active lesions, which is known to be the main site of lesion activ-
ity. The group also found that many of the differentially expressed genes between 
the margins and centers of active lesions were related to inflammation and immune 
response. In a later study [88], the group compared the margins and centers of 
chronic active and chronic inactive lesions in four MS patients. They found that 
more immune-related genes were expressed in the margins and centers of chronic 
active lesions, whereas more apoptosis-related genes were expressed in the margins 
and centers of the chronic inactive lesions. More recently, Dutta et al. [32] com-
pared the gene expression of 33,000 genes between postmortem nonlesioned motor 
cortexes from the brains of six MS cases and six controls. They found that some 
genes affecting mitochondrial functions had lower expression in MS samples and 
that the motor neurons in MS patients had impaired mitochondrial function and 
decreased inhibitory innervation, which may contribute to progressive neurological 
disability in MS patients. 

   4.2 Microarray Studies from Blood 

 The first microarray study in MS using blood was reported by Ramanathan et al. 
[99]. They compared the peripheral blood mononuclear cell (PBMC) gene 
expression of 15 RRMS patients to 15 healthy controls using a 4,000-gene array. 
Thirty-four genes were differentially expressed, and 13 of these were immune 
response-related. To determine the gene expression similarities between normal 
immune response and autoimmune diseases, Maas et al. [77] compared the 
expression levels of more than 4,000 genes in PBMCs from nine healthy controls, 
pre- and post-flu vaccination, with individuals having four different autoimmune 
diseases including four individuals with MS. The results indicated that the gene 
expression patterns of individuals with different autoimmune diseases were simi-
lar but differed from the expression patterns of the immunized individuals. The 
major classes of genes that were upregulated in the autoimmune group were 
receptors, inflammatory mediators, signaling/second messenger molecules, and 
putative autoantigens, while the major downregulated classes of genes were 
related to apoptosis and ubiquitin/proteasome function. Bomprezzi et al. [17] 
compared the PBMC gene expression levels of 24 RR or SPMS samples with 21 
healthy controls. Applying a novel analytical algorithm, they were able to use the 
expression levels to distinguish MS patients from most of the healthy controls 
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and found that the MS patients had expression profiles indicating anti-apoptosis 
and autoreactive T-cell activation states. Achiron et al. [3] used a 12,000-gene 
array to compare the gene expression patterns in PBMCs between 26 relapsing-
remitting MS patients and 18 healthy controls. Identified differentially expressed 
genes were also involved in T cell activation and expansion, inflammation, and 
anti-apoptotic mechanisms. In another study by the same group, Mandel et al. 
[79] compared the PBMC gene expression profiles of 13 RRMS patients, five 
systemic lupus erythematosus (SLE) patients, and 18 healthy controls, followed 
by verification of differentially expressed genes by RT-PCR and ELISA in 15 
RRMS patients, eight SLE patients, and ten healthy controls. As in the Maas et 
al. [77] study (which also included SLE), the MS and SLE patients had a similar 
gene expression pattern that distinguished them from the healthy controls but also 
had expression profiles that distinguished the two disease groups. The genes that 
best distinguished individuals with disease from healthy individuals were 
involved in inflammation, apoptosis, and activated immune cell proliferation. MS 
patients were best distinguished from healthy controls by impairment of apopto-
sis-related pathways. Genes encoding heat shock protein 70 were downregulated 
in MS patients, which was also the case in the Bomprezzi et al. [17] study. RT-
PCR or ELISA verified the association between IL1B, IL8,  NR4A1 , and  CD1D
with MS. Satoh et al. [111] compared the gene expression profiles of T- and non-
T-blood cells of 72 MS patients with 22 healthy controls using a microarray con-
sisting of 1,258 genes. Many of the most significantly expressed genes indicated 
both pro- and anti-apoptotic pathways involved in MS, and some cell cycle and 
maintenance genes were underexpressed in MS. 

 Some of the microarray studies show evidence for subtypes of MS within groups 
of MS patients based on gene expression clustering. Van Baarsen et al. [123] used 
peripheral blood cell microarrays to contrast 29 RRMS patients with 25 healthy 
controls. Using cluster analysis of the expression data, the patients could be divided 
into two, approximately even groups. One of these groups of patients showed ele-
vated expression of pathways known to be involved in response to viral pathogens. 
Satoh et al. [112] used T cell RNA with a 1,258-gene array to identify differential 
gene expression between 72 Japanese untreated RR and SPMS patients and 22 
control subjects. Then 46 of the MS patients were treated with IFN-β for 2 years, 
and responders were compared to nonresponders. Between the untreated individu-
als and controls, 286 genes were differentially expressed. The genes clustered the 
MS patients into four subgroups, and several chemokine and growth factor genes 
were overexpressed in the MS patients (across all subgroups) as compared to con-
trols. Upregulated genes in the MS patients included  IL-12p40 ,  IL-10 ,  GCSF , 
PDGFRA ,  TGFb2 ,  IGF-II , and  NR4A2 ; the latest is involved in the induction of the 
osteopontin gene, which Chabas et al. [21] found to be overexpressed in MS patients’
brain lesions and brains of EAE-susceptible mice. Although not significant, there 
were clear differences in the percentages of IFN-β responders between the different 
subgroups. This finding is important to note because it suggests the possibility of 
predicting IFN-β response in MS patients prior to administration of IFN-β, using 
the results of a gene expression study. Using the expression of 70 genes, Baranzini 
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et al. [11] were also able to predict response to IFN-β prior to administration of the 
drug in 52 RRMS patients. 

 The results of the gene expression analyses have been promising. Interpretation 
of the results of post-disease onset gene expression studies, however, is not 
straightforward because the contributions of cause and effect are confounded. 
Distinguishing a differentially expressed disease-causing gene from a gene that 
is differentially expressed in reaction to disease is usually not possible when the 
expression analysis is performed after the onset of the disease. However, the 
studies do provide insights into the pathways involved in the disease, whether 
they are causative or not, and may still illuminate points of intervention for treat-
ment. Follow-up studies of interesting genes, such as those performed by Lock 
et al. [73] in EAE mice, are important to help clarify the roles of the differential 
expressed genes in disease. 

    5 Future Directions 

 MS is at least partially affected by genetics. Many different strategies have been 
used in an effort to identify the genetic determinants of MS, including microarray 
studies, candidate gene studies, and linkage scans. Thus far, only one genetic region 
has been unambiguously identified as having a major effect on MS susceptibility: 
the MHC, which accounts for 15%–60% of the genetic contribution to MS suscep-
tibility [55]. The interleukin 7 receptor has also been found to have a consistent 
effect, but this effect is relatively small. Efforts to identify other genomic regions 
conferring susceptibility have been largely unsuccessful. Some other non-MHC 
MS-associated loci have been identified in single studies, but the associations have 
not been widely replicated across studies. New experimental strategies and tech-
nologies may elucidate the genetic control of MS in the near future. 

 Because of the complexity of MS and the genetic and phenotypic heterogeneity 
involved in the disease, the use of more precise and well-defined MS traits may 
promote the identification of the genes involved. This strategy includes analyzing 
specific phenotypic characteristics that are heterogeneous in the general disease 
but amenable to rigorous quantitation, such as MRI abnormalities (lesion location 
and volume; the number of lesions). Several studies have used nonsusceptibility 
clinical characteristics with limited success [91]. These studies attempt to identify 
genes modifying the disease (age of onset, time for disease progression, severity, 
etc.) rather than causing the disease, and some of these phenotypes may be less 
genetically complex. Nevertheless, identification of these modifier genes can add 
pieces to the puzzle of the genetic causes of susceptibility. As this field of study 
progresses, it will be important to identify relevant clinical features that can be 
used as phenotypes for analysis. 

 Because of redundancy and gene–gene interactions inherent in complex molecu-
lar pathways, MS candidate gene studies should move from the single gene, reduc-
tionist strategy to a more holistic approach. Some important pathways in MS have 
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been identified through microarray analysis, and more will likely be identified. As 
the knowledge of these pathways and their involvement in MS is refined, candidate 
gene studies should focus on the multiple genes involved in these pathways and 
their interactions, such as done by Brassat et al. [19]. This strategy also requires a 
change in the statistical methodologies currently used in many of the one-gene-at-
a-time candidate gene analyses that are currently employed. The large-scale asso-
ciation studies (>500,000 SNPs) now underway to identify MS genes will be 
invaluable to test candidate genes identified in other studies, as well as to identify 
interactions between specific genes of interest. However, the enormous number of 
genotypes creates a considerable challenge to a systematically nondirected search 
for genetic interactions. 

 The efforts of the Human Genome Project to define the basic organization of the 
genome and its polymorphism content, together with advances in cost-efficient/
genome-wide genotyping technology and analysis, have laid the groundwork for 
the final deconstruction of the MS genome. The potential of gene identification in 
complex diseases was recently highlighted by the discovery of the  Complement 
Factor H  gene associated with age-related macular degeneration [65]. In another 
example, Duerr et al. [31] demonstrated an association between variants in the 
IL23R  gene and Crohn disease. In both cases, genetic discoveries led to a major 
leap in the understanding of disease pathogenesis. Several genome-wide associa-
tion studies are underway in MS, but there are three important lessons coming from 
the Crohn disease and macular degeneration studies. First, replication of association
findings is essential to distinguish artifacts from genuine positive results. Second, 
attention to phenotypic specificity reduces a primary source of heterogeneity and 
increases power. Third, very large sample data sets are needed to identify the full 
array of disease loci beyond the “low-hanging fruit.” In light of the significant 
clinical and locus heterogeneity that is pervasive to MS as well as the modest indi-
vidual gene effects, achieving adequate statistical power constitutes the most 
important requisite to generate definite results. 

 Microarray analysis is an important tool in understanding the molecular path-
ways involved in MS. However, microarray analysis cannot distinguish a causative 
gene from an MS-reactive gene when performed after disease onset. An ideal 
microarray analysis would compare gene expression between healthy controls and 
genetically susceptible individuals prior to onset of disease. A resource yet to be 
used for this purpose is unaffected identical twins of MS patients. Comparison of 
the gene expression of these individuals with that of healthy controls might eluci-
date the susceptible expression profiles or the expression profiles of very early 
(preclinical) disease states. In addition, microarray analyses have been able to separate
MS patients into groups based on expression profiles. If these findings are indeed 
indicative of different disease types, then candidate gene and linkage studies may 
have more power if conducted within each of these groups, as a result of reduced 
disease heterogeneity. 

 New genetic technologies may prove vital in uncovering the genetic causes of 
MS. Recently, a new kind of polymorphic variation in the copy number of DNA 
sequence was described. Copy number variants (CNVs) are a major source of 
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human genetic variation [89]. CNVs affect more nucleotides than single nucleotide 
polymorphisms (SNPs) and cover about 12% of the genome [100]. More than 3,800 
CNVs have been identified in the human genome (Database of Genomic Variants: 
http://projects.tcag.ca/variation [Dec. 2006]). CNVs are a result of duplications or 
deletions of genomic regions and can affect one or more genes in that region. 
Studying chromosomal aberrations, such as CNVs, may be “the most rapid 
approach to identify candidate susceptibility loci and genes” in complex diseases 
[43]. CNV patterns can be identified by a technique called comparative genome 
hybridization (SNP-CGH [95]). SNP-CGH uses high-density SNP genotyping pan-
els to survey the genome for these genetic aberrations. Applying this technology to 
new and already available data sets may prove invaluable to MS genetic research. 

 Another relatively new technology that has yet to be utilized in MS is genetical 
genomics (GG [61]). The first step of a GG experiment is microarray analysis to 
identify genes with transcript levels associated with a trait of interest. Then markers 
throughout the genome are scrutinized for an association with the expression levels 
of the transcripts. Genes that are important in MS because of their expression levels 
are identified in the GG method, as well as the regions of the genome (and eventually 
the genes) containing polymorphisms that regulate the gene expression. Networks of 
genetic control of expression and affected pathways can then be identified. The main 
limiting factor for a GG experiment is cost. Microarray studies typically use low 
numbers of individuals (~4 to ~100 individuals so far in MS) because of the per-
individual cost of the experiment. These numbers of individuals are very low for 
detecting modest effect regulatory polymorphisms in the linkage step of the study. 
Ideally, the number of individuals used in a GG study would be commensurate with 
the numbers used in some of the larger linkage studies (> 400). 

 Until now, studies to identify the genetic determinants of MS have had limited 
success. Identification of the genetic basis for MS is still very important for the 
development of cures or treatments. Use of the newest genetic technologies com-
bined with the identification of better phenotypic descriptors of MS and rapidly 
improving understanding of the human genome architecture will certainly uncover 
the full array of genes contributing to MS.   
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Abstract Remyelination of axons that have been demyelinated due to multi-
ple sclerosis (MS) may be a critical step in restoring the damaged axons and 
 reversing the disease process. While it is possible to establish the presence 
of remyelination with microscopy of tissue samples, it is important to have 
noninvasive or minimally invasive methods to measure remyelination in living 
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animals and humans. Such tools are critical to establishing the efficacy of agents 
purported to promote or enhance remyelination. This chapter reviews the tech-
nology of imaging of the brain, its application to MS, and the current state of 
imaging techniques for measuring remyelination and the health of the associated 
neurons in the setting of MS.   

  Abbreviations 

  BBB   Blood–brain barrier 
 BMB   1,4-Bis(p-aminostyryl)-2-methoxy benzene 
 CT   Computed tomography 
 FA   Fractional anisotropy 
 Gd   Gadolinium 
 MRI   Magnetic resonance imaging 
 MRS   Magnetic resonance spectroscopy 
 MS   Multiple sclerosis 
 MT   Magnetization transfer 
 MTR   Magnetization transfer ratio 
 NAA   N-acetyl aspartate 
 NAWM   Normal-appearing white matter 
 ppm   Parts per million 
 SPMS   Secondary progressive multiple sclerosis 
 RRMS   Relapsing-remitting multiple sclerosis     

  1 Introduction 

  1.1 The Rationale for Imaging Remyelination 

 While imaging has played a major role in the assessment of putative therapies in 
MS, little is known about the appearance of remyelination on either standard or 
nonstandard imaging methods as applied to human or animal models. Imaging is a 
widely valued method for learning about processes in vivo because it is either non- or 
minimally invasive. The earliest in vivo neuroimaging technology capable of showing
the effects of MS was computed tomography (CT), where areas of demyelination 
were identified by loss of radio-opacity. While some of this low density was attrib-
uted to edema and inflammation, it was also known that some lesions would con-
tinue to have low signal, reflecting chronic demyelination. Some lesions would 
regain a portion of their density, raising the possibility of remyelination. However, 
CT is relatively insensitive to demyelination and quickly fell out of favor when 
magnetic resonance imaging (MRI) became available [26, 30]. 
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 Imaging is of great interest for the study of MS because of its ability to localize 
lesions, which in turn allows correlation with clinical symptoms. In the case of MS, 
the lesions visible with standard MRI methods are locations of frank demyelination. 
For many years, it was believed that the best in vivo measure of disease activity was 
the sum total of these focal lesions. Now we also know of an element of diffuse dis-
ease not readily apparent with standard MRI. It is unclear if or how these two com-
ponents (that which is visible on conventional MRI and that which is not visible on 
conventional MRI) of demyelination reflect the overall state of disease. However, if 
imaging findings could be correlated with the disease and disease repair, it would be 
a powerful tool for developing and evaluating putative therapies. 

 While demyelination of axons was first believed to be the primary cause of the 
clinical deficits seen in MS, recent pathologic studies suggest neuronal loss may 
be better correlated with clinical course [1, 24]. This is a critical point: if a lesion 
is demyelinated and the neuron dies, myelin deposition (if possible) would be of 
no benefit. If the neuron or axon is so severely injured that it does not function 
properly, remyelination may occur but probably without restoration of function. 

 A related point is the distinction between myelin deposition and remyelination, 
which requires that axons be wrapped with at least one layer of myelin in order to 
restore normal or near normal axonal function. This distinction is obviously essen-
tial to development of a method that correlates with restoration of a function and is 
a critical component when evaluating imaging methods. Simply depositing myelin 
is not sufficient – it must also be functionally equivalent to the state prior to demy-
elination. The full volume of myelin present prior to demyelination may not be 
necessary to restore function. In that case, however, the imaging method must be 
able to differentiate between two axons where each has two wraps, and two axons 
in which one has no wraps and the other has four. While imaging is capable of spa-
tial localization, current methods have a resolution of about 1 mm, limiting the 
ability to resolve regional variations. 

 Pathologists use myelin thickness as a marker of remyelination; areas with thin 
myelin layers presumably represent previously demyelinated areas that had been 
subsequently remyelinated [34]. This distinction is not possible with current imag-
ing, but complete normalcy of myelin may not be a necessary or appropriate expec-
tation for evaluation of remyelination. 

 Another puzzle is the possibility that brain plasticity results in clinical restora-
tion of function even without repair of a portion of the brain. This plasticity could 
make it difficult to correlate imaging markers of remyelination with clinical func-
tional status. Functional MRI can localize some, but not all, brain functions, and 
some localization paradigms require a high degree of patient cooperation. 
Therefore, it is unlikely that imaging will be able to correct for brain plasticity that 
hides the effects of demyelination. 

 Given all these factors, it is almost certain that conventional MRI methods lack 
the spatial resolution and contrast properties that allow complete characterization 
of the remyelination process. However, newer methods that have been engineered 
to more accurately characterize the presence and state of myelin appear quite promising.
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This chapter will outline currently available methods reflecting components of 
remyelination helpful in understanding the natural history of the disease and reflect 
on the mechanisms and biology of putative remyelinating agents. 

    2 Conventional MRI of Remyelination 

  2.1 Physics of Conventional MRI 

 As mentioned previously, MRI is the primary tool for evaluating MS and pro-
posed therapeutic agents. MRI is an extremely flexible tool that can provide 
images with a broad range of contrast properties. Understanding the physical 
basis for how an MRI produces images with specific contrast properties may help 
the reader to understand how remyelination might be visualized and some of the 
pitfalls and barriers. 

 MRI employs a strong magnetic field to align a (small) majority of hydrogen 
protons in a body. A radiofrequency pulse is then emitted into the body; if it is of 
the correct frequency, it will cause the aligned protons to be temporarily flipped out 
of alignment. How far they are tipped depends on the strength and duration of the 
radiofrequency pulse. When the pulse stops, the protons move back into alignment 
with the strong field. The rate at which they re-align is called the T1 time. Much 
like tops, protons also process around the axis of the main magnetic field (though 
protons process less with time, while tops process more with time) and will process 
at slightly different rates than their neighbors, depending on the local environment. 
How long they take to lose synchrony with their neighbors is called the T2 time. 

 An image is composed of picture elements or pixels. The numerical value of the 
pixel reflects the amount of signal generated by the protons in the tissue corre-
sponding with that pixel. A typical MRI image is composed of a matrix of 256 pix-
els in the X direction and 256 pixels in the Y direction. MRI allows this matrix to 
be changed fairly easily, along with the thickness of the slice of tissue that image 
represents. One could collect images with very small pixels (so-called high-resolu-
tion images), which may allow better characterization of the tissues at a certain 
location. However, higher resolution increases the amount of noise in the image 
and/or the time needed to acquire the image. A longer acquisition time allows more 
chance for patient motion, possibly resulting in a blurry, useless image, and con-
sumes time that could be used to collect other, more useful images. 

 The images used in clinical practice are weighted to reflect the T1 or T2 times 
of tissues in the image but are not quantitative. That is, the pixel value does not 
equal the actual T1 or T2 time. T1-weighted images are bright for tissues with short 
T1 times, and T2 weighted images are bright for tissues with long T2 times. Proton 
density or intermediate weighted images reflect the number of signal-producing 
hydrogen protons but also are not quantitative. Mobile hydrogen protons from 
water and some lipids provide the vast majority of the visible MR signal in the 
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head. Air and bone are dark on MRI because they lack mobile protons, although the 
marrow fat within bone can produce signal. 

   2.2 T2 Images of Multiple Sclerosis 

 While it is possible to see brain lesions in patients with MS on CT, T2-weighted 
MRI is substantially more sensitive for MS lesions [26]. Early studies correlating 
MRI with histology demonstrate areas of increased T2 signal representing areas of 
greater demyelination [24]. An MS lesion appears on T2 images early in its course, 
usually expands to its maximum size over a few days, and then decreases in size 
over the next 4–6 weeks. This increased signal is primarily due to an increased 
fraction of water (edema) in the tissue. The extent of decrease is variable. In some 
cases, it decreases very little, and in other cases, it completely disappears. If a 
lesion continues to be visible, it likely reflects continued high fraction of water with 
tissue destruction and gliosis. Areas of largely restored signal may reflect minimal 
demyelination, or remyelination, which means there is little available room for 
excess water. An existing lesion can also undergo reactivation, which causes 
enlargement. T1-weighted images may show decreased signal where T2 images 
show increased signal, and the degree of signal loss varies among lesions. After the 
acute phase, the lesion may have partial or complete restoration of the signal. 

 MS patients have an average annual increase of T2 lesion load of about 10% 
[22, 43] albeit with significant individual variation. This increased T2 signal is due 
to the increased fraction of mobile water protons in lesions where myelin is 
replaced with gliosis; myelin has fewer mobile water protons, and the water that is 
present tends to be restricted in motion by the tight myelin wraps. However, there 
are other reasons for increased T2 signal, including the presence of edema within 
tissue with or without normal myelination. Conversely, T2-weighted images can 
appear entirely normal despite the presence of microscopic plaques. 

 Given this understanding of T2-weighted image appearance, a reasonable hypothe-
sis is that T2 signal is reduced, if not normal, in areas of remyelination. Many of the 
early efforts to establish therapeutic efficacy of MS agents utilized T2-weighted imag-
ing of the brain. In particular, measurement of the volume of abnormal T2-weighted 
tissue was used to gain FDA approval for agents such as interferon beta-1b [31]. Those 
MRI studies demonstrated a reduced rate of accumulation of abnormal T2 tissue com-
pared with patients receiving placebo. This was taken as reasonable evidence of effi-
cacy despite the lack of a demonstrated difference in clinical measures. 

  2.2.1 Quantitative T2 Images of MS 

 While most people are very familiar with T2-weighted imaging, some have experi-
mented with creating images that reflect actual T2 times. This may be of value 
because conventional T2-weighted imaging does not have a reproducible intensity 
scale. Rather, it is necessary to express values relative to some other value – usually 
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another tissue on the image – when reporting or measuring the size and intensity of 
lesions. If a tissue is not affected by the disease, one may compare the ratio over 
time or between individuals. True T2 images have pixel values where the T2 decay 
time is the actual pixel value at that location. True T2 images can therefore be 
compared across time and subjects. However, they are difficult to obtain and not a 
part of routine clinical practice. They do not appear to provide different information 
from T2-weighted images, even if they are reproducible. 

   2.2.2 Imaging of T2 Components 

 While there is a single intensity value for each pixel in an image including the T2 
time images just described, the intensity actually represents the weighted sum of 
many protons located within the pixel. For clinical brain imaging, water protons are 
the dominant source of signal. However, the signal from water is not uniform, and 
the local environment of each water proton affects the signal produced. Since the 
size of a pixel is much larger than a single molecule of water, its signal is a combi-
nation of all the water molecules within that pixel. Some have looked at these 
components of T2 signal in the context of multiple sclerosis [27]. Some compo-
nents (like bulk water) have a relatively long T2 time (seconds). In other regions, 
the T2 time is much shorter (milliseconds). In regions where myelin wraps around 
an axon, it results in thin layers of water. In this case, water exchanges protons with 
non-water molecules, and the T2 time of these protons differs greatly from that of 
bulk water protons. The study noted above found a short T2 component of the sig-
nal to correspond with the distribution of myelin in the brain. In areas of myelin 
destruction, there was a relative lack of the short T2 component. This included 
areas where axons were preserved despite complete loss of myelin. Because this 
was a single time point study, the authors did not address the impact of remyelina-
tion on this short T2 component. If enough remyelination occurred, one would 
expect to see a partial restoration of the short T2 component as more water inter-
acted with myelin sheaths. It is unclear if remyelinated areas might have a different 
T2 time compared with normal myelination; if true, it may be due to the thinner and 
relatively fewer wraps in remyelinated areas. 

    2.3 T2-Weighted Imaging of Remyelination 

 While the trials of MS therapies have shown differences in the accumulation of T2 
lesions, they have not focused on demonstrating remyelination. However, clinical 
trials have shown a difference in the rate of accumulation of T2 lesion load for 
some agents, but it is not clear that the therapies are promoting remyelination. They 
may simply be decreasing the rate of demyelination. In addition, although remyeli-
nation should improve the clinical status of patients in theory, several studies have 
shown that the volume of lesions on T2-weighted images does not correlate well 
with patient disability. 
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 Can a T2-weighted image prove remyelination? Given the discussion above, it 
is unlikely that a T2-weighted image can show remyelination at a single point in 
time. Given our current understanding and current imaging methods, it would be 
difficult for any single-point-in-time image to be specific for remyelination. It is 
easier to imagine the demonstration of remyelination by serial imaging in which 
there is reduction of abnormality in a previously demyelinated area. For that to be 
true, it is necessary for the studies to be specific for demyelination and not sensitive 
to the associated inflammatory changes that later resolve and mimic remyelination.

 A recent study of mice undergoing demyelination and then remyelination of the 
spinal cord suggests that T2 images show remyelination-associated changes [32]. 
Mice were treated with either placebo or rHIgM22, an antibody demonstrated to 
promote remyelination. The authors found that mice treated with rHIgM22 and 
demonstrating remyelination had smaller lesions on T2-weighted images, and less 
T2 intensity. In another study of the mouse/cuprizone model, where demyelination 
and remyelination have a very predictable time course, the authors [25] also found 
that T2 increased in the demyelination phase and declined (though not back to nor-
mal) after remyelination. While this may not prove that decreased T2 signal in 
human brain correlates with remyelination, it fits with our understanding of how T2 
imaging works and is provocative. 

   2.4 T1-Weighted Imaging of MS and Remyelination 

 T1-weighted images also show lesions in MS but are less sensitive than T2 images. 
Previous pathologic studies have shown T1 hypointensity correlated with myelin 
destruction [40] and axonal loss [39]. In fact, T1 hypointensities appear to correlate 
better with clinical disability than T2 lesion load [41]. It is less well documented 
that restoration of T1 intensity correlates with remyelination or axonal preserva-
tion. As with T2 images, it is possible to create T1 images reflecting actual T1 
times and, therefore, with a reproducible intensity scale, but these are not used in 
clinical care. They are largely used for research purposes, and there is no documen-
tation that restoration of the T1 time is due to remyelination. 

 In many respects, the known data about T1-weighted images is similar to that of 
T2-weighted images. In a study, of mice treated with cuprizone [25], T1 signal loss 
correlated with demyelination, and T1 signal showed some recovery but not to 
baseline (expressed as a ratio of intensity to CSF). 

 Distinct from T2-weighted images, no one has demonstrated whether restoration 
of T1 signal is due to myelin deposition (functional or not) or to gliosis. While it is 
appealing to think that the T1 signal better reflects the higher lipid composition of 
myelin compared to gliotic tissue, this has not been shown. 

 Exogenous MRI contrast agents are available for intravenous injection, and the 
most popular agents are chelates of the rare-earth gadolinium (Gd). Gadolinium 
causes the T1 time of water to shorten, resulting in bright signal on T1-weighted 
images. When the blood–brain barrier (BBB) is intact, Gd is not able to interact 
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with water protons in the brain, resulting in no signal enhancement. However, if the 
BBB allows leakage of plasma, the Gd agent will leak into brain tissue. This results 
in shortened T1 times for water in the immediate vicinity and bright lesions on 
T1-weighted images. MS lesions cause disruption of the BBB early on and will 
persist for 2–6 weeks. Examples of a gadolinium-enhanced T1-weighted image of 
an MS lesion and its corresponding T2-weighted image are provided in Fig.  1 . Due 
to the lack of correlation between BBB disruption and remyelination, however, the 
role for Gd imaging of remyelination is doubtful. 

 At present, conventional MRI (T1- and T2-weighted images) has been the most 
extensively studied imaging technique in MS. It has been used for tracking the dis-
ease process and may show changes correlated with remyelination. However, 
human studies are lacking, and the confounding factors indicate caution in ascrib-
ing changes seen in either image type to remyelination. 

    3 Magnetization Transfer Imaging of Remyelination 

  3.1 Physics of Magnetization Transfer Imaging 

 Magnetization transfer (MT) imaging is a relatively new development in MRI. As 
mentioned previously, routine clinical brain imaging primarily reflects mobile 
water protons. If the proton is part of a large molecule that cannot move freely, the 
signal decays too rapidly for detection on conventional MRI. However, a fraction 
of water protons do interact with the protons of large molecules such as proteins, 
and this interaction does impact the magnetization state of the water protons. This 

Fig. 1 Conventional T2-weighted ( a ) and post-gadolinium T1-weighted images ( b ) of a demyeli-
nating lesion in a patient multiple sclerosis. The ring of enhancement is classic for MS, and the 
rim of darker T2 signal is also commonly seen in demyelinating disease 
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exchange of magnetization can be detected with MT imaging. In regions with more 
macromolecules and less bulk water (both conditions being present with myelin 
sheets), there is more opportunity for MT to occur. By combining images with and 
without the suppression pulse, one may compute an image reflecting the fraction of 
MT, the so-called magnetization transfer ratio (MTR) image: 

MTR  100%
 M M0 s= ×

−( )
M0

 where 

  M 
0
  = pixel intensity without the MT saturation pulse 

 M 
s
  = pixel intensity with the MT saturation pulse  

   3.2 Magnetization Transfer Imaging of MS 

 The early 1990s witnessed the first reports of MT imaging in animal models and 
patients. Those reports documented the expected finding that the MTR was lower 
in areas of demyelination than in subjects without demyelination or in normal 
areas. Shortly thereafter, reports documented that the so-called normal-appearing 
white matter (NAWM) had slightly abnormal values in patients with demyelinating 
disease compared with normal controls [12, 23]. This was exciting news for two 
reasons. First, it proposed a reliable way to diagnose demyelinating disease in 
patients with otherwise equivocal findings [14]. Second, although it was already 
known that NAWM was not normal on histological examination, this was one of 
the first in vivo imaging methods to corroborate this finding. MTR is relatively 
insensitive to edema compared with T2-weighted images, although one spinal 
imaging report suggests lower specificity [8]. Postmortem studies have also docu-
mented a semi-quantitative relationship between the degree of demyelination and 
the MTR [39]. Figure  2  shows the MT image and non-MT image in an MS patient 
and the resulting MTR image. 

    3.3 MT Imaging of Remyelination 

 Most reports of MT imaging and remyelination are in the guinea pig model of EAE 
[11] and the cuprizone mouse model. In both models, the MTR values drop during 
the demyelination phase and then increase, but not to baseline levels, during the 
remyelination phase. Studies also suggest a quantitative connection between the 
amount of remyelination and the MTR. 

 However, it is important to recognize that the remyelination process in humans 
may not match the two models mentioned above. In particular, the spotty, stochastic
nature of remyelination may result in many myelin wraps around axons in one 
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region, while others are denuded. The animal models described above with a pre-
dictable demyelination and remyelination may not accurately reflect MS. 

 There is little documentation of MTR correlation with remyelination in humans. 
In a clinical trial of interferon β-1b vs glatiramer acetate for relapsing remitting MS 
(RRMS), whole-brain MTR values showed some recovery for both agents, greater 
for glatiramer acetate [35]. Of course, it is not known if either agent actually pro-
motes remyelination or if the alteration in signal is due to some other effect. A 
similar trial for secondary-progressive MS (SPMS) patients showed no such recov-
ery [20]. If the agents do result in some remyelination in RRMS, but not SPMS, it 
suggests that increased MTR is due to remyelination. There has been and continues 
to be great excitement about the role of MT imaging in monitoring MS. This has 
resulted in the recommendation that MT imaging be included in MS trials [19]. 

Fig. 2 Magnetization transfer images in a patient with MS.  a  Image without MT suppression; 
b  the same image but with MT suppression added.  c  the MTR image, which is computed from 
(a ) and ( b ) 
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    4 Diffusion Imaging of Remyelination 

  4.1 Physics of Diffusion MRI 

 Diffusion imaging is the ability to measure the motion of water molecules and the 
restriction of water motion due to membranes. Based on Einstein’s equation for 
diffusion: 

r2 =2Dt

 where 

  < r2 > is mean squared displacement 
 D is diffusivity 
 t is diffusion time.  

 The commonly applied techniques are based on suppressing signal resulting from 
water proton movement in the magnetic field, using the Stejskal-Tanner [38] 
method. In that case, the signal observed is 

 I=I
0
e-TE/T2e-bD

 where 

  I = observed signal intensity 
 I 

0
  is the observed signal in absence of diffusion weighting 

 TE is echo time 
 T2 is T2 decay time 
 b is diffusion sensitization 
 D is diffusivity.  

 If an image is collected without and with the diffusion pulses and all other factors 
remain constant, one can compute a diffusion-weighted image. Standard diffusion 
imaging methods apply diffusion pulses in three directions: the X, Y, and Z directions. 
Thus, including the image with no diffusion sensitivity, four images are acquired during 
routine diffusion imaging; from these four, the diffusion-weighted image, as well as 
apparent diffusion images, can be created. The term “apparent” is used because the dif-
fusivity of water is not truly different, but structures like myelin are limiting its motion, 
resulting in an apparent reduction in diffusivity. Figure  3  shows the four images col-
lected as well as the diffusion-weighted or trace image and the apparent diffusion coef-
ficient image. 

 One weakness of routine diffusion imaging is that it is not rotationally invariant. In 
other words, if four images were acquired in a patient and then the patient rotated her 
head and the same images acquired, the pixel values for a certain piece of tissue in the 
brain would be different. That is because fibers that restrict motion in a certain direction 
may be more or less aligned with the gradients depending on head position. For that 
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Fig. 3 Diffusion images in a patient with MS.  a–d  Nondiffusion, X-sensitive, Y-sensitive, and 
Z-sensitive images respectively.  e  Diffusion-weighted image;  f  the apparent diffusion coefficient 
image
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reason, a more sophisticated diffusion measurement is made, the diffusion tensor. One 
must acquire at least seven images (the four described previously, plus xy, xz, and yz) 
to compute the diffusion tensor images. These images can produce rotationally invari-
ant metrics that reflect diffusion of water. A complete description is beyond the scope 
of this chapter, but Jones et al. provides an excellent review [21]. 

   4.2 Diffusion Imaging of MS 

 In bulk water, diffusion of water is isotropic; that is, the amount of diffusion is 
equal in all directions. But in a fiber tract with a large number of myelin sheaths all 
coursing in the same direction, the water motion in the direction of the fibers will 
be much greater than in the two perpendicular directions. This difference is referred 
to as anisotropy, and the ratio of the amount of diffusion in the dominant direction 
to the amount of diffusion in the least dominant direction is called fractional ani-
sotropy (FA). Moseley [28] was one of the first to demonstrate regional variations 
in the anisotropy of water diffusion in brain tissues. Of interest, the investigators 
showed normal white matter to have a higher FA than normal gray matter, in keep-
ing with the expectation that myelin constrains the diffusion of water perpendicular 
to the direction of the axon it encloses. 

 In areas of myelin loss, the mean diffusivity increases while the FA decreases 
[13]. The exact changes in a given lesion, however, appear less predictable. An 
acute lesion tends to have reduced FA values [2], but the chronic course of diffu-
sion measurement is variable [7]. 

 Another interesting finding is that comparison of diffusion imaging (both FA 
and mean diffusivity) is abnormal in the area of T2 abnormality as well as in the 
surrounding region. It is not clear if this is due to greater sensitivity of diffusion 
imaging to MS lesions or if there are two separate phenomena occurring and T2 
images are sensitive only to the one occurring centrally [18]. 

   4.3 Diffusion Imaging of Remyelination 

 Based on the preceding discussion, diffusion seems to be a superb method to meas-
ure remyelination. Areas of gliosis that fail to remyelinate should have low FA and 
relatively high mean diffusivity. If and when remyelination occurs, FA should 
increase and mean diffusivity decrease. While it may indeed be this simple, there 
are some potential pitfalls to consider. 

 In addition to the variability of a lesion’s course, it is also important to note that 
myelin is not the only important determinant of the anisotropy of water diffusion in 
the CNS. In studies of nonmyelinated neural structures, the fractional anisotropy is 
nearly as high as in myelinated structures (about 3.5 vs 4.5, respectively) [3]. 
Further studies [4] have found that neurofilaments do not have a significant impact 
on diffusion anisotropy, suggesting membranes in axons are likely the primary factor. 
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Neuron injury and Wallerian degeneration reduce anisotropy [5], as does induced 
injury in the spinal cord of rats [15]. 

 While these studies suggest that diffusion may not be useful for detecting myeli-
nation, they do not prove its inefficacy in detecting remyelination. Rather, it indi-
cates that detection is not as simple as initially thought. While a neuron may 
contribute to the fractional anisotropy, remyelination is likely to increase that value 
above that of an intact axon alone. Furthermore, in the human with demyelination, 
substantial unoccupied space that previously contained myelin would contribute to 
the diffusion signal, unlike the case where the tissue developed normally with little 
or no myelin. Therefore, there is hope that serial diffusion imaging could still be 
useful in measuring remyelination. 

    5 Spectroscopy of Remyelination 

  5.1 Physics of Magnetic Resonance Spectroscopy 

 Magnetic resonance spectroscopy (MRS) actually predates MRI, and early efforts 
focused on characterizing uniform samples of substances in test tubes. As with 
conventional imaging, most MRS work in humans is focused on proton signals, but 
it is possible to get spectroscopic signals from other elements. In the brain, the pri-
mary signal-producing molecules on proton spectroscopy are N-acetyl aspartate 
(NAA), choline, creatine, myoinositol, glutamine and glutamate, lactate as well as 
some lipids and amino acids. Figure  4  shows both a sample spectrum of normal 
white matter and a demyelinating lesion. The NAA peak is located at 2.02 parts per 
million (ppm) shift (the standard way that MRS spectra are described) and is a 
marker for healthy neurons [36]. However, its exact role in the neuron is not 
known. Choline is located at 3.2 ppm and is primarily found in membranes. It 
reflects more white matter than gray matter and tends to reflect myelin concentra-
tion, although many other diseases can affect it. Creatine is located at 3.0 ppm and 
is used in energy transfer. It apparently has a fairly constant concentration and is 
used to normalize MRS values; it is common to report the ratio of the metabolite 
of interest divided by creatine concentration. 

 There are two forms of MRS available on clinical MRI scanners. The more basic 
form provides a spectrum from a single sample of tissue. These samples are rectan-
gular samples of 2–8 cm 3 . This method is widely available and easily executed, with
high reproducibility. However, only one sample is obtained; given the heterogeneity 
of MS, being able to obtain many samples is very useful. Magnetic resonance spec-
troscopic imaging or chemical shift imaging are terms that describe the techniques 
for acquiring a matrix of spectra. The disadvantages of MRS imaging are longer 
acquisition times (as long as 30 min) and lower quality of spectra. The matrix is 
commonly on the order of 32×32 for commonly applied methods, with two to four 
slices being acquired, so current methods do not cover the entire brain with the res-
olution available with conventional imaging. 
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Fig. 4 Spectroscopy in a patient with a demyelinating lesion.  a  From an area of normal-appearing 
white matter;  b  from the leading edge of the demyelination 
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   5.2 MRS of MS and Remyelination 

 There are several chemicals of potential interest in MS [29, 42]. Given that choline is a 
component of myelin, one might expect choline to be a primary target for evaluation. 
However, the challenge is that the choline measured reflects only the forms of choline 
with mobile protons. Therefore, during demyelination, and probably during remyelina-
tion, one will likely see elevation of the choline peak. However, when that is not in 
process, such as in chronically demyelinated areas, one typically sees decreased choline 
[9]. Furthermore, while choline is present in the myelin membranes, it is also present in 
the membranes of all cells, including gliotic tissue present in MS lesions. Therefore, as 
with other MRI methods, it is likely not specific for remyelination [16]. 

 NAA is another chemical of interest. NAA is decreased in areas of chronic demy-
elination and has been shown to be inversely correlated with disability in MS [10]. 
This likely reflects the important role of myelin in the health of the axon and neuron. 
Therefore, while NAA does not directly show the presence or absence of myelin, it 
may be an accurate marker of neuronal health. This, in turn, may be a marker of 
myelination, and, more importantly, a marker of effectiveness of myelination. An 
increase in NAA levels, perhaps in combination with other imaging markers demon-
strating increased myelin, may be the best marker of effective remyelination. 

 Some investigators have developed a technique for measuring the NAA level of 
the entire brain, essentially a single voxel that encompasses the head [6, 17]. By 
combining other imaging sequences to calculate brain volume, one is able to calcu-
late the mean NAA concentration for the subject’s brain. This may be a useful glo-
bal marker of neuronal health and may be a good marker of global myelin repair. 
While whole-brain NAA does appear to be related to T2 lesion load and disability 
[6], no studies yet demonstrate remyelination on whole brain NAA. 

 Lactate is not detectable in normal brain tissue, but small amounts of lactate are 
present in regions of demyelination, probably due to altered metabolism (glycolytic 
pathways) in some of the associated inflammatory cells. As such, it is unlikely to 
be a good marker for remyelination. 

 Lipids and amino acids below the NAA peak (<2 ppm shift) are also not nor-
mally observed in brain tissue except in pathologic conditions. Breakdown of 
membranes will release detectable lipids. One might detect lipids as they are trans-
ported for remyelination, but lipids are unlikely to be a useful marker, given the 
nonspecificity and low sensitivity. 

    6 Other Imaging Modalities 

  6.1 Radionuclide Imaging of MS 

 Not surprisingly, MS lesions, and particularly, chronic lesions with much tissue 
destruction, undergo less local perfusion than normal brain tissue. Nuclear medi-
cine methods reflecting perfusion and metabolic activity can also display the effects 
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of demyelination but, like CT, are not terribly sensitive. No agents specifically 
label myelin, either native or from remyelination. Therefore, no nuclear agents 
have played a major role in MS imaging to date. 

 However, there is growing interest in a future role for nuclear medicine agents, 
especially an agent that would unequivocally mark myelin. If the myelin wraps in 
remyelinated areas are thinner than native myelin, these areas might have even greater 
labeling, thus potentially representing a specific marker of remyelination. Of course, 
this is purely theoretical, and no such agent is available today for human use. 

 Stankoff et al. have reported [37] a positron-emitting agent (suitable for positron 
emission tomography imaging) based on Congo red that may identify remyelination 
more specifically. The agent, 1,4-bis(p-aminostyryl)-2-methoxy benzene (BMB), 
crosses the BBB and specifically binds to myelin. Therefore, it decreases in demyeli-
nated regions and increases when remyelination occurs. However, as described 
above, it may not clearly differentiate between, for example, two axons with mini-
mally adequate remyelination and another axon pair in which one has no myelin and 
the other has a surplus. The spatial resolution of PET is inherently limited to a bit less 
than 1 cm, and may also be an impediment to its use. 

   6.2 Molecular Imaging of MS 

 Molecular imaging is a popular new concept in medical imaging. Molecular imag-
ing creates agents that interact with specific molecular targets, which substantially 
increases the usefulness of imaging. Traditional imaging, in contrast, largely 
focuses on demonstrating anatomic structures and pathology. The agent described 
in Sect. 6.1 is an example of a molecular imaging agent. In the past, most molecular 
agents have had radionuclides attached because there are many more options for 
synthesizing chemicals with radionuclides attached rather than requiring properties 
that make it visible for MRI or CT, and the low background of noise allows rather 
small concentrations of labeled agents to be detected. 

 The disadvantage, particularly for research purposes, is the risk of radiation. The 
exposure is low, but MS patients are particularly susceptible to radiation, at least at 
higher doses. However, once a certain molecular target is identified, it can be 
linked with atoms or molecules detectable with other modalities, such as MRI. For 
example, antibodies to Alzheimer-related plaques have been linked with gadolin-
ium, making them detectable on MRI [33]. The identification of a remyelination-
specific marker linked to an MRI-detectable agent would be a tremendous step 
toward direct measurement of remyelination. 

 Another novel approach has been applied to demyelinating disease [32]. In this 
study, biotin was attached to an antibody thought to promote remyelination. 
Subsequently, streptavidin attached to ultrasmall particles of iron oxide (USPIOs) 
was injected into the mice. Streptavidin has a strong affinity for biotin, and hence, 
the USPIOs attached to it would mark the location of the antibody. Antibody-
injected mice showed enhancement, while a control group that did not have the 
antibody injected showed no localized enhancement. This experiment strongly 
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indicated that the antibodies localized to the demyelinating lesion, which provided 
additional evidence of a direct role in the remyelination seen histopathologically. It 
is also an excellent example of the use of molecular agents to demonstrate mecha-
nisms of action in vivo. 

    Conclusions 

 MRI is the primary tool used today for evaluating demyelinating disease. It is useful in 
making the diagnosis, although conventional methods are not highly specific. Diffusion 
and MT imaging are methods that reflect how myelin alters the water signal detectable 
on MRI. Each holds promise of showing more normal alteration of water signal due to 
myelin. Both may require serial imaging to demonstrate remyelination. 

 Spectroscopy may also play a role. Although it may not directly reflect myelina-
tion, it may reflect the health of the neurons and axons. As such, it may reflect both 
remyelination potential and the actual efficacy of remyelination that has occurred. 

 Radio-labeled agents or other agents with antibodies or chemical affinities spe-
cific to a remyelination antigen could also reflect remyelination. While there is not 
currently an agent specific to newly deposited myelin, clever, accurate alternatives 
may be devised to demonstrate remyelination and/or restoration of neuronal health. 
Alternatively, myelin-specific agents combined with serial imaging may allow 
accurate characterization of remyelination.   
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Abstract  The role of immune-mediated axonal injury in the induction of nonre-
mitting functional deficits associated with multiple sclerosis is an area of active 
research that promises to substantially alter our understanding of the pathogen-
esis of this disease and modify or change our therapeutic focus. This review 
summarizes the current state of research regarding changes in axonal function 
during demyelination, provides evidence of axonal dysmorphia and degen-
eration associated with demyelination, and identifies the cellular and molecular 
effectors of immune-mediated axonal injury. Finally, a unifying hypothesis that 
links neuronal stress associated with demyelination-induced axonal dysfunction 
to immune recognition and immunopathology is provided in an effort to shape 
future experimentation.    
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   1 Introduction 

 Since the earliest characterizations of multiple sclerosis (MS) in the mid-1800s, the 
predominant pathological hallmark of the disease has been inflammatory injury to 
myelin with relatively little attention paid to axonal injury associated with the 
demyelinating process. Indeed, many early MS clinicians and researchers consid-
ered axonal preservation within the context of extensive demyelination a neu-
ropathological criterion for the definition of the disease [58, 130]. While the axon 
preservation dogma was challenged early by scientists such as Babinski [15] and 
Marburg [151], it was largely eclipsed by the plethora of experimental studies 
focusing on demyelination associated with experimental autoimmunity induced 
against myelin antigens [97, 141]. Fortunately, the concept of axonal injury in MS, 
with a particular emphasis on the injured axon as the locus of nonremitting func-
tional deficits associated with the disease, has experienced a recent resurgence, 
based largely on imaging studies that provided evidence for axonal loss in the 
demyelinated central nervous system (CNS) [263]. Herein, I will review the current 
evidence in support of MS as an immunopathological neurodegenerative disease 
and I will offer a unifying hypothesis for demyelination as a factor that predisposes 
axons to immune-mediated injury. 

   2 Changes in Axon Function During Demyelination 

  2.1 Conduction Block and Conduction Slowing 

  2.1.1 Acute Conduction Disruption 

 Myelinated axons rely upon saltatory action potential conduction conferred by the 
nodal architecture of the myelin sheath [57]. Complete loss or extensive thinning of the 
insulating myelin over an internode exposes regions of axolemma that are essentially 
devoid of sodium channels, resulting in action potential failure and loss of axonal infor-
mation transfer [211, 260]. Thus, immediately following a segmental demyelinating 
event (i.e., loss of myelin over an individual internode) conduction blockade is com-
plete and persists for at least several days [156]. Resolution of complete conduction 
block during persistent demyelination requires an adaptive redistribution of axonal 
sodium channels to compensate for current loss at the electrophysiologically silent 
region of axolemma (see Sect. 2.2 below). Of note, the conduction blockade is specific 
to the demyelinated internode and normally myelinated regions of the axon maintain 
the ability to transmit an action potential [155]. Therefore, conduction competence can 
be restored by factors acting locally at the site of demyelination. For example, even 
limited remyelination in the form of multiple short and thin internodes at the site of a 
demyelinated lesion can confer significant electrophysiological benefit and permit the 
action potential to pass through the demyelinated domain [235]. 
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   2.1.2 Slow Conduction Sequelae 

 Unfortunately, restoration of conduction due to sodium channel redistribution or 
remyelination does not return the axon to normal. While conduction under optimal 
conditions in restored axons facilitates substantial functional improvement over the 
acutely demyelinated state, such conduction is generally slower than normal and is 
more prone to intermittent and abrupt failure [156]. Likewise, while function asso-
ciated with transmission of single action potentials is largely unaffected by conduc-
tion slowing, paired impulses and spike trains are far more sensitive to the lag effect 
of a slow conduction zone [156]. As one spike slows down at the demyelinated 
region it triggers a traffic jam that slows or blocks subsequent action potentials. 
This refractory period results in either exaggeration of the spike train interspike 
interval and truncation of the maximum spike frequency [156] or intermittent con-
duction failure when the demyelinated zone becomes hyperpolarized in response to 
potentiated activity of the sodium–potassium exchanger triggered by stacking of 
action potentials [36]. Functionally, frequency capping and intermittent conduction 
failure manifest as progressive weakening during even short duration motor activi-
ties [154] and vision blurring during prolonged gaze fixation [261]. 

   2.1.3 Nodal Capacitance 

 Finally, not all demyelination is segmental. Rather, paranodal demyelination, in 
which the node of Ranvier is widened by retraction or peeling away of the paranodal 
loops, results in a substantial increase in the axolemmal membrane capacitance [245]. 
Because nodal capacitance is a factor of nodal area and because the area of a cylinder 
is a factor of circumference, even a small change in the radial length of a node on a 
large diameter axon results in a dramatic increase in nodal capacitance. This capaci-
tance increase translates into an increase in the amount of current required to depolarize 
the node to firing threshold [237]. If the most proximal upstream node (the driving 
node for the action potential) is relatively far away from the site of paranodal demy-
elination, the local current generated when the action potential reaches the demyeli-
nated node may be insufficient to overcome the elevated firing threshold, resulting in 
conduction block or intermittent conduction failure. 

    2.2 Sodium Channel Redistribution 

  2.2.1 Sodium Channel Subtypes and Normal Distribution 

 The nonuniform distribution of sodium channels within the axolemma associated
with normal myelination generates the saltatory conduction pattern required for 
rapid transmission of action potentials by focusing the inward sodium current at the 
nodes [262]. Under normal circumstances, sodium channels are highly concentrated
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at the node of Ranvier (about 1,000–1,500 channels per square micrometer), while 
the sodium channel density in paranodal and internodal regions of the axon is two 
orders of magnitude lower (<50 channels per square micrometer) [49, 189, 229]. Of 
the nine sodium channel subtypes (designated Na 

v
 1.1–Na 

v
 1.9), Na 

v
 1.6 is the pre-

dominant subtype localized to mature nodes of Ranvier [45], though Na 
v
 1.2 and 

Na
v
 1.8 are also occasionally found in mature nodes [195]. Developmentally, Na 

v
 1.2 

channels are initially expressed in a diffuse manner across the premyelinated axo-
lemma. Concomitant with the onset of myelination, these Na 

v
 1.2 channels redistrib-

ute to nascent nodal regions and then undergo a switch to the Na 
v
 1.6 subtype as the 

myelin sheath is completed [34, 120]. This subtype switch may control the ability 
of neurons to exhibit high-frequency firing and is intimately related to myelination. 
In dysmyelinated Shiverer mutant mice with a deletion of myelin basic protein 
(MBP), for example, axons do not switch from Na 

v
 1.2 to Na 

v
 1.6 sodium channels 

[34], and in normally nonmyelinated axons within the hippocampal mossy fiber 
and Schaffer collateral pathways, Na 

v
 1.2 is the major channel subtype [195]. 

   2.2.2 Sodium Channel Reorganization During Demyelination 

 Acute demyelination recapitulates several features of the axolemma observed 
developmentally during the premyelinated state. For example, following inflamma-
tory demyelination of the optic nerve in experimental autoimmune encephalomy-
elitis (EAE) induced by myelin oligodendrocyte glycoprotein (MOG) immunization, 
there is widespread loss of Na 

v
 1.6 at presumptive nodes of Ranvier and a drastic 

increase in the expression of Na 
v
 1.2 sodium channels in a diffuse pattern along the 

entire extent of the demyelinated region [60]. Likewise, recent analysis of spinal 
cord and optic nerve tissue from patients with MS showed a similar increase in 
Na

v
 1.2 expression along extensive tracts of demyelinated axons [62]. The func-

tional significance of this developmental recapitulation is perhaps best understood 
by comparing the acutely demyelinated axon to a normally unmyelinated axon – 
both must propagate an action potential in the absence of a nodal architecture. 
As discussed above, the functional sequelae of such a reversion to nonsaltatory 
conduction across the demyelinated zone mediated by a diffuse Na 

v
 1.2 sodium 

channel distribution include frequency truncation, elongation of the refractory 
period, and loss of coherent spike trains. Nonetheless, redistribution and upregula-
tion of Na 

v
 1.2 sodium channels does permit some information transfer to occur 

along the demyelinated axon, leading to a functional recovery when compared to 
the initial demyelinated, nonconducting, low-sodium channel density condition. 

 In parallel with the functionally protective compensatory upregulation and redis-
tribution of Na 

v
 1.2 channels along the demyelinated axon, there is evidence that 

axons that do not downregulate the Na 
v
 1.6 sodium channel are more susceptible to 

subsequent axonal injury. In fact, Na 
v
 1.6 channel association with the sodium–

calcium exchange pump within demyelinated regions drives a persistent inward 
sodium current that increases calcium influx into the axon as the sodium–calcium 
exchanger works to maintain intra-axonal sodium concentrations [103, 247]. Elevated 
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calcium levels in the axon activate a variety of calcium-dependent proteases, including 
calpain, which can degrade neurofilaments, spectrin, talin, and actin [206], leading to 
acute axonal injury. Indeed, elevated calpain activity was found in demyelinated 
white matter in patients with MS and in EAE mice [228], and analysis of axons in 
EAE and MS tissue revealed that Na 

v
 1.6 and the sodium–calcium exchanger were 

almost exclusively co-localized on injured demyelinated axons, while uninjured 
demyelinated axons did not express these molecules [61, 62]. 

    2.3 Hyperexcitability and Hyperactivity 

  2.3.1 Spontaneous Discharge 

 The persistent expression of Na 
v
 1.6 channels along the demyelinated axon also con-

tributes to spurious axon firing triggered by the slow, noninactivating inward sodium 
current associated with this channel subtype [121]. These spontaneous discharges 
occur as continuous 10- to 50-Hz impulse trains [236] and are more common in demy-
elinated sensory axons [165], where they may contribute to the tingling paraesthesia, 
paroxysmal itching, trigeminal neuralgia, and pain associated with positive symptoms 
in MS [220]. Likewise, spontaneous discharges arising along demyelinated thalamic 
and basal ganglia axons may contribute to the generation of phonic tics [139] and par-
oxysmal dystonia [268], while spontaneous activity along demyelinated corticobulbar 
or limbic system tracts may trigger the inappropriate laughter and/or crying associated 
with pseudobulbar affect in MS patients [224]. 

   2.3.2 Postural Deformation and Mechanosensitivity 

 Demyelinated axons become sensitive to physical deformation caused by postural 
movements, generating impulse trains in a mechanoreceptor-like fashion [236]. 
While the underlying mechanism responsible for this axonal mechanosensitivity is 
unclear, the physical manifestation in patients with MS is striking. Patient’s with 
Lhermitte’s symptom experience nonpainful electrical tingling sensations that radiate 
along the limbs in response to neck flexion triggered by antidromic conduction from 
a cervical demyelinated lesion centrifugally to the cutaneous nerve fascicles [182]. 
Likewise, postural deformation of the optic nerve in patients with optic neuritis trig-
gers phosphene discharge [66]. 

   2.3.3 Ephaptic Transmission 

 Nonsynaptic ephaptic transmission of activity from one demyelinated axon to another
or from a demyelinated axon to a myelinated axon within brainstem or spinal tracts 
may account for some of the brief paroxysmal manifestations of MS [187]. While 
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experimental evidence for such a spread of activity is limited [203, 204], demyeli-
nated regions may become susceptible to such transmission due to hyperexcitabil-
ity induced by altered sodium channel expression. This may account for some 
symptoms observed in patients [147, 244]. The contribution of these hyperexcita-
bility manifestations to progressive axonal injury remains to be studied, but in light 
of the strong correlation between an elevated sodium current caused by aberrant 
Na

v
 1.6 expression, association of Na 

v
 1.6 with the sodium–calcium pump, and the 

presence of axon injury markers, it seems reasonable to predict that repetitive acti-
vation triggered by spontaneous activation, postural deformation, or ephaptic trans-
mission would inevitably promote elevation of intra-axonal calcium levels and 
exacerbation of injury to axonal structural integrity. As discussed below, this ongoing 
injury process may trigger stress responses that ultimately make the demyelinated 
axon a target for additional injury mediated by the immune system. Thus, compen-
satory redistribution of sodium channels, while effective in the short-term in 
re-establishing axonal conduction to overcome the negative symptoms of demyeli-
nation, may ultimately fuel axonal changes that promote the positive symptoms of 
MS and trigger a cascade of events culminating in complete axonal transection. 

    2.4 Retrograde Transport Defects 

  2.4.1 Normal Control of the Axon Cytoskeleton by Myelin 

 While intra-axonal and interneuronal factors such as cytoskeletal protein synthesis, 
electrical activity, patterns of synaptic connectivity, and retrograde transmission of 
neurotrophic support clearly establish critical regulatory parameters for the mainte-
nance of the axon cytoskeleton and determination of axonal caliber, recent studies 
have provided evidence that myelination crucially influences axon structural biol-
ogy. The peripheral demyelination mutant Trembler mouse offered the earliest evi-
dence for myelin-dependent control of axon diameter. As the result of a point 
mutation in peripheral myelin protein 22 (PMP22), Trembler mice exhibit continu-
ous rounds of myelination and demyelination in the peripheral nervous system 
(PNS), while the CNS is unaffected [249]. Morphological analysis of Trembler 
peripheral nerves showed many axons either lacking myelin or in a state of active 
demyelination [148]. Moreover, mean axon diameter was smaller in Trembler mice 
at all ages as compared to controls [12], and this effect was specific to the axoglial 
interaction, as Trembler Schwann cell grafts integrated into the wild type sciatic 
nerve exhibited normal axon diameters both proximal and distal to the graft but 
reduced calibers within the graft [1]. Reciprocally, engraftment of wild type sciatic 
nerve Schwann cells into Trembler mice showed wild type axon diameters within 
the graft and Trembler diameters distal and proximal to the graft [1]. Importantly, 
the local effects on diameter correlated with reduced rates of slow axonal transport 
[69], reduced neurofilament phosphorylation [71], increased neurofilament 
compaction [70], decreased microtubule stability, decreased tau expression, and 
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decreased phosphorylation of microtubule-associated proteins [126]. Likewise, a 
reduction in neurofilament phosphorylation localized to the small gap in compact 
myelin causes the reduction in axon caliber and the increase in neurofilament den-
sity normally associated with the short unmyelinated node of Ranvier [113, 153]. 

 Similar observations within the CNS were made in the Shiverer mutant. In these 
mice, expression of MBP is abrogated due to a deletion of the coding regions down-
stream from the first exon [213], resulting in complete failure to ever form com-
pacted myelin [46]. As with the Trembler mice, though to a variable extent, axonal 
diameter, neurofilament phosphorylation, and microtubule stability were reduced, 
and neurofilament and microtubule densities were increased in Shiverer optic nerve 
[37, 127]. At the same time, protein levels for the medium- and high-molecular-
weight isoforms of neurofilament were significantly lower in Shiverer axons, while 
the low-molecular-weight isoform of neurofilament was unaffected [37]. Of note, 
transgenic reconstitution of Shiverer mice with MBP to levels 25% of wild type led 
to the formation of thin myelin sheaths and normalization of some axonal parame-
ters, such as protein expression levels for the medium-weight neurofilament subu-
nit. In contrast, the presence of the thin myelin wraps in the transgenic Shiverer 
mice did not affect the expression and phosphorylation of the heavy neurofilament 
subunit, indicating that some aspect of myelin thickness regulates the neurofilament 
heavy subunit at both the transcriptional and the post-translational modification 
level [37]. In parallel with these architectural changes, the expression of Na 

v
 1.2 

sodium channels was increased on Shiverer axons, and these channels were distrib-
uted across the entire axolemma, as in unmyelinated axons in wild type mice [264]. 
Little to no Na 

v
 1.6 was expressed on Shiverer axons, consistent with the absence of 

normal nodes of Ranvier [34]. 
 Likewise, analysis of axons within the CNS of mice with a null mutation in the 

proteolipid protein (PLP) showed numerous structural and transport defects. In 
these mice, the myelin sheath is relatively normal and intact [128], but the animals 
exhibit paranodal accumulations of membranous organelles, axonal spheroid for-
mation [99], and an age- and axon length-dependent degeneration of long spinal 
tracts [90]. Similar length-dependent axonal degeneration was observed in humans 
with a null mutation in PLP, as assessed by in vivo magnetic resonance spectros-
copy (MRS) for N-acetyl aspartate [90]. Moreover, transplantation of neurospheres 
from PLP-null mice or from wild type mice into Shiverer mice showed that grafts 
myelinated by PLP-null oligodendrocytes contained axons with substantial accu-
mulation of membranous organelles, while wild type grafts looked normal [79]. 
Mechanistically, fast axonal transport as assessed by the retrograde movement of 
fluorescent cholera toxin B in the optic nerve was severely impaired in PLP-defi-
cient mice, and this defect correlated with a several-fold increase in the levels of the 
dynein and dynactin retrograde motor proteins in the optic nerve and spinal cord 
[79]. As these motor proteins were not different at the transcriptional level in PLP-
null mice, the elevated levels likely reflect the progressive accumulation of retro-
gradely moving organelles bound by these proteins. This interpretation is consistent 
with the observation of the complete absence of retrograde transport of fluorescent 
cholera toxin B in some axons and the frequently increased density of intensely 
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fluorescent accumulations of cholera toxin B along the axon up to a point, after 
which transport was completely stalled [79]. 

   2.4.2  Axonal Protein Accumulation and Loss of Retrograde Transport 
During Demyelination 

 The analysis of axonal damage following non-missile, indirect traumatic brain or 
spinal cord injury led to the observation that amyloid precursor protein (APP) accu-
mulates specifically at the lesion site [92, 226, 234]. APP is a normal constituent of 
fast axonal transport, but the levels of expression in the absence of injury are below 
the detection threshold of standard immunohistochemical techniques. Following 
traumatic injury, however, the accumulation of APP at swollen sites along the axon 
permits very sensitive detection of axon transport defects [226]. The appearance of 
APP-positive spheroids precedes other markers of axon injury, such as end-bulb 
formation or axolemmal disruption, and is, in fact, an extremely early marker for a 
wide variety of nontransecting injuries culminating in spatially restricted sites of 
anterograde and retrograde axonal transport slowing or blockade [55]. A common 
feature of several neurodegenerative models is the formation of multiple spheroids 
and varicosities along the length of the same axon in the absence of axonal transec-
tion or axolemmal disruption [55], suggesting that a common mechanism of multi-
focal axon transport disruption contributes to neurodegenerative phenomena of 
diverse etiologies. Critically, the frequent localization of the transport traffic jams 
to the nodes of Ranvier, as described above in PLP-deficient mice, for example, 
suggests that the nodal or paranodal architecture is particularly sensitive to trans-
port disruption. Indeed, other models of paranodal defects, such as mice deficient 
in 2 ,3 -cyclic nucleotide phosphodiesterase, also show axonal swellings and accu-
mulation of APP at the paranodes that increase with age and precede the onset of 
motor dysfunction and neurodegeneration. A synthesizing hypothesis for the for-
mation of APP-laden axonal spheroids at the nodes of Ranvier suggests that numer-
ous axonal insults elicit a common multifocal failure of axon transport at sites of 
elevated neurofilament density. Further, this failure in transport reduces and/or 
abrogates the effective communication of target-derived trophic support from the 
distal end of the axon to the neuron cell body, eventually culminating in either 
neuronal apoptosis or the loss of neuronal luxury functions [26, 72, 109, 110]. 

 That a transport-dependent neurodegenerative mechanism may be active in the 
demyelinated CNS is supported by several studies showing that APP accumulation 
occurs within areas of acute inflammation and demyelination in tissue sections col-
lected from patients with MS [29, 61, 82, 131]. Moreover, the presence of many 
APP-laden axonal spheroids at the margins of active chronic plaques [82] suggests 
a correlation between active demyelination and axonal transport disruption. Of 
note, one study did not detect APP immunoreactive axons and axon spheroids in 
chronically demyelinated inactive plaques [82], while other studies found consider-
able evidence for ongoing axon injury within plaques [29, 131]. This discrepancy 
suggests that axons are predominantly injured episodically at the sites of active 
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inflammation but that APP is only reliable as a marker for axon injury at sites 
proximal to the neuron cell body. For example, as the axon injury evolves through 
time at sites progressively closer to the cell body, the more distal accumulations of 
APP may undergo degradation or the distal axon may be physically lost, reducing 
the likelihood that APP immunoreactivity remains associated with inactive plaques. 
Obviously, our understanding of axon injury kinetics and mechanisms within the 
context of demyelination requires more analysis. 

 However, animal models of demyelinating disease do provide additional insights 
into the relationship between axon injury, axonal transport defects, and the ultimate 
fate of axons following the loss of myelin. For example, in a marmoset model of 
EAE, APP immunoreactive axons and axonal spheroids were observed in areas of 
acute inflammation and demyelination [150]. Of note, the occurrence of such sphe-
roids was low in this model, and the absence of axonal transection and large-scale 
axonal transport defects suggested the possibility of an ongoing axonal repair 
 process. Importantly, this model provided evidence of APP immunoreactivity 
within axons in regions of normal-appearing white matter (NAWM) [150], 
 suggesting that axon injury distal to the site of analysis could disrupt transport over 
long distances and within regions of the axon that remain myelinated. 

 Similarly, immunoreactivity for APP was elevated in the spinal cord of C57Bl/6 
mice during MOG-induced EAE, and this axonal injury correlated with severe func-
tional impairment. Treatment of these mice with glatiramer acetate prevented the 
development of clinical symptoms and substantially reduced the density of APP-
immunoreactive axons in the spinal cord [94]. Likewise, active MOG-induced EAE 
lesions in Lewis rats were associated with an elevated number of APP-positive axons, 
and this model exhibited a substantial number of APP-immunoreactive axons within 
inactive lesions that had active inflammation at the edges [131]. Finally, in a focally 
demyelinated cortical model of MOG-induced EAE in Lewis rats, APP-positive 
axons were only detected within the region of active inflammation, and there was a 
strong correlation between the presence of microglia/macrophages or CD4 +  T cells 
and injured axons [160]. Significantly, despite the rapid appearance of APP-positive 
axons within the cortical lesions, the density of cortical axons did not decrease over 
the 2-week disease course in this model [160], suggesting that axon injury and axonal 
transport disruption, as marked by increased APP immunostaining, are mechanisti-
cally separable from the process that results in absolute loss of the axon. 

 Finally, several retrograde tracer studies have shown compromised axonal trans-
port in demyelinated axons. Persistent infection of SJL/J mice with the Theiler’s 
murine encephalomyelitis virus (TMEV) induces a state of chronic spinal cord 
demyelination with many of the functional and pathological hallmarks of MS [123, 
163, 167, 186, 246]. FluoroGold labeling from the lower thoracic spinal cord to the 
midbrain and brainstem revealed the loss of more than half of the axons emanating 
from the rubrospinal nucleus and the reticulospinal/raphespinal nuclear complex 
and almost complete loss of the axons arising from the vestibulospinal nucleus in 
chronically demyelinated mice [255]. Of note, the number of vestibulospinal neu-
rons was only reduced by one-third, and the number of rubrospinal neurons was 
essentially unchanged [255], suggesting that the loss of retrograde transport was 
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due to an axonal defect rather than to the absolute loss of neurons. Likewise, the 
extent of retrograde labeling correlated with preservation of motor function, such 
that mice exhibiting demyelination with relatively little loss of neurologic function 
showed substantial preservation of FluoroGold labeling in the midbrain and brain-
stem as compared to demyelinated and functionally compromised mice [27, 256]. 

   2.4.3 Mitochondrial Manifestations 

 Conduction recovery along the demyelinated axolemma initiated by Na 
v
 1.2 and 

Na
v
 1.6 upregulation and redistribution requires a concomitant increase in activity of 

the sodium-potassium ATPase pump to maintain a normal resting membrane poten-
tial. Even under normal conditions, the sodium–potassium pump consumes up to 
50% of the total energy available in the brain [7]. The enhanced energy demand 
driven by pump activity along the demyelinated axon results in recruitment of addi-
tional mitochondria to bear the increased load [9]. Indeed, axons in Shiverer mice 
contain significantly more mitochondria than controls, and cytochrome c immunore-
activity is twofold higher in Shiverer white matter tracts [8], suggesting that increased 
mitochondrial function may be an adaptive response to demyelination. Likewise, an 
increase in intra-axonal mitochondria has been observed within demyelinated lesions 
in the TMEV model of MS [222], in several EAE models [59, 135], and following 
antibody-mediated demyelination of the optic nerve in cats [174]. 

 Increased energy demand may explain the increase in intra-axonal mitochondria 
during demyelination [9]. Unfortunately, the specific functional state of mitochon-
dria has not been adequately assessed in the demyelinating models discussed above. 
However, recent findings indicate severely compromised mitochondrial function in 
MS patients entering the chronic secondary progressive phase of the disease. 
Mitochondrial preparations from the motor cortex of such patients showed half the 
level of respiratory chain complex I and III activity measured in normal controls 
[78], suggesting that the axons and neurons in these patients were experiencing 
large-scale ATP starvation. Of note, these patients had already experienced wide-
spread axonal loss, averaging 68% fewer axons than controls in another study [31]. 
This suggests that mitochondrial accumulation and hyperactivity, as indicated in 
the animal models described above, precedes a progressive decline in mitochon-
drial function that is correlated with axon dropout. 

 One potential pathway to intra-axonal mitochondrial dysfunction may involve 
exposure to nitric oxide (NO) and other reactive oxygen species (ROS) generated 
by activated immune cells during the inflammatory phase of demyelination [9]. As 
discussed in more detail below, NO induces transient conduction block in axons, 
induces degeneration of activated axons [122], reversibly inhibits cytochrome c 
oxidase function [41, 54], enhances mitochondrial production of superoxide anion 
and peroxynitrite [166, 194], inhibits electron transfer at respiratory chain complex 
III [194], opens the large conductance mitochondrial permeability transition pore 
[107], and induces generalized failure of mitochondrial metabolism and the reduction
or cessation of ATP production [39, 40]. Once ATP production is compromised, a 
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self-perpetuating chain reaction of energy failure-dependent mechanisms leads to 
inevitable loss of the demyelinated axon. 

     3 Axonal Degeneration During Demyelination 

  3.1 Histopathological Evidence 

  3.1.1 Dysmorphia and Axonal Transection 

 Dysmorphic changes in axons following demyelination include reduced axon caliber, 
en passant  and terminal spheroid formation, accumulation of electron-dense 
organelles, dephosphorylation of neurofilaments, and cytoskeletal discontinuity and 
disorganization [111, 190]. As discussed above, the absence of myelin leads to an 
acute loss of neurofilament phosphorylation and concomitant compression of the 
individual neurofilaments, leading to increased neurofilament density and a reduction 
in axon caliber. Thus, changes in diameter, alterations in neurofilament phosphoryla-
tion and density, accumulation of APP and electron-dense organelles, and reduction 
in axonal transport all likely reflect an acute response to the absence of positive mye-
lin-derived cues that precedes physical disruption of the axolemma [30]. Likewise, 
the development of  en passant  spheroids is probably the end-stage of a severe axonal 
transport defect culminating in the accumulation of retrogradely and anterogradely 
transported organelles, cytoskeletal components, ion channels, and neurotransmitter 
receptors [82, 93, 132, 190, 253]. Similarly, the presence of cytoskeletal discontinui-
ties and disorganization of neurofilaments and microtubules within the axon may 
reflect the proteolytic activity of caspases [3] and calcium-dependent proteases such 
as calpain [100] and may serve as pathological hallmarks for impending axon disin-
tegration. Finally, the irreversible outcome of these injury processes and also the final 
stage in any cell-mediated axon attack process (see Sect. 4 below) is the complete 
transection of the axon and the formation of a terminal spheroid. Such terminal end-
bulbs result from the rapid sealing of the proximal ends of mechanically transected 
axons and the accumulation of anterogradely transported proteins and organelles at 
the new termini [56]. Three-dimensional reconstruction of numerous axon spheroids 
within tissue sections collected from patients with MS revealed that the majority of 
dephosphorylated neurofilament-positive axonal spheroids were caused by complete 
transection of the axon bearing the structure [253]. 

   3.1.2 Evidence of Axon Loss 

 Quantitative analysis of the number of axonal spheroids within the white matter of 
tissue collected from 47 lesions in 11 different patients revealed an average of 
11,236 terminal spheroids per cubic millimeter within actively demyelinating lesions,
3138 spheroids at the edge of chronic active lesions, and 875 spheroids at the center 
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of chronic lesions [253]. In stark contrast, less than one such spheroid was observed 
per cubic millimeter in white matter from control samples [253]. Other studies pro-
vide similar measurements, showing an average axon loss of 68% in ten chronically 
demyelinated inactive lesions collected from five paralyzed patients [31], and a 
reduction from approximately 8 × 10 5  corticospinal tract axons on average in the 
cervical spinal cord of control samples to approximately 4.5 × 10 5  corticospinal 
axons in tissue samples collected from 55 MS patients [73]. 

 Comparable measurements have been made in several animal models of MS. 
For example, axons were reduced by 60% in the cervical spinal cord of irreversibly 
paralyzed end-stage mice during EAE induced by PLP [265], and large-diameter 
axons were reduced by 62% [222] or 78% [157] within the anterolateral columns 
of chronically demyelinated SJL/J mice infected with TMEV. Likewise, 40%–50% 
of corticospinal tract axons were lost by 90 days after induction of EAE with MOG 
in C57Bl/6 mice [32], and 63% of thoracic axons were lost by 40 days after induc-
tion of EAE with MOG in DA rats [188]. Finally, there was a reduction in large 
diameter spinal axons from 28,766 axons per square millimeter in nondemyelinated 
TMEV-infected wild type mice to 17,129 axons per square millimeter in chroni-
cally demyelinated TMEV-infected mice deficient in CD4 [112]. 

   3.1.3 Axonal Slow Burn 

 Several authors have used the term “slow burn” or “slow burning” axon injury to 
refer to persistent axon damage within inactive demyelinated lesions [131, 141, 210, 
239]. In particular, this concept intends to suggest a separation between overt and 
active inflammation-mediated axon injury and a noninflammatory injury process that 
either evolves as a chain reaction initiated during the active inflammatory phase or as 
the result of intra-axonal changes induced by energy depletion and/or axonal trans-
port defects. The evidence in support of axon injury within inactive lesions is pre-
sented above, but the most compelling argument in favor of the relevance of such a 
smoldering injury process is the fact that such inactive lesions may persist for many 
years through the disease course and even a small amount of ongoing axon dropout 
within such lesions will progressively accumulate to the point of debilitation [142]. 

    3.2 Magnetic Resonance Imaging and Spectroscopy Evidence 

  3.2.1 Atrophy 

 White matter in the brain and spinal cord consists of 46% axons, 24% myelin, 17% 
glia, and 13% vasculature, by volume [162], which means that axonal loss will sig-
nificantly impact tissue volume. Indeed, atrophy is presently one of the most robust 
imaging parameters, revealing that the brain and spinal cord of MS patients atro-
phies at a rate that is two to ten times faster than in healthy age-matched controls 
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[162]. Obviously, gross measurement of atrophy lacks fine resolution and may 
overestimate axon loss in conditions of dehydration or acute reduction of inflam-
mation or underestimate axon loss during acute inflammatory infiltration or tissue 
swelling, but tissue volume changes are likely to serve as a key diagnostic marker 
for the evaluation of therapies aimed at axon preservation. For example, the assess-
ment of brain atrophy in a 2-year placebo-controlled trial of beta interferon in 
relapsing remitting MS revealed that tissue shrinkage was reduced in the 2 nd  year 
of treatment and that this reduction did not correlate with lesion load [217]. 
Moreover, subsequent follow-up suggested that those patients with the greatest 
progression of atrophy over the initial 2-year period had the greatest risk for devel-
oping subsequent severe disability [85]. Importantly, measures of atrophy appear to 
be largely separable from changes in inflammation, and little correlation exists 
between lesion load and atrophy. Many of the treatments in clinical use or in clini-
cal trial robustly alter lesion load but do not impact atrophy, suggesting that thera-
peutic strategies aimed at reducing axon injury have yet to be identified [218]. 

   3.2.2 Diffusion Tensor Imaging 

 Diffusion tensor imaging (DTI) uses the anisotropic properties of water diffusion 
within white matter tracts to extract structural information [168]. In particular, the 
measurement of water movement parallel to identified axon tracts, called axial dif-
fusivity, and perpendicular to axon tracts, called radial diffusivity, may distinguish 
axon injury from myelin injury. Decreased axial diffusivity occurs when axons are 
injured or dysfunctional, while increased radial diffusivity occurs within a white 
matter tract when myelin is injured [240–243]. DTI analysis of C57Bl/6 mice dur-
ing MOG-induced EAE revealed a significant reduction in spinal cord axial diffu-
sivity that correlated with intense APP immunoreactivity following histological 
examination [125], suggesting that this technique may allow noninvasive measure-
ment of axonal integrity in both demyelinated and NAWM regions. In fact, DTI of 
39 MS patients with variable disease manifestations showed a substantial reduction 
in fractional anisotropy within the NAWM of the corpus callosum, which was 
interpreted as evidence in favor of axon injury elicited at lesions outside of the cor-
pus callosum [52]. Unfortunately, this analysis did not distinguish between radial 
and axial diffusivity. However, the presence of reduced fractional anisotropy 
within the context of elevated mean diffusivity is suggestive of a reduction in 
coherent water diffusion along the axis of the axon tracts within the corpus callo-
sum. Future application of the radial and axial DTI measurements may serve as a 
surrogate marker for axon injury within the demyelinated CNS. 

   3.2.3  N-Acetyl Aspartate 

N -acetyl aspartate (NAA) is the second most abundant amino acid after glutamate 
within the CNS, and it contributes the major peak on water-suppressed proton 



106 C.L. Howe

magnetic resonance spectra of brain tissue [63]. NAA is present at levels up to 
20 mM within neurons and is turned over every 1–2 days [22]. Numerous studies 
have confirmed that NAA is localized predominantly to neurons and axons, and 
long projection neurons such as cortical pyramidal neurons and motor neurons stain 
more intensely for NAA than local interneurons [164, 233], suggesting that it plays 
a role in the increased metabolic demand of these neurons. NAA is synthesized in 
mitochondria from L-aspartate and acetyl coenzyme A and transported into the 
cytoplasm, where it may function as an osmoregulator to drive the removal of 
intraneuronal and intra-axonal water against a water gradient [23, 24]. NAA may 
also participate in the metabolism of neurotransmitters such as aspartate and gluta-
mate [53], or it may have other, currently unknown functions. In general, reduc-
tions in NAA may signify either reversible neuronal and axonal injury, altered 
neuronal and axonal metabolism, or irreversible loss of axons [63]. However, 
despite the accepted correlation between NAA levels and axon injury, an important 
caveat to the exclusivity of this relationship is the proposal that NAA is effluxed by 
neurons and taken up by oligodendrocytes, where it is catabolized as part of a water 
balance adaptation to the presence of the extremely hydrophobic myelin 
sheath [22]. Of note, demyelination is associated with disrupted aspartoacylase-
mediated NAA metabolism within oligodendrocytes in Canavan disease [133]. 
Likewise, transient NAA reductions may be associated with acute mitochondrial 
dysfunction during inflammatory attack [68, 232], and such levels may recover 
with resolution of the inflammation. Nonetheless, numerous experiments support a 
connection between reduced NAA lines as measured by magnetic resonance 
 spectroscopy and loss of axons and neurologic function. 

 For example, the ratio of NAA to creatine was reduced by 20% in the cortex of 
the wobbler mutant mouse concomitant with increased immunohistochemical evi-
dence of axonal injury [193]. Likewise, the ratio of NAA to choline was reduced 
by 30% in the guinea pig brain during acute EAE induced by whole spinal cord 
homogenate, but this change preceded the development of significant neurologic 
deficits [38]. In contrast, a significant accumulation of swollen axons correlated 
with suppression of absolute NAA values was observed in monkeys 4 weeks after 
induction of EAE with MBP [209]. Unfortunately, no detailed analysis of NAA 
spectroscopy has been correlated to APP accumulation, spheroid formation, or 
other markers of axon injury in either the TMEV model of MS or in an EAE model 
with progressive axonal injury and neurologic deficit. 

 On the other hand, numerous studies of NAA by magnetic resonance spectros-
copy and other techniques have been performed in humans with MS, and substan-
tial correlation between reduced NAA and axonal injury and functional deficits has 
been observed. For example, a comparison of 11 ataxic MS patients, 11 nonataxic 
MS patients, and 11 healthy controls showed that the mean concentration of NAA 
in the cerebellum of ataxic patients was reduced to 6.7 mM as compared to 9.7 mM 
in the nonataxic MS patients and 9.6 mM in the controls [65]. Likewise, comparison 
of spinal cord material collected from MS lesions, NAWM in MS patients, and 
healthy control white matter revealed that axon density as measured by neurofila-
ment staining was reduced by 62% in the MS lesion compared to the other tissue 
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sections while NAA as measured by HPLC was reduced by more than 50% as 
compared to non-lesion white matter in MS patients and by more than 60% as compared
to healthy controls [31]. Finally, analysis of the ratio of NAA to creatine in 88 MS 
patients revealed not only a 20% reduction in the aggregate population ratio com-
pared to healthy controls, but also a very strong correlation between the NAA-to-
creatine ratio and the severity of disability as measured by the Expanded Disability 
Status Scale [67]. 

     4  Immune-Mediated Mechanisms of Axon Injury During 
Demyelination

  4.1 Cellular Effectors of Axon Injury 

  4.1.1 Cytotoxic CD8 +  T Cells 

 Cytotoxic CD8 +  T cells (CTLs) are the dominant T cell within MS lesions, outnum-
bering CD4 +  T cells by almost tenfold [35, 91] at the sites of active axon injury [14, 
29]. These cells kill targets either via the release of cytotoxic granules containing 
perforin, granzyme B, and serglycin [48, 200, 252] or via the activation of cell sur-
face death receptors such as Fas [21]. Despite debate regarding the relevance of 
neuronal expression of MHC class I molecules (see Sect. 4.2.1 below), all CNS 
cells of neuroectodermal origin can be induced to express MHC class I and can be 
killed by CTLs in vitro [178]. The majority of studies have addressed direct CTL-
mediated induction of apoptosis in target cells, but CTLs may also specifically 
attack and transect axons without damaging the neuron cell body [158]. The 
recruitment of CTLs to the CNS may depend upon chemokines secreted by astro-
cytes at the site of injury, infection, or inflammation [202], and CTL recruitment 
and homing to the CNS may actually be facilitated as compared to CD4 +  T cells 
[43, 47]. A unique aspect of the blood–brain barrier is that only activated T cells 
are able to surveil the brain parenchyma, causing the CNS to have the lowest con-
centration of T cells per gram of tissue of any organ [266]. However, intravenous 
introduction of activated CD8 +  T cells leads to rapid MHC restriction-dependent 
accumulation within the CNS, peaking 9–12 h after administration [87, 104], indi-
cating that the concept of immune privilege must be interpreted cautiously [89]. 
Whether these CTLs recognize distinct antigenic epitopes presented on MHC class 
I and the identity of these epitopes has only recently gained attention. Single-cell 
PCR analysis showed that CD8 +  T cells specifically isolated from actively demy-
elinating lesions in human MS brain tissue were represented by substantial expan-
sion of a small number of single clones, with less than half of the isolated CD8 +

cells characterized as polyclonal and with some individual clones accounting for up 
to 35% of the entire CD8 +  population [14]. This finding suggests that CTLs 
recruited to lesion sites can undergo antigen-specific expansion and must therefore 
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recognize such an antigenic target presented on some cell type within the lesion. 
Coupled with the possibility of MHC class I expression on neurons and axons (see 
Sect. 4.2.1 below), it is reasonable to speculate that at least a component of this 
CTL population may recognize and specifically injure axons. This speculation must 
be tempered by the fact that activated CD8 +  T cells also undergo large clonal 
expansions in healthy individuals [105, 197, 225], although the presence of such 
expanded cells in the demyelinated CNS and specifically within active lesions does 
provide both motive and opportunity for these cells to participate in axon injury. 

 Moreover, several lines of investigation provide solid evidence in favor of a role 
for CTLs in direct injury to axons and neurons. For example, while mice that are 
genetically deficient in either β

2
 -microglobulin [212] or perforin [112, 172] develop 

extensive demyelination during chronic infection with TMEV, neither develops 
significant clinical signs of neurologic deficit as measured by hind-limb motor 
evoked potentials, spontaneous vertical and horizontal movement, activity wheel 
behavior, or rotarod performance [83, 112, 172, 198, 212, 214, 256]. In contrast, 
mice on the same background but deficient in MHC class II expression developed 
both extensive demyelination and severe functional impairment, with many of the 
mice paralyzed or moribund by 120 days after infection [181, 212]. Of note, pres-
ervation of motor function in β

2
 -microglobulin-deficient mice appeared to be 

related to the upregulation and redistribution of sodium channels along the axo-
lemma, while such redistribution was not observed in chronically infected, signifi-
cantly impaired SJL/J mice [212]. Likewise, while axons were preserved in the 
β

2
 -microglobulin-deficient mice as assessed by Bielschowski staining and neurofil-

ament immunoreactivity [111, 212], there was widespread disruption and loss of 
axons in chronically infected SJL/J mice [212]. In addition, retrograde axon trans-
port as measured by midbrain and brainstem neuronal accumulation of FluoroGold 
applied at the lower thoracic level of the spinal cord was preserved in β

2
 -microglob-

ulin-deficient mice but was severely compromised in SJL/J mice [255, 256]. 
Finally, both genetic deletion of CD8 +  T cells [173] and peptide-mediated depletion 
of the immunodominant CTL response [117] led to preservation of motor function, 
despite the presence of extensive demyelination, suggesting that a substantial com-
ponent of axon injury is mediated by CTLs in these models. 

 Furthermore, a growing body of evidence supports direct cytotoxic attack of 
neurons and axons by CD8 +  T cells in vitro and in vivo. For example, following the 
induction of MHC class I surface expression on cultured hippocampal neurons and 
the exogenous loading of these class I molecules with a peptide derived from the 
lymphochoriomeningitis virus (LCMV), the addition of anti-LCMV CTLs led to 
rapid formation of immunological synapses on neurites and segmental cytoskeletal 
damage that occurred within 15–30 min [158]. Lesioned neurites exhibited sphe-
roids with accumulated cytoskeletal components proximal to the CTL attack site 
and complete loss of the neuron-specific βIII tubulin isoform over a spatial domain 
of 3–6 µm at the attack site [158]. Importantly, the observed injury was selective for 
neurites, was not detectable at the neuron cell body, and occurred prior to any evi-
dence of apoptosis. Live cell imaging of CTL interactions with neurites revealed 
that the injury was elicited within minutes of contact and that membrane disruption 
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preceded cytoskeletal disintegration [158]. While the mechanism of injury in this 
study was dependent upon MHC class I antigen presentation, other experiments 
using cultured fetal human neurons have shown that polyclonal activation of T cells 
via anti-CD3 ligation is sufficient to elicit neuron death within hours of incubation 
[96]. Neither unactivated T cells nor activated monocytes killed the neurons, and 
the death initiated by activated T cells occurred in both allogeneic and syngeneic 
circumstances and could not be blocked by either an MHC class I or an MHC class 
II function-blocking antibody [96]. Finally, neither cytokines nor T cell-conditioned
media were sufficient to kill the neurons, but the addition of an anti-FasL function 
blocking antibody substantially reduced the level of neuronal death [96]. This 
 finding is similar to the observation that neuron cell bodies are resistant to perforin-
mediated injury but are susceptible to Fas-mediated killing by a population of MHC 
class I-restricted CD8 +  T cells [159]. 

 The in vivo imaging evidence for a direct association between CTLs and injured 
axons is less clear. One example of contact between a demyelinated axon and a 
CD3-positive lymphocyte exhibiting polarization of granzyme B-containing gran-
ules toward the immunological synapse was reported in an acute MS lesion [178], 
suggesting that CTLs may mediate at least some axon injury in the demyelinated 
human brain. However, further work will be required to show whether this type of 
contact is frequent, whether it produces axon injury, and whether interference with 
such contact leads to axon preservation. Nonetheless, other CNS inflammatory dis-
eases provide compelling evidence for direct axon and neuron injury mediated by 
CTLs. For example, while Rasmussen’s encephalitis is associated with autoanti-
bodies against a glutamate receptor subunit [10], much of the disease pathology is 
consistent with a CTL-mediated process [25], and CD8 +  T cells are frequently 
found in contact with and polarized toward MHC class I-positive injured neurons 
within Rasmussen’s brain lesions [28]. 

   4.1.2 CD4 +  T Cells 

 While analysis of MHC class II-restricted CD4 +  T cells has dominated the study of 
inflammatory CNS diseases, the majority of this work has focused on anti-myelin 
responses and mediation of demyelination rather than axon injury. However, sev-
eral studies do suggest that CD4 +  T cells may directly elicit axon injury, although 
the mechanisms of such injury remain largely unclear. For example, polyclonal 
activation of T cells via anti-CD3 ligation produced both CD8 +  and CD4 +  neurono-
toxic T cells, and magnetic isolation of activated CD4 +  cells produced a population 
of effectors that was fully competent to kill fetal human neurons in culture [96]. 
However, this killing was not blocked by treatment with an anti-MHC class II func-
tion blocking antibody [96], indicating that the cytotoxic effect was not mediated 
by peptide recognition. As with the CD8 +  cytotoxic effect described in Sect. 4.1.1 
above, the CD4 +  killing could be blocked with an anti-FasL function blocking anti-
body, suggesting that nonspecifically activated CD4 +  T cells can kill neurons via 
Fas [96]. In contrast, however, other investigators reported that CD4 +  T cells were 
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unable to injure neurites under circumstances that promoted CTL-mediated injury 
[158], suggesting that irreversible axon-specific T cell-mediated attack may pre-
dominantly depend upon CTLs. On the other hand, a reversible axon injury was 
reported when MBP-specific encephalitogenic CD4 +  T cells were incubated with 
YFP-expressing embryonic neurons [230]. These neurons continuously express 
YFP in the cell body and neurites under normal culture conditions, but following 
incubation with activated MBP-specific CD4 +  T cells, there was a redistribution of 
YFP into an aggregated bead-like pattern suggestive of axon transport disruption 
[230]. In addition, there was evidence of cytoskeletal disruption in the neurites as 
marked by discontinuities in β-tubulin staining, and stabilization with paclitaxol 
prevented both the disruption of microtubules and the loss of YFP fluorescence. 
However, despite the presence of cytoskeletal disruption and loss of YFP, mem-
brane integrity was not compromised, the neurons did not die, and following 
removal of the T cells the YFP fluorescence renormalized [230], suggesting that the 
T cell-mediated effect was localized to the neurite cytoskeleton and was not medi-
ated by physical transection of the process. This is substantially different from the 
CTL-mediated effects on axons described in Sect. 4.1.1 above and may have been 
caused by release of cytokines or other toxic mediators rather than by direct cell-
to-cell contact. For example, TNFα triggers microtubule dissolution in endothelial 
cells that is reversed by paclitaxol [191], while interferon γ treatment induces aber-
rant microtubule aggregation in KNS-62 cells [81], suggesting that these factors 
may have been released by the MBP-specific T cells co-cultured with the neurons. 
Indeed, these encephalitogenic T cells have been shown to produce both TNFα and 
interferon γ [76]. Induction of EAE in YFP transgenic mice by adoptive transfer of 
MBP-specific CD4 +  T cells also led to the loss of YFP fluorescence in axons within 
inflammatory lesions in the lumbar spinal cord [230], indicating that transient axon 
destabilization may have relevance to axon injury during demyelination. This fluo-
rescence loss paralleled the onset of clinical symptoms and reached its nadir at the 
peak of functional impairment, but returned to normal levels as the disease resolved 
[230], suggesting that the axon injury was transient and not due to physical transec-
tion. It is important to note that this EAE model is characterized by a monophasic 
disease course that resolves completely within 15 days of onset, which would sug-
gest that axons are not lost anywhere within the neuraxis of these mice. Obviously, 
analysis of YFP fluorescence in axons in mice following EAE induction that does 
result in persistent deficits or in mice chronically infected with TMEV would pro-
vide valuable insight into the kinetics of axon loss rather than axon dysregulation. 

   4.1.3 Natural Killer Cells 

 Because genetic deletion of perforin protects axons during demyelination induced 
by chronic TMEV infection, it is possible that either CTLs or natural killer (NK) 
cells are involved in axon injury following the loss of myelin [111, 112]. Likewise, 
the role of β

2
 -microglobulin in the same model system is compatible with either 

effector cell type, since NK cells recognize MHC class I molecules as well as several
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nonclassical MHC class Ib molecules that require β
2
 -microglobulin for surface 

expression [140, 183]. NK cell recognition of MHC class Ia and Ib molecules is 
more complex than CTL recognition, in that subsets of NK cells express a variety 
of activating and inhibiting surface receptors that engage specific MHC class I 
molecules in a finely tuned balance of positive and negative signaling in response 
to the presence or absence of MHC class I molecules. The fact that under specific 
circumstances NK cells will kill cells that do not express surface class Ia molecules 
[205] is interesting in light of the normally low or absent expression of MHC class 
Ia molecules on neurons [118, 119]. For example, NK cells may recognize demy-
elinated, class Ia-free axons as non-self following recruitment to sites of inflamma-
tory demyelination. However, the NK cell response to targets is considerably more 
complex than the missing self model suggests [205] and depends upon crosstalk 
between a host of cell surface receptors that probe targets for both positive and 
negative recognition cues [140]. One of the primary activating receptors constitu-
tively expressed by NK cells is the C-type lectin NKG2D, which stimulates cyto-
toxicity following binding to a family of stress-regulated MHC class Ib ligands that 
includes Rae-1, H60, and Mult-1 in the mouse (see Sect. 4.3.2 below) [140]. The 
role of NK cells and NKG2D receptors in axon injury within the context of CNS 
demyelination is currently unclear, but NK cells do have the capacity to recognize 
and kill syngeneic dorsal root ganglion neurons in a perforin-dependent manner in 
vitro [16, 17]. This death was apoptotic, rapidly induced, and depended upon 
expression of the NKG2D ligand Rae-1 [16, 17]. Cytotoxicity only occurred when 
glial cell protection of axons was limited, and the NK cells preferentially attacked 
unmyelinated portions of the axon, producing fragmentation and spheroid forma-
tion similar to that described above for CTL-mediated transection of axons [16, 
158]. NK cells did not kill cultured hippocampal neurons, and this protection was 
correlated with the absence of Rae-1 expression in this population of neurons [17]. 
Moreover, MHC class I-deficient neurons prepared from β

2
 -microglobulin-defi-

cient mice were resistant to NK cell-mediated lysis, suggesting that simply the 
absence of surface MHC class I molecules cannot stimulate cytotoxicity against 
neurons [17]. Finally, NK cell-mediated killing of DRG neurons was prevented by 
a function blocking anti-NKG2D antibody but not by control IgG [17]. 

   4.1.4 Macrophages and Microglia 

 Microglia and monocyte-derived macrophages are the primary innate immune effectors 
within the CNS [19, 33, 98], and these cells produce numerous cytotoxic effector mol-
ecules upon activation (see Sect. 4.2 below). In addition to a critical role in phagocytosis 
and debris removal during demyelination [116], microglia and macrophages may 
directly induce axon injury. For example, stereotactic injection of the microglial and 
macrophage activator zymosan into the rat spinal cord produced focal areas of decreased 
neurofilament immunostaining that directly correlated with the density of activated 
macrophages [196]. As zymosan is not directly toxic to neurons or glia [86] but condi-
tioned media from zymosan-stimulated microglia and macrophages kills neurons in 
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vitro [95], it is likely that these activated cells released a cytotoxic factor or factors that 
specifically injured axons. In parallel, activated microglia and macrophages may injure 
axons via direct contact. For example, the number of injured axons within an MS lesion 
correlates very well with the number of macrophages present in the lesion [82, 253], 
and terminal axonal spheroids are frequently found engulfed by microglia or macro-
phages within the center of active lesions [253]. Of note, robust axonal injury was 
observed in β

2
 -microglobulin-deficient mice following induction of either a predomi-

nantly inflammatory EAE with MBP or a predominantly demyelinating EAE induced 
by MOG, and this injury was specifically associated with massive macrophage infiltra-
tion into the spinal cord [146]. While the mechanism of axon injury was not clarified in 
this study, other experiments suggest that macrophages exhibit a cytotoxic phenotype 
characterized by expression of perforin, granzyme B, and the NKG2D receptor [13, 75]. 
In fact, macrophages appear to be the final cytotoxic effector in the death of pancreatic 
β cells induced by adoptive transfer of diabetogenic CD4 +  T cells, and this cytotoxicity 
is likely perforin-dependent and mediated by NKG2D or other activating NK receptors 
on the macrophages [44]. It is tempting to speculate that the perforin- and β

2
 -microglob-

ulin-dependent axon injury described in Sect. 4.1.1 above in the TMEV model involves 
cytotoxic macrophages, but the functional role of these cells in the demyelinated CNS 
remains to be determined. 

    4.2 Molecular Effectors of Axon Injury 

  4.2.1 Perforin and Granzymes 

 The dominant mechanism for NK cell- and CTL-mediated killing of target cells is the 
release of cytolytic granules containing the pore-forming protein perforin, the prote-
oglycan serglycin, and a family of serine proteases known as the granzymes [145, 
251, 258]. Granzyme B, a known mediator of caspase-dependent apoptosis, is pack-
aged within the cytolytic granule in complex with serglycin. Following T cell recep-
tor recognition of the appropriate peptide:MHC class I complex on target cells and 
the formation of the immune synapse, the granzyme:serglycin complex and perforin 
are exocytosed by the CTL [145, 251, 258]. Confusion currently exists regarding the 
role of perforin in the steps subsequent to cytolytic granule exocytosis, but the current 
model suggests that granzymes, either free or in complex with serglycin, bind to the 
surface of the target cell and are endocytosed. This event appears to occur in the 
absence of perforin [88, 192, 227]. However, once endocytosed, perforin may facili-
tate the transfer of granzymes from target cell endosomes to the cytosol via endo-
somolysis, apparently without plasma membrane pore formation [42, 88, 161]. The 
finding that genetic deletion of this cytotoxic effector results in almost complete 
preservation of large-diameter spinal axons despite the presence of persistent demy-
elination and robust immune cell infiltration into the spinal cord suggests a clear role 
for perforin in axon injury [112]. In addition, both cytotoxic granule extracts and 
purified granzyme A induced rapid and complete neurite retraction when added to 
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cultures of a mouse neuron cell line [248] and T cell-mediated killing of neurons in 
live brain slices was prevented by the inhibition of perforin with concanamycin A 
[180]. Finally, granzyme B itself, in the absence of perforin, kills neurons via the 
stimulation of G 

iα  protein-coupled receptors [259]. 

   4.2.2 Fas/FasL 

 Fas ligand (FasL) is a member of the tumor necrosis factor (TNF) family of pro-
teins present on activated cytotoxic T cells. Binding of FasL to the Fas receptor 
(CD95) on the surface of target cells induces apoptosis via the recruitment of the 
Fas-associated death domain (FADD) adaptor protein to the death domain located 
on the intracellular portion of Fas [250]. Clustering of FADD results in recruitment 
of pro-caspase 8 to Fas via its interaction with the death effector domain in FADD, 
generating the death-inducing signaling complex (DISC) at the plasma membrane. 
Recruitment of pro-caspase 8 to the DISC results in autocleavage and activation of 
caspase 8 [221], which in turn activates effector caspases such as caspase 3 [84]. 
Little evidence exists for a role of Fas/FasL in axon injury within the demyelinated 
CNS, but it has been shown that neutralization of FasL improves spinal axon regen-
eration following spinal cord transection [74]. It is unclear whether this is due to 
specific preservation of axons, acute protection of neurons from apoptosis, or 
changes in the inhibitory myelin milieu. 

   4.2.3 Interferon g and Tumor Necrosis Factor a

 Interferon γ (IFNγ) and tumor necrosis factor α (TNFα) are T 
H
 1 cytokines that exert 

pleiotropic effects within the CNS [169]. IFNγ, in particular, is important for the 
upregulation of MHC class I expression by target cells and it plays a critical role in 
the activation of microglia and macrophages [177]. The direct effect of IFNγ and 
TNFα on demyelinated axons is unknown. However, in addition to the microtubule 
effects discussed above, both IFNγ [124] and TNFα [179] inhibit neurite outgrowth 
and induce neurite retraction in cultured neurons. At the same time, other investiga-
tors have reported that these cytokines synergistically promote neurite outgrowth 
[50] and are individually neuroprotective [215, 254]. This discrepancy suggests that 
the interaction of IFNγ or TNFα with axons is complicated and depends upon the 
health status of the axon and neuron [6]. For example, genetic deletion of TNFα
leads to the preservation of more axons in the sciatic nerve following the induction 
of Wallerian degeneration by transection [231], suggesting that within the context 
of an axon injured by another means, TNFα exacerbates the injury process. 

   4.2.4 Nitric Oxide 

 Nitric oxide (NO) is a freely diffusible, reactive, soluble gas produced both 
 physiologically and pathologically by the action of nitric oxide synthase (NOS) on 
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L-arginine [51]. NOS occurs in three major forms: neuronal NOS (nNOS), endothelial
NOS (eNOS), and inducible NOS (iNOS; also inflammatory, immunological, or 
independent of calcium). Both nNOS and eNOS are constitutively expressed and 
generate low levels of NO in response to transient intracellular calcium signals in 
either the brain (nNOS) or the vasculature (eNOS). Low nanomolar concentrations 
of NO produced under normal physiological conditions by nNOS and eNOS 
 generate signals to control synaptic function or regulate blood flow by binding to 
soluble guanylate cyclase and stimulating the production of cyclic guanosine 
3,5′-monophosphate (cGMP) [170]. In contrast, iNOS is not constitutively 
expressed in the CNS and is only found following inflammatory induction in 
microglia,  macrophages, and astrocytes [171], where it continuously generates 
toxic high levels of NO and NO-derived reactive nitrogen species such as peroxyni-
trite (ONOO - ) [80]. Peroxynitrite, formed by the diffusion-limited interaction of 
NO with the superoxide anion (O 

2
– ), is a powerful oxidizing agent that can evolve 

into several toxic radicals, such as nitrogen dioxide and the carbonate radical anion, 
which concomitantly trigger widespread tissue damage via the oxidation and 
 nitration of tyrosines and lipids [11]. Moreover, while NO and peroxynitrite have 
half-lives in tissue measured in milliseconds to seconds, nitrosation products such 
as nitrosothiol adducts exhibit half-lives measured in hours and days, and these 
products can therefore diffuse over much greater distances, spreading injury via 
transnitrosation of additional tyrosines, lipids, and thiol groups [199]. 

 The best evidence for the production of NO and reactive nitrogen injury prod-
ucts in MS is the presence of elevated nitrotyrosine in CSF [267], the abundant 
expression of iNOS mRNA within MS lesions [18], and the expression of iNOS 
protein within macrophages and microglia in acute MS lesions [185]. Likewise, 
iNOS mRNA [129] and protein [64] are expressed within inflammatory lesions in 
EAE in a manner that correlates with the severity of neurological deficit [184], and 
iNOS expression is associated with the inflammatory infiltrate present within the 
demyelinated spinal cord in the TMEV model of MS [115]. 

 NO production by macrophages and microglia within demyelinated lesions may 
play a major role in the acute suppression of axonal conduction and in the eventual 
exacerbation of axonal injury and loss [238]. Demyelinated axons are exquisitely 
sensitive to reversible NO-mediated axon conduction blockade [207], and the rela-
tively low concentrations of NO that may be associated with a persistent residual 
microglial- and macrophage-mediated inflammatory response within chronically 
demyelinated lesions may selectively impair demyelinated axons [238]. 
Mechanistically, NO directly impairs axon function in myriad ways, including 
inhibition of sodium and calcium channels [2, 134, 208], disruption of the sodium–
potassium electrogenic pump [101], and aberrant depolarization mediated by 
cGMP [20]. NO is also reported to inhibit mitochondrial function (see Sect. 2.4.3 
above), resulting in reduced ATP production that compromises the ability to main-
tain axonal ion gradients [7]. In support of such mitochondrial dysfunction within 
demyelinated lesions, oxidative damage to mitochondrial DNA and impaired 
NADH dehydrogenase activity occur within active MS lesions [149, 257], while 
decreased mitochondrial respiratory chain function has been observed in macrophages
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and microglia isolated from rats 12–15 days after induction of EAE with MBP 
[269]. Since the density of activated macrophages within MS lesions appears to 
predict the extent of axonal injury [82], and since activated macrophages are 
closely associated with such injured axons [253], the production of inflammatory 
mediators such as NO by these cells may contribute prominently to the acute sup-
pression of axonal function and may play a central role as the trigger for consequent 
degenerative mechanisms. 

   4.2.5 Proteases 

 One such downstream mechanism of axonal destruction may involve the activation 
of axonal proteases and the disruption and degradation of the axonal cytoskeleton 
[206]. In addition to calcium-dependent calpain-mediated axonal injury, as described 
in Sect. 3.1.1 above, caspases, cathepsins, plasminogen activators, and matrix metal-
loproteinases (MMPs) may also participate in the final degradation and destruction of 
demyelinated axons. For example, caspase-3 activation within axons was correlated 
to the development of substantial axon degeneration in an IL-12-induced model of 
EAE [3], while intra-axonal cathepsin D has been implicated in axon destruction at 
sites of impaired retrograde transport [219]. Finally, tissue plasminogen activator 
(tPA), a fibrinolytic enzyme significantly upregulated within neurons [5] and in the 
CSF of MS patients [4], was intensely associated with large diameter demyelinated 
axons and axonal ovoids along the borders of acute MS lesions [102], suggesting that 
this enzyme may contribute to axonal degradation associated with demyelination. 

    4.3  Neuronal and Axonal Expression 
of Immune-Related Molecules 

  4.3.1 The MHC Class I Controversy 

 The concept of the CNS as an immune-privileged organ, while correct in the strictest 
definition of privilege, has come to be incorrectly interpreted by many investigators 
to mean immune-deficient, immune-compromised, or immune-protected [89]. This 
is nowhere more true than in the widespread notion that neurons are incapable of 
expressing MHC class I or are only competent to produce nonfunctional, unloaded 
surface class I molecules under the artificial conditions of in vitro culture [77, 108, 
118, 119, 136–138, 143, 152, 201]. It is certainly the case that neurons express no 
or very little functional MHC class I, β

2
 -microglobulin, or TAP1/2 peptide trans-

porter under normal, nonpathological conditions [119] (though expression is 
observed in neurons during specific developmental time windows [114, 144]), but 
mounting evidence indicates that induction of functional MHC class I expression 
on neurons is not only possible but likely pathologically relevant. For example, 
while even high doses of IFNγ failed to upregulate MHC class I or β

2
 -microglobulin 



116 C.L. Howe

expression in cultured, electrically active hippocampal neurons, the combination of 
electrophysiological silencing by tetrodotoxin (TTX) and IFNγ treatment induced 
such expression in 100% of neurons analyzed [175]. Moreover, this treatment para-
digm induced the expression of MHC class I on the surface of 93% of neurons ana-
lyzed, as assessed by live-cell immunostaining [175], and led to the upregulation of 
TAP1 and TAP2 genes in 95% and 90% of hippocampal neurons analyzed, respec-
tively [176]. Surface expression of MHC class I was not restricted to the neuron cell 
body in these cultures, but was also observed on presumptive axons [158]. That this 
surface MHC class I was functional and physiologically relevant is supported by 
the finding that peptide loading with an H-2D b -specific peptide induced neurite 
transection by CTLs bearing T cell receptors restricted to this peptide epitope 
[158]. Finally, in addition to axonal and neuronal expression of MHC class I associ-
ated with virus infection of the CNS, a recent study provides unequivocal evidence 
of MHC class I expression on neurons and axons associated with actively demyeli-
nating lesions within tissue samples collected from patients with MS [106]. Thus, 
these findings support a model in which the electrical silencing induced by demy-
elination combined with the localized release of IFNγ by inflammatory cells infil-
trating the demyelinated lesion leads to the upregulation of neuronal and axonal 
MHC class I that can be recognized by CTLs to initiate axonal transection. The 
identity of peptides presented by such axonal MHC class I remains a mystery but 
may range from virus-derived epitopes [216, 223] to self-epitopes derived from the 
active degradation of proteins accumulated within the axon at sites of demyelina-
tion, as discussed in Sect. 4.2.5 above. 

   4.3.2 Nonclassical MHC Class I Molecules 

 In addition to the expression of MHC class Ia molecules, neurons may also express a 
variety of MHC class Ib molecules following demyelination and/or electrical silenc-
ing. While there is currently no evidence that neurons differentially regulate the 
expression of NKG2D ligands such as Rae-1, H-60, and Mult-1, the fact that some 
populations of neurons, such as DRG neurons, are susceptible to NK cell-mediated 
killing via recognition of NKG2D ligands, while other populations, such as hippocampal 

Fig. 1 Proposed model for demyelination-dependent immune-mediated axon injury.  A  Healthy 
myelinated axon. Phosphorylated neurofilaments ( gray lines with protrusions ) maintain axon 
caliber. Sodium channels (Na 

v
 1.6) are only distributed at the nodes of Ranvier ( gray ovals ). 

Vesicles and proteins are shuttled along microtubules ( dashed central line ) both anterogradely and 
retrogradely – normal neuronal function and communication of trophic support depend upon this 
intra-axonal traffic.  B  Acutely demyelinated axon. Neurofilaments at the site of myelin loss are 
dephosphorylated, leading to a reduction in axon caliber and accumulative disruption of intra-
axonal transport. New sodium channel isoforms (Na 

v
 1.2) are redistributed along the denuded 

axolemma to compensate for the loss of saltatory conduction ( black ovals ). Aberrant maintenance 
of Na 

v
 1.6 channels ( light gray ovals in the axolemma ) associated with heightened sodium–calcium

exchanger activity initiates pathologic changes in ionic homeostasis at the site of demyelination.
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Fig. 1 (continued) C  Progressive transport defects lead to accumulation of vesicles and proteins 
at the demyelinated site; such accumulation exacerbates the transport problems, leads to a 
decrease or loss of retrograde trophic support to the neuron cell body, and creates  en passant
spheroids. At the same time, loss of ionic homeostasis and increased metabolic demand lead to 
mitochondrial injury, loss of energy production, and activation of calcium-dependent proteases such 
as calpain, which further injures the cytoskeleton and worsens the transport defect.  D  Eventually, 
the stress of trophic factor withdrawal, energy imbalance, and loss of ionic homeostasis lead to 
the upregulation of immune ligands on the surface of the denuded axolemma that activate or co-
stimulate immune effector cells such as cytotoxic T cells, natural killer cells, and macrophages. 
These effectors release various cytotoxic molecules such as perforin granules, toxic cytokines, and 
reactive oxygen species that trigger axonal transection and potentially neuronal apoptosis 
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neurons, are not [17], suggests that such regulation may be possible. It would be 
interesting to know whether TTX and IFNγ, in addition to inducing MHC class Ia 
expression on hippocampal neurons, also made them susceptible to NK cell-mediated 
killing via recognition of upregulated NKG2D ligand expression. 

     5 Stress and the Naked Axon – A Hypothesis 

 Simply stated, our current working hypothesis is that the stress of demyelination, 
manifested as retrograde transport defects, intra-axonal protein aggregation, ret-
rograde trophic support withdrawal, mitochondrial dysfunction, and electrical 
dysregulation and silencing, results in the induction of aberrant neuronal and 
axonal expression of MHC class Ia and Ib molecules that serve as molecular rec-
ognition cues for the engagement of CTL- and NK cell-dependent attack, injury, 
transection, and killing of neurons and axons (Fig.  1 ). While much work remains 
to prove this model, our unifying hypothesis may help filter the currently availa-
ble data and may provide a rationale for the construction of future experiments. 
Of note, it may also provide a basis for the rational design of new therapeutics 
aimed at thwarting the immune recognition of MHC molecules on demyelinated 
axons. Ultimately, any therapy that preserves axons will preserve neurologic 
function in demyelinated patients and will also promote the maintenance of a 
substrate upon which remyelinating strategies can work. In the absence of axonal 
protection and preservation, no amount of remyelination induction will ever mat-
ter to patients with multiple sclerosis.   
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Abstract  An array of studies implicate different classes of protease and their 
endogenous inhibitors in multiple sclerosis (MS) pathogenesis based on expres-
sion patterns in MS lesions, sera, and/or cerebrospinal fluid (CSF). Growing 
evidence exists regarding their mechanistic roles in inflammatory and neurode-
generative aspects of this disease. Proteolytic events participate in demyelination, 
axon injury, apoptosis, and development of the inflammatory response including 
immune cell activation and extravasation, cytokine and chemokine activation/inac-
tivation, complement activation, and epitope spreading. The potential significance 
of proteolytic activity to MS therefore relates not only to their potential use as 
important biomarkers of disease activity, but additionally as prospective therapeu-
tic targets. Experimental data indicate that understanding the net physiological 
consequence of altered protease levels in MS development and progression neces-
sitates understanding protease activity in the context of substrates, endogenous 
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inhibitors, and proteolytic cascade interactions, which together make up the MS 
degradome. This review will focus on evidence regarding the potential physiologic 
role of those protease families already identified as markers of disease activity in 
MS; that is, the metallo-, serine, and cysteine proteases.    

   1 Introduction 

 Multiple Sclerosis (MS) is considered a complex and heterogeneous multifocal 
demyelinating disease of the central nervous system (CNS) which is of unde-
termined origin. Several theories regarding the initiating event have emerged, 
and these include a viral, or autoimmune cause [61], or metabolically depend-
ent  neurodegenerative changes that promote inflammation, all on a background 
of genetic susceptibility [13, 28]. While the initiating event in MS is not known 
and likely a combination of factors participate, the prevailing view of patho-
genesis is that it involves a pro-inflammatory assault on CNS white matter 
driven by autoreactive T cells and activated macrophages, among other immune 
cells, which results in myelin destruction, axon and neuron degeneration, and 
irreversible neurological deficits [24, 266]. Regardless of whether the trigger-
ing event is viral, autoimmune, and/or metabolic, the effector processes pro-
moting demyelination and axon injury are multifactorial and include cytokines, 
chemokines, and the focus of this review, proteases. The range of potential 
involvement of proteolytic activity in MS pathogenesis extends from parenchy-
mal degenerative events, including myelin destruction and axon injury, to 
release of antigenic self epitopes, immune cell activation, and permeabilization 
of the blood–brain barrier (BBB). 

 Since the overall function of proteases involves hydrolytic breakdown of pro-
teins and polypeptides, they have found functional roles in an array of physiologic 
activities including digestion, fertilization, cellular proliferation and differentiation, 
cell signaling and migration, wound healing, apoptosis, angiogenesis, and inflam-
matory responses. While proteases were once viewed as nonspecific degradative 
enzymes associated with protein catabolism, it is now clear that many proteases 
hydrolyze highly specific peptide bonds, resulting in limited substrate modification. 
Limited proteolysis is dictated by protease specificity and activation, accessibility 
of substrate peptide bonds, and availability of protease inhibitors, or a combination 
of these, and represents an essential mechanism mediating precise control of cellu-
lar processes. By processing bioactive molecules, proteases regulate the availability 
and function of a wide range of proteins responsible for initiation, modulation, and 
termination of important cellular activities. Physiologic roles in maintaining a 
healthy state and in driving inflammatory, respiratory, cardiovascular, neurodegen-
erative, and immunological diseases, as well as certain types of cancer and viral 
infections, have been described. Widespread involvement in health and disease 
makes proteases very attractive targets for development of new drugs for treatment 
of a variety of conditions including MS. 
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   2 Multiple Classes of Protease Implicated in MS 

 Proteases (proteinases, peptidases, proteolytic enzymes) catalyze the hydrolysis of 
covalent peptide bonds in proteins. As of 2007, more than 565 genes encoding pro-
teases or protease-like proteins have been identified in human, and proteases are 
estimated to comprise 1.7% of the human genome [154, 198, 213]. Despite evi-
dence for roles in a variety of pathological conditions, the biological activities of 
many proteases remain undefined, including their relevant substrates, activators, 
and endogenous inhibitors. Understanding in vivo roles is complicated by the fact 
that proteases generally operate in cascades with other proteases, substrates, bind-
ing proteins, and inhibitors in the cellular microenvironment. 

 Five distinct protease catalytic classes have been defined: metallo-, serine, 
cysteine, threonine, and aspartic. These five classes are further divided into families 
according to MEROPS database criteria, which include amino acid sequence and 
three-dimensional folding. Metallo- and serine protease families are the largest, 
known to consist of 187 and 176 members, respectively, followed by cysteine (143 
members), threonine (27 members), and aspartic (21 members). 

 Protease activity is essential to life but must be tightly controlled to prevent 
damage to the producing cells and surrounding tissues. Proteases are produced as 
inactive zymogen precursors, and activation most commonly occurs by cleavage 
of a C-terminal pro-peptide with the arrival of a specific protease to intracellular 
compartments such as lysosomes, or in the extracellular environment in the case 
of secreted proteases. There is an additional level of control in most cases involv-
ing a series of endogenous inhibitors that bind and block catalytic activity. 
Approximately 18 protease inhibitor families have been identified. A delicate 
balance exists between proteases, their activating enzymes, and endogenous 
inhibitors, which control activation and catabolism of intracellular and extracel-
lular proteins. To understand the contribution of proteases to development of 
pathology, individual proteases must therefore be viewed as part of a system 
which includes their specific activities, level of redundancy, temporal and spatial 
distribution and expression level, activation state, turnover, and inhibition prop-
erties [154, 170]. We propose the term “MS degradome” to encompass the set of 
proteases, substrates, and protease inhibitors involved in development and 
 progression of MS. 

  2.1 Matrix Metalloproteases 

 Matrix metalloproteases (MMPs) have received most attention regarding their role 
in MS pathogenesis [298], and in experimental models of MS including experimen-
tal autoimmune encephalomyelitis (EAE) [48, 265, 288] and Theiler’s murine 
encephalomyelitis virus (TMEV) [273] (Table  1 ). MMPs make up an expanding 
family of enzymes with a zinc-binding motif that degrade and remodel structural 
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Table 1 Summary of matrix metalloproteases implicated in MS pathogenesis or in the pathogenesis
of animal models 

 Pathogenesis Protease Disease association

MS Sera MMP-9 Elevated prior to Gd-enhancing lesions 
[267, 286]

TACE Reduced by IFN-β [299] and methylpred-
nisolone [220]

ADAM-17 Correlates with TNF-α during relapse [50]
Elevated fracktalkine levels [127]

MS CSF MMP-9 Elevated with Gd-enhancing lesions [164]
MMP-9/TIMP-1 Elevations predictive of new Gd-enhancing 

lesions [126, 287]
MMP-2 Constitutive
ADAM-17 Elevated fracktalkine levels [127]

MS PBMC MMP-2 Elevated in monocytes [14]
MMP-2, -14, TIMP-1 mRNA elevated [14]
TACE Levels correlate with new Gd-enhancing 

lesions [239]
MS lesions MMP-3, -9 Capillary endothelial cells [162]

MMP-2, -3, -9 Activated astrocytes and microglia [51, 103]
MMP-2, -7, -9, 12 Elevated in macrophages [6, 51, 281]
MMP-2, -7, -9 Elevated in plaque and NAWM [62, 151]
MMP-3 Elevated in acute lesions prior to 

demyelination [151]
TACE T lymphocytes in chronic active plaques

Animal models MMP-9 Elevated in EAE CNS [48, 201]
MMP-9–/– resistant to EAE [68]
Synthetic inhibitors block BBB damage and 

EAE [88, 107, 192]
MMP-8 Elevated in EAE CNS [194, 265]
MMP-3 Elevated 10-fold prior to demyelination in 

DM-20-overexpressing mice [67]
MMP-3, TIMP-1 Elevated early TMEV CNS [273]
MMP-12 Elevated late TMEV CNS, microglia, macro-

phages [273]
MMP-2 Elevated EAE CNS at peak disease [288]

MMP-12–/– EAE disease exacerbation [288]

MMP-2–/– EAE disease exacerbation [73]

proteins in the extracellular matrix (ECM), such as collagens, aggrecan, fibronectin, 
and laminin. The 23 identified MMPs compose four major groups differing in 
 structure and substrate specificity, the collagenases (MMP-1, -8, -13), gelatinases 
(MMP-2, -9), stromelysins (MMP-3, -7, -10, -11), and membrane-type MMPs 
(MMP-14, -15, -16, -24). In mature CNS, MMPs are low or nondetectable, but sev-
eral become upregulated in cases of neurological disease including MS, malignant 
glioma, and stroke. In brain, the major MMPs identified include MMP-2 (gelatinase 
A), MMP-3 (stromelysin 1), MMP-7 (matrilysin), MMP-9 (gelatinase B), and mem-
brane-type metalloproteases [298]. The proteolytic activity of MMPs is tightly 
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controlled by transcription, activation, the tissue inhibitors of metalloproteases 
(TIMPs), and α

2
 -macroglobulins. While traditionally viewed as effectors of ECM 

catabolism participating in tissue morphogenesis and wound healing, MMP activi-
ties are also linked to modification of matrix–integrin contacts, resulting in signaling 
events that alter cell survival [42, 169, 252]. Significantly, MMP-knockout mice are 
associated with relatively minor alterations in matrix turnover, suggesting MMPs are 
not essential to normal matrix remodeling. Emerging studies indicate MMPs are 
capable of cleaving a wide range of bioactive substrates including cytokines, growth 
factors, Fas ligand, and chemokines, and therefore MMPs may exert regulatory 
effects on cell responses involved in host defense [152, 170]. Abnormal expression 
of several MMP members has been linked not only to MS but also to arthritis, can-
cer,  atherosclerosis, lung disease, and cardiac dysfunction [181, 252]. 

 There is ample evidence that MMP-9 levels are elevated in sera and CSF of MS 
patients [87, 200, 220]. In sera, MMP-9 levels increase prior to an acute attack and 
the appearance of gadolinium-enhancing lesions [267, 286]. In primary progres-
sive MS, interferon beta (IFN-β) treatment reduces sera MMP-9 levels [299]. 
High-dose intravenous methylprednisolone treatment, the first-line treatment for 
acute relapses, also returns MMP-9 to normal levels [220]. In CSF, MMP-9 levels 
are increased in MS patients with gadolinium-enhancing lesions, but not in CSF 
from Devic’s neuromyelitis optica patients [164]. The availability of TIMPs plays 
an important role in determining MMP-9’s effects, since a higher MMP-9/TIMP-1 
ratio predicts new enhancing MRI lesions [126, 287]. 

 The likely integral role of other MMPs in the MS degradome is underscored 
by the fact that MMP-9 can be activated by both MMP-2 [79] and MMP-3 [195], 
and each of these, among other MMPs, have been associated with MS pathogen-
esis. MMP-2 is constitutively found in CSF and elevated in monocytes from MS 
patients [14]. Both monocytes and neutrophils contribute to altered MMP activity 
[108], but endogenous CNS sources are also likely. For example, capillary 
endothelial cells of MS brain are both MMP-3- and MMP-9-positive [162], and 
isolated cerebral capillaries produce MMP-9 in response to inflammatory stimuli 
[51, 103]. Activated astrocytes and microglia also produce MMP-2, -3 and -9 [49, 
90]. Real-time PCR analysis of 23 MMPs in subsets of human leukocytes indi-
cates MMP-11, -26, and -27 are enriched in B cells, MMP-15, -16, -24, and -28 
are prominent in T lymphocytes, and the majority of MMPs are detected in mono-
cytes. Notably, these studies showed only MMP-2, MMP-14, and TIMP-1 to be 
elevated in peripheral blood monocytes isolated from MS patients [14]. In MS 
lesions, MMP-2, -7, -9, and -12 are each detected at elevated levels in macro-
phages [6, 51, 281]. Of interest, MMP-2, -7, and -9 proteins are expressed not 
only in plaques but also in adjacent normal-appearing white matter (NAWM) [62, 
151]. MMP-3 mRNA has also been observed within early MS lesions, prior to 
demyelination [151]. 

 Supporting findings in MS patients, the induction or enhanced expression of 
several MMP family members has been linked to promotion of disease in animal 
models of MS [48, 130]. For example, MMP-9 is elevated in brain of EAE mice 
[48, 201], and MMP-9-deficient young mice are resistant to EAE development 
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[68]. Further, synthetic inhibitors of MMP-9 activity partially block BBB damage 
and manifestation of EAE [88, 107, 192]. MMP-8 (neutrophil collagenase) likewise 
increases in CNS in response to EAE and correlates with symptom severity [194, 
265]. A comprehensive examination of 11 MMPs, and all four TIMPs, in TMEV-
infected SJL/J mouse spinal cord points to a prominent role for MMP-3 and 
TIMP-1 in early stages of disease, while MMP-12 is prominent in microglia/
macrophages at more chronic stages, suggestive of a role in ongoing demyelination 
[273]. MMP-12, also known as macrophage metalloelastase, is known to promote 
ECM proteolysis and tissue invasion [243]. Of interest with regard to MMP-3, DM-
20-overexpressing mice, a transgenic model of demyelination, upregulate MMP-3 
in CNS by 10-fold prior to onset of demyelination [67]. MMP-3 can also be 
induced in CNS resident cells by lipopolysaccharide (LPS) [97]. As seen in 
TMEV, MMP-12 is dramatically upregulated in EAE at the peak of disease [201]. 
However, MMP-12-null mice have a significantly worse disease course, suggesting 
MMP-12 plays a protective role in EAE pathogenesis [288]. Notably, EAE is also 
exacerbated in MMP-2-null mice, and in this case, disease exacerbation is associated
with elevated MMP-9 [73]. Since proteases are generally members of activation/
inactivation cascades, it is difficult to determine whether phenotype in knockout 
mice is due to alteration of a target protease or secondary to alteration of a down-
stream effector protease or substrate. 

  2.1.1 A Disintegrin and Metalloproteases 

 The cell surface A disintegrin and metalloproteases (ADAMs), or secreted 
ADAMTS, are a subfamily of metalloproteases (Adamalysins). Over 40 ADAM 
family members are known, with characterized roles in modulation of cell adhesion 
molecule function [114]. The disintegrin domain is capable of interacting with 
integrins to modify adhesion. The metalloprotease domain cleaves membrane-
bound adhesion molecules, thereby mediating anti-adhesive function. ADAMs also 
regulate shedding of cell surface-anchored cytokines, such as tumor necrosis factor 
(TNF-α), cytokine receptors for interleukin (IL) -1, IL-6, and chemokines. 
Metalloprotease-mediated shedding can result in release of soluble ectodomains, 
which influence intracellular signaling pathways. 

 TNF-α converting enzyme (TACE), also known as ADAM-17, is responsible for 
release of the Th1 cytokine TNF-α from its cell-bound inactive precursor. In MS, 
TACE mRNA levels in peripheral blood mononuclear cells (PBMCs) are 
 correlated with the number of new gadolinium-enhancing lesions [239]. TACE is 
localized to invading T lymphocytes in active and chronic active MS plaques [131]. 
Moreover, TACE levels in serum are correlated with TNF-α levels in relapsing-
remitting MS patients during relapse [50]. ADAM-17 is also responsible for shed-
ding of CX3CL1 (fractalkine), which is found in CSF and/or serum of patients with 
CNS inflammatory disease, as well as other inflammatory conditions, and may 
therefore serve as an inflammatory marker. CSF fractalkine levels are increased in 
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Guillain-Barre Syndrome, MS, and viral and bacterial meningitis, relative to con-
trols; however, in serum, fractalkine levels are elevated only in MS [127]. Soluble 
fractalkine has several proposed functions, including activation of circulating 
 leukocytes [160] in addition to anti-inflammatory actions in blocking adhesion of 
leukocytes to membrane-bound fractalkine [127]. 

    2.2 Serine Proteases 

 There are a growing number of links between inflammation and the coagulation/
fibrinolytic systems governed by serine proteases. Serine protease activity 
depends on a catalytic triad comprising the active site, which includes serine, 
histidine, and aspartate residues. The major clans of serine protease include chy-
motrypsin-like, subtilisn-like (prokaryotes), alpha/beta hydrolases, and signal 
peptidases. Chymotrypsin-like proteases (S1 peptidases) include pancreatic 
digestive enzymes, chymotrypsin, trypsin and elastase, the clotting factors, factor 
Xa, factor XI, thrombin, plasmin, plasminogen activators, kallikreins, granzymes, 
cathepsin G, and complement factors including C1r, C1s, and the C3 convertases. In 
each case, serine proteases are produced as inactive zymogen precursors, requir-
ing proteolytic removal of a pro-peptide for bioactivity. Serine protease activa-
tion/inactivation cascades are integrally involved in a diverse array of physiological 
functions ranging from digestive and degradative processes to blood clotting, 
fibrinolysis, cellular and humoral immunity, fertilization, embryogenesis, and tissue 
remodeling. Serine protease activity is further tightly regulated by serine protease 
inhibitors, or serpins, that mimic the 3D structure of the protease substrate and 
block substrate binding or result in protease destruction. Endogenous serpins 
include antithrombin, α1-antitrypsin, complement 1-inhibitor, α1-antichymotrypsin, 
plasminogen activator inhibitor 1 (PAI-1), and neuroserpin. Reflecting their 
importance, approximately 20% of proteins found in blood plasma are serpins. 
Underscoring the critical role of serpin inhibition is the fact that a small activat-
ing event, through cascade interactions, results in rapid amplification of serine 
protease activity. 

 As with MMPs, substantial evidence exists for alterations in serine protease lev-
els in MS sera, CSF, and CNS lesions (Table  2 ). Indeed, alterations in serine pro-
tease activity are among the first detectable signs of inflammatory demyelination 
[55]. Importantly, with BBB breakdown, serum proteins such as thrombin and the 
plasminogen activators, tissue plasminogen activator (tPA), and urokinase plas-
minogen activator (uPA) are able to enter the CNS prior to signs of clinical disease 
and demyelination [129, 133, 282]. Considerable evidence suggests that the activities
of these enzymes are altered in response to various injuries including ischemia, 
inflammation, and excitotoxicity. Cumulatively, data point to a functional loss in 
fibrinolytic potential in NAWM and in demyelinating MS lesions prior to CNS 
inflammation and clinical manifestation [129, 139, 282]. 
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Table 2 Summary of serine proteases implicated in MS pathogenesis or in the pathogenesis of 
animal models 

 Pathogenesis Protease Subfamily Disease Association

MS Sera Elastase Elevated thrombomodulin [82]
MS CSF Plasminogen activator

 tPA  Elevated [4]
 PAI-1  Elevated [4]
 uPA, α 2-antiplasmin  Detected [4, 55]
Elastase Elevated [222]

MS PBMC NA NA
MS lesions Plasminogen activator
   tPA Elevated [55], localized to 

nonphosphorylated
neurofilament positive 
axons [99, 100]

   PAI-1 Elevated with fibrin deposition
[47, 99]

 uPA, α 2-antiplasmin Localized to neurons in areas of
demyelination

Elastase Mast cells chronic active 
plaques [115, 136]

Tissue kallikreins
 K6 Elevated [231]

Animal models Plasminogen activator
  tPA, PAI-1 Elevated activated astrocytes 

EAE [261]
  uPA, uPAR Inflammatory cells, EAE [261]

  Fibrin deposition precedes 
clinical disease [118]

  Fibrin removal suppresses EAE 
[3, 118, 204]

  tPA tPA –/–  more severe acute EAE, 
axon injury [70]

  uPAR uPAR –/–  delayed acute disease, 
exacerbated chronic disease 
[70]

Thrombin Fibrin deposition correlates with
TMEV susceptibility [119]

  PN1, ATIII Batroxobin, reduced TMEV 
clinical disease [119]

  Elevated in EAE [18, 117]
Elastase Mast cell-deficient mice reduced

EAE [235]
Tissue kallikreins Elevated in astrocytes, T cells, 

macrophages EAE and 
TMEV [26, 27, 45, 229]

  K6 Elevated in oligodendroglia in
EAE [262]

  K8 K8–/–  delayed demyelination in 
EAE [262] 
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  2.2.1 Plasminogen Activators 

 Tissue plasminogen activator is constitutively expressed by CNS neurons and 
microglia, and although experimental evidence supports a role in regulation of syn-
aptic plasticity, deregulation is believed to contribute to neuronal degeneration [37, 
236, 270]. Contributing to altered fibrinolytic activity in MS lesions are broad-
spectrum protease inhibitors, such as α2-macroglobulin and α1-antitrypsin, which 
enter the CNS through the damaged BBB. Further, PAI-1, which inhibits tPA, while 
present in very low levels in plasma, is rapidly induced by pro-inflammatory 
cytokines IL-1β and TNF-α [159]. As a result, while tPA has been reported to be 
elevated in CSF of MS patients by 10-fold relative to controls [4], and in MS 
lesions [55], the concomitant increase in PAI-1, along with formation of tPA:PAI-1 
complexes in MS tissues, serves to decrease active tPA, thereby decreasing fibrino-
lytic activity and contributing to fibrin deposition [47, 99]. Suggestive of a role in 
axon injury, tPA is co-localized in MS lesions with demyelinated axons that stain 
positively for nonphosphorylated neurofilament and fibrin [99, 100]. 

 The other major fibrinolytic protease, uPA, along with its endogenous inhibitor 
α2-antiplasmin, is seen in MS CSF and is localized to neurons in areas of demyeli-
nation [4, 55]. High levels of uPA, uPA receptor (uPAR), and PAI-1 occur in acute 
MS lesions in association with mononuclear cells and foamy macrophages sugges-
tive of a role in facilitation of CNS cellular infiltration [7, 55, 99]. uPAR is consti-
tutively expressed by leukocytes, including monocytes and activated T cells, and 
plays a prominent role in adhesion and migration to sites of inflammation by inter-
actions with vitronectin and integrins [259, 283]. 

 Studies regarding the plasminogen activator system in animal models of MS sup-
port the idea that the level of fibrinolysis modulates both inflammatory and degenera-
tive events in CNS. As in MS, fibrin deposition in EAE precedes clinical manifestation 
[118]. Removal of fibrin in EAE suppresses disease development and neurological 
deficits [3, 118, 204]. Supporting the important role of fibrinolysis in CNS inflamma-
tory disease, tPA –/–  mice show early and more severe acute disease and incomplete 
recovery from EAE with significantly higher CNS levels of PAI-1 and fibrin accumu-
lation in association with nonphosphorylated neurofilament axons [70, 155]. By con-
trast, uPAR –/–  mice show delayed, less acute disease with delayed infiltration of 
inflammatory cells. However, uPAR –/–  mice develop chronic disease as a result of steadily 
increasing inflammation, increased levels of uPA, and a greater degree of demyelina-
tion [70]. Combined results point to complex roles for tPA and uPA activity in devel-
opment of CNS inflammatory disease with critical activities in regulating CNS levels 
of blood proteins, which may enter through a leaky BBB [155]. 

   2.2.2 Thrombin 

 Thrombin is another serum protein that may enter the CNS through a damaged BBB, 
although both pro-thrombin and thrombin-receptor (PAR-1) are expressed by CNS 
resident cells [64]. Thrombin is a multifunctional serine protease best characterized 
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for its role in cleaving fibrinogen to yield fibrin, but additional roles include hormone-
like effects in numerous cell types mediated by activation of protease-activated 
receptors (PAR-1, -3, and -4), such as proliferation of astrocytes and neurite retraction 
[66, 98]. Thrombin also induces mast cell degranulation, monocyte and neutrophil 
chemotaxis, induction of cytokine expression, increased vascular permeability, and 
promotion of transendothelial migration of neutrophils [46]. Little information exists 
regarding the activity of thrombin in MS patients, but studies in animal models point 
to roles in pathogenesis, which like plasminogen activators, appears to be related in 
large part to altered fibrin levels. In the case of TMEV-induced disease, fibrin deposi-
tion is greater in susceptible SJL/J mice compared to the resistant C57BL/6 back-
ground. Moreover, batroxobin, a thrombin-like defibrinogenating enzyme, reduces 
clinical signs of disease but not perivascular monocular cell infiltration [119]. The 
important relationship between thrombin and serpins in disease pathogenesis is 
suggested by studies showing elevated endogenous inhibitors of thrombin, PN1 and 
ATIII in CNS of mice with EAE, with PN1 being most abundant prior to clinical 
disease and ATIII levels paralleling the peak of clinical disease [18, 117]. 

   2.2.3 Elastase 

 Several other serine proteases associated with inflammatory cell subsets, including 
mast cell tryptase and neutrophil elastase, are also implicated in MS. Tryptase is the 
major secretory product of mast cells released in response to mast cell activation 
along with histamine, heparin, and other proteases. Tryptase is implicated in a 
number of different inflammatory and allergic conditions such as conjunctivitis, rhin-
itis, and asthma, and is elevated in CSF of MS patients [222]. While T cells and mac-
rophages have long been established as the main effector cells in MS, a role for mast 
cells, traditionally associated with allergic reactions, is suggested, since mast cells are 
associated with chronic active plaques [115, 136] and mast cell-deficient mice exhibit 
markedly reduced EAE disease progression and severity [235]. Neutrophil elastase is 
released in response to inflammatory stimuli and rapidly degrades connective tissue 
proteins, thereby contributing to tissue destruction. Thrombomodulin is an endothe-
lial cell transmembrane glycoprotein that is cleaved to its soluble form by neutrophil 
elastase. Soluble thrombomodulin can be used as a measure of damage to the BBB 
and has a role in binding thrombin and activation of the natural anticoagulant protein 
C [33]. Serum levels of thrombomodulin increase in acute relapsing MS and in 
chronic progressive MS, relative to controls [82]. Neutrophils are also rich in other 
serine proteases including cathepsin G, proteinase 3, and serprocidins, which have 
combined proteolytic and bactericidal activities. 

   2.2.4 Tissue Kallikreins 

 Tissue kallikreins are a serine protease subfamily with trypsin- or chymotrypsin-
like enzymatic activity. Fifteen tissue kallikreins have been identified located in 
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tandem on human chromosome 19q. The classical kallikreins were the first to be 
identified, K1 (tissue/renal/pancreatic kallikrein), K2 (prostate specific glandular 
kallikrein), and K3 (prostate-specific antigen). Evidence suggests that K1 partici-
pates in blood flow regulation, sodium equilibrium, tumor cell invasiveness, and 
inflammation [36], while K2 and K3 are widely used biomarkers for prostate can-
cer prognosis [183]. Far less is currently known regarding the newly identified 
neo-kallikreins, but value as disease biomarkers in steroid hormone-related cancers 
has been described [30]. Emerging studies link altered tissue, sera, or CSF kal-
likrein levels to neurological disorders with levels of K6 downregulated in brain 
lesions [302] and sera [174] of Alzheimer’s patients but upregulated in active 
MS lesions [229] and stroke [272]. Other tissue kallikreins have also been impli-
cated in CNS disease; for example, K8 has been linked to epileptogenesis in mice 
[57]. Kallikreins, like other serine proteases, may be involved in discrete proteolytic 
processing such as growth factor or cell surface receptor activation, and/or more 
nonselective degradative activities. 

 Investigators are only beginning to study the potential activity of kallikreins in 
the pathogenesis of MS because most members of this family have only been 
recently discovered [30]. A number of kallikreins are clearly in a position to partici-
pate in MS, since their expression bridges both the CNS and immune system, and 
several are transcriptionally regulated by immune cell activation [230]. Additionally, 
while not fully elucidated, kallikreins likely participate in activation/inactivation 
cascades with other serine proteases [25] and, indeed, may be regulated by overlap-
ping endogenous inhibitors such as α1-antichymotrypsin, α1-antitrypsin, and 
α2-macroglobulin [157]. Already, kallikrein 6 (K6), the most abundant kal-
likrein in CNS with preferential expression by neurons and oligodendroglia, has 
been shown to be upregulated at sites of active demyelination in MS lesions, in 
TMEV, and in EAE models [26, 27, 45, 229]. Importantly, inhibiting K6 enzymatic 
activity delays the onset of disease and reduces clinical and histological signs in 
EAE. Notably, disease attenuation parallels diminished Th1 responses, which 
points to a prominent role for K6 not only in lesion development but also in 
 modulation of the inflammatory response [27]. Furthermore, it was recently dem-
onstrated that kallikreins are not only capable of modifying the extracellular 
 environment but, like other serine proteases, may serve in a hormone-like capacity 
by virtue of their ability to activate select PAR. Several lines of evidence indicate 
that K6 specifically activates PAR-2 [5], mediating intracellular Ca2+ flux [196]. Of 
great interest in this regard, PAR-2 expression has been demonstrated in association 
with macrophages in MS lesions, and reduced clinical disease in association with 
EAE is observed in PAR-2 knockout mice [191]. Neuropsin, also known as K8, has 
a demonstrated role in neuronal plasticity and is elevated in oligodendroglia in 
EAE. Additionally, K8 –/–  mice show delayed onset and progression of clinical dis-
ease with reduced demyelination and oligodendroglial apoptosis [262]. Supporting 
the likely role of trypsin and chymotrypsin-like kallikreins in pathogenesis of CNS 
inflammatory disease, oral administration of Bowman-Birk Inhibitor, a soy-derived 
inhibitor of serine proteases with trypsin and chymotrypsin activities, suppresses 
clinical and histological signs of EAE including T cell autoreactivity [92].
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    2.3 Cysteine Proteases 

 Cysteine proteases have a nucleophilic cysteine thiol in the catalytic triad. Cysteine 
proteases include lysosomal cathepsins, cytosolic Ca 2+ -activated calpains, and 
caspases. Like other proteases, cysteine proteases are produced as inactive precur-
sor proteins requiring proteolytic processing for activation. In the case of caspases, 
this activation depends critically on recruitment platforms such as the apoptosome 
for caspase-9 and the inflammasome for caspase-1 [167]. 

  2.3.1 Caspases 

 As a fundamental player in apoptosis, the caspase family is the subject of multi-
ple studies regarding its role in both MS lesion pathogenesis and regulation of 
inflammatory cell turnover (Table  3 ). Additionally, a growing body of literature 
indicates that certain caspases have an important role in regulation of inflamma-
tory responses beyond their actions in cell execution. The caspase family includes 
13 members in humans. Both inflammatory caspases (-1, -4, -5 in humans, and -
1, -11, and -12 in mouse), and apoptotic caspases (-7, -3, -6, -8, -10, -2, -9), are 
synthesized as inactive zymogen precursors. Cell death caspases are either initia-
tors (caspases-2, -8, -9, and -10) or executioners (caspases-3, -6, and -7) of apoptosis. 
Caspase-mediated cell death is a final common pathway of many neurological 
and non-neurological disorders. Some caspases, such as caspase-8, have additional
roles unrelated to cell death, including T cell homeostasis, proliferation and acti-
vation [227], and cell  motility [105]. Not surprisingly, caspases have been shown 
to activate several kinases, including protein kinase C isoforms, mitogen-acti-
vated protein kinase/extracellular-signal regulated kinase (MAPK/ERK), and 
kinase kinase (MEKK-1), and to  inactivate p53, focal adhesion kinase (FAK), 
transcription factors nuclear factor-kB (NF-kB), and signal transducer and activa-
tor of transcription-1 (STAT-1) [69]. 

 Critical roles for inflammatory caspases have been demonstrated in maturation 
of pro-inflammatory cytokines, IL-1β, and IL-18 [188]. Caspase-1 (IL-1B converting
enzyme (ICE)) is responsible for the proteolytic activation of the inflammatory 
mediator IL-1β, and blocking caspase-1 decreases neurological injury in several 
disease models [304]. Elevations in caspase-1 appear to play a prominent role in 
MS pathogenesis. Caspase-1 levels correlate with ongoing inflammatory responses 
as caspase-1 protein is found in CSF of patients with acute, but not stable, MS [78]. 
Moreover, both caspase-1 and IL-18 mRNA are significantly elevated in PBMCs 
derived from MS patients compared to controls [83, 112]. Caspase-1 is also upregu-
lated in acute and chronic MS plaques, with expression associated with microglia, 
infiltrating perivascular mononuclear cells, and oligodendrocytes [173]. In EAE, 
caspase-1 mRNA is elevated in CNS, and caspase-1-deficient mice show reduced 
incidence and severity [84]. Caspase-1 is likely to participate both in inflammatory 
and cell death processes in the evolution of MS lesions, since a caspase-1 inhibitor, 
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but not an inhibitor of caspase-3, reduced  oligodendroglial death in response to 
cytokine challenge in vitro [173]. 

   2.3.2 Calpain 

 Calpains are nonlysosomal Ca 2+ -dependent intracellular proteases that promote 
limited cleavage of intracellular proteins involved in cell motility and adhesion. 
There are 14 human calpains that proteolyze many signaling-related substrates, 
including protein kinase C, a subunit of G-proteins, and protein tyrosine phos-
phatases. Calpains are upstream of the Rho GTPase family, Rac1 and RhoA, which 
promote lamellipodia formation. Calapin-1 is abundant in most tissues and well 
characterized in MS (Table 3). Under normal circumstances, Calpain-1 is associ-
ated with calpastatin, its specific endogenous inhibitor. Cytosolic calpain-1 is asso-
ciated with cytoskeletal rearrangement, but calpain-1 may also be secreted from 
activated macrophages and T cells [60, 248] and degrades all major myelin proteins 
[10]. Calpain-1 expression occurs in MS plaques [62, 242] and in association with 
activated astrocytes, microglia, and infiltrating inflammatory cells in EAE [241]. 
Notably, the onset of calpain-1 expression and activity in CNS correlates with onset 
of clinical signs of EAE [231]. Cysteic-leucyl-argininal, a novel calpain-1 inhibitor 
that readily crosses the BBB, reduces CNS demyelination, inflammatory cell infil-
tration, and clinical signs of EAE [104]. 

   2.3.3 Cathepsins 

 Eleven endosomal/lysosomal cathepsins are known in human: cathepsin B, C, F, H, 
K, L, O, S, V, X and W. Cathepsins are related to degranulation of cytotoxic lym-
phocytes [8], processing of MHC II antigens and maturation of MHC class II mol-
ecules [93], and activation of granzymes, neutrophil elastase, and trypsinogen [101, 
147]. Cathepsin B levels are elevated in CSF [179], CNS [23], and peripheral blood 
monocytes of MS patients [22]. Cathepsin C is also upregulated in MS plaques 
[39]. Both cathepsin A and C increase in the spinal cord with the appearance of 
clinical symptoms in EAE [166]. cDNA microarray analysis of PLP transgenic 
mice, a model of remyelination failure in MS, showed up regulation of cathepsin 
B, L, and H expression [158] (Table 3). 

    2.4 Threonine and Aspartic Proteases 

 Proteosomes belong to the threonine class of proteases. The active site threonine 
residues are associated with three distinct cleavage preferences; that is, chymotryp-
tic, tryptic and peptidylglutamyl. The proteosome is a proteolytic complex in which 
proteins are ubiquitin-tagged for selective destruction, although other proteins can 
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be degraded within the proteosome without ubiquitination. Proteosome hydrolases 
are regulated by TMC-95s, endogenous proteasome inhibitors that bind to active 
site threonines. The ubiquitin proteosome process regulates levels and activity of 
numerous intracellular proteins including those involved in inflammation, regula-
tion of the cell cycle, and gene expression. Proteosome inhibitors successfully alle-
viate symptoms in several inflammatory models [72, 202, 207]. The PS-519 
proteasome inhibitor reduces clinical disease and results in fewer relapses in EAE 
[278], with inhibition of NF-kB activity thought to play a major role in disease 
attenuation. Ritonavir, which modulates proteasome function by inhibiting chymo-
trypsin-like and enhancing trypsin-like activity, also confers partial protection from 
EAE [110] (Table 3). 

Table 3 Summary of cysteine, threonine, and aspartic proteases implicated in MS pathogenesis 
or in the pathogenesis of animal models 

 Pathogenesis Protease Subfamily Disease Association

MS Sera
MS CSF Caspase

 Caspase-1 Elevated acute MS [78]
Cathepsins
 Cathepsin B Elevated [179]

MS PBMC Caspase
 Caspase-1 Elevated [83, 112]
Cathepsins
 Cathepsin B Elevated [22]

MS lesions Caspase
 Caspase-1 Elevated microglia, inflammatory cells, 

and oligodendrocytes [173]
Calpain-1 Elevated [62, 242]
Cathepsins
 Cathepsin B Elevated [23]
 Cathepsin C Elevated [39]
Aspartic
 Cathepsin D Elevated [39]

Animal models Caspase
 Caspase-1 Caspase-1–/– reduced incidence and severity 

of EAE [84]
Calapain-1 Elevated EAE CNS, astrocytes, oligodendrocytes, 

inflammatory cells [241]
Calpain inhibitor reduces inflammation, 

demyelination, and clinical EAE [104]
Cathepsins
 Cathepsin B, L, H Elevated PLP transgenic mice [158]
 Cathepsin A and C Elevated with clinical symptoms [166]
Threonine PS-519 proteosome inhibitor reduces EAE 

clinical disease [278]
Aspartic
 Cathepsin D Pepstain suppresses EAE [29]
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 Far less is known regarding the role of aspartic proteases, cathepsins D and E, in MS. 
Cathepsin D degrades myelin basic protein (MBP) [15, 291], and at least one study has 
shown that pepstain, an inhibitor of cathepsin D, suppresses clinical and histological 
signs of EAE [29]. Of interest, cathepsin D was among the genes upregulated by more 
than 2.5-fold in a large-scale cDNA sequencing study of MS plaques [39]. 

    3 Functional Roles of Proteases in MS 

 Regardless of the initiating event in MS, albeit tissue injury due to metabolic abnor-
mality, infection, or autoimmune reaction, the host response designed to restore 
homeostasis is integrally dependent on the action of numerous extracellular and 
intracellular proteases. Partially overlapping proteolytic mechanisms govern blood 
clotting, fibrinolysis, complement activation, inflammation, and immunity, and 
these processes have co-evolved from common ancestral activation pathways [135].
Underscoring the importance of proteases in host defense, extracellular proteases
often have multiple targets and are poised for rapid action and amplification. [300]. 
By virtue of their ability to release, activate, or inactivate bioactive molecules, pro-
teolytic events are important post-translational control check points regulating 
hemostasis and immune function, and evidence suggests they play key roles in both 
the immune and neurodegenerative arms of MS (Fig.  1 ). 

  3.1  Proteolytic Modulation and Mediation of Immune 
Cell Effector Function 

  3.1.1 Regulation of Cytokine Activity 

 Proteolysis is critically involved in the activation of latent immunologic cytokines. 
Like proteases, cytokines are produced as precursor proteins necessitating cleavage 
of a pro-peptide for bioactivity. For example, plasmin activates such factors as 
latent transforming growth factor-β [134], complement C3 [285], and the leukocyte 
chemoattractant CCL14 [274]. MMP-9 cleaves pro-IL-1β [234], and pro-TNF-α
[86]. TACE and possibly MMP-12 also cleave, thereby releasing membrane-bound 
pro-TNF-α [41]. Neutrophil proteinase 3 can activate pro-TNF-α, pro-IL-1β, and 
pro-IL-18 [290]. Inflammatory caspases are also integrally involved in cytokine 
activation. Caspase-1 mediates maturation of pro-IL-1β and pro-IL-18 to their bio-
logically active forms [38, 263]. IL-18 in turn stimulates production of interferon-γ
and other pro-inflammatory cytokines, participates in T cell polarization, stimulates 
nitric oxide (NO) synthesis, activates natural killer cells, and upregulates adhesion 
molecules [65, 178]. IL-1β initiates and amplifies a wide range of activities associ-
ated with innate immunity and host response to infection and tissue injury, including 
promotion of collagenase and metalloprotease synthesis [65]. In cuprizone-induced 
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demyelination, IL-1β plays a critical role in remyelination [168]. Notably, under-
scoring overlap in hemostatic and immune pathways, IL-1β affects vessel wall ele-
ments promoting coagulation and thrombosis [260]. 

 Mice deficient in caspase-1 have defective maturation of IL-1β and IL-18 and 
are resistant to endotoxicity [138, 148]. More recently, IL-33 has also been 
described as a possible substrate for caspase-1 [233]. Caspase-1 is activated in the 
inflammasome, an NALP (cryopyrin)-driven platform for caspase oligomerization. 
Mutation of the NALP3 gene results in defective control of inflammasome 
proteins, resulting in constitutively elevated IL-1β maturation and secretion, and 
this contributes to a clinical spectrum of autoinflammatory diseases such as Muckle 
Wells syndrome and familial cold urticaria, characterized by spontaneous systemic 
inflammation and episodes of fever [167]. Caspase-12 may inhibit caspase-1 activity, 
since caspase-12 –/–  mice secrete higher levels of IL-1β and IL-18 [226]. Caspase 12 
polymorphisms in humans result in hyporesponsiveness to LPS-induced cytokine 
production [226]. Much remains to be learned regarding the substrates of inflam-
matory caspases and their role in MS. 

Fig. 1 The MS degradome is that set of proteases, their inhibitors, and substrates that contribute 
to the development and progression of MS. Proteolysis plays a direct role in ECM turnover, 
immune cell extravasation, myelinolysis, and injury to oligodendrocytes (OLG) and axons. 
Limited proteolytic events also play key roles in regulating the activity and expression of 
cytokines, chemokines, and their receptors. Combined, these proteolytic activities promote the 
release of immunogenic peptides, antigen presentation, and immune cell activation. In turn, these 
events collectively affect the availability of proteases, their inhibitors, and substrates and, there-
fore, the development and progression of CNS inflammatory demyelinating disease 
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 Proteases not only activate pro-cytokines but, in turn, are regulated by cytokines. 
For example, MMP-9 is upregulated by Th1 cytokines, while Th2 cytokines, such 
as IL-4 and IL-10, have the opposite effect [1, 140]. MMP-12, which has a protec-
tive effect in EAE [140, 288], is elevated in macrophages after stimulation with 
cytokines IL-1β, TNF-α, macrophage colony stimulating factor, and growth fac-
tors, such as platelet derived growth factor and vascular endothelial growth factor. 
Transforming growth factor-β1 inhibits cytokine-mediated induction of MMP-12 
[75]. Interestingly, vasoactive intestinal peptide promotes Th2 responses by sup-
pressing upregulation of granzyme B in Th2 but not Th1 effector cells [240]. In 
Jurkat T cells, K2, K6, K10, and K11 are upregulated by IL-2, while K7 and K13 
are simultaneously downregulated [230]. Notably, inhibition of K6 in EAE results 
in reduced sera levels of IFN-γ [27]. 

   3.1.2 Regulation of Chemokine Activity 

 Ligands for many chemokine receptors undergo some level of proteolytic process-
ing to enhance or inhibit local chemoattractant activity [300]. Carboxypeptidase 
modification is a common proteolytic regulatory mechanism for effector proteins 
of the innate immune response including the anaphylatoxins C5a, C3a, and C4a, for 
which cleavage results in partial inactivation. Chemerin is proteolytically activated 
by plasmin, mast cell tryptase, cathepsin G, and neutrophil elastase by carboxyl-
terminal cleavage. CXCL12 (stromal-derived factor-1), a potent chemoattractant 
for leukocytes, is also proteolytically modified at the carboxy terminus, and this 
results in reduced activity [58]. CXCL10 (IP-10) is cleaved at the carboxy terminus 
by MMP-8, and CXCL9 (MIG) by MMP-9 [275], although the biological outcome 
is not defined. Carboxy terminus modification of CXCL7 (NAP2) by an unknown 
protease enhances receptor binding and triggers neutrophil degranulation [71]. 
CXCL7 itself is generated from CTAP-III by proteolytic cleavage and is a potent 
neutrophil chemoattractant acting at CXCR1 and CXCR2 [255]. 

 Amino-terminal proteolysis is even more common among chemoattractant proteins 
than carboxyterminus modifications, likely due to the importance of this region in 
chemokine-receptor binding. Cathepsin G, elastase, and mast cell chymase cleave the 
amino-terminal of CCL15 and CCL23, promoting recruitment of CCR1 +  and CCR3 +

leukocytes to sites of neutrophil degranulation [20, 216]. Aside from neutrophil granule 
proteases, CD26/dipeptidyl-peptidase IV (DPP IV), a serine protease, has the largest 
number of chemoattractant targets removing dipeptides from their amino-terminus. 
CD26/DPP IV inactivates CXCL11, limiting chemotactic responses, and CXCL12, a 
chemokine essential for hematopoiesis [211, 212]. Other cell surface proteases, such as 
ADAM-17 and ADAM-10, promote ectodomain shedding of CX3CL1 [85, 113], and 
since both are expressed by inflamed vessels, they may play a role in the recruitment of 
monocytes from vasculature into tissues. CXCL16 is expressed by antigen-presenting 
cells and binds oxidized low-density lipoprotein and bacteria; however, upon ectodo-
main shedding mediated by ADAM-10, it is converted to a soluble chemoattractant for 
activated CD4 +  and CD8 +  lymphocytes acting through CXCR6 [91]. 
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 Using an exosite scanning approach, the Overall lab demonstrated that chemok-
ines are substrates for MMP-2, pointing to novel roles for MMPs in the regulation 
of inflammation [170, 171]. For example, MMP-2 was shown to cleave monocyte 
chemoattractant protein-3 (MCP-3/CCL-7), resulting in loss of MCP-3 bioactivity 
[171]. Further, the cleavage product MCP-3 (amino acids 5–76) forms a receptor 
antagonist for native MCPs and for other chemokines such as macrophage inflam-
matory protein-1-alpha in vitro and in vivo. In vivo, MMP-2-cleaved MCP-3 
reduces mononuclear infiltration in models of inflammation and, therefore, may 
serve as a natural anti-inflammatory agent [171]. Notably, other MMPs located in 
neutrophil granules also target chemoattractant proteins to enhance or inhibit activ-
ity. MMP-9 inactivates CXCL5, limiting neutrophil accumulation at sites of 
inflammation, while MMP-8 and MMP-9 inactivate CXCL6 [276]. Elastase 
released from neutrophils cleaves and inactivates CXCL12, blocking transendothe-
lial cell migration of CD3 +  T cells [215]. Conversely, certain MMPs activate che-
moattractants serving to attract neutrophils. MMP-3 and mast cell chymase activate 
CXCL7 [137, 232]. 

   3.1.3 Complement Activation 

 Components of the complement system are activated by serine proteases, such as 
C1r, C1s, the C3 convertases, and mannan-associated serine protease-1 and -2 
[246]. Activation culminates in formation of C5b-9, the membrane attack complex 
(MAC) that damages membranes, induces release of proinflammatory mediators, 
controls entry into the cell cycle, and has apoptotic or anti-apoptotic effects [184]. 
Numerous studies link complement activation with MS [156] and its animal models 
[172]. MAC deposition occurs at the edge of active plaques [253] and in association 
with myelin in newly forming lesions [13]. While C5b-9 may be pro-inflammatory 
during the acute phase of disease and may promote demyelination, other studies 
point to a possible neuroprotective role in rescuing oligodendrocytes from apopto-
sis at sublytic concentrations in vitro [249]. Moreover, mice deficient in C5 show 
enhanced oligodendrocyte apoptosis in EAE [190, 224] and are more susceptible to 
kainic acid (KA)-induced neurotoxicity [264]. 

   3.1.4 Direct Modulation of Immune Effector Function 

 A large body of experimental data indicates proteases with classic activities in the 
blood coagulation system also directly affect immune responses by binding to and 
cleaving PAR. Activation of these G-protein-linked receptors promotes production of 
cytokines, growth factors, reactive oxygen species (ROS), and MMPs, permitting 
rapid response to environmental stimuli. Proteolysis of PARs results in the formation 
of a tethered ligand that can bind and activate the receptor, resulting in activation of 
a wide range of signaling cascades [52]. Thrombin is known to activate PAR-1, -3, 
and -4, while trypsin, mast cell tryptase, mast cell granzymes, and factor Xa activate 
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PAR-2. PARs are widely expressed on endothelial cells, leukocytes, and in brain and 
therefore are poised to be mediators of pathogenesis of MS at multiple levels. PAR-1 
activation promotes mast cell degranulation [46], mediates thrombin-induced macro-
phage production of IL-1, IL-6, and MMP-13, and inhibits IL-4 production [296] and 
thrombin-induced inflammation in crescentic glomerulonephritis [54]. Thrombin’s 
effects on microglia appear to occur by a nonproteolytic mechanism as the effects are 
not diminished by hirudin. PAR-2 activation induces leukocyte rolling and adhesion 
and can trigger edema [52, 280] and allergic dermatitis [128]. Trypsin induces lym-
phocyte adhesion, production of ROS [150], and induction of dendritic cell matura-
tion [53]. Tryptase activates peripheral mononuclear cells, inducing the synthesis and 
release of TNF-α, IL-6, and IL-1β but not IL-12, INF-γ, IL-4, or IL-10. Of particular 
interest, tryptase-induced cytokine secretion was greater in PBMC derived from sec-
ondary progressive and relapsing-remitting MS patients relative to healthy controls 
[163]. K14 activates PAR-1, -2, and -4, and K5 and K6 activate PAR-2 [196]. 
Notably, PAR-2-deficient mice are protected from CFA-induced arthritis [32] and are 
more resistant to EAE [191]. 

 Immune homeostasis and maintenance of tolerance also depends heavily on apop-
totic mechanisms and clearance of dead cells mediated, in part, by cell death caspases 
[244]. Autoimmune disease has been linked to defective apoptosis of autoreactive T 
or B cells, resulting in tissue destruction or defective clearance [143]. Removal of 
certain immune cell subsets, such as neutrophils, which contain proteolytic enzymes, 
ROS, and other bacteriocidal factors, is likewise induced by caspase-mediated apop-
tosis, since simple disintegration with release of inflammatory mediators would 
 prolong inflammation [74]. Activation of caspase-3 is linked to release of Ca 2+ -inde-
pendent phospholipase A2, promoting attraction of macrophages and ensuring 
 efficient removal of dying cells [143]. In addition to caspase-mediated apoptosis, 
granzyme B is involved in activation-induced apoptosis of T helper cells [240]. 

    3.2 Proteases as Mediators of Immune Cell Extravasation 

 Inflammation in MS necessitates the recruitment of systemic leukocytes across the 
BBB into the brain parenchyma, a process mediated, in part, by secretion of pro-
teases [106]. The BBB partially protects the CNS from abrupt changes in blood 
composition. The luminal endothelium of cerebral capillaries are joined by tight 
junctions and are separated from circumferential astrocyte end-feet by an intervening
ECM, which cumulatively forms a unique barrier to the flow of blood proteins and 
cells. T cell transmigration involves both transient adhesion to vascular endothe-
lium and focal degradation of endothelial basement membrane and surrounding 
ECM. BBB changes are deemed critical to pathogenesis of MS and imaging reveals 
dynamic and ongoing disruption. 

 MMPs may be one of the major players in the process of leukocyte transmigration 
into tissues. MMP-2 and MMP-9 degrade components of the capillary basal lamina, 
including collagen type IV, laminin, fibronectin, and gelatin, and therefore may play 
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key roles in increasing BBB permeability and in T cell extravasation [89]. MMP-9 is 
produced by both endothelial cells and astrocytes, and upregulation may be a key 
event in breakdown of the BBB [219]. TNF-α induces expression of MMP-9 and, 
therefore likely contributes to opening of the BBB in inflammatory disease [219]. 

 MMP-2 and MMP-3 also affect the integrity of the BBB. Like MMP-9, MMP-2 
is constitutively expressed by astrocytes, including those astrocyte end-feet so criti-
cal to formation of the BBB. Pericytes are a type of macrophage embedded in the 
endothelial basal lamina and secrete both MMP-3 and MMP-9 in addition to other 
inflammatory mediators. MMPs arising from components of the BBB can therefore 
attack tight junction proteins. Intracerebral injection of MMP-2 opens the BBB 
[219]. MMP-3 knockout mice show reduced BBB damage in response to LPS [97]. 
TIMP-1 also inhibits transmigration of monocytes across an endothelial barrier 
in vitro [237]. Synthetic inhibitors of MMP activity also attenuate transmigration 
of T cells across basement membrane matrices in vitro [31, 293]. The most 
convincing evidence for the role of MMPs in leukocyte transmigration comes from 
studies demonstrating that IFN-β, used therapeutically for relapsing remitting MS, 
inhibits T cell MMP-9 production and restores BBB integrity [126, 146, 256]. 

 Serine proteases such as tPA, thrombin, and plasmin, traditionally viewed as part 
of the blood homeostasis system, also contribute to BBB permeability. For  example, 
thrombin stimulates release of prostaglandin PGI 

2
  from endothelial cells, increases 

vascular permeability, and promotes transendothelial migration by neutrophils 
[254]. Thrombin is characterized by its ability to cause retraction of astrocytic proc-
esses [98], a clear mechanism by which it may contribute to disruption of the BBB. 
Additionally, PAR-1 is associated with capillaries and may take part in response to 
influx of thrombin. Specialized receptors capable of binding tPA, annexin II 
tetramer (AIIt), and low-density lipoprotein receptor-related protein (LRP) are 
localized to BBB endothelial cells and surrounding microglia and therefore provide 
a mechanism to enhance localized proteolytic and nonproteolytic effects of tPA. 
A significant increase in AIIt and plasminogen is seen in MS lesions compared to 
NAWM [100]. As new proteases are identified and characterized, additional players 
in BBB permeabilization will be identified. For example, K6 is also capable of 
degrading all major extracellular components of the endothelial basal lamina, is 
produced by activated immune cells and astroglia, and inhibition of K6 activity 
reduces SDF-1-α-mediated immune cell invasion in a modified Boyden chamber 
assay [27]. 

 Adhesion receptors expressed by cells of the cerebral microvasculature and 
astrocyte end-feet, including integrin and dystroglycan family members, also play 
key roles in maintaining BBB integrity in part by evoking changes in protease 
expression [59]. Engagement of T cell VLA-4 and endothelial cell VCAM-1 
induces MMP-2 expression and activation, consistent with manifestation of an 
invasive phenotype in T cells and an activated phenotype in endothelial cells, 
 resulting in proteolysis of basement membrane and interstitial matrix components, 
facilitating T cell extravasation toward the site of inflammation [161]. 

 Proteases that mediate shedding also participate in migration of leukocytes from 
blood to inflamed tissues [116]. Limited proteolysis mediated by ADAMs at the 
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level of both leukocytes and endothelial cells controls in part the activity of 
selectins, integrins, cell adhesion molecules, and transmembrane cytokines, that 
promote leukocyte extravasation [180, 247]. ADAM-10 and -17 are both expressed 
by endothelial cells and leukocytes and participate in shedding of L-selectin, CD44, 
transmembrane chemokines, and VCAM. 

   3.3 Neurodegenerative Activities 

 Neurodegenerative changes in the MS lesion include both acute and chronic demy-
elination, oligodendrocyte loss, axon injury, and neuronal degeneration. These 
changes encompass both white and gray matter and ultimately result in significant 
brain atrophy. Ample evidence suggests that alterations in both extracellular and 
intracellular proteolytic activity occurring in association with areas of inflamma-
tion and demyelination, and in areas of NAWM and normal-appearing gray matter 
(NAGM), play important roles in neurodegenerative events. 

  3.3.1 Myelinolysis 

 Proteases of multiple classes degrade myelin proteins. These include MMP-9 [40, 88, 
210], MMP-2, MMP-3, MMP-7, MMP-12, interstitial collagenase [41, 94], thrombin 
[144], plasminogen activators [34, 193], plasmin [120], K6 [21, 26], calpain-1 [10, 
11], and mast cell proteases, such as tryptase [63]. An important consideration is that 
two proteases known to degrade myelin, K6 and MMP-12, also appear critical to 
myelin formation [9, 142]. There is great interest in further understanding the regula-
tion of myelinolytic proteases and their suitability as therapeutic targets. 

 All proteases shown to degrade myelin proteins are able to generate encephalito-
genic epitopes triggering activation of autoreactive T cells, epitope spreading, and 
exacerbation of demyelination [88, 210]. This concept has been formalized as the 
Remnant Epitopes Generate Autoimmunity (REGA) model [197]. In this model, an 
external factor stimulates inflammatory processes resulting in production of cytokines 
and chemokines that, in turn, promote protease release. As described, depending on 
substrate specificity, proteases operate in cascades not only as extracellular matrix 
and myelin-degrading factors, but also as key modulators of cytokine and chemokine 
activity. While the brain is classically considered immunologically privileged, anti-
gens drain from brain to cervical lymph nodes, and leukocyte recruitment takes place 
in postcapillary venules [228]. The net effect of extracellular proteolysis therefore 
alters the antigen repertoire qualitatively and quantitatively. This thesis holds that 
proteolytic events drive autoimmunity, such that inhibition of certain proteases may 
be beneficial to the treatment of autoimmune disease [197]. 

 Extracellular proteolytic processing appears necessary for generation of encepha-
litogenic peptides. Both MMP-9 and MMP-7 degrade myelin proteins into immuno-
genic peptides [40, 210]. Proteolytic involvement continues through an intracellular 
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pathway; most antigens enter antigen-presenting cells via an endocytic pathway, 
where endoproteases process antigens into appropriately sized peptides for MHC 
class II presentation. While the list of proteases likely to be involved in antigen 
processing in the endosomal/lysosome pathway may be incomplete, it includes 
cysteine proteases, such as cathepsin B, H, L, S, F, Z, V, O, C, and K, the aspartic 
proteases cathepsins D and E, and asparaginyl endopeptidase. IFN-γ regulation of 
several cathepsins may permit fine tuning of the antigen-processing machinery [17]. 
Moreover, the cysteine protease cathepsin S is necessary for degradation of invariant 
chain (Ii) from MHC class II-Ii complexes, allowing peptide binding in professional 
APCs [217]. Cathepsin S-null mice are associated with impaired invariant chain deg-
radation, antigen presentation, and diminished collagen-induced arthritis [182]. 

 Recent studies have also implicated heat shock protein αβ-crystallin as an 
important immunodominant protein in MS. αβ-crystallin is the most upregulated 
mRNA in MS lesions [39] and, like myelin peptides, is a candidate autoantigen in 
MS [277]. Notably, cleavage of αβ-crystallin by gelatinase B produces immunodo-
minant T cell activating peptides in human [44] and a variety of mouse strains 
[251]. The identification of proteases converting self-proteins, such as myelin and 
αβ-crystallin, into class II MHC-peptide complexes that trigger autoimmune 
responses may point to new therapeutic targets whose activities could be inhibited 
to blunt the severity of the autoimmune attack. 

   3.3.2 Neurotoxicity 

 Axon damage occurs in both chronic and acute MS lesions, although the mecha-
nisms involved at each stage and whether demyelination is a necessary prerequisite 
are far from clear [76]. Axonal loss appears to be associated with every newly 
formed lesion, and cumulative axon loss may be a major contributor to progressive 
and irreversible neurological disability [186]. While undoubtedly a variety of fac-
tors contribute to axon injury, likely culprits include a loss of trophic support and 
events mediated directly by resident and infiltrating inflammatory cells and the 
toxic factors they secrete, such as NO, oxygen radicals, glutamate, complement, 
cytokines, and proteases. 

 As in most other aspects of MS pathogenesis, MMPs are implicated in direct 
neurotoxicity, particularly since they are capable of damaging both myelin and 
axons [96, 123, 187]. MMP-2 [62], -7, and -9 [151] are expressed in both active 
plaques and adjacent NAWM, suggesting a role in axon damage. Microinjection of 
MMP -2, -7, or -9 into rodent subcortical white matter results in rapid and marked 
axon injury even in the absence of inflammation [187, 206]. TIMP-1 is rapidly 
upregulated in astrocytes by kainate-induced excitotoxic injury and is neuroprotec-
tive, although it does not prevent apoptosis [218, 257]. 

 Serine proteases, their substrates, and cleavage products are also implicated in 
neuron/axon injury. Neuroserpin, an endogenous inhibitor of tPA and uPA, 
decreases cell death after carotid artery occlusion [297]. Importantly, tPA-deficient 
mice are more resistant to hippocampal degeneration in response to either 



The Multiple Sclerosis Degradome 155

KA-induced excitotoxic injury or middle cerebral artery occlusion [268]. The abil-
ity of tPA to mediate direct neurotoxic effects has been linked to NO and peroxyni-
trite formation such that these compounds restore the toxic effects of KA in 
tPA –/–  mice [203]. As a corollary, plasminogen-deficient mice are also resistant to 
hippocampal neurodegeneration mediated by excitotoxic events [269]. Paralleling 
this observation, exogenous application of α-2-antiplasmin, an endogenous inhibi-
tor of plasmin, is neuroprotective in KA-induced hippocampal injury [268]. Also, 
direct injection of either plasminogen or plasmin into CNS promotes neuronal 
apoptosis and an increase in T cells, neutrophils, and macrophages/microglia [294]. 
Underscoring the concept of proteolytic cascades operating in parallel and serial 
pathways, tPA may increase tissue damage by activating MMP-9, while plasmin 
activates both MMP-2 and -9 [12, 149]. 

 Highlighting the concept that the net effect of proteolytic activity depends heav-
ily on its interactions with available substrates and inhibitors is growing evidence 
that reduced fibrinolytic activity contributes to axonal damage in MS. Opening of 
the BBB permits fibrin deposition in MS while at the same time fibrinolytic activity 
appears to be decreased due to increased PAI-1 inhibitor levels. Since fibrin 
 localizes to demyelinated axons that stain for nonphosphorylated neurofilament, 
fibrin may contribute to axon damage [99]. Studies support the concept that fibrin 
accumulation in tPA-deficient mice exacerbates both axon damage and demyelina-
tion in response to sciatic nerve injury [2]. Notably, tPA-PAI-1 complexes increase 
in both NAWM and NAGM of MS lesions, indicating roles for reduced fibrinolysis 
in axon injury, even in apparently normal tissue. One suggested approach to axon 
damage reduction would be to remove inhibitors of the plasminogen activator 
 system or otherwise stimulate local fibrinolytic activity. 

 Thrombin has both neuroprotective and pro-apoptotic effects in vitro [98]. At 
low concentrations, thrombin protects both hippocampal neurons and astrocytes 
from death [208]. However, at higher concentrations, thrombin inhibits neurite out-
growth [98]. Infusion of thrombin into CNS induces seizure [145], conduction 
block [43], tissue damage [294], inflammation, and gliosis [205]. Both thrombin 
and MMP-9 are toxic to cultured human fetal neurons, and these effects are 
enhanced in combination [295]. Glia-derived nexin-1 (PN-1), an endogenous 
inhibitor of thrombin, protects hippocampal neurons from injury [238]. PAR-1, -3, 
and -4, all activated by thrombin, are expressed in rodent CNS [121, 189, 289] and 
human brain [124] and likely mediate, in large part, thrombin’s neurotoxic effects. 
PAR-1 overexpression in motor neurons promotes degeneration [77]. Also, PAR-1-
deficient mice exhibit enhanced neuronal survival in optic nerve injury [81]. Of 
particular interest, the neuroprotective effect of autoimmune T cells in models of 
axon injury appears to relate to their production and secretion of ATIII [80]. 

 Granzymes are a subfamily of serine proteases that includes granzyme A, B, H, 
K, and M. Granzymes A and B play important roles in destruction of target cells by 
cytotoxic lymphocytes. Granzyme B is stored in CD8 + , CD4 + , and gamma delta T 
cell granules along with other cytotoxic factors, including perforin [279]. Granzyme 
B is classically thought to cross the plasma membrane to activate caspases in a perforin,
or manose-6-phosphate receptor-dependent manner. Perforin has been implicated 
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in exacerbation of TMEV-induced disease with enhanced levels of demyelination, 
viral load, Th1 responses, and axon injury [111, 176]. Recently, activated T cells 
were shown to release soluble granzyme B, which had neurotoxic properties inde-
pendent of perforin or mannose-6-phosphate receptor, although perforin enhanced 
the toxic effects [284]. In this case, soluble granzyme B-mediated neurotoxicity 
was found to involve a G-protein receptor and to activate caspase-3. 

 Calpains have an established role in axon damage in several models of axon injury 
such as stretch, crush, and ischemia [122, 225]. Suggesting a role in mediating axon 
injury in MS, an increasing gradient of calpain-1 expression appears in areas of no 
axon damage to areas of maximal damage [62]. Expression of MMP-2 and calpain-1 
in periplaque white matter of acute MS lesions, prior to axon injury, suggests upregu-
lation represents an early event in plaque evolution. Moreover, peak calpain-1 and 
MMP-2 expression parallel peak expression of β-amyloid precursor protein, at the 
border of all MS lesion subtypes, further supporting activities in axon injury [62]. 

 Oligodendrocyte apoptosis is also an important component of pathogenesis in 
the MS lesion and can occur prior to manifestation of an inflammatory response 
[13]. Experimental evidence for a role of calpains in oligodendrocyte death in 
response to kainate- and NO-induced injury has been described [19]. 
Oligodendrocyte injury by TNF-α has also been described in experimental models 
[125, 301]. Caspases, particularly caspase-3, appears to be involved in TNF-induced
apoptosis of embryonic mouse oligodendrocytes [95, 109], although mitochon-
drial-derived apoptosis-inducing factor (AIF) may mediate TNF-induced apoptosis 
of mature oligodendrocytes [125, 141]. K8-deficient mice exhibit both attenuated 
demyelination and delayed oligodendroglial death in EAE [262]. Interestingly, 
PAR-2 activation of macrophages results in release of an oligotoxic factor 
[191]. Oligodendrocytes also express MHC class I and are therefore susceptible to 
CD8+  T cell-mediated cytotoxicity [303]. 

     4 Novel Hypothesis Regarding Role of Proteases in MS 

 Despite the dominant view that MS is a T-cell-dependent, macrophage-mediated dis-
ease that results in an autoimmune attack on the myelin sheath, growing MRI and 
pathological evidence indicates that alterations occur in normal-appearing myelin 
prior to the phagocytic attack [13]. T2-weighted MRI shows that NAWM and 
NAGM are always involved in MS, extending well beyond the plaque edge. Also, 
magnetic resonance spectroscopy points to metabolic changes in NAWM surrounding 
acute plaques, suggesting metabolic abnormalities precede inflammatory demyeli-
nation [56]. Magnetization transfer imaging, which probes proton pools, indicates 
that NAWM without inflammatory infiltrate, in addition to MS lesions, shows signifi-
cant changes in MS patients relative to controls [245]. Taken together, these data sup-
port the emerging concept that changes in NAWM precede myelin degradation and 
inflammation. Disruption of the myelin sheath may initiate macrophage activity, 
which subsequently leads to amplification of an inflammatory response. 
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 MBP is extensively post-translationally modified by deimination, phosphoryla-
tion, deamidation, methylation, and N-terminal acylation. One novel hypothesis, 
which may underlie biochemical changes in NAWM, relates to the degree of MBP 
cationicity as a result of peptidylarginine deiminase 2 (PAD2 EC 3.5.3.15) activity 
[175]. PAD2 converts arginyl residues to citrulline. The compaction of myelin 
relies, in part, on the ability of MBP to bind the cytoplasmic faces of the oli-
godendrocyte membrane, and this occurs by virtue of its net positive charge and 
through protein–lipid interactions. Therefore, alterations in the net charge of MBP 
represent an important regulatory mechanism for myelin turnover and assembly. 
Deimination gives rise to MBP charge variants referred to as C1 and C8, with C1 
being the least modified and most cationic isomer and the most abundant form in 
the adult human CNS. The lesser cationic component, C8, has extensive deimina-
tion of arginyl residues. Each deiminated arginine results in loss of one positive 
charge. Deiminated MBP is structurally less ordered and more susceptible to vesic-
ulation and proteolysis [15, 35, 209]. The C8, deiminated form of MBP, is elevated 
both in MS lesions and infants [175]. MS severity strongly correlates with the 
degree of arginine loss caused by deimination. In Marburg’s syndrome, an aggres-
sive fulminating type of MS, more than 80% of MBP is found as C8, compared to 
45% in chronic MS, and 20% in normal adult brain [292]. MBP deimination may 
represent a primary defect preceding neurodegenerative events and autoimmune 
attack [177]. Deiminated C8 MBP is more susceptible to proteolytic digestion by 
MMP-3. C1 MBP isolated from MS patients is, interestingly, also more susceptible 
to MMP-3 cleavage relative to controls. Moreover, MMP-3 cleavage results in 
release of several peptides, including one containing an immunodominant epitope. 
Cathepsin D also digests the MBP C8 isomer 3-fold faster than C1 isomers [177]. 
Other post-translational modifications of MBP may also affect myelin stability. For 
example, phosphorylation of MBP C1 stabilizes β structure [214] and is associated 
with enhanced resistance to calpain-1 proteolysis [271]. 

   5 Proteases as Targets for Rationale Drug Design 

 The MS lesion is a complex cellular and molecular environment that can differ in 
early active, chronic active, inactive, and remyelinating lesions. Infiltrating inflam-
matory and resident CNS cells alter levels of cytokines, chemokines, growth factors 
and proteases, their substrates, and endogenous inhibitors, and therefore 
responsiveness of local cells. This reality offers both the promise of identification 
of new therapeutic targets, but clearly indicates that targeting any one factor is 
likely an inefficient strategy to promote repair. Since certain proteases have clear 
roles in either the inflammatory or neurodegenerative aspects of MS and several are 
easily detectable in serum and/or CSF, there is continuing interest in determining 
their utility as potential surrogate markers to aid in patient classification, treatment 
selection, and disease monitoring. Additionally, there is great interest in determin-
ing whether proteases may serve as unique therapeutic targets that could be used 
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selectively to target different aspects of pathogenesis alone, in combination with 
each other, or with other existing therapeutic regimes. 

 As outlined, layered on the complex environment of the MS lesion, are secreted 
proteases of various families that directly impact not only cellular viability, myelin 
turnover, and the integrity of the extracellular matrix, but may also modify the acti-
vation state of key cellular mediators of MS, either directly or indirectly by process-
ing cytokine precursor proteins and influencing the activation state of chemokines 
and their receptors. A single secreted protease, therefore, may drive pathogenesis 
along multiple pathways. Targeting certain secreted proteases therapeutically may 
therefore attenuate pathogenic activity in the MS lesion on multiple levels. An 
increased understanding of protease systems will be critical to the design of poten-
tial inhibitors either directed toward a single protease or capable of more broad-
spectrum inhibitory activity. 

 Several therapies currently in use for MS or in clinical trials owe their efficacy, 
in part, to their effects on production of MMP. For example, IFN-βs have several 
proposed mechanisms of action including interaction with T cell receptors to 
decrease antigen presentation and Th1 activation, decreased expression of T cell 
adhesion molecules, and relevant to the present discussion, reduced production of 
MMPs. Suppression of MMP activity may also be part of the mechanism of action 
of statins as immune modulators [185]. Minocycline, a tetracycline antibiotic now 
shown to be of considerable benefit in several animal models of neurological injury 
or disease including MS, Parkinson’s, Huntington’s, amyotrophic lateral sclerosis, 
stroke, and spinal cord injury, also attenuates MMP production, resulting in 
decreased T cell proliferation and migration, reduced microglial activation, and 
inhibition of inflammatory cytokines [221]. 

 The inflammatory caspase, caspase-1, is a suggested drug target for several 
inflammatory diseases. Pralnacasan, an orally bioavailable nonpeptidic inhibitor of 
caspase-1, inhibits serum cytokine levels in a murine osteoarthritis model [223] and 
Th1 activation in a murine model of colitis [153]. VX-765, a more recently identi-
fied caspase-1 inhibitor, also blocks IL-1β secretion from LPS stimulated PBMCs 
[250]. The role of caspase-1 in MS needs further exploration. 

 Other studies suggest therapeutic uses for oral proteases in inflammatory disease. 
Phlogenzym, consisting of the hydrolytic enzymes bromelain and trypsin as well as 
the antioxidant rutosid, is an oral therapeutic used in clinical trials in Western Europe 
to treat T cell-mediated inflammatory conditions including MS, type 1 diabetes, and 
rheumatoid arthritis [132, 199]. Oral phlogenzym confers complete protection from 
EAE. In these studies, T cell responses were shifted toward Th2 cytokines and 
showed increased activation thresholds. Notably, accessory molecules necessary for 
T cell co-stimulation, CD4, CD44, and B7-1 were hydrolyzed by Phlogenzym, while 
CD3 and MHC class II molecules, and LFA-1, were not affected, suggesting the neu-
roprotective effect may be due to cleavage of molecules necessary for T cell interac-
tions with antigen-presenting cells [258]. Oral bromelain also decreased the incidence 
and severity of spontaneous colitis in IL-10-deficient mice [102]. Oral Phlogenzym 
lowered CD4 +  cell number and IFN-γ production in splenocytes of endotoxemic mice 
[165]. Phlogenzym may also be an effective nonsteroidal anti-inflammatory agent for 
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treatment of osteoarthritis [132]. A recent randomized, double-blind, placebo-con-
trolled study of orally administered hydrolytic enzymes in MS, however, found no 
treatment effect on clinical or MRI parameters [16]. 

   Conclusion 

 Clearly, matrix metalloproteases are only one component of the MS degradome. 
Additional research regarding the activities of proteases of each major class and their 
likely activation/inactivation interactive cascades will be necessary to understand the 
full scope of action of proteases in MS pathogenesis and their potential therapeutic 
usefulness. It is also evident that proteases typically have multiple targets and that the 
consequence of their over- or underexpression in the MS lesion needs to be consid-
ered in terms of the full complement of other available proteases, substrates, and 
inhibitors. Given the identified roles of members of all major classes of protease in 
MS events, ongoing understanding of the physiologic consequences of alterations in 
the MS degradome will offer insight into novel therapeutic approaches. 
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Abstract  Myelin repair (remyelination) following the demyelination of central 
nervous system (CNS) axons in diseases such as multiple sclerosis plays a critical 
role in determining the level of accompanying neurologic disability. While remy-
elination can be quite robust, in multiple sclerosis it often fails. Understanding and 
stimulating the remyelination process are therefore important goals in MS research. 
Remyelination is a complex cellular process that involves an intimate interplay 
between the myelin-producing cells of the CNS (oligodendrocytes), the axons to 
be myelinated, as well as CNS-infiltrating immune cells. Genetic analysis can be 
a powerful tool for the functional analysis of complex cellular processes and has 
recently been applied to the problem of remyelination failure during disease. This 
chapter reviews the recent use of genetic approaches for the study of CNS remyeli-
nation in mouse models of demyelinating disease.    
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   1 Introduction 

 Human multiple sclerosis (MS) is a complex disease with a multifaceted etiology and 
heterogeneous pathology. Demyelinated central nervous system (CNS) lesions are 
the pathologic hallmark of MS and are accompanied by varying degrees of inflam-
mation, reactive gliosis, oligodendrocyte death, axonal loss, complement activa-
tion, and antibody deposition [13, 30]. 

 Remyelination can occur in MS lesions. Prineas and colleagues described 
remyelination in several patients with chronic MS lesions [41]. Nerve fibers with 
abnormally thin sheaths and shorter than normal myelin internodes were 
observed at the margins of many chronic plaques that were examined but the 
extent of the observed remyelination was extremely limited. In contrast, remy-
elination in acute lesions is often more substantial. Remyelination exceeding 
10% of total lesion area was found in many lesions from 15 patients with early-
stage MS [40]. Numerous shadow plaques were also observed that contained 
large numbers of thinly myelinated nerve fibers, suggesting remyelination of 
entire lesions. 

 The strong remyelination in acute MS lesions is similar to that observed fol-
lowing toxin-induced demyelination in animals. Demyelination resulting from 
the injection of lysolecithin into the CNS is rapidly and completely remyelinated 
with myelin sheaths that are uniformly thinner than normal and with character-
istically shorter myelin internodes [12, 25]. A strong remyelination response is 
also observed following recovery from murine hepatitis virus (MHV)-induced 
demyelination in mice. Demyelination follows initial virus infection and is 
accompanied by the development of ataxia and paralysis. Recovery of neuro-
logic function is mediated by nearly complete remyelination that begins as early 
as 14 days after infection [34, 47], concomitant with viral clearance; if virus 
persists, remyelination does not occur. The significant remyelination observed 
during early stages of MS in humans, as well as the strong remyelination 
observed in noninflammatory animal models of demyelination and in murine 
hepatitis virus (MHV)-infected mice, suggest that complete myelin repair is 
possible. 

 While demyelination is a defining pathologic characteristic of the disease, axonal 
injury and degeneration have been identified as the primary determinants of perma-
nent neurologic deficits in patients with MS [13, 14]. Axonal injury probably begins 
early in the disease during active myelin breakdown but the damage  continues in 
chronic demyelinated lesions in which exposed axons are highly vulnerable to 
 secondary injury.  While protective therapies that act directly at the demyelinated 
axon have not yet been established, remyelination can potentially protect vulnerable 
axons from secondary injury. Strategies to promote remyelination are therefore an 
important goal for the treatment of MS and a better understanding of the  molecular 
and genetic mechanisms of remyelination is central to this goal. 

 Much of what we know about the development of demyelinated lesions and their 
potential for remyelination comes from histologic, immunochemical, and gene 
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expression studies of lesioned tissue from human MS and from animal models 
of demyelinating disease. The application of genetic analysis to mouse models of 
demyelinating disease is an increasingly powerful tool for understanding the func-
tions of particular gene products in the disease process and in repair. The following 
sections will introduce the various mouse models of demyelinating disease, 
describe the various genetic approaches used in mice for the study of disease and 
repair, and describe some of the recent applications of genetic analysis to the study 
of CNS remyelination. 

   2 Mouse Models of Demyelinating Disease 

 Human MS is a complex disease and no single mouse model exactly reproduces the 
clinical and pathological patterns observed in this disease. Three distinctly different 
approaches are available for the induction of demyelination in mice: exposure to 
toxins, autoimmunity, and virus-induced demyelination. Each approach results in 
demyelinating conditions with uniquely different features; taken together, these 
experimental systems have provided a useful set of animal models for the study of 
CNS repair following demyelinating disease. 

 Injection of ethidium bromide or lysolecithin into the white matter tracts of the brain 
or spinal cord, or administration of cuprizone in the diet, results in the rapid induction 
of focal demyelinated lesions due to toxic effects on the myelin sheath or oligodendro-
cytes [18, 22, 33]. The demyelination observed following toxin-induced demyelination 
is not immune-mediated and occurs even in mice with genetically deficient immune 
responses. However, following injury, there is frequently a strong immune infiltration 
of T cells, B cells, and hematogenous macrophages at lesion sites. This infiltration is 
usually short-lived but several studies have suggested its importance in CNS repair [9, 
45, 46]. Remyelination following focal demyelination in these models is usually quite 
robust which suggests that in the absence of inhibiting factors significant remyelination 
may be the default physiologic response to myelin injury. 

 One of the most commonly used models of CNS demyelination is experimental 
autoimmune encephalitis (EAE) [21]. EAE is induced by sensitizing animals to 
myelin components either by direct immunization or by adoptive transfer of myelin 
reactive T cells. Crude homogenates of myelin can be used as an immunogen to 
induce encephalitis, but more commonly, specific myelin proteins are used such as 
myelin-basic protein (MBP), proteolipid protein (PLP), myelin oligodendrocyte 
glycoprotein (MOG), myelin-associated glycoprotein (MAG) or S-100. Sensitivity 
to myelin antigens results in CNS inflammation and frequently also CD4 +  T cell-
mediated demyelination. Depending upon the method of induction both acute and 
chronic forms of EAE can be induced. Remyelination is common in the acute forms 
but less so in the chronic forms of the disease. 

 Demyelinating disease also results following CNS infection with several mouse 
viruses, in particular, murine hepatitis virus (MHV) and Theiler’s murine encepha-
lomyelitis virus (TMEV) [10, 34]. Intracerebral infection with certain strains of 
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these viruses results in an acute encephalitis that is characterized by an influx of 
many types of immune effector cells including CD4 +  and CD8 +  T cells, B cells, 
macrophages, and natural killer cells. In susceptible strains of mice, resolution of 
the acute inflammatory response is followed by development of viral persistence 
and chronic immune-mediated demyelinating disease. Remyelination following 
TMEV-mediated demyelination can be significant but is strongly dependent upon 
the strain of mouse that is infected [11]. This strain dependence of the remyelina-
tion response is discussed more fully below. 

   3 Cellular Events in Remyelination 

 Demyelination occurs as the result of damage to the myelin sheath and to oligodendro-
cytes. Following myelin damage, several lines of evidence suggest that surviving oli-
godendrocytes at the site of the lesion are unable to contribute to the remyelination 
process. Instead, new myelin-producing oligodendrocytes are generated from CNS resi-
dent multi-potent glial progenitor cells which are commonly referred to as oligodendro-
cyte progenitor cells (OPCs). These cells are relatively abundant and may comprise as 
much as 5%–8% of all CNS glia [27]. 

 The first step in the remyelination process is the population of the lesion site 
with sufficient OPCs to mediate complete myelin repair. This initial recruitment 
phase involves both OPC proliferation and the migration of these new cells into the 
lesion. Once recruited to the lesion site, OPCs differentiate into premyelinating oli-
godendrocytes that establish an association with demyelinated axons and then 
become mature oligodendrocytes as they extend the membranous sheets that wrap 
the axon and eventually form mature myelin. Several excellent reviews on remyeli-
nation and OPC biology have recently been published [19, 27]. 

 Remyelination is therefore a multi-step process involving OPC proliferation and 
migration, OPC differentiation and axonal recognition, and finally the generation of 
new myelin. One can easily imagine failure to remyelinate as the result of perturba-
tion of any of these steps. Demyelination and remyelination most often occur follow-
ing CNS injury and are therefore often accompanied by CNS inflammation. The 
quality of the inflammatory response may play an important role in determining 
whether OPC proliferation and differentiation proceeds normally and is probably also 
an important determinant of axonal survival. The quality of the immune response and 
the health of surviving axons must therefore also be considered as important compo-
nents of the remyelination process. 

   4 Genetic Analysis in the Mouse 

 Despite having diverged evolutionarily over 75 million years ago, laboratory mice
and humans share a high degree of genomic and physiologic similarity, making mice 
an excellent experimental model for the study of complex cellular processes with 
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relevance to human disease. Mice are small, have a short generation time, and are 
easily bred and maintained. Perhaps more importantly, a large number of well-
characterized inbred strains exist which allows investigators to carry out experi-
ments on controlled genetic backgrounds, greatly minimizing the effects of genetic 
variation that are present in out-bred populations. Finally, technologies have been 
developed for the production of transgenic mice and for targeted gene knock-outs. 
These technologies have been invaluable for testing hypotheses about the function 
of particular gene products in many different biological processes. 

 There are two general approaches for genetic analysis in mice. Forward genetics 
utilizes naturally occurring or induced mutations to identify genes important for a 
biological process of interest [1, 26]. Mutations in these genes are detected based 
on the presence of a predetermined phenotype that is known to occur when the 
process is disrupted. Linkage analysis is used to identify genetic loci that contain 
likely candidate genes and these genes are then tested to determine whether altera-
tion in their function induces the observed mutant phenotype. Once candidate genes 
are identified and confirmed, the full range of biochemical, molecular, genetic, and 
cell biological techniques can be applied to study their biological function. 

 Reverse genetics relies on the selection of candidate gene whose function in a par-
ticular biological process is suspected, often not based on phenotypic evidence, but 
on other experimental observations such as its expression in a specific tissue or cell 
type [1, 44]. The expression of this candidate gene is then altered and the effects of 
this alteration on the process of interest are assessed. Gene function can be altered in 
several ways. Technologies for the production of transgenic mice have made it possi-
ble to insert any fragment of DNA into the mouse genome. The power of this 
approach is that the coding sequence for any protein of interest can be linked with 
inducible or tissue-specific promoters to allow the overexpression or misexpression 
of that protein. The integration of DNA is not targeted to a specific site and therefore 
does not result in the insertional mutation of any specific gene. The endogenous gene 
that is homologous to the inserted transgene is therefore present in the genetic back-
ground and only dominant phenotypic effects of transgene expression are observed. 

 Homologous recombination allows the generation of insertional mutations in 
specific genes that knock out the function of the gene and allow an assessment of 
the effects of a loss of function mutation for that gene. Knock-out mice of this type 
have been a mainstay of reverse genetics for many years. However, if the gene to 
be mutated plays a critical role in development or general physiology, a knock-out 
may be lethal and therefore not useful for the study of cellular function in the adult 
animal. To circumvent this problem, the cre- loxP  system has become an increas-
ingly important tool for creating conditional gene deletions in which a gene of 
interest is deleted but only from specific cell types [8, 42, 48]. Cre recombinase is 
a type I topoisomerase that catalyzes site-specific recombination between  loxP  rec-
ognition elements; this results in deletion of the DNA sequences that lie between 
those sites. In this system, two lines of mice are created. In one line, the cre recombi-
nase coding sequence is linked to a tissue-specific promoter, for example, the mye-
lin-basic protein (MBP) promoter which is specifically expressed in oligodendrocytes. 
A second line is created in which homologous recombination is used to insert  loxP
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elements into genomic DNA (frequently in introns) at sites flanking the coding 
sequence of a particular gene of interest; such genes are frequently referred to as 
floxed genes. When these two lines are crossed together, expression of the cre pro-
tein from the tissue-specific promoter catalyzes recombination at the  loxP  sites. 
This deletes the floxed gene but only in the tissues that express cre. In our example, 
expression of the cre protein from the MBP promoter deletes the floxed gene in 
oligodendrocytes. Using this system, delayed deletion of the gene of interest until 
adulthood avoids lethal phenotypes. 

 As mentioned previously, several mouse models of demyelinating disease are used 
to study the mechanisms of demyelination and the process of remyelination, and to 
serve as experimental systems for the development of MS therapeutics. The following 
sections summarize how both forward and reverse genetic approaches have been used 
to elucidate the roles of specific genes in the process of remyelination in there models. 

   5 Reverse Genetic Analysis of CNS Remyelination 

 The cellular and molecular biology of myelin and myelination have been studied 
intensively for many years. While the remyelination process is probably similar to 
myelination that occurs during normal development, remyelination appears to dif-
fer in many ways and probably needs to be studied as a unique and distinct process. 
At present, genetic analysis of the roles of specific genes in remyelination has only 
been applied to a small collection of genes. In the following sections, the genetic 
analysis of several of these genes is presented as a case study in how genetics can 
be used to understand the molecular biology of remyelination. 

  5.1 Interferon-g Is an Inhibitor of CNS Remyelination 

 Interferon gamma (IFN-γ) is a pleiotropic cytokine produced by activated T cells and 
natural killer cells. While not normally present in large numbers in the nervous sys-
tem, these cells enter the CNS following injury where the secretion of IFN-γ results 
in the activation of macrophages and microglia, and in the upregulation of class I and 
class II major histocompatibility molecules on many different cell types. The aggre-
gate result of these changes is an enhanced immune response at the site of injury. 

 Some of the earliest indications that IFN-γ may be deleterious to CNS repair 
came from studies on the use of interferons for the treatment of human MS. While 
interferons alpha and beta (IFN-α and IFN-β) decrease MS exacerbations and are 
currently standard therapeutic treatments for multiple sclerosis, IFN-γ exacerbates 
the disease [37, 38]. 

 Experiments in mice support the idea that IFN-γ plays a deleterious role in remy-
elination and recovery from demyelinating disease. The IFN-γ coding sequence 
was linked to the myelin-basic protein promoter region and this construct was used 
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to create transgenic mice that specifically expressed IFN-γ in oligodendrocytes [17, 
24]. This expression resulted in hypomyelination, oligodendrocyte cell death, and 
a tremoring phenotype. However, IFN-γ expression in these models begins during 
the first few weeks of postnatal development and it is difficult to rigorously apply 
results on the effects of IFN-γ on myelin development to an understanding of the 
role that IFN-γ plays in remyelination later in life. 

 To address these concerns and to specifically assess the effects of IFN-γ on remyeli-
nation, transgenic mice that express IFN-γ in a temporally controlled manner have been 
created [28, 29]. In these animals, the glial fibrillary acidic protein (GFAP) promoter, 
which directs gene expression in mature astrocytes, is linked to the coding sequence for 
the tetracycline-controlled transactivator protein (tTA). The mice also contain a second 
transgene in which the IFN-γ coding sequence is linked to the tetracycline regulatory 
element (TRE). In these GFAP/tTA;TRE/IFN-γ double transgenic mice, the tTA protein 
is expressed in astrocytes. However, in the presence of doxycycline, a tetracycline ana-
log, the tTA protein is inactive, does not bind the TRE sequence, and, therefore, does 
not induce IFN-γ expression. When these mice are raised in the presence of dietary 
doxycycline, they develop normally and show no CNS IFN-γ expression. When doxy-
cycline is removed from the diet, IFN-γ expression is induced in CNS astrocytes and 
reaches a maximal level of expression after about 2 weeks. 

 To examine the role of IFN-γ on remyelination, demyelinating disease was 
induced in double transgenic animals either by dietary administration of cuprizone or 
by immunization with myelin oligodendrocyte glycoprotein (MOG) to induce EAE. 
Once demyelinating disease was established, doxycycline was removed from the diet 
to induce the secretion of IFN-γ by astrocytes. IFN-γ expression suppressed remyeli-
nation in both experimental systems. In cuprizone-treated animals, remyelination in 
the corpus callosum was reduced from 48.4% to 26.9% of demyelinated axons fol-
lowing 8 weeks of doxycycline withdrawal [29]. Myelin-specific gene expression 
was also much reduced, consistent with a general inhibition of myelination. 

 Following cuprizone-induced demyelination, OPCs repopulate demyelinated 
lesions and then differentiate into mature oligodendrocytes responsible for remyeli-
nation. NG2 staining to detect OPCs revealed similar numbers of progenitors in 
GFAP/tTA;TRE/IFN-γ double transgenic mice with continued doxycycline treat-
ment compared to doxycycline withdrawal. Despite similar OPC numbers, there 
was a significant reduction of mature oligodendrocytes in mice with induced IFN-γ
expression in the CNS [29]. These observations are consistent with in vitro studies 
demonstrating that mature myelinating oligodendrocytes are more sensitive to IFN-
γ than are OPCs. IFN-γ expression may therefore inhibit remyelination at the stage 
following OPC recruitment when oligodendrocytes begin to differentiate. 

 Similar observations were made in double transgenic mice with MOG-induced 
EAE [29]. IFN-γ expression induced following establishment of the disease resulted 
in reduced expression of myelin-specific proteins, reduced numbers of mature 
 oligodendrocytes at demyelinated lesions, and reduced remyelination. Furthermore, 
IFN-γ expression significantly delayed clinical recovery. Axonal integrity did not 
appear to be affected, suggesting that the delay in recovery may be a consequence of 
remyelination failure. 
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 While the inhibition of remyelination by IFN-γ may result from direct effects on 
oligodendrocytes, the global effects of IFN-γ on CNS tissue make it difficult to 
exclude indirect effects mediated by other cells such as activated microglia. To 
address this question another transgenic system has been employed. Suppressors of 
cytokine signaling (SOCS) are a family of proteins that inhibit the JAK/STAT sign-
aling pathways. As such, they are key regulators of cytokine-mediated events. Of 
particular interest is SOCS1, which functions as a cellular regulator of IFN-γ
responsiveness. Transgenic mice were created in which SOCS1 expression was 
driven specifically in oligodendrocytes by the proteolipid protein promoter; expres-
sion of SOCS1 in these mice protects them against the damaging effects of IFN-γ
expression [6]. In culture, oligodendrocytes are normally quite sensitive to IFN-γ
and die by necrosis within a few days after treatment [5]. Oligodendrocytes from 
PLP/SOCS1 transgenic mice were cultured and treated with IFN-γ and the nuclear 
translocation of the IFN-γ signaling molecule STAT1 was used as an assay for IFN-γ
responsiveness [6]. In oligodendrocytes that express SOCS1, STAT1 remains in the 
cytoplasm while wild type cells respond with STAT1 nuclear translocation. In vivo, 
IFN-γ expression in oligodendrocytes from a MBP/IFN-γ transgene causes the 
upregulation of MHC class I on oligodendrocytes and myelin. In MBP/IFN-γ, PLP/
SOCS1 double transgenic mice, oligodendrocytes and myelin do not express 
detectable levels of MHC class I. The results, both in culture and in vivo, indicate 
that SOCS1 expression in oligodendrocytes diminishes their responsiveness to IFN-
γ and that the deleterious effects of IFN-γ are a direct effect on oligodendrocytes. 

 In addition to the cellular effects of SOCS1 protection, PLP/SOCS1 transgenic 
mice are also protected from the neurologic abnormalities that accompany IFN-γ
overexpression during myelin development [6]. As mentioned previously, transgenic 
expression of IFN-γ in developing mice results in hypomyelination and a tremoring 
phenotype. When the PLP/SOCS1 transgene is crossed into transgenic lines that 
overexpress IFN-γ during myelination, the expression of SOCS1 significantly 
decreases the incidence of tremor. These results demonstrate that the expression of 
SOCS1 not only diminishes the responsiveness of oligodendrocytes to the deleterious 
effects of IFN-γ but that this protection may also affect neurologic function. 

 While these experiments demonstrate that IFN-γ has a direct effect on oli-
godendrocytes which reduces oligodendrocyte numbers and inhibits remyelination, 
they do not address the cellular basis for this inhibition. Recent studies strongly 
suggest that this effect is the result of endoplasmic reticulum stress. The endoplas-
mic reticulum is the site of synthesis for secreted and membrane-bound proteins. 
As these proteins are synthesized, they are folded properly with the help of ER 
chaperone proteins and only correctly folded proteins are transported on the Golgi 
apparatus. Abnormally folded proteins are retained in the ER, translocated into the 
cytoplasm and degraded by the proteosome. Under certain conditions, unfolded 
proteins accumulate in the ER forming toxic aggregates, a condition called ER 
stress [51]. When this happens, eukaryotic cells activate an ER stress response that 
attenuates protein synthesis, upregulates the transcription of ER chaperone proteins 
and the proteins involved in the clearance of misfolded proteins, and eventually 
induces apoptosis to remove the damaged cell. 
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 The endoplasmic reticulum kinase,  PERK , plays an important role in the 
response to ER stress by phosphorylating eIF2α to attenuate translation.  PERK  also 
phosphorylates the ATF4 transcription factor to enhance the production of other 
proteins involved in the ER stress response. Mice that are homozygous for a tar-
geted knock-out of the  PERK  gene die soon after birth due to a variety of develop-
mental and metabolic defects [23, 52]. While  PERK  heterozygotes are viable, their 
levels of  PERK  are half those observed in wild type animals and they exhibit mild 
deficiencies in some physiologic functions such as the ability to clear glucose from 
the serum, which suggests that reduced levels of  PERK  are physiologically relevant 
[23]. PERK  heterozygotes were used to test whether ER stress might be responsible 
for the deleterious effects of IFN-γ on oligodendrocytes and remyelination [28]. In 
the corpus callosum of GFAP/tTA;TRE/IFN-γ double transgenic mice with cupri-
zone-induced demyelination, IFN-γ expression following doxycycline withdrawal 
is accompanied by the upregulation of several genes associated with the ER stress 
response. In addition, increased phosphorylation of eIF2α was observed in oli-
godendrocytes, demonstrating a link between IFN-γ effects on oligodendrocytes 
and ER stress. When these double transgenic mice are crossed onto a  PERK   +/–

genetic background, very few oligodendrocytes were detected in the corpus callo-
sum and the number of remyelinated axons was greatly reduced. Of the 
oligodendrocytes present in the corpus callosum, a significant number were caspase 
3-positive, suggesting that they were undergoing apoptosis. Taken together, these 
observations strongly support the idea that IFN-γ expression in the CNS results in 
ER stress, causing oligodendrocyte loss and remyelination failure. 

   5.2 Efficient CNS Remyelination Requires T Cells 

 Examining the extent of remyelination in mice with genetic deficiencies in immune 
function demonstrates a positive role for immune function in the remyelination 
process [9]. Mice deficient in recombination-activating gene 1 ( RAG-1 ) lack both 
B cells and T cells. Following lysolecthin-induced demyelination in the spinal cord, 
RAG-1  mutant mice show a 65% reduction in remyelination compared to control 
mice. Mice lacking either CD4 +  or CD8 +  T cells show a similar inhibition of remy-
elination. These experiments demonstrate that both CD4 +  and CD8 +  CNS-infiltrat-
ing T cells provide functions necessary for efficient remyelination. A neuroprotective 
role for T cells following CNS injury has previously been proposed [45, 46], 
although the exact mechanism of this effect is still not fully understood. 

   5.3  Growth Factors Play Diverse Roles During 
CNS Remyelination 

 Cultured oligodendrocytes respond to a variety of growth factors in culture and 
reverse genetics has been used to study several of these in vivo for their roles in 
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myelination and remyelination. Fibroblast growth factor 2 (FGF2) is a potent 
mitogen for OPCs, especially in combination with platelet-derived growth factor 
(PDGF). FGF2 expression is strongly upregulated at the sites of demyelinated 
lesions and is likely to play a role in remyelination. 

 FGF2 knock-out mice have been studied using several systems of demyelinating 
disease to determine the role of FGF in remyelination. Following both cuprizone- and 
MHV-induced demyelination, oligodendrocyte repopulation of demyelinated lesions 
increases in FGF2 knock-out mice [4, 36]. In the cuprizone model, increased remy-
elination accompanies this enhanced oligodendroglial regeneration [3]. Treatment of 
spinal cord glia in culture with FGF2 or with function-neutralizing FGF2 antibodies 
demonstrates that elevated FGF2 favors OPC proliferation, while FGF2 depletion 
promotes the differentiation of OPCs into mature oligodendrocytes [4]. Therefore, 
while FGF2 acts as a mitogen for OPCs in culture and probably also in vivo, it appar-
ently inhibits oligodendrocytre differentiation and, thus, remyelination. 

 PDGF also acts as a mitogen for OPCs in vitro. PDGF overexpression in astro-
cytes under the control of the glial fibrillar acidic protein promoter (GFAP/PDGF), 
results in increased OPC density in adult mice. This suggests a role for PDGF 
expression levels in determining the number of OPCs that develop in the adult CNS 
[49]. However, when demyelination was induced in GFAP/PDGF transgenic mice 
with dietary cuprizone or by lysolecithin injection into the spinal cord, no differ-
ences are observed in the extent or rate of remyelination despite significantly 
increased OPC density in lesions [49]. These data demonstrate a key role for PDGF 
levels in establishing the density of the OPC population but also show that remyeli-
nation is generally not limited by the number of available OPCs. 

 A third growth factor, insulin-like growth factor 1 (IGF-1), appears to protect 
mature oligodendrocytes from death following demyelinating insults. IGF-1 pro-
motes the long-term survival of oligodendrocytes in culture and protects them from 
undergoing apoptosis. Overexpression of IGF-1 in the brain during development, 
under the control of the metallothionein-I promoter (IGF-1 Tg mice), results in 
increased numbers of myelinated axons with thicker myelin sheaths, increased 
numbers of oligodendrocytes and increased levels of PLP and MBP mRNA in the 
CNS. These data indicate that IGF-1 stimulates both oligodendrocyte growth and 
myelination [50]. Cuprizone-induced demyelination in wild type mice results in 
oligodendrocyte apoptosis and the depletion of oligodendrocytes in the corpus cal-
losum with concomitant demyelination. In IGF-1 Tg mice, acute demyelination is 
observed following cuprizone treatment but oligodendrocyte apoptosis is greatly 
reduced. As a consequence, mature oligodendrocytes survive the initial demyelinat-
ing insult and demyelinated lesions are rapidly remyelinated [32]. These observa-
tions suggest a role for IGF-1 in preventing the depletion of mature oligodendrocytes 
during demyelination and thereby enhancing the rate of myelin repair. 

 Subsequent studies on the role of interleukin-1β (IL-1β) in remyelination support 
the notion that IGF-1 enhances myelin repair [31]. IL-1β is a proinflammatory 
cytokine expressed in MS lesions [15] and associated with blood–brain barrier break-
down [2] and with cytotoxic effects on oligodendrocytes in culture [35]. All of these 
observations suggest a role for IL-1β in the MS pathology. However, IL-1β knock-out 
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mice show a reduced capacity for myelin repair following cuprizone-induced 
demyelination [31]. This failure to remyelinate correlates with reduced IGF-1 pro-
duction by macrophages, microglia and astrocytes and with delayed OPC differentia-
tion in demyelinated lesions. The promotion of myelin repair by IL-1β therefore 
appears to be the result of IL-1β-induced secretion of IGF-1 at the lesion. 

   5.4  The Extracellular Matrix Receptor, b 1-Integrin, Is Not 
Essential for Remyelination 

 Integrins are an important class of receptors for extracellular matrix molecules. 
Oligodendrocytes express β1-integrin which appears to play a role in the elabora-
tion of myelin sheets on laminin in culture [43] and in oligodendrocyte survival in 
vivo [20]. However, deletion of the β1-integrin gene results in perinatal death pre-
venting a detailed genetic analysis of the role of β1-integrin in myelination or 
remyelination [16]. 

 Investigators used the cre-lox system to generate a conditional deletion of the 
β1-integrin gene after the completion of early development to avoid the problem of 
early lethality [7, 39]. The cyclic nucleotide phosphodiesterase (CNP) promoter, 
which is expressed in mature oligodendrocytes, was used to drive cre recombinase 
expression in mice carrying a floxed allele of β1-integrin on a β1-integrin-deficient 
background. The floxed allele provides β1-integrin expression during embryonic 
development but the gene is deleted in oligodendrocytes when CNP expression 
begins during myelin development. While β1-integrin deletion results in increased 
apoptosis in premyelinating oligodendrocytes, this increase in cell death during 
development does not appear to significantly affect myelination. Remyelination 
proceeds normally when lysolecithin-induced demyelination occurs in the spinal 
cords of adult mice with a conditional deletion of the β1-integrin. These results 
demonstrate that β1-integrin does not play an essential role in either myelination or 
remyelination.

 The experiments described above demonstrate the creative use of transgenic 
mice and mice with targeted gene knock-outs to identify the likely functions of a 
specific gene product. The eventual development of a complete understanding of 
the remyelination process will undoubtedly rely heavily on this type of genetic 
analysis.

    6 Forward Genetic Analysis of CNS Remyelination 

 The studies described above illustrate the power of reverse genetics in studying the 
role of a particular gene in remyelination. The disadvantage of this approach is that 
it requires the identification of candidate genes prior to experimentation and is there-
fore biased towards our previously existing knowledge of the remyelination process. 
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Forward genetic analysis provides a less biased alternative but requires a phenotype 
that can serve as a biological readout for mutations in genes that affect remyelination. 
Forward genetics approaches might utilize either naturally occurring allelic variation 
or induced mutations to identify genes that are important for remyelination. Recently, 
naturally occurring variation in the ability of different inbred mouse strains to remy-
elinate following Theiler’s virus-induced demyelination has been reported [11] and 
this variation may have potential as a phenotypic readout for genes involved in mye-
lin repair. 

 Persistent TMEV infection results in chronic progressive demyelinating 
 disease. Disease progression has been characterized in four susceptible inbred 
strains: SJL, B10.D1-H2 q  (B10.Q), FVB, and SWR. In SJL and B10.Q mice, demy-
elination begins 2–3 weeks after infection and progresses over the next several 
months. Demyelination persists throughout the life of the animal with very little 
remyelination. Chronic demyelination is accompanied by a progressive  accumulation 
of  neurological deficits. In contrast, FVB and SWR mice develop extensive CNS 
remyelination between 3.5 months and 11 months after infection. By 1 year after 
infection, many lesions in FVB and SWR mice are completely remyelinated post-
infection. The late onset and the thoroughness of the repair after relatively severe 
prior demyelination are noteworthy. 

 All four strains show similar functional phenotypes in the first 3 months after 
infection. Approximately 1 week after infection they became transiently lethargic 
due to acute encephalitis in response to viral infection. This stage of disease lasts 
for 1–2 weeks after which the mice recover. Mice retain normal activity and 
appearance until 3–4 months after infection, beyond which SJL and B10.Q mice 
develop progressive neurologic dysfunction. In contrast, few signs of neurologic 
disease are observed in FVB or SWR mice at any time up to 1 year after infection. 
Neurologic ability was quantified for SJL and FVB mice using an accelerated 
rotarod assay, comparing performance at several time points during disease to 
preinfection baseline performance. Motor function declines slightly during the 
first 30–120 days in both strains. SJL performance continues to decline beyond 
120 days after infection while FVB performance is maintained out to 325 days 
after infection. Thus, FVB mice, in which remyelination progresses rapidly, show 
little obvious clinical presentation of disease, and motor function stabilizes con-
comitant with remyelination. 

 The inheritance of this myelin repair phenotype can be examined by crossing 
FVB mice with SJL and B10.Q to generate FVB/SJL and FVB/B10.Q F1 hybrid 
mice. Infected mice from these crosses develop demyelinated lesions followed by 
extensive remyelination with a time course similar to that observed in FVB mice 
(Fig.  1 ). F1 hybrids are clinically normal up to 1 year after infection. Both lesion 
repair and preservation of neurological function are inherited as dominant traits in 
the F1 generation. When (FVB/B10.Q)F1 mice are backcrossed to the B10.Q par-
ent strain to produce (FVB/B10.Q x B10.Q)N2 progeny, the extent of remyelination 
in the N2 generation is distributed continuously between mice with very little remy-
elination 300 days after infection and mice that show complete remyelination 
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(A.J. Bieber, unpublished observations). The reparative phenotype therefore 
behaves as a quantitative trait in the N2 generation. 

 The appearance in the N2 generation of both mice with a strong remyelination 
phenotype and those that do not repair opens up possibilities for a forward genetic 
analysis of the potential for remyelination. Classic Mendelian inheritance is char-
acterized by the dichotomous appearance of discrete phenotypes, often based on the 
inheritance of alternative alleles of a single gene. A quantitative trait is one that 
shows measurable phenotypic variation based on the multifactorial inheritance of 

Fig. 1 Demyelination and remyelination in the spinal cord of TMEV infected mice.  A  Cross-
section of a mouse spinal cord 350 days after infection, stained with ρ-phenylenediamine to show 
myelin. Normal myelin picks up the stain evenly; several lightly stained areas ( arrow ) indicate 
demyelinated lesions. The lesion on the left also contains significant remyelination.  B  Normal-
appearing white matter.  C  Sites of demyelination show significant myelin loss but a few intact 
myelin sheaths remain.  D  Remyelination is frequently oligodendrocyte-mediated with varying 
amounts of Schwann cell remyelination.  CRm , central (oligodendrocyte) remyelination;  PRm , 
peripheral (Schwann cell) remyelination;  NWM  ,  normal white matter;  GM , grey matter. The mice 
presented here are FVB/B10.Q hybrid mice which show significant potential for spontaneous CNS 
repair following TMEV-induced demyelination. 
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alleles from several genetic loci that differ between strains and are called quantitative 
trait loci (or QTLs) for that phenotype. In the past, DNA microsatellites were rou-
tinely used to map QTLs but mapping with SNPs (single nucleotide polymor-
phisms). To map the genetic loci involved in remyelination, N2 animals scored for 
remyelination at 300 days after infection, and their genomic DNA would then be 
typed for a large collection of SNP markers that are polymorphic between the FVB 
and B10.Q strains. The preferential segregation of the strong remyelination pheno-
type with any particular SNP would indicate recombinational linkage between 
them, thereby identifying the chromosomal position of the SNP as a genetic locus 
containing a gene involved in remyelination. Such a screen will allow the unbiased 
identification of genes involved in CNS repair. 

 The technical aspects of mouse genetics, both forward and reverse, are now at a 
point where rapid progress should occur in the identification and functional analysis of 
the genes and pathways involved in remyelination and CNS repair. Ultimately, such 
analysis will lead to better understanding of the pathophysiology of human demyelinat-
ing disease and, hopefully, to the development of novel treatment strategies. 
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Abstract  Remyelination is the regenerative process by which demyelinated axons 
are reinvested with new myelin sheaths. It is associated with functional recovery 
and maintenance of axonal health. It occurs as a spontaneous regenerative response 
following demyelination in a range of pathologies including traumatic injury as well 
as primary demyelinating disease such as multiple sclerosis (MS). Experimental 
models of demyelination based on the use of toxins, while not attempting to accu-
rately mimic a disease with complex etiology and pathogenesis such as MS, have 
nevertheless proven extremely useful for studying the biology of remyelination. In 
this chapter, we review the main toxin models of demyelination, drawing attention 
to their differences and how they can be used to study different aspects of remyelina-
tion. We also describe the optimal use of these models, highlighting potential pitfalls 
in interpretation, and how remyelination can be unequivocally recognized. Finally, 
we discuss the role of toxin models alongside viral and immune-mediated models 
of demyelination. 
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  1  Introduction 

 A number of toxins create demyelinating lesions that allow investigators to explore 
the biology of remyelination. These have proved invaluable for gaining insights 
into the cellular and the molecular mechanism underlying the process. These mod-
els have also been used to understand remyelination failure in MS and the prospects 
for remyelination-enhancing therapies, but in this context, it must be remembered 
that nearly all demyelinating lesions in experimental animals are small compared 
to demyelinating lesions in humans and most will undergo spontaneous remyelina-
tion, albeit in an age- and sex-dependent manner. This chapter will not review the 
extensive knowledge of the biology of remyelination gleaned from these models 
(reviewed elsewhere [38] but instead will describe their principal features drawing 
attention to the several potential pitfalls that may lead to misinterpretation of data. 

 1.1  Identification of Remyelination 

 Although early studies on MS speculated that thin myelin sheaths might represent 
remyelination, it was not until the late 1960s and early 1970s that studies using 
experimental models of demyelination [23] and, in particular, cuprizone intoxication 
in mice [10, 11] and focal demyelinating lesions in the spinal cord of cats [41, 76] 
firmly established the morphological features of remyelinated myelin sheaths. These 
studies showed that remyelinated myelin sheaths are too thin for the axons they sur-
round and that internodes are shorter than normal. However, this definition needs 
qualification; with the exception of the earliest stages of remyelination, the reduction 
in myelin sheath thickness is only apparent when large-diameter axons are remyeli-
nated. With axons up to 1.5 µm in diameter and particularly in situations where there 
are no larger-diameter axons in the same white matter tract, it is very difficult to dis-
tinguish remyelinated fibers from normal fibers on the basis of myelin sheath thick-
ness [10, 77], an issue especially pertinent to the now widely used model of corpus 
callosum demyelination in mice induced by low-dose cuprizone intoxication [90]. 
Remyelination is associated with a decrease in internodal length, and this will result 
in an increase in nodal density. With the availability of antibodies to nodal and par-
anodal proteins such as casper and neurofascin, it should now be possible to docu-
ment remyelination by demonstrating an increase in nodal density. 

 The change in myelin sheath thickness associated with remyelination is best 
detected using 1-µm resin embedded sections or by electron microscopy (Fig.  1 ), 
ideally using tissue perfusion–fixed with gluteraldehyde to preserve myelin sheath 
structure and axon circularity. Many investigators use luxol fast blue staining of 
paraffin-embedded tissue to document remyelination. However, this stain lacks the 
resolution to separate unequivocally, remyelination from normal myelination and
particularly to separate myelin loss due to axon degeneration from myelin loss due 
to primary demyelination. The extent of myelination shown following luxol fast 
blue staining can also be affected by factors entirely independent of whether axons 
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are myelinated, such as the presence of edema or cellular infiltrates, which change 
the density of myelinated fibers and, hence, the extent of luxol fast blue staining. 
The use of this stain, without the concurrent use of another one preferably to 
demonstrate axons [101], may lead to the mistaken conclusion that certain treat-
ments enhance remyelination when they are actually just enhancing axon survival, 
which allows remyelination to occur and be visualized. Also, when considering 
treatments for stimulating remyelination, it is essential to ensure a similar extent of 
demyelination between groups of animals, since treatments may be protective for 
oligodendrocytes either by a direct effect on the oligodendrocyte, for example, LIF 
[24], or indirectly by interfering with the demyelinating mechanism such as sys-
temic IGF-I treatment in EAE (see discussion in [78]). 

Fig. 1 Light (A) and electron (B) micrographs of oligodendrocyte remyelination 2 months after
lysolecithin injection into the spinal cord of an adult rat. The remyelinated axons can be 
distinguished from the normally myelinated axons because myelin sheaths of remyelinated axons 
are too thin for the axons they surround. In resin sections, they stain less intensely with toluidine 
blue (A). Bar in A=12 µm; B=3 µm
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   2  Demyelinating Toxins 

 2.1  Focal Toxins 

 A number of fundamental studies can be conducted by injecting chemicals into 
white matter tracts that specifically destroy glial cells and/or their myelin while 
leaving the axons mostly intact. This approach demonstrates the physiological 
properties of demyelinated and remyelinated CNS axons [87], the recovery of func-
tion following remyelination [51] and the importance of axon degeneration for 
failure of recovery of behavioral function following demyelinating lesions [52]. To 
show a direct relationship between demyelination, remyelination and electrophysi-
ological function, it is necessary to produce a single demyelinated area in a specific 
location so that animals can be implanted with stimulating electrodes above and 
below the lesion site to allow repeated evaluation of the conduction properties of 
the axons in the area of demyelination [88]. Then, following injection of the demy-
elinating toxin records of axonal conduction through the area of, demyelination and 
subsequent remyelination can be obtained from the saphenous nerve following 
stimulation above and below the lesion. Studies using this approach showed there 
was a close correlation between return of conduction and remyelination and that the 
speed of nerve conduction returns to normal following remyelination. However, 
these studies (and also the subsequent locomotor function studies of Jeffery and 
Blakemore using focal area of demyelination in the cervical spinal cord of rats to 
investigate functional consequences of demyelination and remyelination [51, 52]) 
also showed that, even with complete remyelination of a previously demyelinated 
area, full functional recovery does not occur if there is significant axon loss. In 
addition, in establishing the model system used for the electrophysiological studies, 
it was found that multiple focal areas of demyelination on the same axon resulted 
in increased axon degeneration. 

 The demyelinating agents used so far are lysolecithin, ethidium bromide, 
6-aminonicotinamide, antibodies to oligodendrocyte-related molecules and bacterial 
endotoxin. The locations used include the dorsal and ventrolateral funiculi of the 
spinal cord (usually at the thoracolumbar level), the caudal cerebellar peduncle, 
the corpus callosum, the optic nerve and subcortical white matter. Usually, increasing 
the volume or concentration of the injected toxin enhances axon degeneration, and 
hemorrhage occurs with some toxins. Of note with all toxins, axon degeneration 
in the corpus callosum can be extensive due to the small size of the axons. 
Although it has been possible to induce focal demyelinating lesions in the optic 
nerves of cats [25, 53] and monkeys [61], attempts to induce such lesions in 
rodent have resulted in extensive axon degeneration. A major difference in the 
pathology induced by the different toxins is the extent of astrocyte loss induced 
and the speed of myelin sheath breakdown (Table  1 ). In the case of the injected 
toxins, demyelination is synchronized, and the initial tissue response to demyeli-
nation occurs in the absence of the toxin. However, with a systemic toxin such as 
cuprizone, demyelination is progressive, and initially the tissue response to 
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demyelination occurs in the presence of the toxin. Such differences have 
implications when analysing molecular changes associated with demyelination 
and remyelination. By comparing lysolecithin with ethidium bromide-induced 
lesions, it is possible to observe the influences astrocytes have on remyelination [17].

 2.1.1  Lysolecithin (Lysophosphatidyl Choline) 

 Hall [45] was the first to use this membrane-dissolving agent as a demyelinating 
agent. It has since been used in numerous studies in mouse, rat, rabbit and cat. It is 
normally used as a 1% saline solution. At this strength, 1 µl injected into the white 
matter of the spinal cord of a rat or mouse produces an ellipsoid-shaped area of 
demyelination that extends over 3–8 mm (depending on the speed of injection and 
bore of the injecting needle). It has a particular toxicity for myelin and spares some 
but not the majority of oligodendrocytes [5, 73], which can be distinguished from 
newly generated oligodendrocytes by the myelin lamellae that surround them [56, 
73]. There may also be some survival of progenitors. There is some loss of axons 
and astrocytes around the injection site. The majority of the demyelinated axons are 
remyelinated by oligodendrocytes (Fig. 1). However, some axons, particularly 
those in the center of the area of demyelination, are remyelinated by Schwann cells. 
If lesions are large, or poor technique causes excessive axon  degeneration, Schwann 
cell remyelination can be extensive. In young animals,  lysolecithin lesions in the 
spinal cord of all species remyelinate rapidly. However, remyelination in older ani-
mals occurs more slowly [84]. Following lysolecithin-induced demyelination in the 
rabbit, remyelination is incomplete even after 6 months [13]. In the caudal cerebel-
lar peduncle, remyelination is faster after demyelination with lysolecithin than with 
ethidium bromide or Gal-C antibodies [98]. When injected into the optic nerve of 
monkeys, remyelination is poor in  contrast to lesions made in the spinal cord [61]. 
Lysolecithin lesions have been induced in the shiverer mouse spinal cord to exam-
ine remyelination following cell transplant into and at a distance from the area of 
demyelination [42]. Injection of the calcium ionophore ionomycin has been used to 
induce demyelination in the spinal cord of rats and produces changes not unlike 
those caused by lysolecithin [89], after which axons are mainly remyelinated by 
oligodendrocytes. 

  2.1.2  Ethidium Bromide 

 Ethidium bromide was first used as an infusion into the cisterna magna of rats [82, 
100] but is now most commonly injected directly into white matter tracts, either as a 
0.05% or 0.1% saline solution depending on the tract targeted. One microliter injected 
into the dorsal funiculus of the rat spinal cord results in a much larger area of demyeli-
nation than can be induced with lysolecithin. Lesions can involve almost all of 
the dorsal funiculus and extend 4–8 mm longitudinally. This DNA-intercalating agent 
kills both astrocytes and oligodendrocytes [15] as well as oligodendrocyte progenitors
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[86] throughout the demyelinated area. In young animals (<3 months), remyelination
is rapid and undertaken mainly by oligodendrocytes (60%–80% of demyelinated 
axons); in older animals (>5 months), remyelination is slower, and an increased 
percentage (up to 80%) are remyelinated by Schwann cells (Fig.  2 ). Ethidium 
bromide also produces demyelinating lesions in the caudal cerebellar peduncles 
(CCP) of rats, where the lesions have a cross-sectional area of 0.6 mm 2  when 4 µl 
of 0.01% ethidium bromide is injected [98] (Fig.  3 ). The extent of Schwann cell 

Fig. 2 Ethidium bromide-induced lesions in the spinal cord are remyelinated by Schwann cells 
and oligodendrocytes. Schwann cell remyelination predominates in the center of the area of remy-
elination in the spinal cord of rats. A Low-power toluidine blue-stained 1-µm resin section of a 
remyelinated area in the spinal cord of a 5-month-old rat 1 month after its induction. The area of 
remyelination is outlined by the broken white line, and the box indicates the area shown in higher
magnification B. The resolution offered by well-fixed resin-embedded tissue allows oli-
godendrocyte (o) and Schwann cell (s) remyelination to be distinguished from normally myeli-
nated white matter. C Schwann cell myelin has a greater periodicity than oligodendrocyte myelin, 
and the myelinating cell is surrounded by a basal lamina and separated from adjacent myelinated 
axons by a larger-than-normal extracellular space in which collagen fibers are present. Bar in
A=150 µm, B=15 µm and C=3 µm
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remyelination in lesions made at this site is considerably less than in spinal cord 
lesions and even in old animals constitutes less than 15% of total remyelination 
(Fig. 3). Ethidium bromide lesions in the cervical spinal cord of rats have been used 
for functional studies [51], while the CCP lesion has been used in remyelination 
biology studies including analysis of the effects of repeat lesioning at the same site 
[79] and the effects of growth factors, steroids, age and the presence of myelin 
debris on remyelination [48, 58, 80]. The toxin also produces demyelinating lesions 
in the spinal cords of cats [15] and pigs (W.F. Blakemore, unpublished observations), 
and in both species, the predominant remyelinating cells are Schwann cells. 

 It is now clearer why ethidium bromide lesions in the spinal cord show extensive 
Schwann cell remyelination. Initially, it was thought that these cells were generated 
from the spinal nerve roots or peripheral nerves associated with blood vessels or 

Fig. 3 a This schematic diagram illustrates the location of the caudal cerebellar peduncle (CCP) 
(pale-shaded areas) in adult rats. b Following stereotactic injection of ethidium bromide into the 
CCP, the demyelinated lesion can be identified on resin sections stained with toluidine blue 
(14-day lesion in an old rat). c At the lesion core, especially in the vicinity of blood vessels (BV), 
large numbers of premyelinating Schwann cells are seen engaging demyelinated axons 14 days 
after lesion induction (dpl). d At 66 dpl, the process of remyelination is largely completed in both 
young and old animals. Areas of Schwann cell remyelination, in the vicinity of blood vessels, are 
identified on morphological criteria within dotted region (d) and by expression of the peripheral 
myelin protein P

0
 (e). Scale bar in b= 250 µm, c= 3.5 µm, d= 25 µm, e= 20 µm. (From [85], with 

permission)
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present in the pia mater, since Schwann cells were always seen adjacent to these 
structures [37]. However, several lines of evidence provide a strong case that 
most remyelinating Schwann cells are generated from endogenous CNS precursors 
[16]. Whether all Schwann cells present in astrocyte-free areas of demyelination 
come from this source is currently unclear. Injection of ethidium bromide results in 
demyelinated axons lying in an astrocyte-free environment, and OPCs are rapidly 
recruited into the area of demyelination soon after lesion induction [86, 93]. This 
results in OPC exposure to an environment rich in bone morphogenic proteins 
(BMPs) produced by infiltrating macrophages and low in Noggin because of the 
absence of astrocytes [40, 91]. Such an environment in vitro inhibits oligodendro-
cyte differentiation from OPCs [44] and induces neural crest lineage differentiation 
from glial precursors during development [75]. Moreover, by using EB lesions 
exposed to X-irradiation to deplete endogenous precursors and hence prevent their 
contribution to remyelination, transplanted neonatal and adult OPCs can be shown 
to give rise to both oligodendrocytes and Schwann cells [33, 55]. Exposure of adult 
OPCs in vitro to BMPs also results in Schwann cell differentiation [33]. 

 A further, frequently seen feature of EB lesions, especially in older animals, is 
the prolonged presence of myelin debris in the extracellular space and its associa-
tion with delayed remyelination [43, 48, 84]. Recent studies have shown that mye-
lin debris impairs remyelination by inhibiting OPC differentiation into 
oligodendrocytes rather than by influencing OPC recruitment [58]. 

  2.1.3  Anti-galactocerebroside Antibodies and Complement 

 Galactocerebroside is a major sphingolipid constituent of myelin, and antibodies to 
these molecules identify oligodendrocytes in tissue culture. Large volumes (4 µl) 
are required to induce demyelination with this preparation [56]. It is very axon-
sparing, and the areas of demyelination are shorter in length but involve a greater 
area of the dorsal funiculus than those induced by lysolecithin. Oligodendrocytes 
usually undertake remyelination unless the lesions are large, in which case Schwann 
cells remyelinate axons in the center of the lesions. Some oligodendrocytes survive 
within the area of demyelination. The main advantage of antibody-mediated 
 ̀demyelination over lysolecithin is that it is more axon sparing. The same approach 
has also been used to induce demyelination in the adult rat caudal cerebellar pedun-
cle, creating a lesion predominantly remyelinated by oligodendrocytes [98]. 
Anatomically targeted oligodendrocyte death can also be induced by recombination 
in transgenic mice carrying a floxed diptheria toxin (fragment A) gene under the 
CNP promoter following stereotactic injection of a Cre-expressing virus [22]. 

  2.1.4  X-Irradiation 

 Although X-irradiation does not result in demyelination, it provides a valuable tool
for creating demyelinating lesions devoid of endogenous remyelinating capacity. 
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These lesions are useful in investigating the remyelinating potential of transplanted 
glial cell preparations or exploring the reasons for remyelination failure in MS. 
X-irradiating the rat spinal cord with a single dose of 40 Gy of X-irradiation inhib-
its remyelination by depleting tissue of its endogenous oligodendrocyte progenitor 
cell (OPC) population [21, 46]. When demyelinating lesions are made in tissue 
exposed to 40 Gy of X-irradiation, the host cells do not remyelinate if the length of 
tissue irradiated is sufficiently long (usually 4 cm) to preclude OPC repopulation of 
tissue from nonirradiated tissue. This takes place at a rate determined by the ani-
mals’ age [30], and provided the length of X-irradiation takes this into account any 
cell observed in the post-transplant demyelinated area can be judged to be trans-
plant-derived. In addition to its use in evaluating the remyelinating potential of dif-
ferent progenitors, this approach has also been used to illustrate the inhibitory effect 
of astrocytes on remyelination [20] and the limited remyelinating potential of 
mature oligodendrocytes [32, 56, 94]. The use of X-irradiation to deplete endog-
enous OPCs also provides a system to compare the relative remyelinating capacity 
of endogenous adult and transplanted neonatal OPCs [19] and, by further manipula-
tion, to model large areas of OPC-depleted demyelination. This is done by creating 
an OPC depletion zone between a source of transplanted or endogenous OPCs and 
a demyelinated area that must be repopulated before OPCs can interact with demy-
elinated axons (Fig.  4 ). Since repopulation takes time, this delays the interaction of 
OPCs with demyelinated axons and thus allows examination of the consequences 
of dissociating the process of remyelination from that of demyelination [17]. These 
studies form the basis for the proposed temporal mismatch hypothesis to explain 
failed remyelination in MS [29]. According to this hypothesis, non-remyelinated 
MS lesions arise because OPCs are destroyed along with oligodendrocytes during 
the destructive phase of lesion generation. Then because areas of demyelination in 
MS are larger than those induced in experimental animals and repopulation of 
OPC-depleted tissue is slow in older individuals, the repopulating OPCs arrive 
amongst the demyelinated axons after the disappearance of the inflammatory 
response associated with demyelination and necessary for activation of OPCs and 
generation of replacement oligodendrocytes. This hypothesis provides an explana-
tion why OPCs and premyelinating oligodendrocytes can reside adjacent to demy-
elinated axons without remyelination occurring [27, 28, 36, 96, 97] .

  2.1.5  X-Irradiated Ethidium Bromide Lesions and Transplantation 

 The X-irradiated ethidium bromide model has been extensively used to examine the 
myelin-generating potential of different cell preparations. In general, there has been 
a close relationship between the ability of a cell preparation to generate oli-
godendrocytes in vitro and its ability to generate oligodendrocytes following intro-
duction into lesions 3 days after their induction [90]. CNS preparations lacking the 
ability to generate significant numbers of oligodendrocytes in vitro, notably human 
embryonic spinal cord [26] and human adult neural precursor cells [2], as well as 
certain peripheral stem cell preparations such as bone marrow mesenchymal 
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Fig. 4 This diagram illustrates modeling of large areas of demyelination in the rat spinal cord by 
placing areas of demyelination at a distance from a source of oligodendrocyte progenitor cells 
(OPCs). The normal CNS contains oligodendrocyte progenitor cells (A), which, in the rat, can be 
almost completely depleted by exposing tissue to 40 Gy of X-irradiation (B). Depleted tissue is 
then progressively repopulated by OPCs from adjacent nonirradiated tissue at an age-dependent 
rate (0.5 mm/week in 4- to 6-month-old rats) (C). Placing focal areas of demyelination within the 
X-irradiated tissue means OPCs have to repopulate the OPC-depleted tissue before they can inter-
act with the demyelinated axons (D) a situation that mimics what would exist in a large area of 
OPC-depleted demyelination. This approach makes it possible to show a delayed interaction 
between OPCs and demyelinated axons results in impaired remyelination as can be seen when the 
extent of remyelination at different distance from the source of OPCs is plotted for different sur-
vival times (E). From this graph it is apparent that less myelination occurs during the 2nd month 
than in the first and is further reduced during the 3rd month

stromal cells [3, 4, 83], have generated Schwann cells within X-EB lesions. 
However, these data do not imply that this form of remyelination would necessarily 
happen following the therapeutic use of such cells in MS. Mesenchymal stem cells 
may well have therapeutic value in multiple sclerosis through their ability to modulate
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the immune system [62]. However, it is unlikely that they would generate remyeli-
nating cells, since the presence of astrocytes in the areas of demyelination would 
preclude Schwann cell differentiation. 

 An issue that remains to be fully explored, which cannot be examined using 
immune-mediated models of demyelination, is the requirement for haplotype matching
of host and donor tissue in order to achieve sustained transplant-mediated remyeli-
nation. So far only one publication has addressed this issue in adult animals, and it 
used X-EB lesions [95]. This lesion was chosen because it would be possible to 
monitor survival of transplant-generated tissue without using immunogenic trans-
plant-markers such as GFP and Lac-Z. By transplanting a mixed glial cell prepared 
from a donor mismatched for MHC-1 and MHC-2 to the host, this study showed 
that in vivo OPCs and oligodendrocytes do not express MHC-1 or -2 but could be 
induced to express MHC-1 in the presence of pro-inflammatory cytokines such as 
IFN-γ. Transplanted cells were rejected within 1 month; however, when the trans-
planted cell preparation was depleted of its astrocytes and thereby enriched for 
OPCs, the transplant-generated tissue survived for over 2 months. When this is 
taken with unpublished studies showing that transplanted cells are more readily 
rejected when injected into X-irradiated host tissue than when introduced into normal 
tissue, these preliminary studies would indicate that with its anti-inflammatory 
environment, close tissue-matching may not be required if CNS precursors are to be 
used in a clinical context. In addition, it also has to be appreciated that should areas 
of transplant-mediated remyelination be rejected this would likely be followed by 
remyelination by host-derived cells [18]. 

   2.2  Systemic Toxins 

 There are a number of models of toxin-induced demyelination in which demyelina-
tion is more widespread. These include demyelination induced by intrathecal 
 injection of Cholera toxin B-subunit conjugated to saporin [50] and cuprizone 
intoxication in mice. 

 2.2.1  Cuprizone 

 Cuprizone intoxication in mice results in demyelination of the corpus callosum, 
internal capsule, white matter in the thalamus, anterior commissure and cerebellar 
peduncles [8]. The early studies of Blakemore and Ludwin used much higher 
doses of cuprizone (0.5%–0.6%) than are currently used (0.2%) and evaluated 
remyelination in the rostral (superior) cerebellar peduncle [9–12, 54, 65–69]. 
Today the corpus callosum is the site used for analysis [72, 74], and this, together 
with the lower dose of cuprizone, has led to a less reproducible model of demyeli-
nation [91]. Moreover, the change in the mouse strain used has resulted in a sig-
nificant incidence of axon degeneration [49, 91], which increases when using aged 
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adult mice (6–7 months old) rather than the more usual 8- to 12-week-old animals 
[49] (Table  2 ). 

 Early cuprizone studies identified the morphological features of remyelinated 
axons and also established some fundamental aspects of remyelination. They estab-
lished that remyelinating cells were recruited in association with demyelination 
[9, 66], and they confirmed in vitro observations [81] that remyelination consisted 
of two phases: a recruitment phase and a differentiation phase that could be blocked 
by continued toxin exposure [9, 14]. They also indicated that the inflammatory 
response stimulated by myelin sheath breakdown was important for remyelination 
[54, 67]. More recent studies have confirmed the importance of inflammation in 
this and other model systems [31, 36, 59, 60, 64] by highlighting the role of IL-1β
[70] and TNF-α [6] for successful remyelination. They have also confirmed that 
prolonged cuprizone feeding results in remyelination failure [67] and that trans-
planted cells can remyelinate chronically demyelinated axons [71]. 

    3   What is the Place of Toxin Models in the Study of CNS 
Demyelination and Remyelination? 

 Experimental models in neuropathology fall into two groups: those that attempt to 
replicate a disease process as accurately as possible and those that provide a more 
reductionist approach with which to study a specific aspect of a complex pathology; 
these have been described as disease and mechanism models, respectively [34]. 
Experimental autoimmune encephalomyelitis (EAE) and some viral models are 
examples of disease models for MS, while the toxin-induced models offer a more 

Table 2 The early cuprizone intoxication studies of Ludwin and Blakemore used outbred Swiss 
mice. Little evidence of axon degeneration was reported or detected when sections of the corpus 
callosum from these experiments were re-examined; however, recent studies using lower doses of 
cuprizone in C57Bl/6 mice have found significant evidence of axon degeneration, and interest-
ingly, the incidence of axonal degeneration increases with age. The table shows the incidence of 
axonal spheroids in one micron plastic section taken from the corpus callosum of young and old 
Swiss and C57Bl/6 mice (From [49]. Used with permission) 

YNG Swiss YNG C57Bl/6 OLD Swiss OLD C57Bl/6

Dose 0.5% 0.2% 0.75% 0.4%
5 Weeks of feeding 8 ( n  = 2) NA NA NA
6 Weeks of feeding 4 ( n  = 2) 48 ( n  = 3) NA NA
7 Weeks of feeding 7 ( n = 2) NA 3 ( n  = 2) 99 ( n  = 4)
8 Weeks of feeding 8 ( n   = 2) NA NA NA
10 Weeks of feeding NA NA 32 ( n  = 2) NA
Mean ± SE 8 ± 0.3 a  48 ± 2.0 18 ± 9.0 b  99 ± 5.0 
a p  = <0.05 vs young C57Bl/6 
b p  = <0.05 vs old C57Bl/6 
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Fig. 5 An alternative method for analysing remyelination is to document the re-expression of 
myelination-associated transcripts. In this figure, this has been done by in situ hybridization 
of ethidium bromide-induced lesions in the caudal cerebellar peduncle. Expression patterns of 
mRNAs of two major myelin proteins, MBP and PLP, and the mRNA of an oligodendrocyte-specific 
transcription factor Gtx during remyelination are illustrated in a way that clearly reveals the differ-
ences in the tempo of remyelination in young and old adult animals. Sections were hybridized with 
35S-labelled oligonucleotide probes and visualized by autoradiography. Arrowheads indicate the ini-
tial point at which re-expression of each mRNA could be detected. Scale bar=50 µm. (From [85], 
with permission)
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reductionist system for studying myelin sheath regeneration, since the processes of 
demyelination and remyelination have a clear temporal dissociation. That said, even 
this straightforward distinction may be less clear than previously thought, since 
some forms of MS may have more in common with toxin-induced demyelination 
[7], while the immune system (T cells) has a significant involvement in some toxin-
induced demyelination (specifically that following lysolecithin injection) [39]. 

 The focal toxin-induced demyelinating lesions were first introduced for secondary 
procedures requiring lesions in specific sites. Thus, lysolecithin lesions were made in 
cat and, subsequently, the rat dorsal funiculus to examine the electrophysiological 
properties of demyelinated and remyelinated CNS axons [35, 88], while the caudal 
cerebellar lesions were developed to allow the placement of secure in-dwelling can-
nula for infusion [80, 98]. In contrast, lesions associated with immune-mediated and 
virus-induced demyelination are multifocal, and thus it is difficult to correlate demy-
elinated areas with observed loss of function. Moreover, lesions of different ages can 
occur within a single animal, which makes it difficult to study the temporal progres-
sion of cellular and molecular changes. The development of a new model of focal 
immune-mediated injury, which is based on systemic exposure to myelin antigen and 
focal injection of a cytokine combination in Lewis rats, partially addresses these 
problems [57]. However, the extent to which this model represents primary demyeli-
nation rather than primary axonal injury in white matter is still unclear. 

 A further advantage of focal toxin-induced lesions is that, unlike many viral and 
immune-mediated models of demyelination, they are not dependent on age, stain or 
species. Instead, the two most widely used demyelinating toxins, lysolecithin and 
ethidium bromide, make lesions in any white matter tract of any species, of any sex 
and of any age. (The possible exception is rodent optic nerve, where it is difficult 
to inject solutions into the tight confines of this tissue without inducing axon 
injury.) Only cuprizone, a systemic toxin, has constraints on white matter tracts 
affected and the species in which it can be used (mouse only, although a recent 
study suggests that it may also demyelinate the corpus callosum of adult rats [1]). 
The differences imposed by these variables predominantly relate to the regenerative 
process. Remyelination rates progressively decrease with age (Fig.  5 ) due to a 
decline in the efficiency of precursor recruitment and especially their differentiation 
[86, 99] resulting from intrinsic changes in aging precursors [30] and extrinsic 
changes in the signaling environment [47, 102]. Aging also reveals a divergence 
between the sexes because males remyelinate more slowly than females as they age 
[63]. Studying the causes of both the age- and gender-associated declines in remy-
elination efficiency allows us to identify factors critical for efficient remyelination 
and hence, in theory, identify pro-remyelination strategies. In this regard, the focal 
toxin models are especially useful, since the acute process of demyelination has a 
clear temporal separation from the subsequent repair process, allowing study of the 
specific reparative roles played by individual molecules. In contrast, the two proc-
esses occur simultaneously in EAE, making it difficult to separate an effect that 
renders the environment less hostile to remyelination from an effect that truly 
makes remyelination more effective.   
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Abstract  Promoting remyelination following injury to the central nervous system 
(CNS) promises to be an effective neuroprotective strategy to limit the loss of surviv-
ing axons and prevent disability. Studies confirm that multiple sclerosis (MS) and 
spinal cord injury lesions contain myelinating cells and their progenitors. Recruiting 
these endogenous cells to remyelinate may be of therapeutic value. This review 
addresses the use of antibodies reactive to CNS antigens to promote remyelination. 
Antibody-induced remyelination in a virus-mediated model of chronic spinal cord 
injury was initially observed in response to treatment with CNS reactive antisera. 
Monoclonal mouse and human IgMs, which bind to the surface of oligodendrocytes 
and myelin, were later identified that were functionally equivalent to antisera. 
A recombinant form of a human remyelination-promoting IgM (rHIgM22) targets 
areas of CNS injury and promotes maximal remyelination within 5 weeks after a 
single low dose (25 µg/kg). The IgM isoform of this reparative antibody is required 
for in vivo function. We hypothesize that the IgM clusters membrane domains and 
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 associated signaling molecules on the surface of target cells. Current therapies for MS 
are designed to modulate inflammation. In contrast, remyelination promoting IgMs 
are the first potential therapeutic molecules designed to induce tissue repair by acting 
within the CNS at sites of damage on the cells responsible for myelin synthesis. 

  1  Multiple Sclerosis is a Disease of Myelin 

 Despite the recent re-examination of axon loss within the multiple sclerosis (MS) 
lesion, MS remains a disease primarily of myelin. Demyelination has long been the 
pathologic hallmark of the MS lesion. Loss of myelin is likely an early step [135] 
in a sequence of events leading to the loss of axons which can result in permanent 
neurologic deficits. Demyelination in MS is accompanied by varying degrees of 
inflammation, oligodendrocyte death, complement activation, antibody deposition, 
and gliosis [20, 79, 81, 152]. A hypothesis central to our therapeutic remyelinating 
strategies for MS is that demyelination is necessary but not sufficient for the devel-
opment of disability. Demyelination likely predisposes axons to permanent injury 
via a second, immune-mediated assault [128, 129]. 

 Models of human disease in animals confirm that demyelination is not sufficient 
for the development of neurologic deficits. In mice deficient in the major histocom-
patibility (MHC) Class I antigen-presenting arm of the immune system, virus-
induced spinal cord disease results in chronic widespread demyelination without 
measurable neurologic deficits [125]. Axon function is largely preserved, likely due 
to the lack of a direct immune-mediated attack of the axon and an increase and 
redistribution of axonal ion channels. The implication of MHC Class I in neurologic 
deficit induction suggests that CD8 +  T cells are a pathologic immune effector that 
directly assaults demyelinated axons. CD8 +  T cells commonly mediate membrane 
lysis through the synthesis of perforin and Fas ligand, and perforin-deficient mice 
with persistent and chronic demyelination present with minimal neurologic deficits 
[101]. Similarly, humans with extensive CNS demyelination, identified by magnetic 
resonance imaging (MRI) and verified by pathologic examination of the tissue at 
biopsy or autopsy, can present with minimal or no neurologic deficits [93]. These 
data suggest that axons remain functional despite demyelination if subsequent dam-
age is controlled. The primary function of mature myelinating oligodendrocytes may 
be to protect axons from external injury and to provide neurotrophic support. If true, 
then strategies that promote axon remyelination within a critical time period will 
ultimately be neuroprotective and limit permanent deficits. 

  2  Remyelination as a Normal Reparative Response 

 Spontaneous remyelination, visible pathologically as abnormally thin sheaths 
usually at the periphery of the lesion, occurs widely in patients with MS [42, 113, 
149], and periods of remission may be associated with significant CNS  remyelination. 
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Remyelination in acute MS lesions can be substantial [117]: up to 70% of MS 
lesions contain some degree of remyelination [80]. However, for the 50% of MS 
patients who suffer with progressive disease, remyelination is insufficient or may 
occur after the development of axonal deficits. 

 Remyelination in chronic MS lesions was thought to be limited, but a recent 
study [109] examining demyelinated lesions from 51 MS patients at autopsy 
reported that substantial remyelination, defined as the presence of shadow plaques, 
occurs in all clinical subtypes and at any time in disease progression. Therapeutic 
interventions to promote remyelination would ideally begin early in the disease 
course to limit disability, but therapy initiated late in disease may facilitate disabil-
ity stabilization. 

 Why remyelination so often fails in MS is unclear; a number of reasons have 
been proposed, and the reason likely varies between individuals. Cells capable of 
remyelination, or factors that sustain their growth and differentiation, may be 
depleted from the lesion and adjacent CNS [44, 85]. In animal models of CNS dam-
age, remyelination is accomplished by activating endogenous myelinating cells and 
recruiting progenitors from adjacent intact tissue [45, 102]. However, despite inef-
fective remyelination in MS, an abundant population of potential replacement cells, 
oligodendrocytes and their progenitors, are present even in chronic MS lesions [29, 
30, 103, 170]. Why surviving cells fail to respond to the presence of tissue injury 
and demyelination is unknown, but their presence emphasizes that the lesion micro-
environment is unsupportive of remyelination. Infiltrating immune cells or persist-
ent virus infection may create a lesion environment containing a balance of 
inflammatory factors that inhibit remyelination. A progressive loss of axons also 
results in fewer substrates to remyelinate [129]. 

 In contrast to what is observed in human disease, robust remyelination is the 
norm in most animal models of experimental demyelination. Demyelination can be 
induced by toxins such as cuprizone [21], ethidium bromide [172] or lysolecithin 
[51], autoimmune mechanisms (experimental autoimmune encephalomyelitis, 
EAE) [120], or by infection with corona virus, murine hepatitis virus (MHV) [53], 
or picornavirus (Theiler’s murine encephalomyelitis virus or TMEV) [35, 134]. 
Complete spontaneous remyelination can occur in each of these models, suggesting 
that remyelination is a normal reparative response to injury. Lysolecithin-induced 
demyelination remyelinates rapidly and completely [18, 60], restoring axon con-
duction and recovery of motor function [61, 73, 144]. Repair is normally so quick 
in toxin-mediated models that it is far easier to identify agents that interfere with 
remyelination [16] than agents that accelerate it [18]. In most models, remyelination 
begins within 3 weeks of injury and is complete by 5 weeks. 

 An obvious difference between human MS and models of acute demyelination 
is a persistent activation of the immune system. MHV-induced demyelination is 
accompanied by ataxia and paralysis, deficits that reverse following virus clear-
ance and remyelination [86, 148]. TMEV infection of the SJL mouse strain 
results in a persistent immune response directed against chronic virus antigens in 
the CNS. The extent of demyelination plateaus by three 3 months after virus infec-
tion [89] with limited spontaneous remyelination throughout the rest of the animal’s 
lifespan, making this a useful model to design and test remyelination-enhancing 



216 A.E. Warrington, M. Rodriguez

therapies. TMEV-infected mice live with chronic demyelination for months to 
years. Spinal cord remyelination in the TMEV model plateaus at levels that are 
far from complete even after treatment with the most effective remyelination-
promoting regents. The continued presence of Theiler’s virus and progressive 
axonal injury and loss [155] likely account for the limits of histological repair and 
functional improvement. TMEV-infected mice develop progressive disability over 
the course of 3–9 months that can be measured with a number of objective 
 performance tests [89, 125]. 

  3  Strategies to Augment Remyelination 

 Current MS therapies have little effect on permanent and accumulating deficits. 
Most were designed to control the inflammation-based, MRI-visible aspects of the 
disease and were approved for clinical use based on a decrease in the relapse rate 
in short-term trials and a reduction of gadolinium-enhancing MRI lesions, a surro-
gate for reduced inflammation [68, 106]. Immunosuppressive therapies may not be 
efficacious in MS simply because inflammation is likely also required for CNS 
repair [19, 52]. Remyelination in active MS lesions [26] and in mouse models [17] 
proceeds in the presence of inflammation. The lesion environment consists of 
inflammatory elements that drive tissue repair as well as those that injure. 
Appropriate therapy depends on the clinical subtype of MS involved [80]. Patients 
with type II MS pathology (pronounced immunoglobulin, complement deposition, 
and a moderate loss of oligodendrocytes) will likely benefit from the removal of 
autoreactive antibodies. Type II MS patients respond to therapeutic plasma 
exchange more often than other subtypes with significant clinical improvement [69, 
130, 167]. Improved treatments for MS must encourage rapid remyelination and 
selectively alter the inflammatory balance of the lesion. 

 3.1  Soluble Factors for Lesion Repair 

 Using soluble growth factors or cytokines to promote remyelination assumes that the 
injured CNS has cells capable of synthesizing myelin but that the environment does 
not support myelinogenesis. A number of factors important for oligodendrocyte 
survival, proliferation, and differentiation have been defined, including platelet-derived 
growth factor (PDGF-α) [105, 123], fibroblast growth factor 2 (FGF2) [10, 23, 119], 
neuregulin-1 [157], chemokine CXCL1 [126], insulin-like growth factor I (IGF-I) 
[90, 91] thyroid hormone [4, 43], neurotrophin-3 [13, 92], ciliary neurotrophic factor 
[14], and leukemia inhibitor factor [87]. In theory, administering the appropriate 
factor(s) to the demyelinated lesion could promote repair. 

 Soluble factor therapy to promote remyelination appears attractive but is pres-
ently unrealistic. While the existing industrial infrastructure can produce these 



Remyelination-Promoting Human IgMs 217

small molecules at a reasonable price, several unresolved issues surround this type 
of therapy. Myelinogenesis requires combinations of multiple factors available to 
cells in a specific temporal sequence [46, 171]. The pathology of the lesions 
involved and the type of surviving myelinating cells need to be determined before 
deciding which factor to provide. Administering the incorrect factor may interfere 
with remyelination [48, 100]. If demyelinated lesions lack oligodendrocyte pro-
genitors, then factors that recruit new progenitors to the lesion may be beneficial. 
However, administering soluble factors that induce oligodendrocyte progenitor 
proliferation to a lesion already replete with progenitors may suppress remyelina-
tion. There are clear differences to be resolved between human oligodendrocyte 
lineage cells and their better characterized mouse and rat counterparts; human oli-
godendrocyte progenitors do not respond to mitogens known to drive proliferation 
in rodent cells [6, 116]. Most studies defining soluble remyelination factors have 
been carried out in models of acute focal demyelination with transient inflamma-
tion. It is unclear whether growth factors and cytokines alter remyelination in the 
presence of chronic inflammation, as is the case in MS. The generally recognized 
pleiotropic effects of most cytokines and growth factors exacerbate all the above 
concerns. Sustained soluble factor delivery to the CNS would need to be controlled 
and targeted. 

  3.2  Cell Transplantation for Lesion Repair 

 The transplantation of remyelination-competent cells is a clinically relevant 
approach to repair lesions lacking endogenous oligodendrocytes. Numerous experi-
mental studies have demonstrated that oligodendrocytes or their progenitors survive, 
proliferate, migrate, and myelinate when transplanted directly into dysmyelinated 
mutant animals or experimentally demyelinated lesions [22, 37, 162]. Remyelination 
by transplanted glial cells can restore spinal cord conduction [156] and neurologic 
function [62]. However, transplantation into an inflammatory milieu with myelin 
loss has been less effective. 

 There is a risk that transplanted cells, upon arrival at the lesion site, will be ren-
dered incapable of remyelination similar to the endogenous cells. Therapies to alter 
the lesion environment to promote the survival of the transplanted cells will be 
required as well. In a multifocal disease such as MS, it is impractical to stereotacti-
cally implant cells directly into every demyelinated lesion. The most viable 
approach is a peripheral vascular delivery of cells that can enter into the CNS and 
target areas of damage. Soluble inflammatory factors released from the area of 
injury likely guide exogenous as well as endogenous reparative cells [102]. 

 The choice of cell type to use for transplantation therapy will need to withstand 
the political and ethical scrutiny of society and the patient. The most promising 
candidates are embryonic stem (ES) cells, multipotential neural stem cells, and 
glial restricted precursors. Each have each been isolated from diverse regions of the 
rodent and human CNS [107], can be expanded almost without limit, differentiated 
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in vitro [15] and when delivered intraspinally or intraventricularly can differentiate 
into myelinating cells in vivo [27, 47, 70, 78, 88, 115, 151, 173]. Appropriate Stem 
cells may be isolated from a patient’s own bone marrow. Rodent bone marrow cells 
can differentiate into myelin-forming cells when transplanted into a focal demyeli-
nated lesion [2, 3, 74, 137], and human bone marrow cells have a demonstrated 
neurogenic potential [94]. 

 Of interest, studies administering neural stem cells intravenously into animals 
with CNS disease suggest that the transplanted cells induce repair by increasing the 
effectiveness of endogenous myelinating cells rather than by directly myelinating 
axons [115, 151]. Activated microglial cells concentrated at sites of CNS injury 
release soluble factors that direct neural stem cell migration and differentiation [1]. 
Similarly, dendritic cells transplanted into the injured spinal cord activate endog-
enous stem cells [95]. These studies suggest that a small number of transplanted 
cells, correctly targeted, may dramatically affect surviving oligodendrocyte pro-
genitors and lesion repair by synthesizing cytokine and growth factors locally 
themselves or by stimulating other cells within the lesion to do so [59]. As with 
soluble factor-based repair strategies for MS, most cell transplantation-based 
 strategies for remyelination have been tested only in dysmyelinating or acutely 
demyelinated lesions [40, 112, 169]. Limited data exist on the efficacy of cell 
 transplantation to repair chronic immune-mediated demyelinating disease. For 
example, a clinical trial at Yale University stereotactically transplanting Schwann 
cells into MS patients was terminated prematurely after it was determined that none 
of the cells survived. 

  3.3  Immune-Mediated Lesion Repair 

 Clearly, manipulating cellular or humoral components of the immune system can 
promote endogenous CNS repair [34, 57, 99, 121, 132, 161] and increase repair 
by transplanted cells [141]. There are examples where interfering with immune 
cells and their effector molecules reduces myelin repair, suggesting that aspects 
of inflammation are important for remyelination [7, 75, 104]. Demyelination 
induced by lysolecithin in the spinal cord of B6 wild type mice remyelinates rap-
idly and completely, whereas remyelination in B6 Rag-1 mice, which lack 
mature T or B cells, is substantially impaired. Remyelination of spinal cord 
lesions is also greatly reduced in mice lacking CD4 +  T cells, CD8 +  T cells or 
macrophages [16, 75]. 

 The transfer of activated immune cells can also potentiate repair of the injured 
CNS [54, 140]. When myelin basic protein-reactive T cells were injected peripher-
ally into animals with spinal cord injury, T cells, B cells, and macrophages accumu-
lated at the lesion site, and the local expression of macrophage- and astrocyte-associated 
neurotrophic factors increased [12]. T cells within demyelinated lesions may also 
drive remyelination by the local synthesis of oligodendrocyte modulatory factors 
[46, 71]. 
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 The phenomenon of preconditioning, an initial traumatic injury to the CNS (spinal 
cord) whereupon a subsequent injury at a distant site (optic nerve) facilitates an 
improvement in CNS repair [175], provides direct evidence of an innate organism-
wide reparative system. The transfer of CNS antigen-activated splenocytes from 
CNS-lesioned animals substituted for a prior spinal cord lesion, leaving open the 
possibility that a protective immune response is either cellular or humoral (antibody) 
based. The immune response induced following CNS injury is likely a normal 
aspect of tissue repair. Damaged tissue and debris require removal, and an environ-
ment supportive of tissue repair needs to be established. However, the immune 
response repertoire varies across the human population [65], and therefore the 
response to injury varies as well. 

 Transient increases of the beneficial aspects of the immune response are likely 
safer than strategies designed to reduce detrimental aspects even if such therapy is 
required multiple times over the course of the disease. Therapies designed to 
restrict immune cells from the CNS for an extended period carry risks and may 
compromise immune control of latent virus infections [72, 96]. 

   4   Antibodies Directed Against CNS Antigens 
Can be Pathogenic or Reparative 

 The existence of pathogenic autoantibodies has long been established in several 
peripheral neurologic syndromes including myasthenia gravis, Lambert Eaton syn-
drome, Guillain-Barré syndrome, acquired neuromyotonia [159] and, more recently, 
in the etiology of neuromyelitis optica or Devic’s disease [76, 168]. In diseases 
mediated by pathogenic antibodies, reducing serum antibody levels by plasma 
exchange or immunosuppression should lead to clinical improvement. Resynthesis 
of pathogenic autoantibodies should lead to a return of clinical symptoms. 

 CNS-reactive antibodies also contribute to demyelination in MS. Active MS 
plaques contain a deposition of immunoglobulin and complement in 30%–50% of 
cases [82]. Plasma exchange, which reduces serum antibodies and complement, 
decreased the severity of fulminant MS exacerbations in all treated individuals 
demonstrating an antibody deposition pathologic phenotype (pattern II) [69]. This 
conclusively demonstrates the role of lesion antibody deposition in disease progression.
The role of pathogenic demyelinating antibodies has been modeled in animals using 
anti-myelin oligodendrocyte glycoprotein (MOG). MOG antibodies administered to 
animals with established EAE increase disease severity and shift this predominately 
inflammatory model to a demyelinating disease [138]. 

 Immunoglobulins are common within demyelinated lesions. Their presence may 
be due to an active immunoglobulin-based response to the CNS injury. Plasma 
cells, which secrete antibodies, are found within the demyelinated lesion itself 
[118], while oligoclonal bands have access to the entire CNS via the cerebrospinal 
fluid. Oligoclonal bands, one of the classic diagnostic criteria for MS, represent 
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individually distinct, dominant antibody clones of IgG and IgM isotype that remain 
stable throughout the disease [176]. The reason for or function of oligoclonal bands 
remains elusive, but one hypothesis is that the bands display the heterogeneity of 
an antibody-based reparative response across the population. Although there is 
much evidence that high affinity IgGs are pathogenic, there is increasing evidence 
that IgMs activate repair mechanisms in the face of tissue injury. The presence of 
IgMs within the MS lesion may explain why some patients enter remission [5] or 
progress with mild disease. IgMs have traditionally been considered to be confined 
to the vasculature. At a molecular weight of close to 1 million, there is no known 
membrane transporter that can pass a molecule of this size. Approximately 90% of 
the B lymphocytes in the circulation synthesize IgM class antibodies. The polyreac-
tive IgM is the first line of defense in the event of a bacterial infection. The low 
affinity and high valency of the IgM allow it to aggregate bacteria for lysis and bind 
to carbohydrate residues. IgMs typically have lower affinity but high avidity due to 
a pentameric structure that presents ten potential binding sites. 

 The initial observation that autoreactive antibodies can enhance endogenous remy-
elination was demonstrated using the TMEV-induced model of demyelination [134]. 
In an attempt to exacerbate TMEV-initiated demyelinating disease, chronically 
infected SJL mice were immunized with spinal cord homogenate (SCH) in incom-
plete Freund’s adjuvant. Immunization with SCH induces a polyclonal antibody 
response directed against multiple CNS antigens. Rather than worsening the course 
of disease in virus-infected mice, as would be expected when increasing the titer of 
anti-CNS antibodies, the spinal cords of SCH-immunized mice contained four to five 
times more remyelination by area than nonimmunized mice. Remyelination could be 
equally enhanced by the passive transfer of antiserum [132] or purified immunoglob-
ulin [131] from uninfected animals immunized with SCH, demonstrating a direct 
beneficial role of antibodies in promoting myelin repair for the first time. 

 TMEV infection in SJL mice leads to chronic immune-mediated demyelination 
and progressive disability very similar to that observed in chronic progressive MS. 
The strength of this animal model in testing remyelination strategies lies in the limited 
level of spontaneous remyelination. In the SJL mouse strain, spontaneous remyelina-
tion of spinal cord lesions occurs in less than 10% of the total demyelinated lesion 
area. This character is in stark contrast to toxin-induced models, where complete 
remyelination is generally swift and complete. Using a model of damage where 
remyelination is not the norm allowed the identification of a serum-based, remyelina-
tion-promoting response. Even though remyelination-promoting IgMs accelerate 
remyelination speed in a lysolecithin toxin model [18], a laborious measurement of 
the density of remyelinated axons was required to demonstrate this phenomenon. 
Using the TMEV model, the demyelinating and remyelinating effects of a given ther-
apy can be quickly assessed using a blinded binary spinal cord quadrant grading sys-
tem to provide a sampling of repair throughout the spinal cord [163]. 

 Monoclonal antibodies (mAbs) can reproduce the reparative effect of polyclonal 
antisera. Hybridomas generated from the B cells of SCH-immunized mice were 
screened in an antigen-independent manner for their ability to reverse chronic 
demyelination; two mouse mAbs (SCH79.08 and SCH94.03), out of hundreds of 



Remyelination-Promoting Human IgMs 221

screened clones, were efficacious in promoting remyelination [97]. Both mouse 
mAbs were IgMs (no IgGs were identified) and both bound to oligodendrocytes in 
culture. Subsequently, using binding to oligodendrocytes as the initial selection 
criteria, four additional mouse mAbs, all IgMs (A2B5, HNK-1, O1, and O4) [145] 
that promoted CNS remyelination in vivo, were identified [9, 161]. These IgMs are 
routinely used to identify and determine the maturation stage of oligodendrocytes. 
Given that binding to the surface of oligodendrocytes in culture could be used to 
select a group of mAbs for testing and that several of that group promoted remyeli-
nation, mAbs activity may involve direct stimulation of myelin-producing cells [8]. 
Because the antigens recognized by the mouse IgMs were all different and because 
the antigens appeared on the surface of oligodendrocytes at various times in matu-
ration (from bipolar progenitor to postmitotic differentiated cells), it suggested that 
the in vivo effect was not antigen- or cell stage-specific. 

  5  Human Antibodies that Promote Remyelination 

 Using binding to oligodendrocytes as the initial screening criteria, human mAbs iso-
lated from the sera of humans with lymphoproliferative disorders were tested for 
remyelination-promoting ability. The Mayo Clinic sera bank, a unique collection of 
over 125,000 samples collected over 40 years, was searched for samples with a mon-
oclonal spike over 20 mg/ml from patients without evidence of antibody-based 
pathology. Antibodies isolated from serum provided serum-derived human mono-
clonal IgMs (sHIgM) and serum-derived human monoclonal IgGs (sHIgG). Of 102 
mAbs preparations screened, six IgMs, but no IgGs, bound to the surface of oli-
godendrocytes in culture. All IgMs were tested in vivo for efficacy in promoting 
remyelination (Fig.  1 A, B). sHIgM22 and sHIgM46 promoted significantly more 
remyelination than the other tested human IgMs [161]. Both IgMs bound to the sur-
face of differentiated oligodendrocytes. sHIgM46 bound to multipolar cells clearly 
beyond the bipolar progenitor stage coincident with the expression of sulfatide. 
sHIgM22 bound to late-stage oligodendrocytes whose development coincided with 
the expression of MOG(Fig. 1E). This property mirrored the diversity of oligodendro-
cyte antigens and stages of differentiation recognized by reparative mouse IgMs. 

 Both positive human IgMs were isolated from patients with monoclonal 
gammopathy, a relatively common condition characterized by high concentrations 
of monoclonal serum antibody [33]. The remyelination-promoting human IgMs 
were not pathogenic to the patients that synthesize the molecules; neither presented 
with neurologic dysfunction despite carrying high levels of these IgMs for many 
years. The human IgMs identified in the initial screen all bind only to the surface 
of unfixed oligodendrocytes in a mixed glial culture; however, when incubated with 
unfixed slices of CNS tissue, five of the human IgMs bind to nonmyelin structures 
[19, 164]. This is also true of the well-characterized, remyelination-promoting 
mouse IgMs [165]. Only sHIgM22 retains a strong specific affinity for myelinated 
CNS tracts when used for immunocytochemistry on unfixed tissue slices (Fig. 1C, D).
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Fig. 1 HIgM22-mediated promotion of remyelination in the Theiler’s murine encephalomy-
elitis virus-induced model of demyelination. SJL mice with chronic virus infection present 
 pathologically with widespread demyelination, little remyelination, and clear neurologic defi-
cits. The spinal cords of mice administered a single dose of rHIgM22 reproducibly contain 
significant remyelination when analyzed histologically 5 weeks after treatment.  A  An example of a 
 demyelinated lesion from the spinal cord of an animal treated with saline.  B  An example of 
remyelination within a demyelinated lesion from the spinal cord of an animal treated with 
rHIgM22. Spinal cord cross-sections were stained for the presence of myelin using p-para-
phenylenediamine. Remyelinated axons are thinner than normal and therefore stain lighter. 
The remyelination promoting human IgM, rHIgM22, binds to myelinated CNS tracts and the 
surface of oligodendrocytes.  C  Phase contrast image of a slice of mouse cerebellum immun-
ofluorescently labeled in  D .  D  rHIgM22 binds specifically to myelin in unfixed slices of CNS 
tissue. E  rHIgM22 binds to the surface of an  oligodendrocyte isolated from the cortex of an 
adult rat 
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  6  Role of Anti-CNS Antibodies in Endogenous Repair 

 One of the established MS treatments may act, in part, through an antibody-
mediated repair mechanism. Glatiramer acetate (GA, Copolymer-1 or Copaxone) 
is an immunogenic mixture of synthetic peptides effective in reducing MS exacer-
bations, lesion load, and disability [63, 64]. All patients treated with GA develop 
antibodies to GA, and a correlation exists between anti-GA serum titers and the 
therapeutic efficacy of GA within an individual [25]. 

 The passive transfer of affinity-purified polyclonal antibodies against GA into 
chronically demyelinated mice increased spinal cord remyelination twofold [154]. 
Anti-GA antibodies are similar in character to remyelination-promoting antibodies, 
binding to oligodendrocytes, astrocytes, and neurons in the spinal cord and to early 
stages of oligodendrocytes and microglia in culture. Antibodies to GA cross-react with 
MBP [77, 150], and treatment with MBP antisera promotes remyelination [133]. 

 CNS-reactive antibodies may also enhance axon outgrowth following CNS 
trauma. Rodents immunized with SCH prior to spinal cord hemisection or optic 
nerve crush demonstrated enhanced axonal regrowth in both lesion models [41, 57] 
with functional improvement after spinal cord injury. This SCH immunization 
strategy was identical to that used to identify remyelination-promoting antisera and 
similarly resulted in increased sera titers of myelin-reactive antibodies. Animals 
with the best axon regrowth contained the highest titers of myelin-reactive serum 
antibodies, which, when assayed in vitro, allowed axon outgrowth on immobilized 
CNS myelin, a substrate normally inhibitory to neurite extension. Unfortunately, 
CNS-reactive antibodies from animals with enhanced axon regeneration were 
not isolated and passively transferred to nonimmunized animals, so it is unknown 
whether antibodies alone mediate the reparative response. 

 There are similarities between remyelination-promoting monoclonal IgMs and the 
IN-1 mouse monoclonal IgM that promotes axon regrowth and functional  recovery 
following CNS injury [24, 28, 31, 49]. IN-1 binds to oligodendrocytes and myelin 
[136] and may block myelin antigens inhibition to axon outgrowth [139, 166]. The 
remyelination-enhancing ability of IN-1 in models of chronic  demyelination remains 
untested. However, there is a growing appreciation that encouraging  remyelination 
plays an important role in repairing spinal cord impact injury [108, 153]. 

  7   A Recombinant Human IgM Promotes Remyelination 
in vivo at Doses Comparable to Growth Factors 

 Recombinant forms of the two human IgMs, designated rHIgM22 and rHIgM46, 
have been synthesized [98]. The mRNA encoding each IgM was isolated from the 
cellular fraction of that patient’s blood, reverse-transcribed, and the cDNA used to 
synthesize recombinant IgMs containing a mouse J chain. The presence of the mouse 
J chain may be of great utility in following the molecule in non-mouse recipients. 
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Both IgMs retain the  immunohistochemical characteristics and in vivo reparative 
properties of the serum-derived versions. rHIgM22 binds myelinated tracts in slices 
of CNS tissue with even higher specificity than sHIgM22, which likely contains 
additional serum IgMs. rHIgM22 binds only to myelin in CNS slices obtained from 
the mouse, rat, rabbit, primate, and human (unpublished observations). Choosing an 
IgM to pursue for clinical trial in humans was decided by the availability of a produc-
tion cell line that consistently synthesized high levels of IgM that could be easily 
assayed by immunocytochemistry or ELISA assays and was stable in long-term stor-
age. rHIgM22 met these criteria better than rHIgM46. 

 Prior studies of induced remyelination have used bolus doses of 500 µg of IgM 
per mouse (25 mg/kg) administered intraperitoneally (i.p.), a dose based on earlier 
studies of remyelination induced by polyclonal antisera [132]. A comparable dose 
of IgM for adult humans treated at 25 mg/kg would be 2 g, a large amount of mono-
clonal antibody. A recent study clarified several important characteristics of 
rHIgM22-induced repair of chronically demyelinated lesions including the minimal 
effective dose to promote remyelination in mice with clear neurologic deficits 
[163]. A remarkable characteristic of rHIgM22 is the small amount of mAb in a 
single dose required for maximal long-term repair in the spinal cord. rHIgM22 
effectively promoted remyelination down to a dose of 500 ng per mouse, a dose 
1,000-fold lower than that used in prior studies. A regression analysis fitting the 
mean percent remyelination and dosing to a standard dose response curve (Fig.  2 ) 
resulted in a median effective dose (EC50) of 460 ng ± 74 per mouse. 

 An estimate of the systemic in vivo concentration of rHIgM22 at the EC 
50

  may be 
calculated by considering the treatment of a 20-g mouse with 460 ng of rHIgM22. 
Partition kinetics of the remyelination-promoting mouse IgM, SCH94.03 [58], deter-
mined that 0.1% of a 50-µg dose of 35 S-labeled SCH94.03 entered the CNS of demy-
elinated mice. 0.1% of a 460-ng dose of rHIgM22 distributed throughout the 1-ml 
volume of the mouse CNS is 0.46 ng/ml. Although the concentration of rHIgM22 
appears quite low when diluted throughout the blood stream, the concentration of 
IgM within target tissue may be considerably higher. MRI has demonstrated rHIgM22 
accumulation within demyelinated lesions in vivo [114]. Soluble growth factors simi-
larly localize in vivo by binding to specific extracellular matrix molecules [50, 122]. 
rHIgM22 tagged with biotin was tracked in vivo by the binding of avidin to ultrasmall 
superparamagnetic iron oxide particles and visualized by MR imaging. rHIgM22 
entered and accumulated within CNS lesions of chronically demyelinated mice. 
Control human IgMs also entered the CNS of demyelinated mice but did not accu-
mulate, presumably due to the lack of target antigens.  35 S-labeled SCH94.03 also 
accumulated at demyelinated lesions in vivo as demonstrated by tissue section auto-
radiography [58]. These data suggest that the effective local concentration of 
rHIgM22 within the microenvironment of the demyelinated lesion is much higher 
than 0.5 ng/ml. The half-life of rHIgM22 in mouse sera was calculated to be 15 h, 
whereas the half-life of a normal mouse IgM in vivo is approximately 2 days [158]. 
Therefore, rHIgM22 must accumulate and signal in a short span of time. 

 rHIgM22-induced remyelination in the TMEV model occurs primarily between 
3 and 5 weeks following treatment. This repair timeframe mimics precisely the 
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time course of spontaneous remyelination observed after lysolecithin-induced 
demyelination, where the bulk of remyelination is also accomplished between 3 
and 5 weeks following injury [18, 171]. Treatment with rHIgM22 appears to shift 
this virus-induced model of chronic demyelination, which normally presents with 
little spontaneous remyelination, to one that remyelinates at the same rate as a classic 
model of toxic injury. Mice in the dosing studies were treated with rHIgM22 
6 months after infection, and therefore, demyelinated lesions existed without repair 
for at least 3 months prior [89]. Then, following a single dose of rHIgM22, substan-
tial repair was observed throughout the spinal cord within 3 weeks. A second dose 
of rHIgM22 administered 5 weeks after the first was no more effective than a single 
dose. However, we now know that neutralizing antibodies to rHIgM22 are synthe-
sized in animals within a week of treatment, and the second dose was likely quickly 
inactivated (unpublished observations). 

 A quantitative MRI analysis of lesion volume has followed rHIgM22-mediated 
lesion repair in the TMEV model [114]. Individual chronically demyelinated mice 
were MR imaged prior to treatment and again 5 weeks later. Mice receiving 500 ug 
of rHIgM22 contained a significantly smaller mean lesion load, decreasing by 

Fig. 2 Dose response curve for rHIgM22-induced in vivo spinal cord remyelination. A regression 
analysis calculated a standard dose response curve for rHIgM22-induced remyelination (four par-
ametric logistic function, SigmaPlot). The mean percent of spinal cord quadrants with more than 
75% of the demyelinated area remyelinated is plotted vs the dose of rHIgM22 administered once 
intraperitoneally [163]. Each dosing group contained 15–18 mice. The analysis predicts a median 
effective dose (EC50) of 460 ng ± 74 per mouse. This is equivalent to a 23-µg/kg dose. A compa-
rable dose for a 70-kg adult human would be 1.6 mg of IgM 
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40.6% compared to a lesion load increased by 13.6% in control-treated mice. 
Lesion volume decreased in each of 13 mice treated with rHIgM22, whereas lesion 
volume increased in seven of eight mice treated with saline. 

 Although controversial, rHIgM22 may be considered a novel class of growth 
factor. The classical definition of a growth factor is a molecule that binds to a target 
cell, induces a biologic effect, and functions at extremely dilute concentrations. 
This definition implies interaction of the factor with a specific receptor linked to an 
amplification system. rHIgM22 fulfills this definition. rHIgM22 binds to the sur-
face of oligodendrocytes and the myelin sheath, localizes to lesion sites in vivo, acts 
directly on oligodendrocytes in vitro, inducing Ca2 +  influx [111] and protection 
from apoptosis [55], and effectively promotes remyelination at concentrations in 
the nanogram to milliliter range. 

  8   The IgM Character of Remyelination Promoting Antibodies 
is Vital for Function 

 A large body of evidence supports our hypothesis that the in vitro and in vivo 
biologic effects of remyelination-promoting antibodies require the pentameric IgM 
structure. First, we have been unable to identify an IgG, either mouse or human, 
which promotes remyelination. A large number of mouse IgGs, the result of hybrid-
oma fusions, were screened in vivo for efficacy in remyelination, and none induced 
significant repair. A total of 100 human sera samples containing IgG monoclonal 
peaks were screened for binding to the surface of mixed cortical glial cells and to 
unfixed slices of cerebellum and cortex, and none were identified. Second, recom-
binant IgG 

4
  versions of rHIgM22 and rHIgM46 did bind to myelin in tissue slices or 

to the surface of oligodendrocytes in culture and did not promote remyelination in 
chronic demyelinated mice even at 1,000 times the least effective dose of rHIgM22. 

 Our research group evaluated the ability of IgM fragments of SCH94.03 and 
sHIgM22 to induce remyelination [32]. The two IgMs displayed different 
requirements for in vivo function; subfragments of sHIgM22 (monomeric IgM and 
F(ab’)

2
 ) promoted remyelination, whereas sub-fragments of SCH94.03 did not. 

These studies were conducted prior to rHIgM22-dosing studies that demonstrated 
the small amounts of IgM required for in vivo function. Consequently, animals 
received far more than the minimum effective dose. Mice received the same mass 
of IgM or fragments of human IgM, a single 500-µg dose of sHIgM22 or IgM frag-
ments or five weekly 100g doses of mouse IgM or IgM fragments. The molecular 
weight of an Fv fragment is 25,000 kD and an intact IgM, 900,000. Considering 
that the EC 

50
  of rHIgM22 is 460 ng, a 1,000- to 36,000-fold dilution of intact IgM 

contaminating the test material could account for the observed in vivo remyelina-
tion. Therefore, it is erroneous to conclude that IgM fragments of sHIgM22 can 
induce remyelination. 

 Supporting the requirement of the IgM for biologic effect, intact pentameric 
sHIgM22 and SCH94.03 bound via immunocytochemistry to cultured oligodendro-
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cytes and to cerebellar myelin tracts, whereas fragments of neither bound detectably. 
In addition, an isolated IgG1 spontaneous switch variant of antibody SCH94.03, in 
which the VDJ and VJ regions of the heavy and light chains of the IgM and IgG1 
antibodies were identical, did not bind oligodendrocytes or cerebellar slices or pro-
mote remyelination. 

 Cross-linking IgGs into higher-order complexes may begin to approximate the 
pentameric structure of the IgM. When complexed with an anti-human γ chain sec-
ondary prior to immunocytochemistry, rHIgG 

4
 22 was weakly detected decorating 

the surface of oligodendrocytes in culture (unpublished observations). A similar 
observation is reported using the anti-MOG IgG, 8-18C5. The IgG is innocuous 
when added to oligodendrocytes in culture but when subsequently cross-linked 
using a secondary antibody MOG partitions of into subdomains of oligodendrocyte 
membrane, and severe process retraction is induced [83]. An additional example of 
this phenomenon is observed using mAbs to gangliosides on neurons [160]. The 
addition of an anti-GT1b IgM to neurons in culture can directly block neurite exten-
sion. High-affinity IgGs against GT1b and anti-GD1 bound to the neurons and 
attenuated CNS myelin inhibition of neurite extension, presumably by interfering 
with gangliosides on the surface of the neuron from binding to myelin antigens. 
However, the IgGs could not block neurite extension themselves. Only when the 
anti- ganglioside IgGs were precomplexed into multivalent aggregates and then 
added to the culture could the IgGs directly block neurite extension. Anti-ganglio-
side antibodies are associated with a number of human neuropathies. Endogenous 
cross-linking of these antibodies may contribute to disease progression. 

  9  Mechanisms of Antibody-Mediated CNS Repair 

 The therapeutic efficacy of remyelination promoting IgMs has been demonstrated in 
both immune- and nonimmune-mediated demyelination models [19, 110], indicating 
that the underlying mechanism is not a modulation of a model-specific pathogenesis 
but likely a fundamental physiologic stimulation of a reparative mechanism. The 
exact mechanism of how a single small dose of rHIgM22 promotes widespread 
remyelination in vivo remains unclear, but two general hypotheses, not mutually 
exclusive, are favored (Fig.  3 ). 

 Since all remyelination-promoting IgMs bind to oligodendrocytes and myelin 
[9, 161, 164], the recognition of those antigens in vivo is likely important for the 
mechanism of action. In the first alternative, remyelination-promoting IgMs 
directly target and signal oligodendrocytes and their progenitors within demyeli-
nated lesions to facilitate their expansion and differentiation. Antisera reactive 
with CNS white matter antigens induce thymidine uptake when added to cultures 
of mixed CNS glia [132]. The direct binding of OL-specific antibodies initiate a 
variety of biochemical and morphological changes in these myelinating cells [11, 
38, 84]. Electron microscopy of animals treated with anti-SCH immunoglobulin 
and pulsed with tritiated thymidine demonstrated proliferating cells with the 
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morphological features of oligodendrocyte progenitors[127]. Antibodies that 
bind to the oligodendrocyte-specific antigens galactocerebroside, sulfatide and 
myelin/oligodendrocyte-specific protein elicit biochemical and morphological 
changes in glial cells [39], which are preceded by a calcium influx [38]. Transient 
calcium fluxes are also observed in a subpopulation of astrocytes and immature 
oligodendrocytes following the addition of remyelination-promoting IgMs to the 
culture media [111]. The ability of an IgM to promote remyelination strongly 
correlates with its ability to stimulate calcium influx. rHIgM22 also protects 
immature oligodendrocytes in vitro from stressor molecules. In mice treated with 
rHIgM22, a decreased expression of caspase family members and increased 
expression of proteins associated with myelination is observed [55]. Remyelination-
promoting IgMs may elicit similar signals at oligodendrocyte progenitors in dam-
aged tissue. We and others have proposed that mAbs initiate signals by binding 
to plasma membrane microdomains [55]. The pentameric structure of the IgM, 
which binds and clusters disparate portions of the plasma membrane, is critical 
for in vivo remyelination. 

Fig. 3 Potential in vivo mechanisms of action of remyelination-promoting IgMs. We propose that 
in vivo, reparative IgMs target to and accumulate at demyelinated CNS lesions and act directly on 
cells responsible for the synthesis of myelin by binding to surface antigens on oligodendrocyte 
progenitors, enhancing their proliferation, differentiation or survival. Alternatively, remyelination-
promoting IgMs, concentrated at the lesion by affinity to myelin debris and injured or dying 
 oligodendrocytes, act on other cells within the lesion. Resident microglia or immune cells may be 
induced to release cytokines and growth factors that (1) recruit oligodendrocyte progenitors to the 
site of damage, (2) increase oligodendrocyte progenitor proliferation, or (3) alter the lesion micro-
environment to support remyelination 
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 Antibodies that bind to neurons also directly induce signals and alter cell mor-
phology. mAbs against ganglioside GM1 suppress neurite outgrowth in vitro and in 
vivo [146, 147], whereas anti-idiotypic antibodies to GM1 induce neurite extension 
[124]. mAbs to the ganglioside GD3 (R24) or to the cerebellar granule cell surface 
protein (TAG-1) induce activation of the Src family kinase Lyn and result in similar 
alteration in protein tyrosine phosphorylation. Reducing the concentration of mem-
brane GD3 by removing surface carbohydrates eliminates mAb-mediated signaling 
through both GD3 and TAG-1 [66, 67] suggesting that membrane glycosphingolip-
ids are required for GPI-linked protein-mediated signaling. 

 In the second alternative, remyelination-promoting IgMs enhance myelin repair 
by initiating a cascade of events in cells other than oligodendrocytes upon accumu-
lation within the demyelinated lesion. Reparative IgMs accumulating at the lesion 
may shift the microenvironment toward one that favors remyelination. This may be 
accomplished by inducing astrocytes [111] or immune cells to synthesize cytokines 
and growth factors supportive of myelination [23, 29, 92, 174]. Recall, for example, 
that rHIgM22 induces Ca flux in astrocytes and oligodendrocytes. IgM molecules 
are common within the oligoclonal immunoglobulin bands in MS patients [142, 
143]. Since so little of the correct IgM is required for repair in our models, plasma 
cells situated within the demyelinated lesion may provide a sufficient concentration 
of antibody to activate a reparative response. 

 The myelin-binding character of the IgM-variable region targets the antibody to 
the lesion, where other IgM domains signal adjacent cells. In support of this con-
cept, pentameric Fcµ fragments of human IgM suppress oligodendrocyte prolifera-
tion and alter transcription in mixed glial cultures, possibly through the synthesis 
of IL-1β from activated microglia [56]. Whether myelin-binding IgM initiates a 
similar upregulation in microglia and astrocytes within the lesion remains to be 
determined.

  10   Therapeutic Goal: Alter the Balance of Inflammation 
to Favor Regeneration 

 We hope that remyelination promoting IgMs will soon be a clinical treatment  
option. The first patients to be treated with rHIgM22 will likely occur in late 2007–
the initial study focusing on safety of the IgM. To date, remyelination-promoting 
human IgMs have exhibited no toxicity in vitro or in vivo. This will be the first 
clinical trial to attempt to induce repair of the central nervous system by directly 
targeting the cells of the brain and spinal cord rather than modulating the immune 
system. Demyelination is an aspect of many other human diseases involving axon 
damage. Stroke, peri-natal anoxia, leukodystrophies and spinal cord injuries will all 
likely benefit from increased remyelination. Future studies will determine whether 
remyelination promoting IgMs are efficacious in models of other human neurologic 
diseases.
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Reparative CNS-binding IgMs represent a new class of therapeutics for human 
diseases. IgM based reagents offer a specificity of binding, and potentially of 
action, not possible with other molecules. The property of rHIgM22 to target to 
sites of CNS damage after peripheral administration presents additional applica-
tions of this IgM in the treatment of disease. The antibody may be reengineered as 
a vector to deliver additional reparative molecules to demyelinated lesions. in 
patients lacking a sufficient number of myelinating cells remyelination promoting 
IgMs may be combined with glial cell transplantation to improve the reparative 
potential of the additional cells. Human monoclonal IgMs that recognize neuronal 
surface antigens [164] may be used to target molecules to areas of axon pathology 
in neurodegenerative diseases such as Alzheimer’s [36] and spinal cord injury.  

 Reparative CNS binding IgMs represent a new class of therapeutics for human 
diseases. IgM based reagents offer a specificity of binding, and potentially of 
action, not possible with other molecules. The property of rHIgM22 to target to 
sites of CNS damage after peripheral administration presents additional applica-
tions of this IgM in the treatment of disease. The antibody may be reengineered as 
a vector to deliver additional reparative molecules to demyelinated lesions. In 
patients lacking a sufficient number of myelinating cells remyelination promoting 
IgMs may be combined with glial cell transplantation to improve the reparative 
potential of the additional cells. Human monoclonal IgMs that recognize neuronal 
surface antigens [164] may be used to target molecules to areas of axon pathology 
in neurodegenerative diseases such as Alzheimer’s [36] and spinal cord injury.   
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Abstract  Small-animal magnetic resonance imaging is becoming an increasingly 
utilized noninvasive tool in the study of animal models of MS including the most 
commonly used autoimmune, viral, and toxic models. Because most MS models 
are induced in rodents with brains and spinal cords of a smaller magnitude than 
humans, small-animal MRI must accomplish much higher resolution acquisition in 
order to generate useful data. In this review, we discuss key aspects and important 
differences between high field strength experimental and human MRI. We describe 
the role of conventional imaging sequences including T1, T2, and proton density-
weighted imaging, and we discuss the studies aimed at analyzing blood–brain 
barrier (BBB) permeability and acute inflammation utilizing gadolinium-enhanced 
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MRI. Advanced MRI methods, including diffusion-weighted and magnetization 
transfer imaging in monitoring demyelination, axonal damage, and remyelination, 
and studies utilizing in vivo T1 and T2 relaxometry, provide insight into the pathol-
ogy of demyelinating diseases at previously unprecedented details. The technical 
challenges of small voxel in vivo MR spectroscopy and the biologically relevant 
information obtained by analysis of MR spectra in demyelinating models is also 
discussed. Novel cell-specific and molecular imaging techniques are becoming 
more readily available in the study of experimental MS models. As a growing 
number of tissue restorative and remyelinating strategies emerge in the coming 
years, noninvasive monitoring of remyelination will be an important challenge in 
small-animal imaging. High field strength small-animal experimental MRI will 
continue to evolve and interact with the development of new human MR imaging 
and experimental NMR techniques.    

  1  Introduction 

 1.1  Animal Models of Multiple Sclerosis 

 Multiple sclerosis is an inflammatory demyelinating disease of the central nervous 
system. It is the leading cause of disability among young adults in the Western 
world [45]. While the number of MS-related scientific publications has grown 
exponentially over the last few decades, the etiology of MS remains elusive. 
Ideally, the best way to study MS is by studying the human disease itself. However, 
access to MS tissue is limited because MS patients only rarely get biopsied. 
Autopsy samples are inherently biased toward a chronic, more burnt-out stage of 
lesion formation, which hampers our ability to characterize the various pathomech-
anisms involved in the generation of MS lesions. In addition, studying human dis-
eases in general does not allow for comprehensive studies of effector mechanisms, 
as the experimental circumstances cannot be readily modified. Animal models of 
disease, especially small rodent models, represent the most common pathway to 
investigate the pathomechanism of selected features of human diseases. Frequently 
studied models of MS include (1) the autoimmune model experimental allergic 
encephalomyelitis (EAE), (2) the viral-induced models including Theiler’s murine 
encephalitis virus (TMEV) infection, and (3) toxin-induced models, which include 
the administration of cuprizone or lysolecithin. The autoimmune disease EAE is 
clearly the most commonly studied MS model. However, it is important to realize 
that, in general, human MS does not behave like a classic autoimmune disease. In 
the broad sense of autoimmunity, in which the immune response is harmful to the 
host, MS can be considered an autoimmune disease. However, strong antigens that 
could also serve as serum test for MS have not yet been identified. In addition, the 
overlap syndromes frequently seen in classic autoimmune diseases are not typically 
observed in MS. However, they may be seen in neuromyelitis optica (NMO), which 
is distinct from MS from the standpoint of pathology, radiology, epidemiology, and 
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response to therapy and is similar to classic autoimmune diseases in its strong 
serum marker, the NMO antibody [33]. Studies conducted in EAE have clearly 
contributed greatly to our understanding of neuroinflammation and to the develop-
ment of some of the currently available, partially effective MS therapies [60]. 
Despite these important contributions from studies in EAE, several aspects of MS 
may require alternative animal models. Some features of EAE are inconsistent with 
basic observations in MS and emphasize the importance of the lesser studied viral 
models of the disease [31, 43, 58]. In the coming years, models that better charac-
terize the neurodegenerative and chronic progressive features of MS may gain more 
importance and complement the studies currently conducted in EAE. 

  1.2  The Role of MR in Animal Models of MS 

 Magnetic resonance imaging (MRI) of the central nervous system has become a 
critically important diagnostic modality in establishing the diagnosis and monitor-
ing the disease course of MS [65, 66]. The newest change introduced with the 
currently used McDonald’s criteria for MS is the inclusion of MRI findings [35, 
55]. MRI is also commonly used as an outcome measure in clinical trials of MS 
[34]. It is important to understand how the MRI signal is generated in order to use 
MRI-provided information in our studies of MS and its models. In standard clinical 
MRI applications, the MRI signal originates from 1 H proton nuclei. It is possible to 
study other nuclei as well. However, protons are the most abundant in biological 
systems. There are several proton-containing molecules in living organisms, but 
presumably water protons dominate signal in MRI studies. In applying MRI to 
animal models of MS (most commonly in small rodents requiring high-resolution 
studies), there are four important factors to consider: (1) spatial resolution, (2) signal-
to-noise ratio (SNR), (3) image contrast, and (4) acquisition time. The theoretical 
limit of resolution is about 10 µm in each direction. This is the estimated length of 
water molecule movements at normal body temperature during typical MR meas-
urement times (10–100 ms). In real-life circumstances, this resolution is very 
difficult to achieve because water signal from such small voxels is associated with 
a very poor SNR. The only way to overcome this at a given field strength is by 
oversampling, which increases the SNR by the square root of the number of acqui-
sitions, which can easily result in very long acquisition times. In addition to the 
molecular movements of water, in vivo imaging is associated with other, larger-
scale movements. These occur even with a perfectly anesthetized and immobilized 
animal. Motion related to pulsation of blood vessels, CSF, respiration, and involun-
tary muscle activity all contribute to subtle movements. Therefore, the goal for 
minimal resolution is in the 100-µm range for in vivo acquisition, which also allows 
for reasonably short acquisition times and optimal SNR. 

 To understand image contrast in MRI (our ability to distinguish between different 
tissue segments or anatomical regions), we need to consider that two anatomical 
regions cannot be distinguished from each other by MRI, no matter how high the 
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resolution or SNR unless they contain water molecules with different physical or 
chemical properties. In order to generate MR contrast based on the physical proper-
ties of water molecules, T1 and T2 relaxation times, proton density (PD), and the 
diffusion coefficient (D) are widely used. T1 and T2 are signal relaxation times 
after excitation, which are related to the molecular environment of the proton signal. 
Proton density represents water concentration in a given voxel of interest. The term 
“diffusion” represents Brownian (or thermal) motion of water molecules, which can 
vary greatly between tissue segments and under pathological circumstances. 

 A full review of the strength and limitations of small-animal imaging are 
beyond the scope of this manuscript; however, a few facts are important to con-
sider. Small-animal MRI studies are most commonly conducted in dedicated nar-
row-bore, high field strength small-animal systems. It is not uncommon to conduct 
studies at field strengths as high as 4.7–11 Tesla. Higher field strength does not 
translate into higher resolution but results in higher SNR, which allows for the 
acquisition of higher-resolution signal in shorter amounts of time. The actual reso-
lution of a study greatly depends on the gradient field strength, which is independ-
ent of the field strength of the static cryomagnet. The gradient field strength is the 
force of the variable electromagnetic fields that allow for spatial encoding during 
MRI acquisition. SNR also depends on the characteristics of the radiofrequency 
coils used for excitation and acquisition. Therefore, it is critically important to use 
appropriate gradient sets and RF coils in small-animal imaging. Higher field 
strength will also result in different contrast-to-noise ratios and higher likelihood 
for susceptibility artifacts. These must be considered when analyzing images 
acquired at high field strength [51]. 

   2  Conventional MRI Studies 

 2.1   Structural Studies Utilizing T1-, T2-, 
and Proton Density-Weighted MRI Sequences 

 The presence of inflammatory infiltrates in the central nervous system is the hallmark 
of MS. These infiltrates presumably result in demyelination and, to a lesser extent, 
axonal damage. In most cases, the inflammatory infiltrates appear perivascularly. 
Early perivascular infiltration can be visualized in animal models of MS. In an ex vivo 
high field strength MRI study conducted at 9.4-Tesla field strength and utilizing a 
whole CNS homogenate-induced guinea pig EAE model, perivascular cuffing was 
visualized by high-resolution T1-weighted sequences. This study did not look at 
demyelination or other features of EAE [13] (Fig.  1 ). 

 Extrapolating from human MRI studies, we expect to find CNS lesions in animal 
models on T2-weighted sequences. While T2-weighted scans are sensitive to a 
broad array of pathology, they are nonspecific; several different tissue processes 
result in similar features on T2-weighted images. Edema, cellular infiltration, gliosis,



Neuroimaging of Demyelination and Remyelination Models 245

demyelination, and severe necrosis all result in T2 hyperintensities. The nonspe-
cific nature of T2-weighted change was also demonstrated in an EAE study con-
ducted in guinea pigs, where perivascular cuffing was visualized in vivo as T2 
hyperintensities and confirmed by ex vivo tissue studies. Histologically, the areas 
of cuffing were not associated with demyelination, only with cellular infiltration, 
However, the same T2 hyperintensity was observed as would be expected with 
demyelination [16]. An ex vivo study looked at the chronic relapsing EAE model 
induced by spinal cord homogenate injection in Lewis rats experiencing two to 
three relapses over the first 40 days of the disease and found MRI-detectable lesion 
formation in the spine. The lesions were most abundant in the cervical and thoracic 
regions. While the utilized proton density (PD)-weighted multislice high-resolution 
(40 × 40 × 500-µm) MRI sequences at 7-Tesla field strength were able to detect 
lesions, they could not distinguish between demyelination, remyelination, inflam-
mation, or edema when matching histology slides were studied. In addition, no 
lesions were seen in the gray matter of these animals, although such lesions were 
present in histology [30]. Similar imaging features were described in a PLP-
induced EAE model in Lewis rats [40] and in a marmoset EAE model induced by 
adoptive transfer of naturally occurring major basic protein (MBP)-reactive T cells 
[14]. In a very-high-resolution (40 × 40 × 380 µm) ex vivo study conducted at 
4.7 Tesla in a chronic guinea pig EAE model triggered by spinal cord homogenate, 
proton density- and T2-weighted images visualized areas of demyelination con-
firmed by matching histology [48] (Fig.  2 ). 

 The above studies suggest that conventional MRI sequences cannot differentiate 
between inflammation and demyelination, two key aspects of human MS. However, 
by intuitive combinations of pulse sequences coupled with sophisticated analytical 

Fig. 1 Perivascular cuffing in an EAE model as visualized by noncontrast MRI. MRI of the hip-
pocampus (left panel) and histology of matching area from same animal (right panel, H&E stain 
to assess cellular infiltration and with SoloChrome-R-cyanin [SCR] to demonstrate myelin). 
Layers of the hippocampus (left panel) are apparent as bands above and below the hippocampal 
fissure. Small blood vessels (arrows) appear as solid black structures. Not all vessels apparent in 
the histology stain appear in the MR image. This may represent mismatch between the 20-µm-
thick SCR stain and the 230-µm-thick T1 stain. Adopted from [13] with permission
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Fig. 2 a Transverse nuclear magnetic resonance (NMR) ex vivo image of a spinal cord (PD-
weighted spin echo sequence, TR: 3 s, TE: 20 ms, 40×40×380 µm). Note the three lesions identi-
fied by arrows. b Transverse NMR image of a diseased spinal cord, same localization as (a) with 
T2-weighted imaging (TR: 3 s, TE: 60 ms). The difference in image contrast is apparent (arrows).
c Transverse NMR image of a normal region of the spinal cord (same PD-weighted sequence as 
for a). d Light microscopic view of perivascular infiltrations of lymphocytes and macrophages. 
There is a striking agreement with the NMR images (a, b); for example, both show a band of 
largely unaffected white matter between the lesion on the right and the ventral horn of the gray 
matter. e Light microscopic view showing large areas of demyelination. f Light microscopic view 
of a normal region of the diseased spinal cord. (d cresyl violet; e, f anti-MBP stain). Reproduced 
from [48] with permission

techniques, a distinction may be possible even without advanced MRI techniques. 
In a study conducted in a Hartley guinea pig EAE model induced by isologous CNS 
homogenate injection, several conventional pulse sequences visualized cord lesions 
at 1.5 Tesla. Fast spin echo (FSE), conventional spin echo (CSE)-based T2, PD 
sequences, FSE-based FLAIR (fluid attenuated inversion recovery) and STIR 
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(short tau inversion recovery) sequences and CSE T1 studies, including pre- and 
post-gadolinium studies, were conducted. Following image acquisition, the cords 
were removed and analyzed histologically. Signal-to-noise ratio analysis based on 
histologically identified regions of interest was performed. Investigators concluded 
that STIR-FSE and PD-CSE could differentiate tissue containing cellular infiltrates 
with a high degree of accuracy. They also found reduced SNR of PD-CSE and T1-
CSE with gadolinium in demyelinated lesions containing inflammation. They 
suggested that a combination of STIR-FSE, PD-CSE, and T1 CSE with gadolinium 
might be useful for differentiating lesions containing inflammation from lesions 
that also show demyelination [5] (Fig.  3 ). The limitations of this study are the rela-
tively low field strength for animal studies. From the standpoint of correlating 
small-animal and human MRI, however, low field strength studies may be more 
appropriate. The currently approved highest field strength for human studies is 
4 Tesla, with the majority of routine clinical scans conducted at 1.5 Tesla. This is 
in stark contrast to small-animal MRI, in which field strength is generally between 
4.7 and 11 Tesla. 

 TMEV infection of IFN-gR–/–  mice allows the study of an acutely progressive 
demyelinating model that results in death 6–8 weeks after infection. In this model, 
four different types of T2 hyperintense lesions were identified based on characteris-
tics on 3D volumetry studies. Each treated animal developed T2 hyperintense lesions 
characterized by (1) continuous enlargement, (2) enlargement followed by retrac-
tion, (3) fluctuating enlargement and retraction, and (4) stable lesions. In these 
animals, the overall lesion volume grew linearly until the last week of life, when it 
grew exponentially. It is not known if different immune mechanisms generate the 
four lesion types. Continuously expanding and fluctuating lesions contributed much 
more to the overall lesion volume in this model [52] (Fig.  4 ). 

  2.2  T1-Weighted Post-Contrast Studies 

 Gadolinium-enhanced T1-weighted studies are useful in gathering information about 
acute inflammation in MS. In a canine model of EAE, multiple new lesions were vis-
ualized with each clinical episode on T2-weighted imaging. T2-weighted images 
could not differentiate between the chronicity of lesions. However, as in human MS, 
gadolinium enhancement helped differentiate the lesion by age with contrast dye 
uptake most commonly observed in acute lesions [29]. This study also reminds us that 
while EAE models may seem to reflect several features of MS, the development of 
many new lesions is highly unusual in clinical episodes of human MS, in which a new 
clinical event is typically associated with the formation of one single new lesion. 

 Overall, gadolinium (Gd) enhancement is considered an early event in the for-
mation of MS lesions. Several studies conducted in EAE or experimental optic 
neuritis (EON) models have investigated the relationship between gadolinium 
enhancement and tissue pathology. In an EAE model induced in guinea pigs, 
gadolinium enhancement of the optic nerves appeared 5–8 days following disease 
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Fig. 3 In vivo MRI compared to pathological findings. Representative MR images and distribu-
tion of pathological changes from (a) acute and (b) chronic EAE animals. The MR images are 
labeled for each sequence: STIR-FSE, PD-CSE, T2-FSE, T2-CSE, and T1 post-Gd. The sche-
matic diagrams depict the distribution of inflammation and demyelination on the three anatomical 
slides that correlate with the imaging slice location. STIR-FSE, PD-CSE, and T1 CSE with gado-
linium images are suggested as the most useful sequences in differentiating inflammation and 
demyelination on conventional MRI studies. Reprinted from [5] with permission
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induction but before the onset of clinically detectable motor dysfunction. On 
matching histology, demyelination of the optic nerves was not seen, although 
scant inflammatory cell foci were visualized. The study concluded that the earli-
est event in EAE lesion formation is gadolinium leakage signifying cellular infil-
tration but not necessarily demyelination [18]. However, it remains controversial 
whether gadolinium leakage always accompanies the formation of T2 visible 
lesions. In a study comparing acute and chronic EAE models in guinea pigs, 
using 1.89-Tesla MRI systems, gadolinium-enhancing lesions were only observed 
in the acute EAE model, even though T2 lesions were detected in both cases. In 
the acute model, gadolinium-enhancing lesions always became visible between 
days 14 and 24. Based on this study, gadolinium permeability appears to be an 
inherent feature of lesion formation in the acute but not in the chronic model [25]. 
However, another study comparing acute and chronic relapsing EAE determined 

Fig. 4 TMEV-induced brain demyelination in interferon-g receptor knockout mice, 5 weeks after 
disease induction. Representative sagittal (top row), axial (middle row), and coronal images (bot-
tom row) extracted from a 3D data set acquired in vivo, using a T2-weighted RARE pulse 
sequence (TR 2000, TE 65). The lesion load is very high at this time point. Larger hyperintense 
lesions are identified by red arrows
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a linear relationship between enhancing lesions and severity of clinical disability 
in the chronic relapsing model. Lesions in animals in the progressive phase 
showed the most sustained BBB breakdown as detected by gadolinium enhance-
ment. In the acute model, the duration of relapse overlapped with the duration of 
enhancement. However, unlike in the chronic model, where enhancement was 
seen in distinct lesions, diffuse leakage was detected in the acute model [21]. In 
an EON study investigating the duration of gadolinium enhancement, contrast 
dye uptake appeared between 3 days and 14 days with increasing intensity, start-
ing at the apex and progressing toward the chiasm. The enhancement persisted at 
the last studied time point of 30 days and preceded the onset of T2-weighted 
abnormalities in the optic nerves. Histologically, the expansion of extracellular 
space and inflammatory infiltrates corresponded with the intensity of enhance-
ment. The degree of demyelination correlated well with the presence of T2 hyper-
intensities [17]. The persistent enhancement seen in this model at 30 days would 
be unusual in human MS. The last two models show poor correlation with the 
pathology of human MS; diffuse enhancement is not seen in any stage of MS, 
while focal enhancement characterizes new lesion formation in relapsing-remitting 
MS. In chronic progressive forms of MS, persistent gadolinium enhancement is 
not seen. In fact, persistently enhancing lesions would trigger investigations for 
an alternative diagnosis. 

 Another study compared chronic relapsing and acute EAE models in a 0.5-Tesla 
scanner using custom-built small-animal coils. The investigators concluded that the 
duration of enhancement is very short (less than 5 days) in acute EAE but might 
last up to 5 weeks in chronic EAE. This study also utilized Gd-labeled albumin in 
an effort to distinguish between BBB permeability to large molecules and small 
molecules (like the standard Gd-DTPA contrast dye). They concluded that Gd-albumin
was not always detectable in areas of leakage of the smaller molecular weight 
compound. They also noted that addition of immunoglobulins to the small 
molecular-weight gadolinium complex led to enhancement of lesions not seen with 
gadolinium-albumin or gadolinium-DTPA alone. Based on this study, there appear 
to be different degrees of BBB permeability in EAE models [23]. 

 In a TMEV infection-induced acute progressive demyelinating model in IFN-gR–/–

mice, gadolinium enhancement was seen early in the disease process with the 
development of each new lesion. However, later in the disease, gadolinium leakage 
was not always observed, even though the animals continued to develop large, eas-
ily identifiable lesions on T2-weighted images [52]. In general, gadolinium 
enhancement means inflammation and not demyelination, and thus the appearance 
of enhancing lesions on standard T1-weighted gadolinium-DTPA studies do not 
provide any specificity about the inflammatory processes visualized [23]. 

 Based on the above studies, gadolinium enhancement accompanies acute 
inflammation in the CNS; however, the mechanism and the duration of enhance-
ment, plus the fact that enhancement is not always detectable despite ongoing new 
lesion formation, remains controversial. To clarify the action mechanism of MRI 
contrast dye enhancement, gadolinium and lanthanum enhancement was compared 
to the presence of gadolinium and lanthanum in the tissue following MRI studies 
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in a chronic EAE model. The areas of gadolinium enhancement showed evidence 
of vesicular transportation of lanthanid metals into endothelial cells with subse-
quent deposition of tracers to the perivascular space. However, interendothelial 
junctions remained intact. Perfusion with 2,4-dinitrophenol, a metabolic inhibitor, 
suppressed the appearance of endothelial vesicles. The 2, 4-dinitrophenol effec-
tively reduces the proton gradient across mitochondria and collapses the proton 
motive force that cells use for ATP production. Therefore, endothelial cells meta-
bolically regulate gadolinium enhancement in this model. Further, gadolinium 
enhancement is not a sign of full disruption of endothelial junctions but may relate 
to an active process of gadolinium uptake by the endothelial cells under specific 
circumstances [22]. 

  2.3   The Role of Conventional MRI in Monitoring Therapeutical 
Interventions 

 Similar to MRI in human clinical trials, small-animal MRI has been used to assess 
the effects of novel therapeutic agents in MS models. In most cases, studies monitor 
conventional MRI measures, such as decreased T2 hyperintense lesion load com-
pared to controls, or decreased gadolinium enhancement on T1-weighted images. 
Examples of MRI monitoring in studies of novel therapeutic agents tested after 
disease induction in the EAE model include the small molecular inhibitor of 
alpha-4 integrin [49], anti-CD18 antibodies directed at the common beta chain of 
leukocyte integrin [57], antibodies against ICAM-1 [38], neurotrophic ACTH ana-
log [10], PEG-catalase to reduce oxidative stress [19], and the iron chelator defer-
oxamine [20]. New agents to prevent disease onset in EAE have also been 
monitored by small-animal MRI, including a chimeric human myelin basic protein 
and proteolipid protein [36], acylated MBP [26], and the phosphodiesterase inhibitor 
rolipram [15]. 

 Conventional MRI sequences allow insights into the pathogenesis of MS animal 
models. As small-animal MRI systems become more easily available to most research 
institutions, the use of standard sequences will increase greatly in the coming years. 

   3   Advanced MRI Methods for Visualizing Demyelinating 
Diseases

 3.1  Diffusion-Weighted Imaging and Diffusion Tensor Imaging 

 Diffusion-weighted MRI (DWI) and diffusion tensor imaging (DTI) offer insight 
into the molecular movements of water in the studied tissue, allowing a very sensi-
tive and unique insight into the pathology of several diseases. In general, DWI of 
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the brain takes advantage of the fact that myelinated tracts of the brain are anisotropic
with regard to water diffusion. Water diffuses much more easily along the fibers 
than across the fibers. Monitoring changes in free and restricted diffusion of water 
can identify various pathologic processes including stroke, ischemia, brain tumors, 
and white matter diseases. DTI studies can investigate the actual directions of fiber 
tracts and perform very detailed anatomical tractography. In a MBP-induced 
macaque EAE model, diffusion-weighted imaging was performed in a 2.0-Tesla 
clinical system with the goal of identifying pathological changes to internal capsule 
fibers. The internal capsule was chosen for its highly organized fiber directionality, 
which makes it a good medium for diffusion directionality and DTI studies. The 
authors saw changes on DWI the day of and the day before the onset of T2 hyper-
intensities, which suggested higher sensitivity to the changes compared to T2-
weighted imaging. The authors also demonstrated DWI visualization of areas of 
abnormal signal that otherwise look normal on standard T2-weighted imaging [24]. 
Another paper investigating the sensitivity of DWI drew similar conclusions; in 
excised spinal cords from a MBP-induced model of EAE in pigs, T1 and T2 studies 
conducted at 8.4 Tesla, they only found abnormalities in 50% of cords, whereas 
DWI found pathology in all of them, including in areas of normal-appearing white 
matter (NAWM) [3] (Fig.  5 ). 

Fig. 5 A T1- and B T2-weighted images and C–D q-space-analyzed DWI images of a representa-
tive swine spinal cord with EAE: (C, D) displacement maps obtained perpendicular (x) (C) and par-
allel (z) (D) to the long axis of the spinal cord. Image C offers more details about presumed 
demyelinating lesions compared to T1- or T2-weighted images (areas in red). Image D also shows 
areas of presumed axonal perturbation (areas in red in the white matter). Adopted from [3] with 
permission
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 In an EAE model of transgenic mice with T-cell receptors that recognize MBP, 
an ex vivo study was done at 11.7 Tesla including T2*-weighted imaging, DTI, and 
comparative microscopy. The authors report reduced diffusion anisotropy in the 
hyperintense regions, representing a loss in the normally seen directional diffusion 
of water [1]. Another study focusing on internal capsule fibers conducted at 7 Tesla, 
which utilized MBP-induced EAE in monkeys, identified acute EAE lesions by a 
decrease in the diffusion MR image signal with the diffusion-sensitizing gradient 
in all three orthogonal directions. Multiple inflammatory attacks preceded chronic 
demyelinating lesions in this model, as did a decrease in diffusion MRI signal with 
the diffusion-sensitizing gradient in the two orthogonal planes perpendicular to the 
direction of fiber in the internal capsule. With gradients parallel to fibers, no change 
was seen. This suggests that the integrity of the axons was preserved (parallel gra-
dients), while demyelination was present (perpendicular gradients). In brain areas 
where the fiber directionality is well characterized, such as in the internal capsule, 
diffusion-based techniques may allow for the differentiation between myelin and 
axonal changes [56]. Contradicting these findings, another study utilizing the same 
presumptions investigated in vivo spinal cords in a MOG peptide-induced EAE 
model with diffusion tensor imaging at 4.7 Tesla. In this model, axial diffusivity 
(axonal component) decreased whereas radial (myelin component) was the same as 
in controls. The authors suggest that axonal damage in EAE is more widespread 
than previously thought, although it is difficult to imagine that demyelination is 
unseen in a model where most pathological changes relate to demyelination rather 
than axonal damage of the spinal cord [28]. 

 DWI and DTI studies allow for very detailed noninvasive visualization of axonal 
and myelin damage in MS models. Therefore, their utilization in the studies of MS 
models is expected to grow. 

  3.2  Magnetization Transfer Imaging 

 Magnetization transfer imaging (MTI) is a newer imaging modality first introduced 
to the field of MS by Dousset et al. [9]. Most MRI pulse sequences used in biological 
research investigate protons in liquids or gels, and the usual minimum echo times 
range from 2 to 10 ms. If the T2 relaxation time of the studied protons in a material 
is less than 1–2 ms, those protons cannot be detected directly in clinical MRI sys-
tems. However, a technique called solid-state NMR/MRI can detect such sub-
stances. Biologically important macromolecules, including large proteins or 
myelin, have very short T2 relaxation times. The mobile protons of water are in 
constant motion and come into contact with these macromolecules. Using an RF 
pulse with a frequency designed to excite the macromolecular spins while leaving 
the liquid spins largely unaffected, one can saturate the macromolecular spins. If 
some of this saturated magnetization transfers to the liquid protons as a result of the 
constant interaction between mobile protons and the large molecules, then the 
mobile protons also become partially saturated. This results in reduced signal 
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intensity from the mobile (small molecular) protons and serves as the basis of MT 
imaging.

 MT imaging is a technique especially suited to study the influence of macromol-
ecules, including myelin, on their environment. MT is becoming an important 
imaging modality in human MS and its animal models. In a study comparing a spi-
nal cord homogenate-induced EAE model in Hartley guinea pigs with data acquired 
from healthy human volunteers conducted in a 1.5T standard clinical scanner, the 
magnetization transfer ratio (MTR) of normal white matter was 42%–44% with 
2.5% variability. In an EAE model with almost no demyelination but significant 
edema, a 5%–8% MTR decrease was seen compared to before induction. In human 
MS, a 25% MTR decrease is typically seen, which is likely due to demyelination. 
Therefore, MTR may differentiate between inflammatory infiltrates and areas of 
demyelination. However, the MTR of the NAWM also may decrease, suggesting 
that MTR-based techniques are more sensitive than conventional spin echo or gra-
dient echo-based MR imaging sequences [9] (Fig.  6 ). 

 In a CNS homogenate-induced chronic-progressive EAE model in Hartley 
guinea pigs, lumbar MRI was conducted at 4.0 Tesla using conventional sequences 
and MTI. On regions of interest analysis on matching histological samples and 
MRI, water phantom matched MTR, and proton density correlated well with axonal 
density. In NAWM and lesions, the MTR was decreased. The authors conclude that 
MTR is more sensitive than conventional techniques and can reveal axonal changes 
as well as changes in myelin [6]. 

 The high sensitivity of MTR also allows for therapy monitoring. In a CNS 
homogenate-induced chronic progressive EAE model in Hartley guinea pigs, treat-
ment with integrin antibodies was followed by MRI using a combination of mag-
netization transfer imaging and T2 relaxometry. Reductions in MTR were prevented 
or reversed by antibody in NAWM of the study animals. On multicomponent T2 
relaxometry, no change was seen in myelin water percentage, as determined by the 

Fig. 6 MR images of a normal guinea pig brain in the coronal plane. Images obtained with MTI 
(TR ms/TE ms=70/7) (a) and without (b) the radio-frequency saturating pulse. c Subtracted image 
of image a from image b; the magnitude of the signal intensity is proportional to the intensity of 
saturation transfer. Note that the CSF in the ventricle (arrow) has a low magnetization transfer, while 
gray and white matters have a high magnetization transfer. d MTI obtained at the level of the frontal 
lobes, with two cursors indicating the regions of interest. The two MTR values calculated in those 
areas are 41% for the left and 43.7% for the right. Reprinted from [9] with permission
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short T2 component. The authors conclude that the short T2 component on 
relaxometry is more sensitive to the overall myelin content in tissue, whereas MTR 
is more sensitive to changes to myelin induced by inflammation [12]. 

 MTI is easily applicable in the study of MS models. With the advent of thera-
peutic approaches to promote remyelination, the importance of this technique will 
likely continue to grow. 

   4  T1 and T2 Relaxometry 

 The actual measurement of T1 and T2 relaxation times in tissue may offer more 
insight into tissue pathology than conventional imaging methods. This technique 
can follow the developmental changes in myelination in experimental animals. It 
has been established that the age of animals at EAE induction significantly alters 
the disease course. Adult guinea pigs typically develop acute fulminant EAE, 
whereas a relapsing-remitting course is seen if induction is performed in the first 
2 weeks of life. The T1 and T2 relaxation times were prolonged after birth, short-
ened in the first few weeks and reached adult levels by 6–11 weeks. Interestingly, 
by histology, myelination remained unchanged over this period, whereas gray–
white differentiation was poor at birth and increased with time. The authors con-
clude that EAE susceptibility may be related to changes in gray matter myelination 
changes rather than myelination in the white matter [44]. Immune maturity may 
also play a role in this phenomenon. 

 A MBP-induced guinea pig EAE model studied BBB leakage to gadolinium-
DTPA. Gadolinium-DTPA resulted in decreased T1 relaxation time in the thoraco-
lumbar spine. Prior to the gadolinium injection, T1 and T2 relaxation times were 
prolonged, consistent with observations that demyelinating and inflammatory pathol-
ogy results in prolonged relaxation time [47]. Ultrafast MRI methods measure T1 and 
T2 relaxation times in vivo. An MRI study conducted at 7 Tesla using adoptive trans-
fer EAE reported an increase of relaxation times that paralleled the appearance of 
albumin in tissue on histology. This increase was detected before the onset of immune 
cell infiltration. After gadolinium injection, a decrease in T1 times was observed, 
which paralleled macrophage infiltration in this study. Therefore, serial T1 relaxation 
time measurements may allow differentiation between the early phase of edema for-
mation and a later phase of cellular infiltration in EAE [39]. Similar findings were 
reported in MBP-induced EAE in Lewis rats, where the positive animals showed 
increased relaxation times and BBB permeability as time progressed. This was more 
pronounced on days 10 and 11, when clinical features such as paraplegia developed 
[41]. However, the measurement of relaxation times without concomitant imaging 
with other modalities may be misleading. In a relapsing-remitting guinea pig EAE 
model, T1 and T2 relaxation times were measured in the early stage (first attack) and 
in relapses and remission. Relaxation times could not distinguish between these 
stages because of a wide range of variety of the parameters independent of the stage 
studied [27]. 
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 An ex vivo relaxometry study reported the ability to differentiate between 
hyperacute EAE and less severe forms. Cervical cord and brain samples were stud-
ied with in vitro T1, T2 and multicomponent T2 relaxometry. The hyperacute form 
was easily differentiated on the bi-exponential T2 measurements [64]. The authors 
conclude that the severity of EAE may be demonstrated by studying the short T2 
component; however, a sufficient number of echoes (acquisitions) are needed, 
which may result in prolonged acquisition times. These, in turn, can limit the use 
of this technique in vivo. In human MS, similar techniques have been successfully 
used in vivo to determine the short T2 (myelin) water component in white matter 
areas of interest [32]. 

 Relaxometry has also been used as a therapy-monitoring tool. In an MBP-
specific T cell-induced adoptive transfer EAE model, PPD-specific T cells were 
transferred along with MBP-specific T cells of different specificity to study their 
effect in disease induction. The changes seen were dependent on the number and 
specificity of transferred cells. As the specificity of the transferred MBP-specific 
T cells became higher, fewer were needed to induce clinically significant changes. 
If a low number of MBP-specific T cells were used, the addition of PPD-specific 
T cells resulted in a more disabling disease course. On MRI relaxometry studies, 
MBP-specific T cells with a lower specificity were able to produce significant BBB 
leakage in the brain compared to cells with higher specificity. The authors con-
cluded that MBP T cells with higher specificity were more likely to cause new 
lesion formation in the spinal cord, which resulted in more clinical disability. The 
cord was not studied by MRI due to technical limitations. The authors propose a 
synergy between PPD- and MBP-specific T cells and suggest it is part of the 
mechanism of action of mycobacteria in complete Freund’s adjuvant [42]. 

 The advent of ultrafast techniques allows relaxometry on several slices or the 
entire brain within a reasonable amount of time. The utilization of this MRI tech-
nique in MS models will likely grow in the coming years. 

  5  Magnetic Resonance Spectroscopy 

 Magnetic resonance spectroscopy (MRS) allows insight into the chemical ingredi-
ents of a studied voxel or voxels of interest. The most commonly studied nuclei are 
proton and phosphorus. MRS is derived directly from NMR spectroscopy. The only 
technical difference between NMR spectroscopy and MRS is that the former is 
usually conducted on homogenous substances such as liquid extracts, whereas the 
latter is conducted on complex biological samples including live mice or rats, 
which require the use of gradients and saturation pulses to select the voxel of inter-
est. When MRS is used in human studies, the most commonly studied voxel size is 
1–8 cm 3 . Such voxels are larger than the entire rodent brain. For rodent studies, 
typical voxel sizes are 8–27 mm 3 , approximately 1/100 to 1/1,000 the size of typical 
voxels in human MRS. The number of protons in such small voxels is several orders 
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of magnitude less; therefore, the SNR is much lower under the same experimental
circumstances. To overcome this, higher field strength and the averaging of hundreds 
of signals are needed along with other technical issues that include proper shim-
ming. Although MR spectroscopy is gaining increasing popularity in human MS 
research, the number of publications utilizing in vivo spectroscopy in MS models 
is low. This is related to the above difficulties in small-animal MRS studies. 

 A study of MBP-induced marmoset EAE analyzed the relationship of changes 
between histology, T2-weighted imaging and MRS. The authors found that acutely 
fatal EAE lesions were large and monophasic as visualized by MRI, and increased 
choline (Cho)/creatinine (Cre) ratio was detected by MRS at disease onset. Cho is 
typically considered a marker of membrane turnover, and it can also be increased 
by cellular infiltration. Chronic EAE lesions in this model were preceded by multiple 
inflammatory attacks on T2-weighted imaging and were characterized by low 
levels of NAA (n-acetyl aspartate)/Cre, which were detectable even after the initial 
attack. NAA is a marker of neuronal and axonal integrity. Normal-appearing brain 
lesions were associated with low Cho/Cre ratio, although this did not reach signifi-
cance [56]. 

 In a study of acute EAE, an elevation in the ratio of choline-containing com-
pounds to Cre was found. This was associated with an increase in choline, betaine, 
and a reduction in N-acetylaspartate (NAA), aspartate, N-acetylaspartatylglutamate 
and inositol when studied in vitro. Histological examination revealed inflammation 
without concomitant demyelination. The authors attribute the increased ratio of 
Cho:Cre to increased concentrations of phosphorylcholine, betaine, and choline in 
association with inflammation and not with demyelination. Dysfunctional neuronal 
metabolism may account for the reduction in NAA rather than actual neuronal or 
axonal loss [4]. 

 In a TMEV-induced MS model, the presence of T1 hypointensities on imaging 
was associated with a decrease of the NAA/Cre peaks on single voxel MRS encom-
passing T1 hypointense lesions. As previously established histologically, these 
findings were associated with significant tissue damage in the areas of T1 black 
hole formation including neuronal loss [54]. 

 The above studies highlight a role for MRS in small-animal models; however, the 
technical difficulties related to small voxel size and consequential low SNR are often 
difficult to overcome. Nevertheless, with the development of newer techniques includ-
ing chemical shift imaging and with higher field strength systems, MRS and experimen-
tal NMR spectroscopy are emerging in the study of demyelinating disease models. 

  6  Cell-Specific Contrast Agents 

 While MRI is a very sensitive diagnostic modality, it does not provide cell-specific 
information about the visualized organs. The use of contrast agents like gadolin-
ium-DTPA can increase the specificity of MR imaging, especially in the case 
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of inflammatory diseases. However, as discussed above, contrast dye enhance-
ment does not note whether cells actually have entered the inflamed organ, nor 
does it specify cell types. Ideally, intelligent contrast agents will be developed to 
allow visualization of arbitrary cell types to understand and characterize CNS 
inflammation and a broad range of other disease processes. Early approaches to 
target-seeking contrast material development include the use of conjugated gado-
linium-DTPA or other agents such as europium, which is known to be taken up by 
macrophages. However, most early trials were unsuccessful; they either failed to 
provide adequate labeling specificity, or the labeling did not cross the BBB in suf-
ficient amounts [59]. 

 Another approach is to use non-proton MRI and label molecules or cells of inter-
est with other nuclei capable of emitting NMR signal. An example is the use of 
fluor-based labeling of macrophages in adoptive transfer EAE. In this  19 F MRI 
study, the early stages of lesion formation were associated with strong MRI signals, 
which decayed with time as the lesion turned more chronic and acellular. The prob-
lem with this approach is the need for special RF coils designed to match the fre-
quency required for  19 F imaging. Furthermore, anatomical details will not be 
readily visualized on 19 F images; therefore, proton acquisition is still required for 
anatomical localization. This necessitates dual tuned ( 1 H and  19 F) coils, further 
complicating the acquisition hardware and software requirements [46]. 

 Most of the viable cell-specific imaging approaches utilize iron-based contrast 
materials, most commonly USPIO-s (ultrasmall superparamagnetic iron oxide). 
These contrast materials provide negative contrast or signal loss on T2*-weighted 
images. One example is the use of AMI-227 USPIO in an EAE model of MS. 
USPIO is readily taken up by macrophages, allowing for relatively easy visuali-
zation of this cell type. In this proof-of-principle study, the dosage and the scan-
ning delay were investigated [8] (Fig.  7 ). A study utilizing iron-based contrast 
agents in chronic-relapsing EAE showed strong delineation of macrophage infil-
trated areas by using MION-46L as contrast material. The lesions were shown on 
histology, and the presence of iron particles was visualized in lesions as small as 
110 µm with the use of Prussian blue tissue stain [62]. In a study using both con-
ventional gadolinium and USPIO-s, BBB leakage, as detected by gadolinium, 
always preceded USPIO-detected macrophage infiltration. The study also demon-
strated the use of novel contrast agents to monitor the efficacy of therapeutic 
agents; for example, lovastatin reduced the observed signal changes in this model 
[11]. A study of the TMEV model of MS made novel use of commercially avail-
able paramagnetic antibodies as contrast materials. These antibodies are used for 
magnet-activated cell sorting, a routine procedure used to sort specific cell types 
based on their surface markers. When injected intravenously, they attach to the 
cell surface markers for which they are specific and allow the visualization of 
various different immune cell types. Since this contrast material is also based on 
susceptibility, the localization of antibodies is best detected on T2*-weighted 
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images. However, they also cause faint but detectable signal increase on T1-
weighted images. Therefore, combined use of T1 and T2* image sets will easily 
visualize the location of the labeled CD8 T cells [53] (Fig.  8 ). The same tech-
nique can also be used to study other immune cell types and biologically impor-
tant macromolecules [50]. 

 Cell-specific MRI techniques continue to evolve in both human and disease 
model applications. The techniques described above will be further refined and uti-
lized in the study of MS models for years to come. 

Fig. 7 Cell-specific imaging with native USPIO-s. Coronal RARE T2-weighted images of two 
rat brains with clinical EAE 24 h after i.v. administration of AMI-227 at a dose of 300 mmol:kg 
Fe. Numerous sites with low signal intensities related to magnetic susceptibility effects (T2* 
hypointensities) due to iron-loaded macrophages are seen on the EAE rat brain parenchyma 
(arrows). Adopted from [8] with permission
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  7  Imaging of Remyelination in MS Models 

 Toxin-induced models of demyelinating diseases may be the most suitable for moni-
toring remyelination by MRI. The advent of new therapeutic remyelination-inducing 
approaches makes this a critical tool. In the case of lysophosphatidylcholine-induced 
models, the toxin (a detergent) is injected in the CNS region (typically the spinal 
cord or the corpus callosum) where demyelinating lesions are to be induced. The 
injection results in focal inflammatory demyelination followed by remyelination. A 
sensitive MRI modality to follow this process is magnetization-transfer MRI, which 
shows that the initially decreased MTR (consistent with demyelination) normalizes 
over the course of weeks [7]. Another toxin-induced demyelinating model utilizes 
the copper chelator cuprizone. In this model, animals receive cuprizone every day, 
which results in demyelination of standard areas of the brain, including the corpus 
callosum, over weeks. Once chelator administration stops, slow and nearly complete 
remyelination follows. MRI, including T1- and T2-weighted imaging and MTI, 
allows for the visualization of remyelination. While MTR imaging is the most sensi-
tive demonstrated treatment modality, changes detected on T1- and T2-weighted 
images also detect remyelination [37] (Fig.  9 ). 

Fig. 8 Cell-specific imaging utilizing commercially available MACS (magnet activated cell sorting)
antibodies. Left image: T2*-weighted gradient echo axial image of mouse brain, acquired 18 h 
after injection of CD8-specific superparamagnetic antibody. Note the areas of T2* hypointensities 
depicting the location of CD8 T cells. Middle image: T1-weighted spin echo image; note slight T1 
hyperintensities depicting the location of CD8 T cells. Right image: composite image. Using the 
T2*- and T1-weighted images, a mask was generated by dividing the T1 image by the T2* image 
using the image algebra tool in Analyze 6.2 (Mayo Clinic BIR, Rochester, MN, USA). Since the 
labeled lesions are bright (high number in matrix) on T1 and dark (low number in matrix) on T2* 
images, the generated mask has very high numbers – thus very high intensity areas—correspond-
ing to the labeled cells. The mask was color coded, a Gaussian filter was applied for edge smooth-
ing, and finally it was superimposed on the original T1-weighted image. The composite image 
very clearly illustrates the location of the labeled CD8 lymphocytes
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Fig. 9 Light microscopy and MRI of the corpus callosum of mice treated with cuprizone. Six-
week time point: demyelination; 12 weeks: remyelination. LFB, Luxol fast blue staining for mye-
lin; T2w, T2-weighted images; T1w, T1-weighted images; MTR, magnetization transfer ratio of 
the brain of (left) controls, (middle) mice after 6 weeks of cuprizone treatment, and (right) after 
an additional 6 weeks on normal diet and withdrawal of the toxin (12 weeks). Arrowheads indicate 
corpus callosum. Note that the dark signal on MTR at 6 weeks is almost completely resolved by 
week 12. While less sensitive, T2- and T1-weighted images still demonstrate resolution of signal 
changes as remyelination occurs. Reprinted from [37] with permission
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 Diffusion-weighted imaging is another potentially useful imaging modality 
for studying remyelination. As detailed earlier, the classic dogma in diffusion 
imaging is that axonal damage results in axial diffusivity decrease, whereas 
demyelination results in radial diffusivity decrease. In the case of corpus callo-
sum demyelination by cuprizone, the first changes seen are axonal changes, 
resulting in axial diffusivity problems, followed by radial diffusivity problems 
with the onset of demyelination. During the weeks of reversal, diffusivity returns 
nearly to normal values [61]. With the combined use of conventional imaging 
techniques and sophisticated postprocessing tools, texture analysis of the brain 
identified horizontal gray level nonuniformity as the best parameter for remyeli-
nation in a cuprizone-induced model [63]. 

 In a serial spinal cord MRI study of a chronic progressive demyelinating dis-
ease model induced by TMEV, RARE-based T2-weighted sequences demon-
strated sensitivity to remyelination induced by IgM class human antibodies. Five 
weeks after treatment with rHIgM22 antibody, the T2-weighted lesion load, as 
measured by 3D volumetry of the cervical and upper thoracic cords, was signifi-
cantly decreased in most studied animals. The study also demonstrated that the 
rHIgM22 antibody is detectable in the cord parenchyma, utilizing molecular 
labeling methods described earlier. Some of the observed T2 hyperintense signal 
volume decrease may be related to the appearance of T2 hypointensities adjacent 
to the gray–white junction in cords while they undergo remyelination. As also 
demonstrated by Merkler et al. [37], T2-weighted images are not completely 
insensitive to remyelination. However, extrapolating from human observations at 
lower field strength, other modalities are possibly more suitable for detecting 
remyelination [2]. 

  8  Conclusions and Future Directions 

 With increasing access to small-animal imaging systems at most universities and 
research centers, the importance of this noninvasive diagnostic modality will con-
tinue to grow. A key aspect of this growth is the capability to acquire full 3D data 
sets of the CNS with previously unprecedented details in vivo. Furthermore, as 
MRI is readily available and regularly used in the monitoring of MS patients, small 
animal MRI studies allow direct comparison of imaging features between MS mod-
els and the human disease. This is especially important as the MRI features accom-
panying MS cannot be readily dissected in the human disease itself. The advent of 
transgenic technology, with refined cell transfer techniques and pharmacological 
manipulation of the immune system, will allow comprehensive investigation of 
imaging findings in MS models. The last two decades have witnessed constant 
multilateral information exchange between the fields of experimental NMR, human 
MR imaging, and experimental small-animal MR imaging. This exciting interac-
tion should grow in the coming years to allow for even more sophisticated nonin-
vasive investigations of MS and its animal models.   
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Abstract  The function of hormones has expanded to include immunomodulation 
and neuroprotection in addition to their classic roles. The story of how hormones 
influence inflammation and neuron and glial function is being slowly unraveled. 
There is increasing evidence that estrogen, progesterone, and testosterone contain 
immune responses and influence damage repair in the nervous system. Hormones 
such as prolactin and vitamin D are being explored as immunomodulators and may 
influence diseases such as multiple sclerosis (MS) or may be used therapeutically to 
modulate the immune response. More recently identified hormones, such as leptin 
and gherlin, may also influence the course of disease. This chapter reviews some 
of the evidence that supports a role for hormones in MS.    

  1  Introduction 

 The classic role of hormones is to promote normal growth, metabolism, and repro-
duction. Hormones are able to initiate a cascade of responses in their target tissues 
that is often followed by a feedback loop to bring physiological systems back to 
equilibrium. They come in five major classes: steroids, amino acid derivatives, 
small neuropeptides, large proteins, and vitamin derivatives. Two major observa-
tions led to the hypothesis that hormones influence autoimmune diseases. First, 
corticosteroids influence inflammation, and many autoimmune disorders respond 
to corticosteroids. Second, most autoimmune diseases have a gender bias and are 
more common in women. In addition, some autoimmune disorders improve, while 
others worsen, during periods of significant hormonal change such as pregnancy. 
While MS may not be an autoimmune disease, it has many features in common 
with autoimmune diseases including the gender bias and tendency to relapse and 
remit, and immunomodulation appears to be at least somewhat effective in contain-
ing the inflammatory component of the disease process. 

 Research exploring how hormones influence the immune system began in the 
1950s and 1960s [117]. These studies have unquestionably changed our thinking 
about hormone action. In the last decade, there has been a tremendous growth in 
our understanding of the nonclassical immunomodulating role of hormones. Their 
cytokine-like effects on the cells of the immune system and their cytoprotective or 
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cytotoxic effects on cells of the nervous system are particularly relevant to MS. 
Recent studies have revealed that some hormones can be produced in immune cells 
themselves. Hormone receptors exist on or in immune cells as well as in cells of the 
CNS. Many hormones have an expansive effect on a wide variety of cells. The tools 
are now in place to study the actual mechanisms of action. 

 The idea of hormone therapy is very appealing because hormones are considered 
natural and the side effects are understood. Corticosteroids have been the mainstay of 
MS treatment since the 1980s. We are learning more about their actions and, hopefully, 
will be able to utilize them more effectively in the future. We may be on the verge of 
using other hormones, as well as designer versions of them, to manipulate the immune 
system and nervous system repair. Investigators have already done pilot clinical trials 
of estrogen and testosterone, progesterone, and vitamin D for the treatment of MS. 

 This chapter reviews hypotheses about how hormones influence MS and its 
experimental animal model, experimental autoimmune encephalomyelitis (EAE). 
While we must address many more questions before hormone therapy becomes 
standard clinical practice, the momentum is rushing forward. 

  2  Glucocorticoids 

 2.1  Background 

 The first reports by Hench et al. in 1949 ushered in the therapeutic use of the 
anti-inflammatory and immunosuppressive properties of glucocorticoids [99]. 
One could argue that no hormones have had more relevance to MS patients than 
the glucocorticoids. Corticotrophin (ACTH), along with the newer synthetic 
glucocorticoids (methylprednisolone and dexamethasone), has been the mainstay 
of treatment for MS clinical attacks since the 1960s. A recent textbook [158] 
reviews the evidence for a positive short-term effect. 

 The communications networks between the neurological, immunological, and 
endocrine systems are highly influenced by glucocorticoids and vice versa [151]. 
Much interest focuses on how control of endogenous cortisol production and 
immune cell responses influences susceptibility to disease onset, relapse, and 
glucocorticoid-receptor (GR) regulation of gene transcription. GR monomers also 
bind to nuclear factor-kB, adaptor protein 1, and other transcription factors. In 
addition, they exert their influence by nongenomic means mediated by receptor-
like proteins on cell membranes; this latter pathway may be one of the most impor-
tant anti-inflammatory and immunomodulating effects of exogenous pulse therapy 
with glucocorticoids [45]. Different forms of the enzyme 11-b-hydroxysteroid
dehydrogenase in different tissues determine how much active cortisol is present 
at a given time. In turn, immune cell glucocorticoid resistance has several mecha-
nisms induced by glucocorticoids themselves, by chronic inflammation, and by 
stress [151]. 
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 Relevant to our current understanding of the immunology of MS, tumor necrosis 
factor alpha (TNF-a), interleukin-1 (IL-1), and interleukin-6 (IL-6), the prototypi-
cal pro-inflammatory cytokines, activate both the hypothalamic pituitary axis and 
the intimately related sympathetic nervous system (SNS) [24, 35]. IL-1b may be a 
crucial cytokine in the neuro-immuno-endocrine response [26, 53, 102, 201]. 
Multiple factors affect the response of the hypothalamic pituitary adrenal (HPA) 
axis and the intimately related sympathetic nervous system to inflammation or 
other stressful stimuli with the goal of bringing the organism back to health. 
Optimal versus suboptimal functioning of the hypothalamic–pituitary–adrenal axis 
could influence resistance to and/or modify the course of inflammatory diseases. In 
turn, the multifocal nature of MS may upset the sophisticated neural communica-
tion networks and feedback loops of both the hypothalamic pituitary adrenal system 
and the SNS [36]. We are progressing in our understanding of these communication 
networks, which will hopefully improve our ability to utilize glucocorticoids more 
effectively in the clinically setting. 

  2.2   The Hypothalamic Pituitary Adrenal Axis Function 
in EAE and MS 

 In 1980, Levine and colleagues showed that Lewis rats had a dramatic increase in 
serum corticosterone levels during the acute phase of EAE [131]. While high versus 
low hypothalamic–pituitary–adrenal axis response alone does not explain increased 
susceptibility [143, 200, 201], several EAE models have shown that the degree of 
HPA response plays a role. In 1990, Mason showed that a resistant rat strain could be 
made susceptible by removal of the adrenal glands and that recovery occurred when 
corticosterone was given at doses that achieved the acute phase levels in the suscepti-
ble Lewis rat [143]. Lower levels of endogenous cortisone production to the initial 
inflammatory phase were linked to increased susceptibility and more severe course. 
Continuous dexamethasone treatment completely blocks EAE in a susceptible rat 
model, while sudden withdrawal of dexamethasone triggers severe exacerbation 
[178]. In a model resembling human MS, failure to produce an adequate level of cor-
tisone with the first attack of EAE results in failure to resolve the acute inflammation 
and leads to chronic progressive EAE [26, 201]. The second relapse is not associated 
with as high a rise in cortisone as was seen in the first phase, and the HPA axis is 
hyporesponsive to injection of IL-1b. In the second phase, associated with demyelina-
tion, macrophage production of IL-1b is reduced compared to the primary phase, 
reducing the stimulus for cortisone production as well. Cortisone implants suppress 
this second demyelinating phase of the disease [201]. These studies suggest that an 
appropriately strong hypothalamic–pituitary–adrenal axis response to the induction 
of EAE is necessary for recovery from the initial phase of the disease and that subse-
quent phases are associated with less inflammatory cytokine stimulus and lower glu-
cocorticoid response. Exogenous steroid can replace endogenous steroid in preventing 
or limiting the disease. 
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 MS disease onset is not as clearly defined as in EAE. No studies exist of the HPA 
axis response specifically targeting the early group of patients with clinically iso-
lated syndrome. The delay of the second, MS-defining attack in optic neuritis 
patients treated with high-dose intravenous methylprednisolone suggests that a 
robust glucocorticoid response affects subsequent disease in humans as well. 
Several studies have evaluated the HPA axis of patients with established disease. 
Although they conflict at times, these studies generally indicate that chronic activa-
tion of the central HPA occurs with progressive disease. 

 Reder et al. studied 19 patients during acute exacerbations of progressive MS 
(mean age ,36.6 years ± 2.6) [177]. All MS patients had normal baseline cortisol lev-
els and normal circadian fluctuation; 9 of 19 did not have normal dexamethasone-
suppression tests. In this study, the MS patients had lower dexamethasone blood 
levels, suggesting that the lack of suppression was due, at least in part, to more rapid 
metabolism of dexamethasone, poor absorption or both. In 1994, Reder et al. reported 
adrenal gland weight to be increased in ten patients with MS when compared to 13 
with ALS and 14 with acute myocardial infarction [178]. None of the patients had 
depression nor had they been treated with glucocorticoids or corticotrophin within the 
year prior to death. The adrenal medulla was normal in all patients; cortical hypertro-
phy was specifically noted in five. They hypothesized that the increased size was due 
to chronic excessive stimulation of the HPA axis by elevated ACTH. 

 Michelson reported elevated basal corticotropin (ACTH) and cortisol levels and 
an abnormally low ACTH to cortisol ratio [148]. Using the more sensitive com-
bined dexamethasone-corticotropin releasing hormone (CRH) test, Grasser et al. 
found a normal ACTH response but a higher mean plasma cortisol response in 19 
MS patients in acute relapse compared to age-matched controls. Six of the 19 had 
an excessive release of cortisol; four did not respond at all [89]. Wei and Lightman 
studied 21 patients with definite MS, most within 1 month of clinical relapse [227]. 
Cortisol levels were comparable to controls with other neurological disorders. The 
cortisol diurnal rhythm was preserved, but there was a trend of lower amplitudes of 
the diurnal curves in those with primary progressive MS (PPMS) and secondary 
progressive MS (SPMS) compared to controls with other neurological disorders 
(p  < 0.06 and 0.07, respectively) [227]. Baseline ACTH levels (data only in patients 
with MS, no controls) did not differ between the different types of MS. The time-
integrated cortisol response to corticotrophin-releasing hormone showed normal 
patterns of cortisol response, but the mean total cortisol response was lower in 
patients with SPMS than in those with PPMS and controls. The ACTH levels in 
response to CRH was significantly greater in patients with enhancing lesions than 
in those without, while the cortisol response to synthetic ACTH was lower, suggest-
ing either reduced adrenal sensitivity or reduced adrenal reserve. Ten patients had 
the dexamethasone suppression test, and all ten suppressed. Two patients with 
gadolinium-enhancing lesions on MRI had undetectable postdexamethasone corti-
sol levels. The authors concluded that the extent of the activation of the HPA axis 
(as measured by cortisol output) is up 2.5-fold in MS patients compared to normal 
controls. This is comparable to the levels seen in rheumatoid arthritis patients and 
in nonrheumatoid arthritis patients undergoing major hip surgery; it is considerably 
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less, however, than the sixfold rise in acute EAE. The central HPA axis upregulated, 
but the cortisol response at the adrenal level was lower in some patients. Patients 
with secondary progressive MS had a decreased cumulative HPA response to stress, 
but the degree of impairment was modest. The investigators concluded that the HPA 
axis had only a minor role in the initial pathogenesis of MS or disease evolution. 

 Fassbender et al. reported in 1998 that MS patients failed to suppress with dex-
amethasone and that this was associated with depression and anxiety [71]. 
Cerebrospinal fluid (CSF) cell counts correlated with stronger HPA responsiveness. 
Heesen also found HPA hyperactivity, particularly in the area under the curve for 
ACTH responses in the dexamethasone-CRH test; this related to the degree of cog-
nitive impairment and progression [98]. 

 Then Bergh et al. studied a group of 60 MS patients. They found that MS patients 
have hyperactivity of the HPA as measured by the dexamethasone-CRH test. The 
degree correlated with the severity of the disease (as measured by neurological disa-
bility) and not duration, previous relapses, treatments with ACTH or glucocorti-
coids, or depression. Patients with RRMS had a moderate degree of hyperactivity; 
those with SPMS, intermediate; and those with primary progressive, the highest 
[205].  Schumann et al. studied 53 patients and found fewer gadolinium-enhancing 
lesions in patients with HPA axis hyperactivity as measured by cortisol production 
in the dexamethasone-CRH test [189]. They found a positive correlation between the 
cortisol production (area under the curve) and brain atrophy as measured by ven-
tricular volume; the correlation held for RRMS patients as well as for those with 
progressive disease, even though brain atrophy was also significantly affected by 
age. When RRMS patients were treated with reversible monoamine oxidase (MOA) 
inhibitors, moclobemide and oral fluocortolone, during an acute exacerbation, the 
HPA response normalized when compared to patients treated with fluocortolone 
alone, supporting a role for SNS in the level of HPA response [206]. 

 From this body of evidence, one might infer that the early ability of the HPA axis 
to activate in response to MS inflammation modulates the recovery from attacks or 
disease severity. However, the evidence suggests that chronic hyperactivity of the 
HPA axis may be more a marker for neurodegeneration than for inflammation. It will 
be important to determine whether the increased HPA activation seen in patients 
with progressive disease represents a protective response that evolves with relentless 
progression of the disease or, possibly, the detrimental effect due to damage of the 
neuroendocrine communication system, which could be therapeutically manipulated 
to prevent later progression. A longitudinal study by Gold et al. linked hyperactivity 
of the HPA axis to more progression and cognitive impairment 3 years later and sug-
gested it as a marker for a subgroup of MS patients destined to progress early [85]. 

  2.3  Hypothalamic Lesions in Patients with MS 

 Lesions in strategic regions of the brain potentially affect the neuroendocrine net-
works, further leading to disruption of adaptive HPA responses of individuals with 
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MS. Huitinga et al. systematically reviewed the brains of 17 MS patients (disease 
duration, mean of 21 years; age range, 33–81 years) for hypothalamic lesions and 
found 16 of 17 to have demyelinating lesions in the hypothalamus [103]. Sixty per-
cent of the lesions were considered active (containing activated macrophages); 12 
of 16 brains had both active and chronic inactive lesions, which suggested that 
hypothalamic involvement was not only common but ongoing over time. The active 
lesion score correlated negatively with disease duration and the degree of activation 
of CRH neurons [103]. In another study, the number of CRH/vasopressin (VP) 
immunoreactive neurons increased 2.7-fold in MS patients compared to controls, 
and the CRH mRNA expression increased twofold in the MS patients. More active 
lesions in the hypothalamus correlated to a lower number of CRH/VP neurons, and 
a higher active lesion score correlated with a shorter duration of disease until death. 
This indicates that patients with severe disease have more impaired CRH/VP neu-
rons; these patients also had more lesions elsewhere in the CNS [105]. Erkut et al. 
reported in 1995 that the CRH cell populations became more activated with age in 
both MS patients and controls, beginning at age 40; the CRH neurons showed a 
higher level of activation in the MS patients, and more cells co-expressed both CRH 
and vasopressin [70]. 

 Hypothalamic lesions have also been described in neuromyelitis optica (NMO). 
The investigators localized the lesions to sites of high aquaporin-4 expression, the 
target of their NMO IgG antibody [171]. 

  2.4  Glucocorticoid Responsiveness in MS 

 Glucocorticoid responsiveness can be altered in MS. In spite of an activated HPA axis 
in patients with MS, the HPA response in MS patients who died of sepsis shows more 
impairment than the response of non-MS patients who died of sepsis. The CSF IL-6 
levels do not correlate with the CSF or serum cortisol levels of MS patients; IL-6 lev-
els do correlate with increased cortisol levels in controls with sepsis, who had a sig-
nificantly greater cortisol response to sepsis than the patients with MS [104]. Blood 
from MS patients treated with dexamethasone has impaired inhibition of IL-6 pro-
duction to lipopolysaccharide stimulation in vitro [55]. Use of steroids in the 3 months 
prior to the study or use of anti-inflammatory drugs does not affect steroid insensitiv-
ity. MS patients, as a whole, show greater variability than controls. When the test is 
repeated over time, however, there is little variability among individuals. 

 Although not originally intended as a prospective long-term follow-up study, 
investigators did obtain follow-up examination data, for 16 of 24 patients. Among 
these 16, they did find a trend toward a negative correlation (18%) between dexam-
ethasone insensitivity and severity of disease. In a similar study, blood from MS 
patients treated with dexamethasone failed to suppress TNF-a production to 
lipopolysaccharide stimulation [215]. An in vitro study of GR binding in lym-
phocytes of MS patients found no difference from controls, but the usual dependence
of binding of lymphocyte GR to the hypothalamic GR was abnormal [205]. 
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 There is also limited evidence that early high-dose exogenous corticosteroids 
provide some resistance to future attacks of MS and to a slower rate of change in 
brain volume. The results of the human optic neuritis treatment trial showed that 
patients treated with high-dose intravenous methylprednisolone (IVMP) for 3 days 
within 14 days of the onset of symptoms had delayed onset of a second, MS-defining 
episode by 2 years [19, 20]. Regular pulsed IVMP treatment given to patients with 
RRMS for 5 years showed a statistically significant difference in mean change in 
brain MRI -T1 black hole volume and brain parenchymal volume. Expanded disa-
bility scale scores (EDSS) changed more in controls treated only with relapses. 
There was no change in brain MRI T2 volume or in clinical relapse rate [235]. 

  2.5  Mechanism 

 The body of evidence indicates that MS patients may not achieve an adequate 
endogenous glucocorticoid response to suppress inflammation and allow subse-
quent recovery. Exogenous glucocorticoids may supplement the beneficial effects 
of endogenous glucocorticoids, many of which are applicable to MS [45]. 
Glucocorticoids act via genomic and nongenomic mechanisms; with high-pulse 
doses, the nongenomic effects may account for the early and sometimes dramatic 
responses. Nongenomic responses can work via the GR, nonclassical receptors, or 
through direct interaction with cell membranes. 

 Glucocorticoids counteract the inflammatory effects on the microcirculation 
[168]. They induce apoptosis of T cell subsets [130]. They suppress production or 
receptor expression for many cytokines believed to promote inflammation in MS, 
including IL-2, TNF-a, IFN-g, IL-12 production by antigen-presenting cells 
(APCs), andexpression of IL-12 receptors on T and natural killer (NK) cells [36]. 
In addition, while they do not affect production of IL-10 by monocytes, treatment 
of MS patients with corticosteroids increases IL-10 production, possibly due to 
disinhibition [80]. Finally, glucocorticoids might induce differentiation of T 

reg
  1 

cells and upregulate the transforming growth factor (TGF) b receptors on lym-
phocytes, which may, in turn, enhance T 

reg
  function [15]. 

 In general, corticosteroids seem to have desirable effects in the setting of acute 
inflammation associated with MS. There may, however, be specific local responses 
that are not favorable. TGF-b production by glial cells are suppressed by glucocorti-
coids, which could have a negative effect on MS [16]. Exogenous glucocorticoids can 
also be potentially neurotoxic. Diem et al. reported that methylprednisolone increased 
apoptosis of retinal ganglion cells in a rat model of optic neuritis [56]. Brunner et al. 
reported transient negative effects on long-term memory in MS patients [30]. The 
systemic side effects to bone, muscle, and other organs are well known. 

 The commonly prescribed synthetic glucocorticoids, methylprednisolone and 
dexamethasone, likely work in both the periphery and in the central nervous system 
in MS, where the blood–brain barrier (BBB) is not likely to be intact during acute 
episodes of inflammation. With an intact BBB, however, the multi-drug efflux 
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transporter prevents uptake into most brain regions, the pituitary being an exception 
[118]. Drugs that also use the same transporter could potentiate uptake of pred-
nisolone into the brain, e.g., anthracyclines such as mitoxantrone. As BBB-stabilizing 
drugs are introduced into the armamentarium of MS treatments, synthetic corticoster-
oids that do not have both the 17-hydroxyl and 11-hydroxyl groups and do not utilize 
this transporter might be a better choice to treat inflammation in the CNS. 

 It will be important to define the specific role for corticosteroids in a given 
individual or subgroup of persons with MS. Understanding the role of endogenous 
and exogenous glucocorticoids in modulating inflammatory and neuronal activity 
will target specific actions to ameliorate the course of the disease with designer 
steroids that have fewer undesirable effects. Resistance to the anti-inflammatory 
and immunosuppressive influences of glucocorticoids, which can be conveyed 
through multiple mechanisms, continues to be a barrier to optimal use of glucocor-
ticoids in MS. Understanding their interactions with other immunomodulating 
therapies for MS will also enhance their value. 

   3  Female Hormones of Reproduction and MS 

 3.1  Background 

 The female gender bias for MS has provoked interest in the role of the female 
reproductive hormones in the development and course of MS. The gender bias of 
MS has been shown with convincing epidemiological studies since the 1970s and 
may be increasing [161]. The traditional female reproduction hormones include 
estrogen, progesterone, and prolactin. Receptors for these hormones are present on 
a wide spectrum of cells, including nervous tissue and immune cells of both gen-
ders. Gender differences in the morphological development of nervous tissue and 
immune tissue influence the physiologic function of the female and male sex hor-
mones. These, in turn, make it especially difficult to sort out the role of a specific 
hormone in influencing MS. It is also important to understand that hormone influ-
ence does not account for all gender imbalances in MS. Male Lewis rats, for exam-
ple, are more susceptible to EAE; removal of testes makes no obvious difference in 
that susceptibility. Removal of the ovaries, however, increases female susceptibility 
[211]. A set of recent series of experiments in mice demonstrated that the XX chro-
mosome complement, even in oophorectomized animals, conferred greater risk of 
disease [195]. Finally, a recent human genetic study showed men with MS to be 
2.21 times more likely to transmit the disease to their children than women, indicating 
that more than sex hormones are relevant in the gender bias [115]. 

 Bouman et al., in their review of the literature on sex hormones and the immune 
system, concluded that males have lower lymphocyte numbers, possibly related to 
testosterone enhancing T lymph apoptosis. However, T cell cytokine production or 
function exhibited no obvious differences between males and females or during 
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different phases of the female menstrual cycle [28]. Estrogen likely decreases 
peripheral NK cell numbers. In vitro, low dose and short exposure to estrogen does 
not affect NK activation; high-dose prolonged exposure increases activation. 
During pregnancy, stimulated NK cells produce less IFN-g, but sex hormones do 
not appear to mediate this. Menopause is associated with significant decrease in the 
B2 subset cell numbers, and prolonged hormone replacement therapy (hRT) 
induces a significant increase. Estrogen increases B cell progenitor cells, B cell 
development and autoreactive B cell survival. Estrogen increases and testosterone 
decreases antibody production. 

 Males and postmenopausal women have increased monocytes; estrogen, and 
possibly progesterone, may decrease monocyte numbers, although monocyte num-
bers increase in pregnancy, possibly due to estrogen-induced release from the bone 
marrow. Estrogens appear to decrease monocyte IL-6 cytokine production. 
Stimulated TNF-a and IL-1b production increases in males; it also increases in 
females during the luteal phase, compared to the follicular phase, of the menstrual 
cycle. Whether these differences are regulated by sex steroid hormones is still 
unclear. Estradiol seems to have an anti-inflammatory effect on neutrophils while 
progesterone may have a pro-inflammatory effect. The inducible transcription fac-
tor, nuclear factor-kB, may mediate the sex steroid effects on cytokine production. 
The ER receptors may be important in mediating the effect in monocytes. Pregnancy 
induces the appearance of progesterone receptors on peripheral blood lymphocytes, 
and this may, in turn, induce production of pregnancy-blocking factor, which may 
control NK activity as well as promote a Th2 bias [28]. 

 We are fortunate to be able to study the complex contributions and interactions 
between gender and sex hormones in animals. Estrogens, progesterones, prolactin, 
and androgens can be given to male and female animals, both neutered and intact; 
it is, of course, not possible to do similar studies in humans. Animal studies are very 
useful in reaching a basic understanding of the influences of each sex hormone. The 
hope is that designer sex hormones may be developed to use for immunomodula-
tion in both males and females without causing gender behavior and reproductive 
disturbance.

  3.2  Pregnancy and MS 

 There is convincing evidence that MS exacerbations diminish during the later 
stages of pregnancy and increase in the early postpartum period [41]. All of the 
known studies of pregnancy and MS have limitations. Early studies had uncertain 
diagnostic criteria, enrolled few patients, and were often retrospective. The many 
confounding factors in the design of studies of pregnancy and MS have been 
reviewed [48]. The most uncontrollable factor of all is each woman’s decision to 
become pregnant; MS is only one of many factors on which the decision may be 
based. In spite of these limitations, however, convincing evidence exists that preg-
nancy ameliorates MS. Pregnancy also suppresses EAE [1, 119], and the EAE 
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model has led the way in evaluating the role of the hormonal influence on MS. 
A reasonable inference is that the hormonal milieu of pregnancy ameliorates MS by 
modulating the immune system. Protein and glycoprotein hormones, steroid 
hormones, growth factors, and cytokines are all elaborated by the human fetoplacental
unit; in fact, the secretory repertoire of the fetoplacental unit surpasses that of all 
other endocrine tissues [165]. 

 Estrogens have received much attention. Preliminary evidence indicates estriol, 
the major estrogen produced during pregnancy, as one of the major factors influenc-
ing pregnancy-related immunological changes. Preliminary estriol trials in humans 
have generated enough support to justify a clinical trial. Progesterone is also a can-
didate hormone, leading to an ongoing clinical trial of progesterone in the postpar-
tum period. Glucocorticoids rise in pregnancy to levels that result in mild Cushing’s 
syndrome [37]. Cortisol, 1,25 hydroxyvitamin D3-induced inhibition and subse-
quent rebound of IL-12 and TNF-a production may be mechanisms by which 
pregnancy suppresses MS [67]. Undoubtedly, it is the combination of hormonal 
changes that contributes to the amelioration of attacks during pregnancy. 

 3.2.1  Selected Studies 

 Two studies of pregnancy’s effect on MS disease activity are notable for their size 
and design, and they illustrate that pregnancy’s ameliorating effect on MS exacer-
bations is present even when there is a marked difference of MS activity in the 
populations studied. Korn-Lubetzki et al. were the first to include consistent defini-
tions for both MS diagnosis and relapse [125]. They studied 338 women in Israel 
who had been diagnosed with MS since 1960. Of the 338, 36 (10%) had onset of 
the disease during pregnancy. Eighty-five relapses occurred in relationship to 199 
pregnancies; 20 occurred during the pregnancy and 65, in the 6 months postpartum, 
the majority of these in the first 3 months. When comparing the rate of relapse dur-
ing pregnancy (0.13) to an external control average relapse rate of women of similar 
age and disease duration (0.28), they found a statistically significant reduction of 
relapses in the third trimester. In the 6 months postpartum, the rate increased to 
0.82, nearly three times higher than that of their controls in the first 3 months post-
partum [125]. 

 Confavreux et al. reported on the PRIMS (Pregnancy-Related Relapse In 
Multiple Sclerosis) study of 256 pregnancies of 241 European women with MS 
whose disease began prior to the evaluated pregnancies [41]. Patients were recruited 
when pregnant for at least 4 weeks. Recruitment began in January 1993 and ended 
in July 1995. Patients enrolled early in their pregnancy were examined at 20 and 28 
weeks; all patients were examined at 36 weeks, 3, 6, and 12 months postpartum. 
The effect of pregnancy, both on relapses and on the level of disability, was meas-
ured by Kurtze score. Only first pregnancies resulting in a live birth were included 
in their analysis (227 pregnancies). Patients served as their own controls. The 
relapse rate (0.72) 1 year prior to pregnancy was compared to relapses rates in the 
three trimesters of pregnancy (0.5, 0.6, and 0.2 in the first, second, and third trimesters,
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respectively). They found a decrease in relapses during the second and, especially, 
the third trimester of pregnancy and an increase in relapses in the first 3 months 
postpartum. The risk of relapse in the postpartum period was not affected by epi-
dural anesthesia or by breast feeding. There was a steady worsening of the Kurtze 
score during the 33-month study period (0.7 points, mean 1.3 ± 1.4 at onset of preg-
nancy to 1.8 ± 1.6 at 1 year postpartum). Of the women studied, 72 percent did not 
experience any relapse during the postpartum period [223]. A higher relapse rate 
prior to pregnancy, greater disability, and relapse during pregnancy correlated with 
increased risk of postpartum relapse, but their multivariate model was unable to 
predict with more than 72% accuracy. 

 There is only a single report of MRI imaging of MS patients during pregnancy 
[214]. In that study, two women with RRMS followed in a longitudinal MRI study 
became pregnant and continued in the study during pregnancy; one was scanned 
monthly and one every 3 months. Both had a decrease in the number of new or 
enlarging T2 lesions during the second half of the pregnancy. While extremely limited 
in size, this paper provides limited supportive evidence that MS becomes less during 
pregnancy due to a reduced inflammatory component. (Gadolinium-contrasted MRI, 
the standard often used to show active inflammation in clinical trials, cannot be per-
formed during pregnancy because of potential gadolinium toxicity for the fetus). 

  3.2.2  Mechanism for Pregnancy Modulation of MS 

 Pregnancy is characterized by local immunosuppression and a heightened state of 
maternal immunocompetence [48]. Explanations for the increased postpartum 
exacerbation rate include loss of the placenta and its many hormonal factors, par-
ticularly a dramatic drop in estriol and progesterone levels, increase in prolactin, 
and possible change in thyroid hormone level, particularly in women who have 
autoimmune thyroid disease [181]. While many changes occur during pregnancy, 
most studies have focused on estrogen, progesterone, and prolactin. Other candi-
date hormones for immunomodulation during the third trimester, however, include 
inhibins, activins, and follistatin, which are glycoproteins belonging to the trans-
forming growth factor b family; chorionic somatomammotropin, which may 
increase levels of insulin-like growth factor 1; leptin; and calcitriol (activated vita-
min D) [165]. Cortisol and 1,25 hydroxyvitamin D3 induce inhibition, and the sub-
sequent rebound of IL-12 and TNF-a production may be the mechanism by which 
pregnancy suppresses MS [67]. Comments on some of these other hormones are 
found in other parts of this chapter. 

 Elenkov et al. studied 18 women with normal pregnancies in their third trimester 
and early postpartum period [67]. IL-12 production was threefold higher and TNF-a
production nearly 40% lower than postpartum values. They attributed this to corti-
sol, norepinephrine, and 1,25 dihydroxyvitamin D-induced inhibition [67]. Al-Shammri 
et al. studied eight women during pregnancy and found a shift from Th1 cytokine 
profile to Th2 profile in six as measured by in vitro mitogen stimulation and measure-
ment of IFN-g, TNF-a, IL-4, and IL-10 [5]. Gilmore et al. compared the in vitro 
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production of cytokines from peripheral blood mononuclear cells taken during the 
third trimester and postpartum and found an increase in IL-10 in the third trimester 
and an increase in interferon g postpartum [82]. Lopez et al. recently characterized 
the third trimester as notable for decreased CXCR 3 expression by CD4 +  and CD 
8+  T cells, increased expression of chemokine receptor CXCR4 and increased 
mRNA expression of IL-10/ IFN-g ratio [138]. 

 In a study of 13 pregnant MS patients, 21 healthy pregnant women, and 16 non-
pregnant healthy controls, Sanches-Ramone et al. found a progressive increase in 
the percentage of regulatory T cells (CD4 + CD25 + ) in the pregnant women com-
pared to nonpregnant women and a higher percentage of CD4 + CD25 hi+  regulatory 
T cells. There was no difference in total lymphocytes, CD4 +  T lymphocytes or acti-
vated CD4 +  lymphocytes between pregnant and nonpregnant women. Pregnant 
women with MS had higher percentages than healthy pregnant women of both 
activated T lymphocytes (CD4 + HLA – DR + CD38 + ) and higher CD4 + CD25 +  [185]. 
The MS women showed a postpartum decrease in the CD4 + CD25 +  T 

reg
  subset (also 

seen in healthy pregnant women) and a significant increase in the CD4 + CD 25 hi+

T lymphocytes (which have previously been shown to also increase during relapses) 
compared to the third trimester. The regulatory T cells could suppress autologous 
CD4+ CD25 –  T lymphocytes in CD3-stimulated and allogeneic mixed lymphocyte 
reaction. Bebo et al. have proposed that pregnancy-specific glycoproteins regulate 
T cell function during pregnancy [17]. There was no evidence of increased T 

reg
  cells 

during pregnancy. 

  3.2.3  Treatment of MS During Pregnancy 

 In general, methylprednisolone is considered safe during the second and third tri-
mesters of pregnancy when given 0.5–1 g/day for up to 7 days [73, 140]. Sixteen 
patients received steroids in the Confavreux et al. cohort [41]. DeSeze et al. studied 
monthly 1-g intravenous solumedrol pulse therapy for 6 months postpartum in 20 
women and found their rate postpartum relapse rate to be lower than 22 patients 
followed earlier who were not treated ( p  = 0.018) [52]. Shah et al. used 7 days of IV 
methylprednisolone to treat a 31-year-old ADEM patient who was 32 weeks preg-
nant; labor was induced prior to treating with plasma exchange [192]. 

 Achiron et al. retrospectively studied 108 pregnancies of women with MS; 39 
were untreated during the pregnancy, 41 were treated with intravenous immu-
noglobulins (IVIG) after delivery, and 28 were treated from 6 to 8 weeks’ gestation 
through the postpartum period [3]. The study was open, and the patients were not 
randomized. They found no adverse effects, and the women treated during preg-
nancy and postpartum had lower relapse rates in all trimesters as well as postpartum 
[3]. This group had earlier reported a pilot trial of IVIG to prevent postpartum 
relapses [4]. Nine patients were treated with 0.4 g/kg per day for 5 consecutive days 
during the 1 st  week postpartum and at 6 and 12 weeks. None relapsed in the first 
6 months postpartum. Haas recommended using 60 g IVIG within 3 days of deliv-
ery and 10 g monthly in patients considered high risk for postpartum relapse [92]. 
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   3.3  Menstrual Cycle and MS 

 A characteristic of the female hormones of reproduction, estrogen and progester-
one, is their cyclic release from puberty until menopause. There have been limited 
reports of MS symptoms that vary depending on phase of the menstrual cycle, and 
emerging MRI data support those reports. Smith and Studd reported 82% of pre-
menopausal MS women experienced worsening symptoms in the premenstrual 
phase of their cycle; 18% reported an improvement [196]. Zorgdrager and DeKeyser 
reported that 43% of 60 women with RRMS experienced worsening of their symp-
toms just prior to onset of their menstrual flow, especially worsening spasticity and 
weakness or trouble walking [236]. Twelve patients on oral contraceptives reported 
less worsening in that study. Patients with progressive MS reported worsening. Of 56 
women with MS, ten reported onset of all exacerbations in the premenstrual period. 
Twelve women reported exacerbations that started during the premenstrual period as 
well as other times in their cycle, but the proportion of attacks starting premenstrually 
was greater than expected. Oral contraceptive use did not seem to have any effect 
[237]. Wingerchuk and Rodriguez reported that aspirin prevented stereotypical luteal 
phase pseudo-attacks in three patients [233]. Holmqvist et al. reported on 18 premen-
opausal women, of whom 39.1% had regular menstruation. Symptom changes were 
reported in 38.9% of patients with respect to the menstrual cycle [101]. 

 Pozzilli and colleagues examined eight women with RRMS, ages 27–40, by 
serial MRI done with triple dose gadolinium, delayed postcontrast scanning during 
four consecutive menstrual cycles [174]. Levels of 17b-estradiol (E2), FSH, LH, 
and progesterone (P4) were all measured on the same day as the MRI; similar blood 
levels were done on eight healthy age-matched control women. There was no dif-
ference in the frequency of enhancing lesions during follicular (day 3–9) or luteal 
(day 21–28) phase of the menstrual cycles, nor between the number and volume of 
gadolinium-enhancing lesions and levels of a single hormone, but there was a sig-
nificant relationship (R = 0.7,  p  = 0.009) between the number and volume of enhanc-
ing lesions and the ratio of progesterone/E2, with higher levels corresponding to 
more MRI activity. 

 Bansil, et al. studied 30 premenopausal women with clinically definite or labora-
tory supported MS [14]. Because they found that estrogen levels did not correspond 
to the time of the cycle in some patients, they correlated MRI imaging to three sepa-
rate ratios: Group 1 had low E2 and low P4 (early follicular), Group 2 had high E2 
and low P4 (late follicular), and Group 3 had high P4 with variable E2 (luteal). 
They found the number of gadolinium-enhancing lesions to be significantly higher 
(p  = 0.04) in those patients with high E2 and low P4 than in the group with low E2 
and low P4. This would indicate a pro-inflammatory effect caused by high estrogen 
combined with low progesterone. Patients with both high estrogen and high proges-
terone had less activity than those with high estrogen and low progesterone, sup-
porting a protective effect for combined high levels of progesterone and estrogen. 
More Group 2 patients had relapsing progressive MS; one patient had a high 
number of gadolinium-enhancing lesions that may have skewed the results, which 
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used mean number of gadolinium-enhancing lesions in their comparisons. Wei and 
Lightman found low estradiol levels in 4 out of 16 premenopausal women with MS 
[227]. There is no evidence, however, for infertility among women with MS. 

 Surprisingly little is known about how menopause affects MS. Holmqvist et al. 
reported that 39% of 72 postmenopausal women reported worsening of symptoms 
after menopause, while 5% reported a decrease. Although 54.7% of the women had 
used or were using hormone replacement, only a minority (12 women) reported 
changes in their symptoms [101]. Smith and Studd gave questionnaires to women 
with MS at an annual meeting for MS patients, and 54% of 19 postmenopausal 
women who returned the questionnaires reported worsening symptoms with meno-
pause. Of these, 75% had tried hormone replacement and noted improvement.[196]. 
Wei and Lightman found that one of six postmenopausal women with RRMS had 
an inappropriately low level of FSH [227]. 

  3.4  Oral Contraception and MS 

 In 1960, the first birth control pill was introduced in the United States. It was a 
mixture of 150 µg mestranol and 9.5 mg norethynodrel. It was effective but plagued 
with serious thrombogenic side effects that led to refinement in the subsequent 
preparations. Since 1970, the main component of oral contraceptives has been the 
synthetic estrogen, ethinyl estradiol. Doses are low, 20 to 35 µg, with the new 
transdermal patch providing a higher blood level than most oral formulations. 
Numerous formulations also contain progestins. A novel progestin, drospirenone, 
was introduced in 2001; it blocks testosterone binding to androgen receptors [49]. 

 Poser et al. were among the first to report on oral contraception in patients with 
MS. They reported that of 46 patients who used oral contraception for at least 
3 months, nine reported improvement and three showed deterioration in their 
disease during the use [172]. None had had an acute deterioration within 1 month 
after stopping. Villard-MacKintosh et al. studied a large group of women from 17 
clinics in Britain and found a slightly lower rate of onset of MS in oral contracep-
tive users vs nonusers [222]. 

 Thorogood and Hannaford, reporting on a larger cohort of British women, did 
not show a significant risk in uses of low-dose pills but suggested an increased risk 
of developing MS for users of high-dose pills (>50 µg of estrogen) [208]. Using the 
power of two large cohorts of US women, the Nurses’ Health Study and Nurses’ 
Health Study II, Hernan et al. 2000 found no protection from, or risk for, develop-
ing MS following use of oral contraception [100]. Sena et al. reported at the 2006 
AAN on their retrospective study of 70 women with MS for an average of 7 years. 
Half had used oral contraception for at least 3 years; the other half had never used 
them. Those who took oral contraceptives had lower disability scores even prior to 
going on INFb-1b or -1a [191]. Animal studies of ethinyl estradiol, the synthetic 
estrogen found in many oral contraceptives, showed reduced development of EAE 
in rat (see discussion of animal studies). 
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 Progestin-only based contraception, i.e., medroxyprogesterone, suppresses 
estrogen concentration [11]. Little evidence is available for its impact on MS. It 
remains to be determined whether newer, selective progestins will have any impact 
on MS. These include levonorgestrel, norelgestromin, drospirenone, and etono-
gestrel, which are used in the newer generation of combinations of oral, injectable, 
vaginal, intrauterine, transdermal and implantable contraceptives. 

  3.5  Estrogen 

 Kappas et al. reported in 1963 that estrone (E3) did not influence the incidence of 
EAE in a single experiment using groups of six rats (control and treated) [116]. 
Numerous subsequent experiments have shown that the synthetic estrogen ethinyl 
estradiol as well as two natural estrogens, estradiol and estriol, suppress EAE. 
Arnason and Richman treated young adult female rats with human oral contracep-
tives then available and found that estrogens alone, or a combination with high 
estrogen to progestin ratios, suppressed EAE; the progestin alone did not do so 
[11]. The doses they used were 40-fold higher than those used for human contra-
ception at that time and were similar to the doses seen in the later months of preg-
nancy. They proposed that estrogen treatment in the immediate postpartum period 
reduced the risk of relapse. Trooster et al. reported that 17a ethinyl estradiol par-
tially suppressed EAE in female Lewis rats and caused changes in the peripheral 
blood leukocyte subpopulations; the important factor in the amelioration of EAE, 
however, appeared to be a local action at the site of the lesion [212]. Subramanian 
et al. showed that oral feeding with ethinyl estradiol suppressed EAE in the SJL 
mouse. Furthermore, it reduced the clinical severity if given before or after the 
onset of signs [202]. It decreased cytokines IFN-g, TNF-a, and IL-6 (proinflamma-
tory) and expressed TGFb3 in the CNS. There was no CNS infiltration by lym-
phocytes, and matrix metalloproteinase was suppressed. 

 Jansson et al. (1994) treated mice with implanted 17b estradiol (E2) at doses mim-
icking estrogen levels in late pregnancy; the treatment delayed the onset of the dis-
ease. Estriol (E3) had similar effects at a much lower dose [110]. Bebo et al. showed 
that low-dose (one-fifth pregnancy levels) estradiol subcutaneous time release pellets 
given at the time of EAE induction suppressed disease in two mouse models, but it 
was not effective if given after onset [18]. Estradiol treatment profoundly downregu-
lated TNF-a production but did not shift the T helper profile [109]. 

 Kim et al. treated SJL mice with estriol pellets, and the treated animals showed 
dramatic reduction of severity of EAE; again, progesterone had no effect [120]. 
Estriol treatment resulted in increased production of IL-10 and IgG1 specific for 
MBP by cultured splenocytes, consistent with a shift in response from TH 1 toTh2. 
There were no significant changes in IFN-g, IL-4, IL-5, IL-2, and IL-12. Doses 
equal to or greater than the levels seen with late pregnancy were most effective. 
Progesterone and cortisol levels were unchanged. They hypothesized that the effect 
was mediated through the ER-b receptor, which has a higher affinity for estriol and 
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which had been identified in lymphoid tissue [126]. They also observed no 
progesterone effect. They believed the increase in IL-10 influenced how estriol 
mediated the reduction of EAE. A study by Morales et al., however, showed that 
treatment with an ER-a ligand caused the anti-inflammatory effect [150]. 

 Collectively, studies show a multitude of estrogen-influenced processes in 
both the immune and nervous systems. With respect to our current autoimmune 
paradigm for MS, the ability of estrogen to drive a Th1 to Th2 shift in cytokine 
profile may be the most relevant. While the paradigm has, in part, driven animal 
tests and human trials, this shift in cytokine profile is not estrogen’s only effect 
and, indeed, may not be its predominant influence. Evidence from EAE and other 
inflammatory neurological disorders, such as stroke, have increased understand-
ing of the other mechanisms behind estrogen’s influence. Perhaps equally impor-
tant to MS is estrogen’s ability to impair cell adhesion and movement into the 
CNS [187] and to downregulate microglial activation within the brain and spinal 
cord [173, 218, 219]. Both the ER-a and ER-b receptors may mediate these 
actions with the possible involvement of genomic and nongenomic factors 
according to several recent excellent reviews [61, 173]. Estrogen appears to inter-
fere with early events in inflammatory cell activation by controlling the NF-kB
intracellular localization [81]. This novel cytoplasmic mechanism may lend itself 
to therapeutic intervention [173]. 

 Kalman et al. gave 17b estradiol to male patients with MS and male blood 
donors and measured the IgG-, IgA-, and IgM-producing cells in culture; alone, 
there was no effect, but the cells producing IgG and IgA increased when stimulated 
with pokeweed mitogen [113]. Sicotte et al. reported on a small trial of estriol treat-
ment in women (six with RRMS and six with SPMS) in 2002 [193]. They used oral 
estriol, 8 mg per day, which compares to endogenous levels seen in the 6th month 
of pregnancy. Delayed-type hypersensitivity to tetanus was decreased after patients 
had been on estriol for 6 months; IFN-g levels were variably decreased after 
3 months on treatment in the RRMS patients only. The total number and volume of 
gadolinium-enhancing lesions on MRI decreased for all patients during treatment. 
This effect started by 3 months in the RRMS patients. There did not appear to be a 
rebound increase in enhancing lesions upon withdrawal, but scans returned to base-
line activity levels by 6 months. Three patients underwent endometrial biopsies for 
abnormal bleeding, but all were benign. Another patient had an enlarged fibroid 
during treatment [194]. 

 There is limited evidence from the studies of pregnant women and the women 
in the small pilot estriol trial [193]. Cytokine analyses of the blood of patients in 
the estriol trial revealed increased IL-10 and IL-5 and decreased TNF-a during 
treatment, consistent with a partial Th1-to-Th 2 shift in the peripheral blood [199]. 
The increased IL-10 was primarily due to increased CD 64 +  monocytes/macro-
phages. Subpopulations of circulating immune cells were also altered; CD4 +  and 
CD8+  cells decreased and B cells increased. There was a decrease in memory 
T cells (CD4 + CD45Ro + ) and an increase in naïve T cells (CD4 + CD45Ra + ). The mean
volume of enhancing MRI lesions in the RRMS group correlated with the cytokine 
profile shift. 
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 Estrogen also appears to promote neuronal survival by interfering with apoptosis. 
Evidence for estrogen as a neuroprotectant comes largely from diseases other than 
MS. A full discussion is outside of the scope of this chapter but has been recently 
reviewed [173]. Estrogen appears to promote neuroprotection in the face of oxida-
tive stress, b-amyloid formation, and excessive excitatory neurotransmitters, and it 
reduces neuronal death from apoptosis [21, 77, 88, 169]. 

  3.6  Progesterone 

 Progesterone’s immunomodulatory role is suggested by markedly decreased MS 
exacerbations during late pregnancy, when progesterone levels are highest. While 
progesterone receptors are not present in resting lymphocytes, pregnancy induces 
the appearance of progesterone receptors on peripheral blood lymphocytes. Its 
effects also include the ability to induce production of progesterone-induced blocking 
factor (PIBF) which may, in turn, control natural killer cell activity as well as pro-
mote a Th2 bias [28]. PIBF suppresses production of IFN-g and stimulates secretion 
of IL-4 and IL-10 in activated T cells [162]. 

 More importantly, progesterone may play an essential role in maintaining neu-
ron and oligodendroycte survival and myelin production. In trauma and ischemic 
injury models, progesterone has been associated with decreased edema [111, 182, 
207]. In the Wobbler mouse, a model for motor neuron degeneration, treatment 
with progesterone for 15 days had beneficial effects on survival and muscle strength 
[87]. Longitudinal MS studies have documented relentless aging-related decline of 
function [42]. Myelin aging and diminished myelin repair are likely significant fac-
tors contributing to the disability of MS. Chronic MS lesions have fewer oli-
godendrocytes and less remyelination than earlier lesions [128]. There is now 
evidence that human CNS cells can make progesterone and that genes regulating 
repair may become hormone-sensitive after injury. Receptors in addition to the 
classic progesterone receptors may be more important to mediating the CNS effect 
[188]. Emerging knowledge of progesterone’s role in protecting oligodendrocytes 
may prove important to treatment of MS [76]. 

 In the aging rat, there is a dramatic reduction in the expression of all three genes 
related to myelin, MBP, PLP, and Gtx. Both progesterone metabolites, tetrahydro-
progesterone (THP) and dihydro-progesterone (DHP), induce slight but significant 
increases in MBP mRNA expression. In a toxic model of demyelination, rats less 
than 3 months of age remyelinate fully in 4 weeks, while rats older than 9 months 
take 9 weeks. Progesterone treatment does not impair remyelination in the young 
animals. When older rats were demyelinated using a toxin model of demyelination, 
treatment with progesterone doubled the amount of oligodendrocyte remyelination 
from 10% to 20% [106]. 

 Fewer studies exist on progesterone treatment of EAE, and the results have been 
inconclusive. In female rats, melegestrol delays onset of EAE at low dose and com-
pletely inhibits it at high dose. Very high doses show some reversal of disease 
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already manifest [91]. Elliott et al. observed a 50% reduction in motor deficit in rats 
given medroxyprogesterone acetate 2 weeks after EAE [68]. However, Arnason 
and Richman did not find that medroxyprogesterone inhibited EAE in their model 
[11]. Using oligodendrocytes cultures in vitro, Demerens et al. showed myelination 
reduced by a factor of 3.5 in a progesterone-depleted medium [54]. 

  3.7  Prolactin 

 Prolactin may have immunomodulating effects. Elevated levels of prolactin may 
account for increased MS exacerbations in the early postpartum period. Bernton et al. 
described suppression of macrophage and T cell activation in hypoprolactinemia 
mice in 1988 [23]. Prolactin receptors are expressed on all immune and hemat-
opoietic cells. Prolactin may be an immuno-expanding agent and stimulator of 
Th2 lymphocytes, yet it also increases the production of Th 1 cytokines such as 
IFN-g. It induces the expression of IL-2 receptors and increases the effect of IL-2 
on lymphocytes. Prolactin may counterbalance the immunosuppressive influence 
of glucocorticoids [50]. All these effects could be relevant to MS. Draca and Levic 
hypothesized in 1996 that prolactin is a factor in MS pathogenesis [60]. 

 Riskind et al. reported that prolactin levels rise on day 4 after immunization in a 
rat model of EAE and remain elevated on day 10, before neurological symptoms 
start [179]. Bromocriptine reduces prolactin levels and is protective if initiated 
1 week after immunization. It also suppresses late disease. Dijkstra et al. found 
bromocriptine to reduce the severity and duration of acute EAE and, in a chronic 
relapsing model, reduce the duration of the second attack [57]. Nagy et al. reported 
that treatment of rats with bromocriptine prevents EAE [154]. 

 Azar and Yamout reported elevated baseline prolactin levels in 12 patients with 
MS, and their prolactin levels post-TRH stimulation remained higher than in 
patients without MS [12]. Kira et al. also found elevated prolactin levels in eight of 
27 patients with MS; four of the eight had diencephalic hypothalamic lesions [121]. 
All of the patients with elevated prolactin levels had a rise in prolactin levels in the 
acute stage of relapses. In a case-controlled study by Harirchian and colleagues, 
there was no difference in baseline levels between 43 cases of MS and 43 controls 
nor in the relationship between prolactin levels and clinical disease activity, dura-
tion or EDSS [94]. 

 The largest study (132 patients with MS) found no association between prolactin 
levels and disease course or activity and concluded that prolactin could not be used 
as a disease marker; they considered the possibility that pathological, rather than 
clinical, subtypes are more relevant to prolactin’s possible role in immune dysfunc-
tion [97]. Reder and Lowy found normal baseline prolactin levels in 35 patients 
with chronic progressive MS and in 19 with acute relapses [176]. 

 Bissay et al. treated 18 patients with bromocriptine, 2.5 mg twice a day, in an 
open label pilot study. Of 15 patients who completed one year of the study, 14 
showed disease progression by one or more measurements including EDSS score, 
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relapses, new MRI lesions, or increased latency of visual or auditory evoked 
responses [25]. In a study correlating monthly gadolinium-enhanced lesions to 
prolactin levels in patients treated with monthly pulses of 500 mg of IV MP, Bergh 
found a parallel decline [206]. Recently, Gregg et al. showed that prolactin regu-
lates oligodendrocytes precursor proliferation and increases the generation of 
myelin-forming oligodendrocytes in the mouse [90]. 

  3.8  Clinical Relevance 

 The role for the female sex hormones in the treatment of MS will not be easy to elu-
cidate. However, it is important to determine if the roles of the hormones, alone or in 
combination, are significant enough to justify the risk of long-term use, which, in the 
case of estrogen combined with progesterone, arguably approaches 1% over 10 years 
of use in postmenopausal women [7, 183, 225]. As more selective hormone-receptor 
ligands become available, specific interventions may be possible without disruption 
of the reproductive and other normal physiological roles and without the thrombotic 
and cancer risks of current preparations. 

 A Phase II study of estriol therapy combined with glatiramer is now recruiting 
130 patients [157]. A human study using a combination of a progestin and estriol, 
POPART’MUS, launched in late spring 2005, aims to test whether progestin given 
at high doses similar to pregnancy, combined with low-dose estriol, reduces post-
partum relapses of MS [66]. 

 Some drugs currently used to treat MS, such as mitoxantrone and Cytoxan, 
can precipitate premature gonadal failure, even in young women and men. While 
short-term control of inflammatory disease may be attained, long-term loss of 
the possible neuroprotective role of estrogen may cause later acceleration of the 
disease. High-dose estrogen-containing oral contraception has been recom-
mended to prevent ovarian failure in menstruating women treated with cytotoxic 
drugs such as mitoxantrone [136]. This treatment might be appropriate for 
women several years away from natural menopause, even if they are not plan-
ning to have more children. 

   4  Testosterone and DHEA 

 4.1  Background 

 While males are typically less susceptible to MS, affected males do have a more 
severe and progressive course [43, 95, 228]. Males have fewer active lesions and 
less accumulation of T2 lesion burden than women [132, 226]. Men may be less 
responsive to interferon [95]. This has been corroborated by MRI evidence [175]. 
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 Gender bias raises the possibility that testosterone plays a role in the susceptibil-
ity and the clinical course of MS. Men have a generally steady release of testoster-
one that begins to decline late in the third decade. The decline often correlates to 
co-morbid health conditions including obesity [6]. Lower testosterone levels were 
reported in 24% of males with MS [227]. There is no convincing evidence, how-
ever, that male MS patients with lower testosterone levels do worse. 

 Androgens have a potential immunomodulating role; they upregulate expression 
of TGF-b mRNA and protein levels and downregulate IFN-g. They shift an autoan-
tigen-specific T cell response toward the Th 2 phenotype, but they also have immu-
nosuppressive actions in Th 2-linked disorders [159]. The balance of androgen 
levels compared to estrogen levels may determine testosterone’s impact, perhaps 
even in women. Klinefelter syndrome, a chromosomal disorder (classic form has 
karyotype XXY), is a naturally occurring situation that may reflect the importance 
of the testosterone-to-estrogen balance. Klineflelter syndrome has been linked to 
increased risk of autoimmune disorders such as rheumatoid arthritis, SLE, and thy-
roid autoimmune diseases. Men with the disorder have low androgens, increased 
gonadotropins, and strengthened estrogenic effects [10]. Klinefelter syndrome is 
also associated with brain morphological changes [166]. No cases, however, of 
Klinefelter syndrome and MS have been reported to date. 

  4.2   Testosterone as an Immunomodulatory 
and Neuroprotective Hormone 

 The present evidence supports androgens’ influence on immune response and 
inflammation via a pathway similar to glucocorticoids. Androgens may also have 
distinct influences via downstream targets [159]. Endogenous testosterone is dis-
ease-protective in the SJL mouse model of EAE; castration removes this protec-
tion. Exogenous androgen treatment confers protection. In the C57BL/6 mice, 
where endogenous testosterone does not appear to confer protection, exogenous 
testosterone at supraphysiologic doses does. The protective effect is mediated by 
5a-dihydroxytestosterone, which cannot be converted to estradiol in vivo [163]. 
Dalal et al. reported that testosterone therapy ameliorated EAE and induced a Th 2 
bias, as demonstrated by significantly higher levels of IL-10 production by 
MBP-specific cells, after induction in normal males; a similar finding was reported 
in females treated with dihydrotestosterone pellets [47]. 

 Earlier studies found that endogenous IL-12 production was related to decreased 
encephalitogenic response in male SJL mice; administering IL-12 enhanced the 
response [120]. Testosterone treatment in female mice enhanced IL-10 production 
by CD4 +  T lymphocytes while decreasing IL-12 production [137]. 

 Tomassini et al. could not show correlation between endogenous testosterone 
levels in men with MS and gadolinium-enhancing lesions or T1 hypodense lesions, 
but estradiol levels correlated with both T2 lesion load and T1 lesion load in men 
[209]. Interestingly, the MS women with testosterone levels lower than 2 SD below 
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the mean level for controls had a significantly greater number of gadolinium-enhancing
lesions than did the MS women with normal testosterone levels. Women with 
higher testosterone levels had a greater likelihood of T1 hypodense lesions. 
Palaszynski et al. ran a series of experiments to try to separate the effects of gonadal 
hormone influence and chromosome complement influence [164]. They found 
lymph node cells from intact gonadal female (XX) SJL mice produced higher levels 
of TNF-a, IFN-g, and IL-10 in response to myelin basic protein immunization 
compared to intact gonadal males (XY). The difference was less in castrated 
females compared to castrated males; the castrated males had increased response, 
while castrated females had no significant change. Using mice in which gonadal 
development and the chromosome complement were either congruent or discongru-
ent, they found that gonadal type determined the immune response. However, when 
the gonadal hormone influence was removed, they found higher responses in 
oophorectomized XY mice than in oophorectomized XX mice. In gonadal male 
mice, castrated XY animals had a greater immune response than XX animals. 

 Gold et al. reported the results of a small exploratory clinical trial of 1% testo-
sterone gel treatment of men with MS [84]. Ten men with RRMS, average age 46, 
were studied. Monthly MRIs during 12 months of treatment were compared to 
scans in the 6 months prior to treatment. No effect of testosterone treatment was 
found on gadolinium-enhancing lesions; enhancing activity overall was low. One 
patient with gadolinium-enhancing lesions prior to treatment showed a significant 
decrease during treatment, while another showed a flare while on treatment. Brain 
volume loss stabilized. The delayed-type hypersensitivity skin response to tetanus 
was reduced. In vitro PBMCs showed reduced IL-2 production and increased pro-
duction of BDNF and PDGF. Neurocognitive tests showed improvement by 
month 12. Sicotte et al. reported that the subjects had improved performance on 
PASAT and spatial memory tasks and reported higher quality of life measure 
related to physical activity [193]. 

 Caruso et al. studied the role of testosterone on excitotoxic death of oligodendro-
cytes. Using pure fresh rat oligodendrocyte cultures, they triggered excitotoxicity by 
stimulating AMPA/kainite receptors with kainate or AMPA+cyclothiazide [34]. In 
both cases, testosterone promoted the effect by amplifying all gene targets of p53, 
including mdm-2, bax, GADD45, and growth- arresting factor, p21 cip/kip ; it also induced 
expression of c-fos, grp 78, and jun kinase kinase 1 (JNKK1). It also potentiated the 
stimulation of 45Ca2+ influx, an indictor of AMPA or kainite receptor activation. Even 
tested alone, testosterone was slightly toxic, suggesting that it enables the potential 
toxicity of endogenously activated AMPA/kainite receptors. These effects were 
mediated by the androgen receptors and were resistant to aromatase inhibitors. 
Testosterone did not induce any change in the AMPA or kainite receptors. This finding 
of testosterone promoting oligodendrocyte excitotoxic injury contrasts to its effects on 
neurons. Testosterone is generally neuroprotective of human neurons in vitro [93]. 
Taken with the finding by Pozzilli et al. that males with MS have more MRI evidence 
for atrophy and tissue loss, this suggests that axonal loss in MS is, at least in part, 
secondary to demyelination and oligodendrocyte loss and that the neuronal neuropro-
tective effects are either overcome or less active in the setting of MS [175]. 
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  4.3  Dehydroepiandrosterone (DHEA) 

 Dehydroepiandrosterone (DHEA) is an adrenal steroid that abounds in serum; it is 
precursor to both androgens and estrogens. Kumpfel et al. reported decreased 
DHEA and increased cortisol in response to the ACTH and DEX-CRH tests in 24 
male and female patients with MS; there was a positive correlation between the 
EDSS and the maximum cortisol to DHEA ratio [127]. Du et al. reported that 
DHEA treatment suppressed EAE in the SJL/J mouse model by decreasing T cell 
proliferation and inflammatory cytokine production and by decreasing activation 
and translocation of the nuclear transcription factor, NK-kB [62]. 

 Limone et al. found normal levels of DHEA and DHEAs in ten RRMS patients 
prior to and during IFN-b treatment [134]. Tellez et al. reported on 73 patients with 
progressive MS followed longitudinally and found that fatigued patients had lower 
levels of DHEA and DHEAs [204]. 

  4.4  Clinical Relevance 

 Several mechanisms of testosterone could be amenable to therapeutic intervention; 
for example, its effect on the AMPA/kainite receptor activation [34]. In addition to 
the possible immunomodulatory and neuroprotective roles, testosterone might also 
promote muscle strength and sexual function in men with MS; sexual dysfunction 
among men with MS, even with normal testosterone levels, is common [147]. The 
role for testosterone in MS remains to be substantiated before it should be used 
clinically.

   5  Vitamin D 

 5.1  Background 

 The structures of vitamin D2 and D3 were identified in 1928 by Windaus, a German 
chemist [231] who won the Nobel Prize in chemistry for this contribution. Vitamin 
D2, ergocalciferol, is found in vegetables and vitamin D3, cholecalciferol, from 
animal sources; vitamin D3 is also produced in human skin from 7-dehydrocholesterol
after exposure to UV-B. Humans store vitamin D3 in fat. It is converted to 25 
hydroxyvitamin D3, which is then stored in the liver. 25 hydroxyvitamin D3 levels 
are used to monitor vitamin D status, but it is not the active form. 25 Hydroxyvitamin 
D3 has to be activated in the kidney and many other cell types, including neurons, 
microglial cells, and activated macrophages, to 1,25 dihydroxyvitamin D3 (calci-
triol), the metabolically active form [27, 216]. A daily supplement of 1,000 IU of 
vitamin D3 has been recommended for adults [220, 221]. The tolerable upper 
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intake level for adults is 2,000 IU/day, set by the Food and Nutrition Board of the 
Institute of Medicine (USA) [107]. 

 Most cells, including many immune cells relevant to MS, have receptors for 
vitamin D. Activated T lymphocytes and macrophages respond to vitamin D with 
decreases in IL-12, IFN-g, and IL-2. Oligodendrocytes, neurons, astrocytes, and 
microglia all have the vitamin D receptor and respond to the hormone [216]. 
Vitamin D can cross the BBB and be produced locally in the CNS [79]. The immu-
nomodulatory and possible neuroprotective roles for vitamin D have been a focus 
of MS research. 

  5.2  Sunlight, Vitamin D, and Susceptibility to MS 

 The geographic distribution of MS links sun exposure to the prevalence of MS. In 
the report of the Proceedings of the Association for Research in Nervous and 
Mental Diseases held in December 1948, Charles Limburg presented crude death 
rates for MS with countries arranged by mean annual temperature. “For the most 
part, there is an inverse and rather striking relationship between reported mortality 
due to MS and mean annual temperature” [133]. Over the next two decades, the 
north–south gradient of MS incidence was hypothesized to be secondary to sunlight 
exposure and, subsequently, to vitamin D levels. Subsequent multiple studies have 
reinforced the link between sun exposure, vitamin D levels, and MS [216]. 

 A recent study used blood samples collected an average of 5.3 years prior to the 
first symptoms of MS [152]. In this study of United States veterans, only white vet-
erans with the highest quartile of 25-hydroxyvitamin D levels (over 99.1 nmol/l) 
were significantly less likely to develop MS (odds ratio, 0.38; 95%CI, 0.19–0.75). 
Although blacks had significantly lower levels of vitamin D than whites, their risk 
of developing MS did not correlate with their 25-hydroxyvitamin vitamin D levels, 
most of which were less than 75 nmol/l. If vitamin D has a protective effect only 
above a certain high level, then blacks are unlikely to benefit, even though their 
overall risk of developing MS is lower than that of whites. Soilu-Hanninen et al. 
studied patients with early MS in Finland and found lower vitamin D levels during 
MS relapses, but there was no correlation with the EDSS, the magnitude of elevation 
of the CSF IgG index, oligoclonal bands, or gadolinium-enhancing MRI lesions in 
brain or spinal cord [198]. Embry and colleagues reported an inverse relationship 
between gadolinium-enhancing lesions on MRI and vitamin D levels [69]. 

 The mechanisms for vitamin D protection against MS are unclear. Several seem 
plausible given our current knowledge of MS pathogenesis. The two with the most 
support are a decrease in IL-12 production by APCs and an increase in TGF-b.
Vitamin D is produced by activated macrophages and is a potent inhibitor of T cell 
proliferation and of Th1 cytokine production. Also, 1,25 (OH2) vitamin D3 sup-
presses APC production of IL-12 and inhibits both IFN-g and IL-2 secretion. It 
promotes Th 2 activity and enhances IL-10 production [36, 46, 129, 181]. The 
doses of oral vitamin D needed to change cytokine levels was found to be 1,000 IU 
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daily for 6 months; increased TGF b was found without changes in other cytokines, 
TNF-b, or IFN-g [141]. 

  5.3  Therapeutic Trials of Vitamin D in EAE 

 Several studies have shown that vitamin D ameliorates EAE in rat and mouse models 
[31, 78, 155]. Treatment influences both the severity of the first paralytic attack and 
the earlier occurrence of a less severe second attack. The mechanism of action was 
not consistent: vitamin D treatment increased TGF-b in one model, while it drasti-
cally reduced the nitric oxide synthase II expression and downregulated MHC II 
and CD4 expression in another. 

 Mattner and colleagues showed that 1,25 dihydroxyvitamin D3 and an analog of 
vitamin D3, Ro 63-2023, inhibits EAE; both potently inhibited IL-12 production, 
and the analog provided long-term protection [146]. Muthian et al. reported that 
1,25 dihydroxyvitamin D3 ameliorates EAE and is associated with inhibition of 
IL-12 production and neural antigen-specific Th 1 response [153]. In vitro, they 
found it modulates the JAK-STAT pathway in the IL-12/IFN-g axis. 

 A combination study by Van Etten et al. showed synergistic protection from 
EAE in SJL mice treated with IFN-b and a vitamin D analog, TX527 [217]. They 
combined TX 527 with IFN-b in an SJL mouse EAE model and found the combina-
tion superior to either treatment separately. They also tested a combination of 
interferon with cyclosporine A and found it aggravated the disease. However, the 
triple combination protected the mice from paralysis. 

  5.4  Vitamin D Trials in Humans 

 Goldberg published an early study treating MS with dietary supplements of cal-
cium, magnesium and vitamin D [86]. This study showed decreased frequency in 
exacerbations, and the investigators concluded that calcium and magnesium helped 
stabilize myelin, assuming that vitamin D was acting through its role in calcium 
metabolism. At that time, only vitamin D’s role as a hormone for bone development 
and remodeling was well established. 

 Fleming et al. conducted a pilot trial of an analog, 19-nor-1,25-dihydroxyvitamin 
D2, which was tested for safety in 11 patients with early RRMS. They presented the 
results in a poster at the 2000 AAN [74]. There was no significant impact on gado-
linium-enhancing lesion formation or on clinical symptoms. Wingerchuk et al. per-
formed a 48-week pilot trial of calcitriol in 15 patients with RRMS. Two patients 
withdrew due to hypercalcemia from dietary indiscretion, and two more required 
temporary dose adjustments due to mild asymptomatic hypercalcemia. Four patients 
experienced a relapse during treatment; four worsened by at least one EDSS point. 
Nine exacerbations occurred in seven of 14 patients during the mean follow-up of 
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10 months; EDSS scores increased by at least 1 in eight patients during follow-up. 
MRI done during the trial showed new T2 lesions in 43% of scans at 24 weeks and 
29% at 48 weeks; gadolinium-enhancing lesions were present in 33% of baseline 
scans and 29% at each follow-up [232]. Mahon et al. reported on 39 patients (part 
of a larger study), who were randomized to receive 800 mg calcium (22 patients) or 
calcium plus 1,000 IU vitamin D (17 patients). All had baseline and 6 months’ fol-
low-up. The patients who received vitamin D plus calcium had increased TGF-b;
TNF-a, IFN-g, and IL-13 were unaffected. Both groups had decreased IL −2 mRNA 
in [141]. Achiron et al. reported safety of alfacalcidol in five patients treated [2]. 

 A recent report by Obradovic and colleagues showed a role for vitamin D3 in 
protecting hippocampal neurons in vitro from dexamethasone-induced apoptosis 
[160]. Pretreatment for 24 h with even low doses of vitamin D3 were protective. 

  5.5  Clinical Relevance 

 Vitamin D as an adjunct treatment for MS is an attractive approach and one that 
many patients are likely already utilizing for bone preservation. It is reassuring that 
the combination of IFN-b and vitamin D in the mouse EAE model appears to be 
safe and synergistic, although projecting these results to human MS is premature. 
The recent US veterans’ study by Munger et al. is particularly important to planning 
clinical trials of vitamin D in MS. In the study by Mahon, a dose of 1,000 IU/day 
achieved levels up to 70, below what appeared to be the protective levels found by 
Munger [141]. The early study by Goldberg used much higher doses (5,000 IU, 
given as cod liver oil) and showed reduced exacerbations, but this study was limited 
(six of 16 dropped out) [86, 141]. Unfortunately, high doses of natural vitamin D 
cannot be used for long periods of time due to risk of hypercalcemia and toxicity 
to bone. Synthetic analogs will be more appropriate for long-term study [213]. 

 In addition to its adjunctive immunomodulatory potential, vitamin D has a 
mood-elevating effect that may be useful in MS patients, who often suffer from 
depression. It may also have a possible neuroprotective effect on memory [114]. 

   6  Thyroid Hormone 

 6.1  Background 

 Kendall isolated thyroid hormone on Christmas Day 1914 [230]. Thyroid hormone 
has an essential role in normal differentiation of oligodendrocytes and successful 
myelination in the developing CNS [180]. Not surprisingly, thyroid hormone’s role 
in remyelination is now being studied with potential implications for MS. 
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 Hypothyroidism and MS have many overlapping symptoms including fatigue, poor 
cognitive functioning, anxiety and depression, numbness and paresthesias, ataxia, stiff 
muscles, easy fatigability of muscles, cramps, and weakness. Hypothyroidism, espe-
cially subclinical hypothyroidism, is common, with a strong female predominance. 
Autoimmune thyroid disease is the most common cause [230]. Hyperthyroidism is 
associated with heat intolerance, anxiety and tremors, which are also common MS 
symptoms. 

 Treatment of MS exacerbations with glucocorticoid may affect thyroid function 
transiently. Glucocorticoids reduce the conversion of T4 to T3, which may cause a 
transient hypothyroid state. Brinar et al. recently reported a case of Hashimoto’s 
thyroiditis that presented with isolated retrobulbar neuritis and another with left 
hemifacial spasm, paresthesiae of the face and leg with demyelinating lesions on 
MRI [29]. This report is of particular interest because treatments for MS have also 
been associated with autoimmune thyroid disease. The association of autoimmune 
thyroid disease with MS-immunomodulating therapies (alemtuzumab in particular) 
has raised recent interest in thyroid hormone function and MS. 

  6.2  Thyroid Hormone and EAE 

 Using both the Lewis rat model and the Dark Agouti rat model of EAE, the latter 
of which develops a severe, protracted and relapsing encephalitis with demyelina-
tion, Fernandez et al. studied T4 treatment, either during the acute (first relapse, 
days 11, 13, or 15 after immunization) or during second relapse (days 21, 23, 25). 
Animals treated in the acute phase had an increased number of oligoprogenitor 
cells expressing platelet-derived growth factor; myelin sheath thickness and 
organization as well as myelin basic protein levels were restored to control values 
(as measured at 55 days after injection) [72]. They also found increased axonal 
diameters in the spinal cords of the treated animals. There was a slight but significant 
effect on the clinical scores of the animals in the Lewis, but not Dark Agouti, rats. 
While perhaps disappointing, the motor deficit in this rat model of EAE may not 
be due to the demyelination primarily. 

  6.3   Evidence for Thyroid Dysfunction and Autoimmune 
Thyroiditis

 Completely evaluating thyroid function is not as simple as one would expect. 
Serum thyroid stimulating hormone (TSH) is a commonly used laboratory test to 
screen for hypothyroidism, but TSH alone may not be adequate to determine the 
peripheral state of hypothyroidism. Which tests best reflect thyroid status depend 
on whether the hypothalamic–pituitary–thyroid axis is intact, among other factors. 
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In general, combined free T4 and TSH are better than either alone [229]. Central 
hypothyroidism seems to be rare in the general population (0.005%). The TRH test 
for TSH response is useful in evaluating the central components of the axis, but it 
does not clearly distinguish between hypothalamic and pituitary dysfunction [230]. 
Central hypothyroidism can be associated with low, but also normal or even slightly 
elevated TSH, the latter being a paradox explained by reduced biological activity 
of TSH. Loss of the usual nocturnal TSH surge is characteristic. 

 While hypothalamic involvement of MS is a risk for central thyroid axis dys-
function, there is no convincing evidence for inherent dysfunction of the axis in 
patients with MS. In a study by Wei and Lightman, 52 patients with MS had base-
line TSH, free T3, free T4 measured, and all were normal compared to controls. 
TRH stimulation testing showed no difference in TSH or prolactin responses [227]. 
After eliminating study candidates with overt thyroid disease (number not reported), 
Durelli et al. [65] investigated 152 RRMS pre-interferon-treated patients compared 
to 437 controls. They showed no increased TSH, but the men in the study demon-
strated a trend of increased subclinical hypothyroidism and anti-TMA autoAb posi-
tivity. In a study done prior to the introduction of the current MS-immunomodulating 
drugs, circulating thyroid antibodies were described in 19 of 63 (30.1%) MS 
patients [108]; this was significant compared to the incidence in control females of 
5.9%. Niederwieser et al. studied 353 consecutive MS patients and 308 controls 
with back pain or headache and found a higher prevalence of autoimmune thyroid 
antibodies in men with MS than controls (9.4% vs 1.9%) but not females (8.7% vs 
9.2%). Hypothyroidism tended to be more frequent and more severe in the MS 
patients than in controls [156]. 

 Evidence for autoimmune thyroid disease has appeared in patients taking immu-
nomodulatory drugs for MS [63, 64, 96, 142, 149, 184, 190]. The incidence may be 
increased in women and in those with positive thyroperoxidase antibodies (TPO) 
prior to initiation of therapy. One study [65] did not find increased incidence in 
patients on IFN-b. No correlation between disease severity or progression and the 
development of thyroid antibodies appeared in any of these reports. 

 The immune mechanism behind the appearance of autoimmune thyroid disease 
in MS is an inviting area for more research. In rats, lymphocyte depletion by 
thymectomy or irradiation is associated with autoimmune thyroiditis [167]. An 
interesting similar situation occurs in humans, specifically the association of 
autoimmune thyroid disease appearing in patients with MS treated with alemtuzu-
mab, which markedly and nearly immediately depletes lymphocytes. Nine of 27 
patients treated in a study protocol and three of 19 patients treated off study devel-
oped Graves’ disease [39]. This complication of treatment was considered to be 
unique to MS patients. Recently, however, in a published report of this association 
in renal transplant patients, a woman received a dose of alemtuzumab two to four 
times higher than that usually used in transplant immunosuppression and similar to 
the dose used in the MS trial [122]. A recent update of the use of alemtuzumab to 
treat MS showed that 27% of 57 treated patients developed Graves and one, autoim-
mune hypothyroidism [38]. The alemtuzumab vs IFN-b-1a study was recently 
halted due to serious and life-threatening idiopathic thrombocytopenic purpura; 
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11.1% of patients in the study receiving alemtuzumab developed autoimmune 
thyroid problems [40]. Unfortunately, the drug seems to be markedly effective in 
treating MS as measured by reduction of MRI lesion formation and relapse rate. 

 It is unclear if patients with autoimmune thyroid disease have a different MS 
course from those who do not; Annunziata et al. found an inverse correlation 
between the presence of antithyroglobulin antibody titers and EDSS score in 11 of 
129 patients with these antibodies [9]. No correlation was found between the pres-
ence of anti-thyroglobulin and MRI T2-weighted lesions, but none of the patients 
with antibodies had gadolinium-enhancing lesions. Petek-Balci and colleagues 
reported two cases of patients who had thyroid disease approximately 7 years prior 
to developing MS symptoms [170]. Presumably, the mere presence of thyroid anti-
bodies does not prevent the development of MS, but their presence should be stud-
ied more thoroughly with respect to implications for the type or course of MS. It is 
intriguing to hypothesize that thyroid antibody, but not thyroid hormone per se, is a 
biomarker reflecting either more benign course or successful modulation of the 
disease by treatment. Their presence may reflect a shift to higher B cell activity 
similar to the way estriol shifts the immune system during pregnancy. 

 Autoimmune thyroid disease has been associated with recombinant IFN-a treat-
ment of hepatitis C and was not always reversible [32]. IL-2a treatment and IFN-a
treatment for cancer have also been associated with autoimmune thyroid disease. In 
the case of IFN-a treatment for melanoma, it appears to be a favorable prognostic 
finding [83, 124]. 

  6.4  Thyroid Hormone and Myelin 

 Thyroid hormone influences the timing of differentiation and migration of oli-
godendrocytes in neonatal animals. Along with factors produced by nerve cells 
themselves, thyroid hormone induces neural stem cells to form oligodendrocytes 
[180]. Thyroid hormone regulates the expression of several enzymes related to 
myelination and of the major constituents of the myelin sheath. Binding sites for 
T3 have been demonstrated in oligodendrocytes both in vivo and in vitro [13]. 
Thyroid hormone induces differentiation and functional maturation, and the events 
are independent of each other [13]. 

 Baas and colleagues purified O-2A progenitor cells of neonate rat brain and cul-
tured them with and without T3. Compared to cultures without T3, progenitor cell 
proliferation was inhibited about twofold, and oligodendrocytes represented 57% 
of the cells after 6 days of culture compared to 6.8% in the cultures without T3; 
oligoprogenitor cells decreased from 75% to 24%. In another experiment, 70% of 
the T3-treated oligodendrocytes had a well-developed network of branched proc-
esses, compared to only 18% of untreated oligodendrocytes. T3-treated oli-
godendrocyte cultures had increased expression of myelin oligodendrocytes 
glycoprotein (MOG) and glutamine synthetase activity. Schoonover CM et al. 
showed that thyroid hormone indirectly regulates myelin basic protein mRNA by 
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controlling the number of MBP-expressing oligodendrogyes [135]. Younes-Rapozo 
et al. showed that T3 deficiency affects neonatal rat oligodendroglial maturation in 
vitro, which is characterized by less extensive processes and membrane vellum and 
relative restricted myelin basic protein distribution to the perinuclear region [234]. 
Thyroid hormone also promotes oligodendrocyte survival from TNF-a and IL-1b
signal for apoptosis [112]. 

 Remyelination appears similar to virgin myelination in the neonatal brain and 
spinal cord. In the early active lesions of MS, oligodendrocytes often increase in 
number, reflecting generation of new oligodendrocytes [33]. Their failure to remy-
elinate denuded axons is likely multifactorial, but it is reasonable to believe that 
thyroid hormone plays a significant role. There is growing evidence in the EAE 
model that this is the case. 

  6.5  Clinical Relevance 

 Three questions of immediate importance arise when considering the clinical 
implications of our current level of knowledge about thyroid hormone and MS, but 
none have clear answers at this time. The first question is whether subclinical 
hypothyroidism affects disease course and disease symptoms. The second ques-
tion is whether the development of autoimmune thyroid disease while on immu-
nomodulatory therapy is a good or bad event. The third question is how best to 
screen for thyroid disease, particularly in the setting of new drug development. 

 There is currently no agreement on whether everyone with subclinical hypothy-
roidism should be treated [203, 224]. The more aggressive approach needs to be 
studied in MS patients, particularly in patients experiencing symptoms that overlap 
with those of clinical hypothyroidism. Current treatments for MS that have been 
associated with thyroid antibodies require close monitoring of thyroid status with 
emphasis on disease course and subsequent hypothyroidism. Finally, new treat-
ments for MS need to be evaluated with respect to their impact on thyroid status, 
and the meaning of any change in thyroid status should be studied further with 
respect to its impact on disease. 

   7  Leptin and Ghrelin 

 7.1  Background 

 Leptin, the obese gene product, was discovered in 1994. It is a peptide hormone 
produced by adipose tissue; it is structurally and functionally a cytokine that acts 
on the hypothalamus [44]. Leptin’s chief role appears to be maintenance of a minimum 
level of energy stores during calorie restriction. Low levels are a signal for feeding 
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as well as energy conservation. In that role, it changes activities in the adrenal, 
gonadal, and thyroid hormone axes. Like other hormones, it also has immunological 
influences [75, 197]. Leptin receptors (ObRb) are found on mature CD4 +  lym-
phocytes [139]. 

 In 1999, another novel hormone, ghrelin, was identified. This hormone is an amino 
acid peptide secreted from the stomach, small intestine, and colon. It may also be 
expressed in the hypothalamus, pituitary, and other tissues. It is an endogenous ligand 
for the growth hormone secretague receptor. Like leptin, it plays a role in energy 
homeostasis, but the specifics are not yet elucidated [210]. It may enhance immune cell 
proliferation but inhibit secretion of proinflammatory cytokines [58, 59, 123]. 

  7.2  EAE and Leptin 

 Matarese et al. showed that EAE could not be induced in the absence of leptin and 
that leptin supplementation caused a more severe and chronic disease in wild type 
mice [145]. Leptin administration to increase the proliferative response of T cells 
was 11-fold over leptin-deficient mice. The IFN-g response was increased 21-fold 
and inhibited the IL-4 response, shifting the response to a pronounced Th-1 type 
response.

 Sanna et al. showed a relationship between starvation, leptin, and EAE. The 
serum expression of leptin increased before the onset of EAE in susceptible mice, 
and starvation delayed onset and attenuated clinical symptoms. Low levels of leptin 
induced a Th 2 cytokine profile switch. Leptin was expressed in T cells and macro-
phages in the brain infiltrates and lymph nodes during the acute phase. In vitro, 
CD4+  T cells produced low but significant levels of leptin [186]. 

 De Rosa et al. showed that anti-leptin treatment caused failure to downregulate 
the cyclin-dependent kinase inhibitor p27 ( p27 kip-1 ) in autoreactive CD4 +  cells, 
associated with increased tyrosine phosphorylation of ERK 1/2 and hyporespon-
siveness of the CD4 +  cells to proteolipid protein, and STAT6, known to be involved 
in Th 2 cytokine secretion. Leptin neutralization reduced expression of ICAM-1 
and OX-40 but increased the expression of the very late antigen –4, a4b1 integrin, 
on CD4 +  cells [51]. They hypothesized that this increase b4b1 integrin expression 
was associated with increased migration of cells producing regulatory cytokines 
into the CNS. 

  7.3  MS and Leptin 

 In a study of 18 patients with secondary progressive MS, serum leptin production 
by peripheral blood mononuclear cells showed no significant change overall, but in 
12 patients who did not progress on retreatment with IFN-b, leptin and IL-6 pro-
duction decreased at 6 and 12 months [8]. 
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 Matarese et al. found increased leptin in serum and CSF of 126 RRMS patients 
compared to 117 age-, gender- and body mass index-matched controls [144]. 
Leptin levels in the CSF were 1.8-fold higher than serum levels, and leptin levels 
in CSF correlated with IFN-g levels. They found an inverse correlation between 
serum leptin levels and the percentage of T reg (CD4 +  CD25 + ) cells in the patients, 
who were all within 4 weeks of the onset of relapse and were naïve to treatment. 

  7.4  MS and Ghrelin 

 Berilgen et al. studied 40 MS patients with RRMS and SPMS [22]. Fasting levels of 
ghrelin were determined by radioimmunoassay. MS patients had significantly higher 
levels than controls, but there was no difference between the two types of MS. 

  7.5  Clinical Relevance 

 Studies of these novel peptide hormones suggest that they influence MS. They 
make us reflect on the role of diet in MS and the relationship between the gut and 
the immune system. The evidence is too slim, however, to make any conclusions or 
recommendations of clinical usefulness at this time. 

   8  Conclusions 

 Hormones by their nature have widespread effects on the vital functions of cells, 
including metabolism, growth, differentiation, survival, and death. They provide 
communication between different organs and different systems in much the same 
way as the immune and nervous systems do. When perturbations occur, hormones 
help to move an organism toward a more healthy equilibrium. 

 There is mounting evidence that multiple hormones influence MS. The under-
standing has emerged that each hormone may influence the immune system and 
influence nervous system alone and in combination. The effects of a given hormone 
frequently interact with the effects of other hormones to produce parallel effects, 
synergistic effects, or complementary effects. In contrast, hormones may counter-
balance the effects of other hormones helping to establish equilibrium. In the last 
several decades, the discovery of new hormone receptors or receptor subtypes and 
the presence of hormone receptors in cells not traditional to their endocrinologic 
role have resulted in a virtual explosion of new interest. The tools for studying the 
multiplicity of receptor–hormone interactions and subsequent downstream effects, 
both genomic and nongenomic, have been developed. This has led to a hope that 
exploiting hormones for a specific set of actions in a specific disease such as MS 
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will lead to more natural treatments with less, or at least known and manageable, 
side effect profiles. Sex hormones may eventually bring gender specificity to the 
treatment of MS and other autoimmune diseases. 

 The multifunctionality of hormones elegantly enhances their appeal as therapeutic 
agents. This is especially true in the case of chronic diseases such as MS. 
Understanding their widespread effects is also the challenge of the research com-
munity. Clinicians using hormones should think beyond the previous mindset that 
hormones have only a specific and narrowly defined role. 

 There is much to learn. Side effects have been, and will continue to be, an issue 
with the therapeutic use of hormones. We have experienced the protean problems 
associated with glucocorticoids. The risks of cancer in the uterus or breast and 
thrombogenesis dampen enthusiasm for estrogen. Vitamin D appears to be a very 
attractive hormone for clinical use, since modest doses are well tolerated, it has oral 
forms, and it is not costly. The possibility of vitamin D enhancing the effect of inter-
feron in humans should be explored quickly given the exciting report in EAE. 

 Using hormones optimally, perhaps in pulsatile or sequential fashion, may 
minimize the risks. The development of designer hormones to minimize side effects 
will, hopefully, further improve the benefit-to-risk ratio. 

 While not the primary subject of this chapter, study of how MS and its treatment 
affect hormones is also worthwhile. For example, the link of autoimmune thyroiditis 
to MS treatments may provide unique insights about the immune dysregulation of 
both disorders.   
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Abstract  Statins are inhibitors of the 3-hydroxy-3-methylglutaryl coenzyme A 
reductase, which are widely prescribed for their cholesterol-lowering properties in 
order to reduce atherogenesis and cardiovascular morbidity. Moreover, statins have 
been shown to exert pleiotropic immunomodulatory effects that might be of thera-
peutic benefit in autoimmune disorders. Statins appear to alter immune function 
largely independent of lipid lowering and rather through inhibition of posttransla-
tional protein prenylation of small regulatory GTP-binding proteins. In experimen-
tal autoimmune encephalomyelitis (EAE), the murine model for multiple sclerosis 
(MS), statins were shown to reverse established paralysis and to exert synergistic 
benefit in combination with agents approved for MS therapy. Based upon these 
encouraging findings in treatment of EAE, statins are now being tested in clinical 
trials in patients with MS.    
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   1 Introduction 

 Currently, FDA-approved disease-modifying drugs for multiple sclerosis (MS) are 
only partially effective. Thus, the search for novel therapies and new treatment 
regimes must continue. Statins inhibit the enzyme 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG-CoA) reductase. The enzyme HMG-CoA reductase catalyzes 
the conversion of HMG-CoA to L-mevalonate, the key intermediate in the biosyn-
thesis of cholesterol [17]. Over decades, statins have established themselves as 
generally safe and well-tolerated drugs [1, 2, 22] and are prescribed to more than 
25 million people worldwide today. The family of statins includes naturally occur-
ring members (lovastatin, mevastatin, pravastatin, and simvastatin) and synthetic 
members (fluvastatin, atorvastatin, and rosuvastatin), which differ in their lipophilic-
ity, half-life, and potency. 

 Statins studied in animal models of autoimmune diseases demonstrate immunomod-
ulatory properties independent of their cholesterol-lowering properties that might be of 
benefit in treatment of neuroinflammatory disorders. Orally administered statins are 
particularly attractive candidates for treatment of MS; all currently approved drugs, 
such as interferon-beta, glatiramer acetate (GA), mitoxantrone, and natalizumab, are 
administered parenterally and have side effects and potential toxicities. 

   2 Mechanism of Action 

 In 1995, the potential impact of statins on immune function surfaced with a study 
demonstrating that cardiac transplant patients treated with pravastatin had a reduced 
incidence of hemodynamically significant rejection episodes and showed decreased 
mortality that did not correlate with cholesterol reduction [25]. Numerous subse-
quent studies further elaborated the anti-inflammatory properties of statins [43]. 

 Rather recent studies have elucidated the molecular mechanisms that may be respon-
sible for statin-mediated immune modulation. One report suggested that statins directly 
bind the cellular adhesion molecule leukocyte function antigen 1 (LFA-1), primarily 
resulting in reduced migration of pro-inflammatory leukocytes [50]. The majority of 
statin-mediated immunomodulatory effects, however, appear related to the competitive 
displacement of HMG-CoA from the HMG-CoA reductase, as these effects can be 
reversed by addition of its downstream product mevalonate. Importantly, mevalonate is 
the key metabolite, not only for the synthesis of cholesterol, but also for the synthesis 
of isoprenoid intermediates, such as farnesylpyrophosphate (FPP) and geranylgeran-
ylpyrophosphate (GGPP). These molecules are responsible for the prenylation of GTP-
binding proteins [56], such as Ras and Rho, which have important roles in multiple 
signaling pathways regulating cellular differentiation and proliferation [46]. 
Posttranslational isoprenylation of these proteins is necessary for their attachment to the 
cytoplasmic surface of the plasma membrane, where they function. Thus, by inhibiting 
isoprenylation of Ras and Rho, statins modulate cellular functions that are also required 
for the activation of immune cells (Fig.  1 ). 
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   3  Statins in Treatment of Experimental Autoimmune 
Encephalomyelitis

 The potential benefit of statins in central nervous system (CNS) autoimmune dis-
eases primarily relates to studies in murine experimental autoimmune encephalo-
myelitis (EAE). In EAE, activated myelin-reactive CD4 +  T cells cause demyelination 
of axons resulting in chronic or relapsing paralysis. Oral statin treatment at the EAE 
onset prevented the development of chronic or relapsing paralysis and could even 
reverse EAE when statin treatment was initiated after paralysis was established 
[4, 42, 53]. These studies suggest that statin treatment targets several steps in the 
pathogenesis of EAE including inhibition of myelin antigen presentation, which is 
required for T-cell activation, differentiation of T cells into pro-inflammatory T cells 
and recruitment of leukocytes into the CNS. 

Fig. 1 Proliferation, differentiation, and migration of immune cells 
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  3.1 Modulation of Cellular Immune Function by Statins 

  3.1.1 Effects on Antigen-Presenting Cells 

 For the activation of CD4 +  T cells, linear peptide antigen must be presented in the 
context of the major histocompatibility complex (MHC) class II molecules on the 
surface of antigen-presenting cells (APCs). The MHC class II transactivator 
(CIITA) directs inducible MHC class II expression on nonprofessional APCs and 
constitutive expression on professional APCs [10]. It has been demonstrated that 
atorvastatin inhibits upregulation of MHC class II on a variety of APCs [27, 53, 
55], including microglia, a residential APC population that may have an important 
role in antigen presentation within the central nervous system (CNS). Inhibition of 
MHC class II upregulation is reversed by mevalonate, indicating that this statin 
effect is mediated through inhibition of the mevalonate pathway. Similarly, simv-
astatin inhibits expression of MHC class II on human endothelial cells, an effect 
reversed by mevalonate and GGPP, but not by squalene, suggesting the involve-
ment of GTP-binding proteins in MHC class II inhibition [38]. 

 Besides antigen recognition in the context of the MHC class II molecule, a sec-
ond signal is necessary for T cell activation [13]. Antigen-activated T cells express 
CD40 ligand, which recognizes the co-stimulatory molecule CD40 on the surface of 
APCs. This cross-linking of CD40 enhances APC expression of further co-stimulatory 
molecules on APC, such as B7-1 (CD80) and B7-2 (CD86), which interact with 
CD28 on the surface of T cells. Simvastatin and atorvastatin prevent cytokine-
induced maturation of professional APCs, resulting in a strongly reduced ability to 
activate T cells [51]. This appears to be mediated through inhibition of the meval-
onate pathway as APC maturation and subsequent T cell activation are restored by 
addition of either mevalonate or GGPP. Similarly, atorvastatin inhibits IFN-g-inducible 
expression of CD40, CD80, and CD86 molecules on microglial cells [53]. Decreased 
expression of these molecules was found to be associated with reduced secretion of 
APC-derived cytokines involved in the differentiation of T cells into pro-inflammatory 
T cells [44]. 

   3.1.2 Modulation of T Cell Proliferation and Differentiation 

 Independent of their effects on antigen presentation, statins appear to exert a direct 
inhibitory effect on T cell activation. In vitro treatment of purified T cells inhibit 
proliferation when antigen is presented by untreated APCs [53]. Aktas and col-
leagues demonstrated that inhibition of antigen-induced T cell proliferation by 
statins is linked to negative regulation of cell-cycle progression, which is consistent 
with inhibition of GTPase-mediated cell proliferation [4]. In a subsequent publica-
tion, the same group identified atorvastatin-mediated phosphorylation of ERK1 to 
be responsible for T cell anergy [48]. Interestingly, statin-related T cell inhibition 
apparently depends on the activation status of T cells, suggesting that atorvastatin 
preferentially targets activated T cells [31]. 
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 CD4 +  T cells can be categorized into Th1, Th2, and Th17 subsets, primarily on 
the profile of cytokines secreted [3]. CD4 +  Th1 cells, which have a key role in initi-
ating EAE [5, 23], secrete pro-inflammatory cytokines such as IFN-g, interleukin 
(IL)-2 and IL-12 and tumor necrosis factor a (TNF-a). Another subset of patho-
genic T cells, IL-17-secreting Th17 cells, may participate primarily in perpetuation 
of EAE [26]. Th2 cytokines, such as IL-4, IL-5, IL-10, and IL-13, have downregu-
latory properties on the inflammatory cascade in EAE and may have a beneficial 
effect in MS pathogenesis. 

 Several independent EAE studies indicate that myelin-specific CD4 +  T cells 
become less reactive to antigen-specific stimulation during statin treatment and 
secrete lower amounts of the pro-inflammatory Th1 cytokines. Statin-mediated T cell 
immune deviation is associated with a reduced phosphorylation of STAT4 (signal 
transducer and activator of transcription 4), which is required for IL-12-dependent 
Th1-differentiation [53]. Conversely, statin treatment induces secretion of anti-
inflammatory Th2 cytokines (IL-4, IL-5, and IL-10) and enhanced phosphorylation 
of STAT6, which is involved in IL-4-dependent Th2 differentiation [53]. Nath and 
collegues further demonstrated that in vitro statin treatment of T cells promotes 
expression of GATA-binding protein 3 (GATA3) [32], a transcription factor associ-
ated with Th2 differentiation. These immunomodulatory effects of statins on T cell 
activation and differentiation appear to be related to inhibition of prenylation of 
regulatory proteins [12]. Atorvastatin treatment inhibits production of FPP and 
GGPP in T cells. Reduced levels of these isoprenoid intermediates decreased the 
membrane association of Ras and Rho and compromised the downstream activation 
of ERK and DNA binding of the c-fos transcription factor. As c-fos transactivates 
the IFN-g promoter and represses the IL-4 promoter [21], these findings may 
explain how atorvastatin biases T cells to produce higher amounts of IL-4 in the 
early period of antigen signaling and subsequently trigger GATA-3 expression and 
the Th2 program of differentiation. 

    3.2 Inhibition of Leukocyte Recruitment into the CNS 

 Leukocyte migration into the CNS involves multiple steps including chemoattrac-
tion, cell adhesion, extravasation, and proteolytic degradation of biological mem-
branes. Lymphocyte function-associated antigen 1 (LFA-1) and its ligand, 
intracellular adhesion molecule 1 (ICAM-1), have an important role in leukocyte 
adhesion to brain endothelium. Both molecules have been identified on the surface 
of inflammatory cells and endothelial cells in perivascular MS lesions [9]. 
Independent of its effect on HMG CoA reductase, lovastatin binds LFA-1 and 
directly inhibits LFA-1- and ICAM-1-mediated cell adhesion [50]. Further studies 
demonstrated that  i n vitro treatment of brain endothelium cells with lovastatin [19] 
and simvastatin [20] indeed inhibit transendothelial leukocyte migration. Following 
their passage across the endothelial barriers, leukocytes still must traverse the base-
ment membrane (basal lamina) of brain venuoles to access CNS parenchyma. 
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Matrix metalloproteinases (MMPs) are proteolytic enzymes considered to be the 
physiologic mediators of cell migration through biological membranes and extra-
cellular matrix [52]. Two independent reports demonstrated that statins reduce the 
secretion of MMP-9 by monocytes [6, 16]. Taken together, statins appear to inter-
fere with multiple steps of leukocyte recruitment and migration into the CNS. 

   3.3 Potential Neuroprotective Effects 

 In addition to their effect on function and migration of immune cells, statins appar-
ently exert direct effects on neuronal and glial cells, which might be particularly 
important for recovery in relapsing-remitting CNS autoimmune disease. Statins 
protect cultured neurons from excitotoxic death, a form of neuronal death caused 
primarily by brain ischemia [54]. This neuroprotective effect appears to correlate 
directly to inhibition of neuronal cholesterol biosynthesis abrogated by addition of 
either mevalonate or cholesterol. In rat primary astrocytes, microglia, and macro-
phages, lovastatin inhibits induction of damaging free radicals such as nitric oxide 
[35], which might also be therapeutically relevant for neurodegenerative disorders 
such as Alzheimer’s disease [29]. In a study focusing on the potential effect of 
statins on remyelination, lovastatin inhibited degeneration of oligodendrocyte pro-
genitors [36], a process that may be responsible for impaired remyelination after 
inflammatory damage of the myelin sheath. In fact, lovastatin treatment increased 
expression of myelin proteins and transcription factors associated with differentiat-
ing oligodendrocytes, restored remyelination in the spinal cord of mice with EAE 
[36] and effectively alleviated neurodegeneration in combination with 5-aminoimi-
dazole-4-carboxamide-1-beta-D-ribofuranoside, an immunomodulating agent that 
activates AMP-activated protein kinase [37]. Interestingly, short-term in vitro treat-
ment of oligodendrocyte progenitors with simvastatin induced robust process 
extension, whereas prolonged treatment caused process retraction and increased 
cell death [30]. Another study reported that statins may inhibit neurite outgrowth 
after axonal damage. In vitro atorvastatin treatment led to neurite loss and, ulti-
mately, to the cell death of a neuronal cell line and rat primary cortical neurons 
[39]. Addition of GGPP alone completely restored neuronal function and viability, 
indicating that GGPP, rather than cholesterol or FFP, is critical for neurite out-
growth and survival. 

    4 Statins in Treatment of MS 

 Based on the encouraging findings in treatment of EAE, one may anticipate the 
translation of statin-mediated immunomodulation to human CNS autoimmune dis-
ease. In vitro, statins inhibit the expression of ICAM-1 and various chemokine 
receptors on activated peripheral mononuclear cells [34]. Further, when peripheral 
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blood APC is cultured in the presence of statins, expression of HLA-DR decreases, 
which correlates with decreased antigen presentation and T cell activation. 

 Regarding the immunomodulatory potential of statins in treatment of autoim-
mune disease, a clinical trial of atorvastatin in patients with rheumatoid arthritis 
(RA), another Th1-mediated autoimmune disease, yielded encouraging data [28]. 
The trial treated 116 patients with active RA with 40 mg atorvastatin or placebo 
daily, added to their ongoing disease-modifying antirheumatic drug therapy. The 
group receiving atorvastatin not only showed decreased levels of inflammation but 
also experienced a significant benefit compared to the active placebo group. 

 As some patients with MS receive statins for the indication of hypercholester-
olemia, epidemiological evidence may already exist supporting their use in MS. 
This question is difficult to address for several reasons. First, various statins 
differ in their efficacy for treatment of hypercholesterolemia and thus are likely to 
differ in their capability to induce immune modulation. Second, the majority of 
patients treated for hypercholesterolemia receive lower approved doses of statins; 
however, data from animal studies suggest that statin-mediated immune modulation 
is evident only at higher dosages. Third, it is possible that statins are beneficial 
in the earlier, inflammatory phase of MS. The mean age of onset of MS is 32, 
whereas the mean age of an individual receiving statin treatment for hypercholes-
terolemia is 62 [8], a time when the majority of MS patients have already entered 
a more advanced or secondary progressive phase primarily associated with 
degeneration. Thus, to date, the evidence supporting use of statins in MS is 
insufficient, and physicians and patients should wait for the results of controlled 
clinical trials before using these drugs in treatment of MS. 

 So far, two smaller clinical studies have been published on the treatment effects 
of statins in MS patients. A 12-month open-label study tested 20 mg lovastatin in 
seven patients with relapsing-remitting MS with an active disease course [40]. 
Although no clinical changes were observed in this small cohort, lovastatin treat-
ment had beneficial effects on surrogate MRI markers. Another small open-label 
trial tested simvastatin in patients with clinically definite relapsing-remitting MS 
[47]. Over 6 months, 30 patients with at least one gadolinium-enhancing lesion in 
the 3-month pretreatment period received the highest FDA-approved dose of 80 mg 
simvastatin per day. Treatment was well tolerated, and again, the mean number and 
volume of gadolinium-enhancing lesions declined by 44% and 41%, respectively. 

 Notwithstanding these encouraging findings, these data need to be interpreted 
cautiously. In open-label trials with a small enrollment, decreased inflammatory 
activity might reflect the regression to the mean following a comparably active dis-
ease course at the time of enrollment. A larger, double-blinded placebo-controlled 
trial is currently being conducted to address these open questions. In 14 centers 
throughout North America, a total of 152 patients who have experienced their first 
demyelinating attack or clinically isolated syndrome are being treated for 12 
months with 80 mg atorvastatin or placebo. The primary endpoint of the study is 
either a further clinical exacerbation, resulting in clinically definite relapsing-remitting
MS, or more than three new T2 or gadolinium-enhancing lesions in the 3-monthly 
brain MRIs. Investigators eagerly await the results of this trial. 
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  4.1 Statins in Combination with Existing MS Drugs 

 Ongoing trials might determine that statins – similar to approved MS drugs – are 
only partially effective as monotherapy in treatment of MS. In that case, statins 
might be useful in combination with existing disease-modifying medications, espe-
cially as they are well tolerated and orally administered. Medications chosen for 
combination therapy should ideally have a different mode of action without over-
lapping toxicities to provide an additive or synergistic effect. In this regard, an in 
vitro study revealed that the combination of IFN-b and statins has an additive effect 
on the inhibition of T cell activation [34]. A small clinical trial is currently being 
conducted to test the combination of high-dose IFN-b 1a (Rebif®, 44 µg three 
times per week) with atorvastatin in patients with relapsing-remitting MS [7]. 
Combination therapy with intermediate- (40 mg/day) and high-dose atorvastatin 
(80 mg/day) was well tolerated with no clinical relapses. Serial MRIs, however, 
revealed increased numbers of T2 and gadolinium-enhancing lesions in two out of 
four patients receiving combination therapy compared to baseline, raising concern 
that the combination of atorvastatin and high-dose IFN-b may not be beneficial in 
treatment of relapsing-remitting MS [7]. 

 GA is another particularly well-tolerated therapy for MS that appears to cause a 
preferential Th2 deviation of T cells, including myelin-reactive T cells [11, 33]. 
Recent data indicate that GA also exerts immunomodulatory activity on APCs, 
promoting secretion of Th2-polarizing cytokines and inhibiting the secretion of 
proinflammatory Th1-polarizing cytokines [24, 49]. One can envisage that an agent 
that augments the immunomodulatory activity of GA on myelin-reactive lym-
phocytes or APCs might enhance the efficacy of GA in MS therapy. In this regard, 
it was recently reported that the combination of GA and atorvastatin synergistically 
prevents and reverses paralysis in EAE [45], which is associated with a combined 
effect on anti-inflammatory Th2 differentiation of myelin-reactive T cells. In vitro 
studies revealed that atorvastatin and GA also alter the cytokine secretion by acti-
vated monocytes in an additive manner. Based primarily on these findings, trials 
testing atorvastatin in combination with GA are anticipated. 

   4.2 Potential Toxicities of Statin Treatment 

 Generally, statins are considered safe and well tolerated. Nevertheless, statins do have 
side effects to consider, particularly when they are administered in combination with 
other agents. Statins are metabolized by the cytochrome P450 pathway and occasion-
ally cause hepatotoxicity (in most cases with a reversible elevation of transaminases). 
Myopathy is another rare side effect that occurs in less than 0.2% of statin-treated 
patients [1, 2, 22]. In severe cases of rhabdomyolysis (<0.05%), myoglobinuria can 
result in kidney failure [18]. In 2001, cerivastatin (Lipobay®) was removed from the 
US market after the incidence of fatal rhabdomyolysis in association with cerivastatin 
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therapy was found to be 16–80 times higher than for any other statin [41]. Importantly, 
the occurrence of rhabdomyolysis was more likely when statins were used in combi-
nation with other lipid-lowering drugs including fibrates or compounds generally 
metabolized through the cytochrome P450 pathway. Polyneuropathy, for which the 
mechanism remains elusive, might be another occasional side effect of statin therapy. 
However, a study on the relative risk of polyneuropathy under statin treatment 
revealed that the incidence was only slightly higher in users of statins (0.73 per 
10,000 person-years) than in the hyperlipidemia nontreated cohort and the general 
population cohort (0.40 vs 0.46 per 10,000 person-years) [14, 15], so that it remains 
unclear whether a true association exists. 
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Abstract  In the past decade, a growing number of evidence has implicated free radi-
cals in a variety of pathophysiological conditions including aging, cancer, and coronary 
heart disease. Analyses of different aspects of multiple sclerosis (MS) pathology with 
respect to oxidative damage have also revealed evidence of free radical injury to the 
central nervous system (CNS), although attempts to protect the CNS using various 
antioxidants have met with only moderate success. Several recent studies have reported 
lower levels of uric acid (UA), a major scavenger of reactive nitrogen species, in MS 
patients, while other studies found no such correlation. Here, we discuss these studies 
as well as current efforts to manipulate serum UA levels in MS patients. 

   1 Uric Acid in Evolution 

 The fate of uric acid (UA) in vertebrate evolution is a remarkable story in itself. 
The appearance of UA as an end product of purine metabolism dates back to the 
period when the first vertebrates emerged from an aquatic to an oxygen-rich envi-
ronment [27]. In an atmosphere containing 30%–35% oxygen, early amphibians 
and reptiles underwent much higher oxidative stresses than did aquatic animals 
[9]. Loss of several enzymes responsible for sequential degradation of UA led to an 
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accumulation of this powerful radical scavenger in the first terrestrial vertebrates. 
For about 200 million years, UA persisted as the end product of purine metabolism 
in reptiles. Mammals, however, returned to an earlier pathway and began convert-
ing UA into allantoin [27], a more soluble substance but without radical scaveng-
ing properties. For small, relatively short-lived early mammals, the advantages of 
easily excretable allantoin outweighed the benefits of accruing the poorly soluble 
antioxidant UA; however, with increased lifespan and the development of a more 
complex CNS, the need for better protection against free radicals became appar-
ent. Between 25 and 15 million years ago, serum levels of UA increased tenfold 
in hominoids due to a nonsense mutation in codon 33 of the uricase (urate oxidase) 
gene [84, 85]. The enzyme uricase degrades UA to allantoin and is active in most 
mammals. The codon 33 mutation is shared among humans, chimpanzees, goril-
las, and orangutans. Interestingly, independent evolutionary events led to the 
inactivation of the same gene in some other primates. A 13-base pair deletion in exon 
2 accounts for inactivated uricase in the gibbon lineage, while other not fully char-
acterized events, most likely mutations in a promoter region, result in reduced uri-
case activity in New World monkeys and, to a lesser extent, in Old World monkeys 
[58]. These findings suggest the presence of a common evolutionary pressure that 
impairs uricase activity, thereby selecting for retention of UA in most primates. 

 Evolutionary selection for UA occurred, even though it predisposed the organism 
to gout and kidney stones and probably also required some adjustments in the secre-
tory pathways of early primates. Homozygous uricase-knockout mice, but not their 
heterozygous counterparts, die several weeks after birth since their kidneys cannot 
handle large loads of UA [83]. Perhaps the original mutation of uricase in early pri-
mates was also lethal when homozygous. Nevertheless, mutation was selected in 
evolution along with some adjustments to purine metabolism. Resulting serum UA 
levels, between 210 and 450 µM (3.5–8.0 mgdl –1 ), are higher than any other natural 
antioxidants. However, they are dangerously close to saturation, which can be as low 
as 8–10 mgdl –1  depending on minor variations in physiological conditions. 

 Another unsolved puzzle is the gain of UA in hominids during a similar time 
frame when the ability to synthesize another important radical scavenger, ascorbic 
acid, was lost [9]. Although hominids still depend on a dietary supply of vitamin C, 
normal serum levels of UA are four- to sixfold greater than those of ascorbic acid, 
raising the possibility that UA is partially replaced vitamin C as an antioxidant in 
higher primates. 

 Of note, there are alternative views on the role of UA in primate evolution; for 
example, UA may have helped to maintain blood pressure in low-salt dietary condi-
tions encountered by early hominids during the Miocene epoch [79]. According to 
this hypothesis, UA merely contributes to the epidemic of cardiovascular disease 
and hypertension that plagues modern humans on high-salt diets. However, this 
does not address the question of why primates, rather than grazing animals, would 
be the target of pressure to adapt to low-salt conditions. Although this hypothesis 
is not currently in the mainstream, certain negative actions of UA cannot be disre-
garded. Indeed, some evidence indicates a pathogenic role for high UA levels in the 
development of hypertension, vascular disease, and renal disease in humans [38]. 
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 Animals other than primates demonstrate the importance of UA as a radical 
scavenger. Birds generally have a longer lifespan than mammals of comparable 
body size, body temperature, and metabolic rate [31]; they inherited UA as purine 
metabolic end product from reptiles and have high serum UA levels. Insects also 
have high levels of UA, and a potential role for UA in insect free-radical defense 
has been suggested based on the observation that urate-null mutants of  Drosophila 
melanogaster  are more susceptible to various aspects of oxidative stress than are 
the wild type [33]. Another study linked aging in  Drosophila  with the ability to 
produce UA [55]. 

   2 Uric Acid and Free Radicals 

 UA, or urate at physiological conditions, is a powerful and selective antioxidant 
[1, 4, 80]. It is highly reactive with hydroxyl radicals and hypochlorous acid. Urate 
interferes minimally with nitric oxide (NO . ), a free radical with low toxicity but with 
important physiological functions. Urate is an efficient scavenger of several reactive 
nitrogen species that form in vitro and in vivo after reaction of NO with other radicals 
and biological molecules [8, 81]. Free radical interactions in living organisms are 
extremely complex. Originally UA was described as a singlet oxygen and hydroxyl 
radical scavenger [1, 4]. Later, when the importance of the chemistry of NO and reac-
tive nitrogen species became clear, UA was shown to protect live cells from the dam-
aging actions of peroxynitrite (ONOO – ), the product of the reaction between NO and 
superoxide (O 2– ) [8, 47]. Then it was shown that the chemistry of ONOO –  may be 
even more complex. In a biological milieu, highly reactive peroxynitrite rapidly inter-
acts with bicarbonate/carbon dioxide to form a nitrosoperoxycarbonate anion 
(ONOOCO2– ) with enhanced capacity to nitrate aromatics [18, 53] and generate inter-
mediate radicals, such as . NO2 and CO3 .–  with damaging properties [71, 72]. Despite 
the incomplete understanding of various proposed reactions of nitrogen species in 
vivo, it is clear that UA can protect living cells, including CNS cells, from the damag-
ing actions of free radicals [13, 62, 71, 77]. 

 A high concentration of UA in human sera is another critical factor for efficient 
radical scavenging. The average human body contains 1–2 g of UA, which repre-
sents a higher concentration than other nonenzymatic scavengers such as ascorbate, 
tocopherols, methionine, and glutathione. UA likely provides 30%–65% of the 
peroxyl-radical scavenging capacity in human blood plasma [4]. 

 Biosynthesis of UA from xanthine may lead to superoxide radical production 
through the action of xanthine oxidase, especially under hypoxic conditions. The 
drug allopurinol routinely inhibits xanthine oxidase and prevents hypoxia reper-
fusion injury. However, under normal physiological conditions, xanthine dehydro-
genase, another form of the same enzyme, oxidizes purines at the expense of 
NADH without significant production of free radicals [17]. Although small 
amounts of xanthine dehydrogenase are expressed in many organs, most of the 
enzyme is produced in the small intestine and the liver followed by lung and heart, 
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making those organs particularly sensitive to hypoxia reperfusion injury [49]. In 
contrast, the UA produced by xanthine dehydrogenase spreads throughout the body 
via the bloodstream, providing protection from oxidative damage to various tissues, 
including the CNS. 

   3  Role of Free Radicals in Multiple Sclerosis: Lessons from 
Experimental Allergic Encephalomyelitis and Other Models 

 There are multiple sources of oxidative stress in MS brain. Glutamate excitoxicity is 
linked to activation of metabolic pathways that lead to free radical production 
(reviewed in Gilgun-Sherki et al. [24]). Free radicals are generated in mitochondria 
of all CNS cells and in particularly high quantities by resident microglia and infil-
trating macrophages (Fig.  1 ) (reviewed in Gilgun-Sherki et al. [25] ). Activated 
microglia, macrophages, astrocytes, and endothelial cells can also produce NO .  and 
generate ONOO –  [8]. Iron, which is present in some regions of the brain, is catalytic 
for the free radical reactions (reviewed in Levine and Chakrabarty 2004 [51]). 

 Several lines of evidence have implicated oxidative stress in the pathogenesis of 
MS and other neurogenerative diseases [24, 25]. In vitro studies have demonstrated 
that neurons, postmitotic cells, are more sensitive to oxidative stress than other 
CNS cells [6, 10]. Various antioxidants, including UA, protect neurons from free 
radical damage in tissue culture [62, 86]. 

 The first evidence of ONOO –  formation in brain of MS patients was reported by 
Bagasra et al. [3]. Since then, several independent studies have confirmed the forma-
tion of peroxynitrite in brain, cerebrospinal fluid (CSF), and blood of patients with 
MS and animals with experimental allergic encephalomyelitis (EAE) [15, 16, 34, 52, 
63, 78]. ONOO –  can induce a variety of effects, including oxidation of DNA and 
proteins, lipid peroxidation, inhibition of mitochondrial respiration, and tyrosine 
nitration [7, 8, 23, 29]. In addition, ONOO –  may mediate cell death via DNA single-
strand breakage and activation of the nuclear enzyme poly(ADP-ribose) polymerase 
(PARP) [74]. While the precise ONOO – -dependent chemical reactivity remains 
unknown, there is a little doubt that ONOO –  is a key contributor to MS and EAE. 

 Evidence of free radical involvement in EAE-related damage came from attempts 
to treat EAE symptoms with radical scavengers. Studies in various models showed a 
wide spectrum of natural and synthetic antioxidants to delay or suppress EAE symp-
toms [11, 19, 26, 28, 54, 61]. UA administration also inhibited the development of 
clinical EAE and ameliorated preexisting signs of the disease [34, 36, 37, 70]. 

 Besides EAE, other CNS conditions associated with ONOO – -related damage 
have been treated successfully with UA. Increased UA levels are effective against 
viral and bacterial infections of the CNS. In rats infected with Borna virus, UA 
treatment substantially delays development of symptoms and inhibited formation of 
nitrotyrosine and production of proinflammatory cytokines [35]. In a rat model of 
pneumococcal meningitis, UA exerts dose-dependent anti-inflammatory effect at 
blood levels in the human physiological range [42, 43]. UA administration at the 
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Fig. 1 Role of free radicals in demyelination. During the early stages of inflammatory response, 
free radicals are produced by circulating and endothelial cells and may contribute to the loss of 
BBB integrity through direct damage to endothelial cells or promotion of lymphocyte adhesion 
and infiltration. UA does not readily cross the intact BBB. During the early stages of inflamma-
tion, inactivation of certain radicals, including peroxynitrite by UA, may protect the integrity of 
BBB. During the late stages of CNS inflammation, free radicals are produced by a variety of 
resident and infiltrating cells and may cause either direct damage or participate in regulation of a 
variety of cytokines, chemokines, matrix metalloproteinases, and adhesion molecules. During this 
stage, BBB becomes compromised. UA penetrates areas of active lesions and contributes to con-
tainment of CNS pathology attributed to free radical damage such as mitochondrial dysfunction, 
DNA and protein damage, lipid peroxidation, myelin injury, etc 
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onset of spinal cord injury in a mouse model inhibits several pathological changes 
in the spinal cord including general tissue damage, nitrotyrosine formation, lipid 
peroxidation, activation of poly(ADP-ribose) polymerase, and neutrophil invasion; 
more importantly, UA treatment improved functional recovery from the injury [62].

 Based on the encouraging results in animal studies, investigators are looking into 
the potential benefit of dietary antioxidants for MS patients (reviewed in Carlson and 
Rose [12]). Thus far, no human studies have proven this hypothesis. However, it is 
well known that many MS patients take multiple vitamins and other purportedly 
antioxidant food supplements. Currently, the field of MS research lacks well-designed 
clinical trials to address issues of antioxidant composition, intake, and effectiveness. 

   4 Serum Uric Acid Levels in Patients with Multiple Sclerosis 

 In vitro and in vivo findings have rendered UA the most studied antioxidant in MS. 
In a seminal study by Hooper et al. [37], analysis of the records of 20,212,505 
patients enrolled in Medicare and Medicaid for diagnosis of MS and gout revealed 
only four patients with both conditions instead of the 62 expected, making MS and 
gout almost mutually exclusive (Table  1 ). The same authors also observed that 
serum UA levels among a group of 46 MS patients were significantly lower 
(p  < 0.001) than in the control population comprised of patients with spinal cord 
injuries, cerebral palsy, Parkinson’s disease, and other conditions with similar 
degrees of disability. Patients receiving drugs known to modulate serum UA levels 
were excluded from the study. To control for the significant influence of diet on 
serum UA levels, the institutionalized subjects all received the same diet for 5 days 
before collection of serum, and all subjects donated blood samples before breakfast. 
However, this pioneering study did not take disease activity into account. Magnetic 
resonance imaging (MRI) performed after the study on a selected group of 20 
patients revealed gadolinium-enhancing lesions in only two patients (10%). 
Another study by these authors [68] analyzed sets of twins in which only one sib-
ling had MS; the MS-affected siblings consistently revealed lower UA levels than 
the healthy siblings in both homo- and heterozygous twin pairs. 

 Since those initial reports, at least ten other independent studies on UA and MS 
have been conducted with somewhat conflicting results; i.e., half of the studies 
confirmed the low UA levels in the MS population, but the other half found no dif-
ferences from controls. Drulovic et al. [21], for example, observed that average 
serum UA levels were about 8% lower in MS patients than in patients with other 
neurological diseases (OND). The difference increased to about 15% and was sta-
tistically significant for patients with active MS. Those investigators also demon-
strated UA fluctuation in serum of relapsing-remitting patients with MS (RRMS), 
significantly higher UA levels detected during remission than during relapse 
(p  = 0.006), and differences reaching 20%. 

 In an analysis of sera of 124 MS patients vs 124 sex- and age-matched OND 
patients, Sotgiu et al. [67] observed a 13% reduction in serum UA levels of MS patients. 
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However, UA levels analyzed in MS patients selected according to disease activity 
showed only a 2.5%–5% reduction in active MS, and the difference was not significant. 
MRI data were available only for 21 patients in that study (13 with active lesions and 
eight with inactive), and gender distribution information was not given. Thus, the accu-
racy of conclusions about UA and MS activity in that study remains unclear. 

 Toncev et al. [76] analyzed 63 MS patients, 20 patients with other inflammatory 
neurological diseases (OIND), and 20 healthy controls. They reported up to a 28% 
reduction in UA levels in MS vs non-MS patients and a 20% reduction in MS vs 
patients with OIND. Both relapsing patients and those with active lesions had signifi-
cantly lower UA levels than did patients in remission and without active lesions. 

 Recently Rentzos et al. [60] confirmed the presence of lower UA levels in MS 
patients in analysis of 190 MS versus 58 OND patients. However, they found no 
correlation between UA levels and MS activity. In fact, they reported UA levels in 
35 patients with active lesions to be actually about 6% higher than in patients with-
out lesions. They suggested that lower UA levels in MS represent a primary, con-
stitutive loss of protection against nitric oxide and CNS inflammation. 

 Knapp et al. [45] reported lower serum UA levels in patients with optic neuritis 
(an inflammatory demyelinating condition affecting the optic nerve and closely 
related to MS) than in control individuals. 

 Two somewhat overlapping studies [57, 59] found no significant difference 
between MS patients and healthy controls in UA levels; they may reflect patient 
populations without relapse in the 3 months before the studies. Indeed, MS patients 
in both studies had normal serum UA levels (340 µM for males and 250 µM for 
females), consistent with levels reported in all previous studies for controls. About 
20% of the MS patients took b-interferon, which is known to increase serum UA 
levels. However, b-interferon users and nonusers in these studies had similar UA 
levels. Patient descriptions did not allow speculation about dietary contributions to 
serum UA levels. No differences in UA levels were seen between patients with 
benign and patients with progressive MS [59]. While MS patients’ NO production 
by peripheral blood leukocytes increased about twofold, this increase did not affect 
serum UA levels [57]. 

 Three other studies also found no reduction in serum UA levels in MS patients 
[5, 40, 41]. In the first two studies, the MS patient population was small (25 and 18 
patients, respectively), and comparison of UA levels was not a primary objective 
so that critical factors such as disease activity and sex distribution were not fully 
considered. Kastenbauer et al. [41] compared serum UA levels of 70 MS patients 
(at least 18 with active lesions and 36 with acute exacerbation) with those in 24 
OND patients. Although the OND control group was small and heterogeneous, 
average serum UA levels for the MS group (238 µM) were closer to those of the 
OND control than to MS populations reported in other studies. 

 Recently, Koch and Keyser [46] suggested that MS patients are not primarily 
deficient in UA but that serum UA decreases with inflammatory disease activity. 
Thus, UA levels might be a marker of MS activity rather than a protective factor. In 
fact, a substantial amount of data supports this hypothesis. In most reported cases, 
serum UA levels of MS patients are only 10%–15% lower than those in normal 
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controls or patients with OND. It seems unlikely that such a small difference in 
antioxidant defense could be so critical in the development of MS. Data from 
monozygotic twins also support an environmental rather than a genetic basis for 
the differences in UA levels [69]. Benign and progressive MS populations reported 
no differences between serum UA levels, although higher levels might be expected 
in the benign MS group. Oxidative stress may act to decrease UA levels in MS 
patients. Allantoin is one of the possible products of UA oxidation by free radicals. 
Increased allantoin levels were detected in human sera and CSF of patients with 
other inflammatory conditions; however, limited studies did not reveal an increase 
in samples from MS patients [5, 41]. On the other hand, Kanabrocki et al. [39] 
demonstrated an altered relationship between serum NO and UA in MS patients. 
Temporal reduction in serum UA level apparently correlates with increased ONOO –

production in MS patients. 
 Methodological issues may account for the lack of correlation between MS 

activity and serum UA levels reported in some studies. For example, human serum 
UA levels are dependent on gender, age, diet, medication, and other factors, and not 
all studies could address these factors equally. Moreover, disease activity can be 
monitored by the presence of gadolinium-enhancing lesions and/or clinical relapses, 
but both criteria have their own limitations. MS patients also often have evidence 
of activation in different lymphocyte populations; however, most studies could not 
take account for conditions of the peripheral immune system. Small patient sample 
size may be another critical factor. A study demonstrating lower serum UA levels 
in MS patients enrolled a total of 795 MS patients and 21 patients with optic neuri-
tis but looked at a total of 195 patients when no difference was found and included 
an apparently overlapping patient population [5, 41, 57, 59]. Definite conclusions 
about the primary or secondary role of UA levels in the development of MS await 
further research. In our experience, about 10% of MS patients have very low UA 
levels (£ 3 mgdL –1 ). Possibly, slightly lower UA levels reflect disease activity in 
some patients, and very low UA levels predispose them to MS. We need appropri-
ately designed studies to answer this question. 

 Generally, 50 patients should be sufficient to apply logistic regression analysis 
and/or t -tests to demonstrate a 10%–15% reduction in serum UA levels. However, 
due to differences in UA levels between male and female populations, a total of 200 
people (four groups: MS/non-MS, male/female) are needed for such a study. 
Further attempts to break the MS cohort into groups (e.g., relapsing-remitting, pri-
mary progressive, secondary progressive, benign) require bringing the number of 
patients in each group to 50 for proper statistical analyses. 

 Although logical attempts have been made to correlate serum UA levels and 
disease severity, these studies may not fully address whether UA deficiency is a 
primary or secondary function in MS. This is because UA level is only one of 
several factors contributing to the development of MS symptoms including 
genetic background and environmental factors. Conceivably, a person with a 
weak predisposition for MS may develop symptoms because of a lower UA level. 
On the other hand, higher UA levels may partially diminish a stronger predisposi-
tion for MS. As a result, disease severity will be similar in both cases. Consequently, 
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studying existing cases of MS may not address the question about a primary or 
secondary role of UA. Another approach involves monitoring serum UA levels in 
individuals before the development of MS. This type of study requires a very large 
population. Even by performing the study in individuals with a genetic predisposi-
tion (risk for the development of MS, 1%–2%), 5,000 to 10,000 individuals highly 
predisposed to MS would need to submit to monitoring of serum UA levels from 
childhood through adulthood. 

 One finding clearly stands out among all others: the significant inverse correla-
tion between incidence of MS and gout suggests that gout protects against develop-
ment of MS [37]. However, patients with gout have a substantially larger increase 
in serum UA levels when compared with the difference between MS and non-MS 
populations in these levels. Most patients with gout have UA levels greater than 
8.0 mgdl –1  ; i.e., about twofold higher than the average level in men. Another feature 
of gout is formation of urate crystals, mainly in the joints but also throughout the 
body. These crystals may trigger a local inflammatory response that activates mac-
rophages and produces various cytokines. Whether those events might suppress the 
development of MS remains to be addressed. 

   5  Possible Mechanisms of Uric Acid Action in Multiple 
Sclerosis, Protection of Blood–Brain Barrier Integrity 

 There are at least two components underlying MS pathogenesis: inflammation and 
neurodegeneration (reviewed in Hauser and Oksenberg [30]). Both components 
may be associated with free radical-related damage. 

 In vitro experiments have shown UA to block multiple actions of ONOO –  and 
some other free radicals [1, 4, 80]. Findings in both MS and EAE demonstrate 
that UA treatment suppresses the permeability changes in the blood–brain barrier 
(BBB). In turn, immune cell invasion into the CNS is inhibited, and TNF-a pro-
duction and ICAM-1 upregulation in CNS tissue are blocked [36, 44, 65]. On the 
other hand, the presence of UA does not alter immune function parameters such 
as antigen presentation, T cell proliferation, antibody production, and monocyte 
activation [44, 70]. Similar effects of UA have been described in other models 
such as neurotropic virus-induced encephalitis [35], bacterial meningitis [42, 43], 
and spinal cord injury in mice [62]. Thus, certain ONOO – -dependent reactions 
may play a key role in the functional changes occurring at the BBB in EAE and 
other CNS inflammatory diseases [64]. They may directly modify structural 
elements of the BBB or modulate neurovascular endothelial cell function through 
an effect on signal transduction by ONOO – -mediated, UA-sensitive reactions. 
UA treatment restores the integrity of the BBB and blocks 3-nitrotyrosine forma-
tion, but not inducible nitric oxide synthase (iNOS) expression, in focal areas of 
inflammation [36]. 

 Only limited data exists on possible mechanisms of CNS protection by UA. 
However, in a pilot human clinical trial aimed at increasing serum UA levels in MS 



336 S. Spitsin, H. Koprowski

patients, disappearance or reduction of gadolinium-enhanced lesions and decreased 
nitrotyrosine blood levels were observed ([48, 68] and unpublished observations). 
This suggests that the mechanisms of UA action in humans are similar to those 
observed in animal models and are directed at maintaining BBB integrity. Of note, 
UA does not penetrate the intact BBB in either animals or humans; thus, normal 
CNS concentrations of urate are approximately tenfold lower than in the blood 
stream. However, UA has constant access to CNS microvasculature and can pene-
trate the compromised BBB in both human MS and mouse EAE conditions [66, 69]. 
As a result, UA levels are higher in areas of active lesions [50]. 

 Recently, it has become evident that axonal degeneration is an important factor 
in MS pathogenesis (reviewed in Hendriks [32] and Andrews et al. [2]). While the 
mechanisms underlying this phenomenon are not fully understood, free radicals 
generated by activated resident and infiltrating cells as well as by mitochondria of 
demyelinated axons are likely to contribute to axonal loss. Increased UA levels in 
these areas may be protective against such damage. For example, recently it was 
reported that UA protects spinal cord neurons in vitro against glutamate toxicity by 
a mechanism other than purely binding peroxynitrite [22]. 

   6 Treatment of MS Patients by Raising UA Levels 

 Although more research is needed to pinpoint the exact mechanisms of CNS pro-
tection by UA, initial attempts to manipulate UA levels in MS patients have been 
made. From the data discussed in Sect. 4 of this review, it is unlikely that raising 
UA levels in MS patients by 10%–20% (the difference between MS and non-MS 
populations) will produce any therapeutic effect. More likely, serum UA levels of 
8 mgdl –1  or higher, such as those observed in gout patients, are needed for protec-
tion [37]. On the other hand, levels much higher than 8 mgdl –1  might precipitate a 
gout attack and/or kidney stone formation. In the original attempt to raise serum 
UA levels in MS patients and maintain these levels at around 8 mgdl –1 , UA was 
administered orally [69]. However, oral UA proved ineffective in raising serum UA 
levels due to poor absorption and sensitivity to bacterial uricase in the gut. Thus, 
investigators chose the UA precursor to raise the typically low serum UA levels of 
MS patients. Inosine is approved for human consumption as a food supplement and 
a muscle performance enhancer. Although the capacity of inosine to act as a muscle 
stimulant remains controversial [20, 56, 73, 82], professional athletes use it rou-
tinely and extensively at dosages of 1–6 g per day for periods ranging from several 
days [73, 82] to weeks [20] and years [14] with no reported side effects. The EAE 
animal model of MS confirmed inosine’s efficacy as a therapeutic agent [66]. 
A phase I clinical trial proved that inosine administration effectively raised UA 
levels of MS patients into the high/normal range [69]. Only two of the 11 enrolled 
patients had gadolinium-enhancing lesions, and all 11 were free of active lesions 
after 1 year of inosine therapy. At least two more trials followed. Toncev [75] 
reported that 32 MS patients receiving 1–2 g of inosine per day for approximately 
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3 years had significantly lower relapse rates and smaller increases in EDSS score 
than 32 patients in a nontreated control group matched for age, gender, disability, 
and disease duration. Daily doses of 1–2 g of inosine have boosted serum UA levels 
in treated patients from an average of 200 µM (3.4 mgdl –1 ) to 250–300 µM (4.2–
5.0 mgdl –1 ). Thus, even modest increases in serum UA levels might provide a thera-
peutic value for MS patients. 

 A current, more comprehensive phase I/II clinical trial is assessing the therapeu-
tic efficacy of raising UA levels by inosine administration in a larger group of MS 
patients with active disease. Of particular importance is the effect of treatment on 
quantifiable BBB permeability and on lesion activity evaluated by gadolinium-
enhancing MRI. This study is still in progress, but preliminary results for the first 
group of 11 patients who have completed 1 year of study are available for discus-
sion. The patient with the highest number of active lesions prior to treatment 
showed the most dramatic improvement (Fig.  2 ). During 6 months of inosine treat-
ment, the average serum UA level in this individual increased from 4.2 to 8.7 mgdl –1

(p  < 0.001), the number of active lesions decreased from an average of ten to one by 
the end of the trial ( p  < 0.001), and the Kurtzke expanded disability status scale 
(EDSS) score dropped from 2.0 to 1.0. 

 The remaining patients had fewer active lesions than the patient presented 
above. Nevertheless, analysis of the combined data for these patients revealed a 
significant correlation ( p  < 0.007 by two-sided Fisher’s exact test) between raising 
serum UA level and reduction in disease activity (Table  2 ). This suggests that UA 
may naturally protect against the loss of BBB integrity and inhibit lesion formation. 
Experiments to assess possible measures of disease activity in sera have revealed 
nitrotyrosine levels to be the most active predictor of treatment outcome. 

Fig. 2 Reduction of disease activity during inosine treatment in an MS patient with high lesion 
burden. Patient was treated with placebo for the first 6 months and with inosine for the second 
6 months. Blood drawings and gadolinium-enhanced MRI were performed monthly 
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   Conclusions 

 UA acts as a part of a sophisticated, but not infallible, antioxidant defense system 
consisting of multiple components [9]. To be fully effective, UA must interact 
with numerous enzymes, scavengers, and quenchers. A better understanding of 
these mechanisms may aid the development of optimal therapeutic approaches to 
target free radicals in MS. Low UA levels apparently reflect disease activity in 
the majority of MS patients and can be used as a diagnostic tool. A high UA level, 
approaching those in patients with gout, may be a therapeutic tool in itself or in 
combination with other treatments. The question of whether the very low serum 
UA levels found in some MS patients might predispose to the development of MS 
remains to be answered.   
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Abstract  Neuromyelitis optica (NMO) is a severe demyelinating disease of 
the CNS that preferentially affects the optic nerves and spinal cord, tends to 
relapse, and results in early permanent disability for most affected patients. 
A new autoantibody marker called neuromyelitis optica immunoglobulin G 
(NMO-IgG), which targets the water channel protein aquaporin-4, is highly 
specific for NMO. The marker has demonstrated that the NMO spectrum of 
disorders is wider than previously known and includes some patients with 
single-episode or recurrent longitudinally extensive myelitis, recurrent isolated 
optic neuritis, Asian optic–spinal multiple sclerosis, and patients with co-existing 
systemic autoimmune diseases such as lupus erythematosus or Sjögren’s syn-
drome. We review the place of NMO within the nosology of CNS demyelinat-
ing diseases, the discovery of NMO-IgG and its impact on the definition of 
NMO and its spectrum, implications for understanding NMO pathogenesis, and 
informing treatment decisions.    
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   1 All that Relapses is not MS 

  What’s in a name? That which we call a rose by any other name would smell as 
sweet.

 William Shakespeare,  Romeo and Juliet , act 2 scene 2  
 For neurological diagnosis, a name is the essential starting point for diagnosis, 

prognosis, and treatment. Names and classifications evolve, and new classifications 
either embrace entities previously regarded as distinct or more specific as the 
molecular pathogenesis of a disease is elucidated. For example, Duchenne’s and 
Becker’s muscular dystrophy are both dystrophinopathy; Miller Fisher syndrome is 
a GQ1b-associated variant of acute inflammatory demyelinating polyneuropathy. 
However, for many idiopathic diseases, neurologists still rely upon the temporal 
evolution, clinical manifestations, and pathology to characterize the illness, e.g. 
chronic inflammatory demyelinating polyneuropathy, Lennox-Gastaut syndrome, 
and frontotemporal dementia. The name applied for the last century to characterize 
relapsing CNS demyelinating disease is multiple sclerosis (MS). Just as epilepsy has 
been defined by the tendency of seizures to recur in an unprovoked fashion, 
MS has been defined by “lesions disseminated in time and space”; in other words, 
recurrent attacks of clinically defined CNS inflammatory disease with biopsy docu-
mentation of inflammation rarely obtained. The faulty logic—if MS relapses, then 
all conditions that relapse are MS—has dominated clinical practice. Only limited 
qualifications were applied to the principle of dissemination in time and space; 
lesions were required to affect the central nervous system white matter pathways and 
must not be better explained by an alternative diagnosis. It had been long recognized 
that the differential diagnosis of MS is extensive and that many other diseases that 
are neither inflammatory nor demyelinating may fulfill that criterion, including 
stroke, cancer, and other inflammatory disorders such as sarcoidosis and vasculitis, 
among others. However, despite continuing concerns about their homogeneity, 
inflammatory demyelinating diseases that relapse have been treated as a single entity 
with protean manifestations and variable, but generally unpredictable outcome. 
Lassmann et al. have recently characterized immunopathological differences among 
inflammatory demyelinating diseases [14]. Those differences may even account for 
differential response to certain acute interventions, such as the differential response 
of patients with MS to plasma exchange [10]; however, the clinical, radiological, and 
treatment differences between the immunopathological subtypes are not yet well 
understood, and the distinction between them is only possible with biopsy of an 
active lesion or at autopsy. Although MS had been initially regarded as a relapsing 
remitting disease, increasingly it has been appreciated that some MS patients do not 
have (clinically) definable relapses and present with progressive course. Typically, 
patients with primary progressive MS have similar multifocal lesions that might have 
been expected, had they been symptomatic, to cause a relapsing illness. 

 The converse is also true: patients with a single clinical event (monophasic 
course) have by definition been excluded from the rubric of MS and been defined 
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as having acute disseminated encephalomyelitis (ADEM) by analogy to the 
postvaccinial syndrome recognized in humans who developed a monophasic 
inflammatory demyelinating disorder after rabies vaccine and by analogy with the 
animal model induced by immunization with a variety of myelin preparations with 
appropriate adjuvant. The same faulty logic has been applied to the definition of 
ADEM—since ADEM is monophasic, any monophasic inflammatory demyelinating 
disease may be a form of ADEM. 

 The diagnostic approach of relapsing and monophasic demyelinating diseases 
of the central nervous system is being rewritten by recent studies of neuromyeli-
tis optica (NMO). NMO is a form of demyelinating disease long considered 
unique by virtue of its apparently selective and severe involvement of the optic 
nerves and spinal cord and the rapidity of its evolution, often to death, reflecting 
the severity of manifestations and the short interval that typically occurs between 
index attacks. Albutt was the first to recognize the association between optic 
neuritis and myelitis in 1870 [2], but Devic gets credit for the recognition of this 
syndrome. His description of a case and review of a total of 16 cases in the con-
temporary medical literature in a thesis by his student Gault in 1894 led to 
Devic’s eponymous association with the disease [7]. Initially regarded as a 
monophasic illness, the interval allowed between the index attacks was variably 
defined and extended from months to years in reports over the latter half of the 
twentieth century. However, optic neuritis and myelitis occur both in NMO and 
MS, and this led to obvious confusion in the differential diagnosis between these 
two entities and an understandable inclination to downplay the significance of 
differences between these entities when no definitive way of separating them 
existed. Despite reports that relapsing forms of NMO exist, the dogma that 
inflammatory demyelinating diseases should be classified exclusively based on 
their temporal profile limited the acceptance of relapsing forms of NMO; relaps-
ing cases of NMO are now recognized to vastly outnumber monophasic cases. 
Relapsing NMO was generally classified until the past decade as MS. However, 
advances over the past decade changed the concept of NMO and may challenge 
the singular importance of temporal course in arriving at a diagnosis of MS. First, 
clinical differences, not only in the individual episodes of optic neuritis and 
myelitis but in the frequency, distribution, and sequelae of attacks, were recog-
nized between NMO and MS [6, 23, 24, 36]. Secondly, MRI revealed distinctive 
differences between NMO and MS, especially the tendency for long, central spi-
nal cord lesions to be present at the time of attacks of myelitis, which correlate 
with the presence of complete, symmetric transverse myelitis [36]. Finally, a 
recently discovered biomarker, NMO-IgG, is approximately 70% sensitive and 
90% specific for NMO [16]. This antibody biomarker has not only proved to be a 
valuable diagnostic and prognostic marker, but the recent discovery of its target 
antigen, the water channel protein aquaporin-4 (AQP4) [15], promises to unravel 
the pathogenesis of this disorder and identify mechanisms underlying demyelina-
tion and the basis of lesion localization within the central nervous system in 
inflammatory demyelinating disease. 
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   2 NMO is Distinct: The Clinical Clues 

 Until recently, the diagnosis of NMO was applied almost exclusively to cases 
conforming to the traditional definition of a severe disorder in which bilateral optic 
neuritis and myelitis occurred simultaneously and resulted in substantial permanent 
disability but without future clinical relapses. This restricted perspective naturally 
led to the conclusion that NMO was extremely rare because milder cases, those that 
relapsed, and those with symptoms or signs suggesting CNS disease outside of the 
optic nerve and spinal cord were diagnosed as severe MS or atypical MS. The 
advent of several technologies, especially magnetic resonance imaging (MRI), 
facilitated the still-evolving recognition of the clinical spectrum of NMO. It was 
noted that brain MRI scans from NMO patients were usually normal or revealed 
only nonspecific white matter lesions that did not meet MS radiological criteria. 
Over time, most patients accrue more such lesions, but their clinical course is domi-
nated by recurrent optic neuritis and myelitis attacks. Patients studied with spinal 
cord MRI scans during acute myelitis attacks were usually found to have longitu-
dinally extensive lesions, defined as extending continuously over the length of 
three or more vertebral segments [36]. Cerebrospinal fluid (CSF) analysis per-
formed in the first days or weeks after the clinical onset of myelitis often demon-
strated findings that were unusual for MS, including a prominent pleocytosis of 
50–1,000 leukocytes per microliter (or/mL) and containing polymorphonuclear 
cells, which are virtually never seen in MS. These MRI and CSF characteristics 
were gradually recognized as features that could aid the neurologist in distinguish-
ing NMO from MS even early in the disease course. Moreover, many reported 
NMO cases and series exhibited clusters of optic neuritis and myelitis relapses over 
many years yet maintained normal brain MRI scans. Some patients had experienced 
bouts of unilateral, rather than bilateral, optic neuritis. In the 1990s, several case 
series recognized the core features of NMO as relapsing, severe optic neuritis and 
myelitis with normal (or nearly so) brain MRI scans at disease onset and distinctive 
spinal cord MRI scans and CSF profiles. A Mayo Clinic study of 73 NMO patients 
established that the disease course was the same for individuals who experienced 
unilateral optic neuritis as for those with bilateral disease and that the index events 
of optic neuritis and myelitis were usually not simultaneous; rather, they were typi-
cally weeks or even years apart, heralding a future relapsing course [36]. These 
observations culminated in the development of liberalized NMO diagnostic criteria 
published in 1999 and later validated in many world regions [5, 8, 24]. 

 The cumulative NMO case series literature provided additional insights into 
characteristics such as demographics and disease associations. Most NMO patients 
are female, with the sex ratio approaching 9:1 in some series. Although most reports from 
North America and Europe include a high proportion of Caucasian patients, non-
Caucasians such as African-Americans, Hispanics, and Asians are clearly overrepre-
sented in NMO compared to MS. The age of disease onset of NMO is later (median 
39 years) than that of MS (median 29 years). Finally, up to half of NMO patients 
demonstrate the presence of multiple autoantibodies such as antinuclear antibody, 
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anti-double-stranded DNA, and extractable nuclear antigen or have evidence of 
clinically manifest systemic autoimmunity. (Thyroid disorders are most common, but 
myasthenia gravis occurs at much higher frequency than expected [13], and multiple 
autoimmune diseases may occur in patients with NMO.) 

 Although not everyone had accepted NMO as a distinct disease, it became 
incontrovertible that patients meeting the demographic profile and diagnostic cri-
teria described above usually have a poor prognosis. We now recognize that 
milder attacks and favorable recovery can occur in NMO. However, most patients 
experience severe attacks leading to a stepwise accrual of disability. In a 1999 
study, more than half of patients were blind (visual acuity less than 20/200) in at 
least one eye or required at least unilateral gait assistance 5 years after disease 
onset [36]. In addition, one-third of patients died of myelitis that extended to the 
upper cervical spinal cord and not infrequently into the brain stem, resulting in 
neurogenic respiratory failure. Although more recent advances in understanding 
the spectrum of NMO have shown that milder cases do occur, these morbidity and 
mortality data stand in stark contrast to multiple sclerosis disability data [26]. 

 The clinical, CSF, and neuroimaging variables that defined NMO also led to 
advances toward demonstrating that NMO is pathologically distinct from MS. 
Biopsy and autopsy specimens studied with advanced immunohistochemical tech-
niques showed that NMO lesions are associated with markers of antibody-mediated 
immunopathology [17]. Acute lesions are characterized by demyelination but also 
by severe inflammatory infiltrates containing polymorphonuclear cells, eosinophils, 
macrophages, and necrosis. Penetrating spinal arteries have a thickened and hyali-
nized appearance. Whereas pattern 2 MS lesions reveal deposition of complement 
components and immunoglobulin in areas of active demyelination, these features in 
NMO lesions are located around penetrating microvessels. They stain with charac-
teristic ring and rosette patterns, now suspected to reflect the distribution of the 
molecular target on the astrocytes targeted by these antibodies (see Sect. 3). 
Overall, the findings suggest that the perivascular region is targeted by an antibody-
dependent, complement-mediated immune attack possibly amplified by eosinophil 
recruitment with local degranulation. The severity of the inflammatory process, the 
unusual cell differential profile, and the distribution of the complement and immu-
noglobulin deposition all suggest that the pathophysiological mechanisms underly-
ing NMO are primarily driven by humoral mechanisms. 

   3 A Tool: Discovery of a Biomarker and Its Target 

 Believing that NMO and MS were clinically, radiologically, pathologically, and 
prognostically distinct, investigators searched for a marker antibody to add further 
weight to the argument. Sera from several patients was sent to the Clinical 
Neuroimmunology Laboratory at Mayo Clinic, a lab that tests patient sera for CNS-
specific reactive antibodies using indirect immunofluorescence, largely to confirm 
a suspected diagnosis of a paraneoplastic disorders. A pattern, previously detected 
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in other patients but of unknown clinical significance, was observed in the first two 
patients tested [16]. This pattern of immunofluorescence suggested that the target 
antigen was localized at the abluminal surface of mouse brain microvessels in the 
midbrain and cerebellum as well as the pia, subpial glia, and the linings of the 
Virchow-Robin spaces; it did not stain microvessels in other organs, although it did 
stain the distal renal tubules and the gastric mucosal crypts. Clinical follow-up of 
previously identified patients with this immunofluorescence pattern of unknown 
significance determined that the pattern correctly identified patients with typical 
symptoms of NMO in 12 of 14 patients on whom adequate clinical information 
could be obtained. These patients were derived from tens of thousands of samples 
that had been processed, of which a small minority, by the nature of the paraneo-
plastic syndromes for which these samples were most commonly submitted, were 
expected to have NMO or symptoms thereof. Hence, the identification of clinical 
symptoms of NMO in almost all these patients was a clear indicator of an important 
association of this new biomarker with NMO. 

 Subsequent testing at Mayo Clinic in prospective studies confirmed the associa-
tion of NMO-IgG with both NMO and other syndromes that were immediately 
recognized as limited forms of NMO, such as recurrent optic neuritis without mye-
litis and recurrent longitudinally extensive transverse myelitis without optic neuritis 
[16]. These results have been confirmed by independent laboratories, which also 
find that this or related assays for aquaporin-4 are highly specific for NMO and the 
aforementioned limited forms of NMO [9, 39]. 

 While initial studies were conducted using clinical classification and laboratory 
assay in blinded fashion, we utilized the established specificity of NMO-IgG in 
second-phase studies to address whether the existence of NMO is broader than pre-
viously recognized. This issue is considered in Sect. 4. 

 The staining characteristics of NMO-IgG have informed the identification of its 
target antigen. The staining of both abluminal surfaces of microvessels and the 
staining of the subpia implicated a lesion in astrocyte foot processes in the glia 
limitans, which represents the conglomeration of such foot processes at these sites; 
this is a site critically important to the blood–brain barrier. The identification of the 
target antigen was further informed by staining of the distal renal collecting tubules 
and the depths of the gastric mucosal crypts, suggesting a shared antigen between 
these two sites. Aquaporin-4 became a logical and highly plausible candidate. 

 A series of experiments definitively established aquaporin-4 as the molecular target 
of NMO-IgG [15]. First, staining of mouse CNS tissues with NMO patient sera 
provided an identical pattern and co-localized by confocal microscopy with that 
yielded by staining with aquaporin-4-specific antiserum. Staining was abolished in 
aquaporin-4 knockout mice. Staining by NMO patient serum resulted in HEK-293 
cell lines that did not exhibit any endogenous immunostaining for aquaporin-4 after 
transfection with constructs expressing aquaporin-4. Finally, in this cell line, Lennon 
et al. were able to immunoprecipitate aquaporin-4 but no other component of the cell 
cytoskeletal complex known to anchor aquaporin-4 to the cell membrane. 

 Although these experiments established the specificity of this biomarker, they did 
not prove that the antibody is pathogenic. Certain clues, including the co-localization 
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of immunopathological findings in NMO to the abluminal surface of microvessels, 
provided strong clues that the antigen at this site was the target of the characteristic 
immunopathology of the disease [17] but did not prove that it was. Data that has 
since emerged in support of the pathogenic nature of this autoantibody are dis-
cussed in Sect. 5. 

   4  Uncertainties (Boundaries, Forme Frustes, 
OSMS vs NMO, etc.) 

 NMO has broken barriers of “what is MS” and “what is ADEM.” NMO may be either 
monophasic or relapsing, suggesting that sole reliance on temporal course is an unsat-
isfactory way of defining idiopathic inflammatory demyelinating disease. Furthermore, 
it suggests that a molecular marker defines this syndrome as well as, and in some 
instances, better than clinical criteria; patients with early symptoms not yet sufficient 
to lead to a definite clinical diagnosis had positive serological tests [34]. Our group 
had to wrestle with the imperfect sensitivity of the assay, and legitimate arguments 
were raised that an immune response may be an epiphenomenon rather than patho-
genic in its own right. What were the limits defining NMO? Having established the 
specificity of the marker, we began to explore the spectrum of NMO-related disor-
ders, using the antibody as a tool. This naturally put us at risk of circular reasoning 
and using the data from antibody testing to define a disease for which there was no 
gold standard, and we were careful to use these exploratory analyses only after a first-
level analysis using the existing clinical diagnostic criteria as the gold standard estab-
lished the specificity of NMO-IgG beyond any question. Clinical criteria are 
imperfect, in part because the necessary information (e.g., whether there was a longi-
tudinally extensive spinal cord lesion) is often unavailable and because there are 
alternative causes for optic neuritis and myelitis syndromes. In fact, a specific diag-
nosis has never been possible for a large proportion of myelitis and optic neuritis 
cases. Many cases are diagnosed as idiopathic optic neuritis or myelitis. Through a 
combination of analysis of clinical factors adding specificity and longitudinal follow-
up to document that the clinical course did not converge with that of prototypic MS, 
we have tentatively suggested, in part but not exclusively based on NMO-IgG testing, 
that the spectrum of NMO is broader than previously recognized. 

 Disorders that exist on the fringe of NMO include the following. 

  4.1 Limited Versions of NMO 

 Most cases of NMO, particularly relapsing cases, begin with optic neuritis or mye-
litis, and the inevitable conclusion is that patients with early symptoms cannot be 
diagnosed based on clinical criteria requiring both optic neuritis and myelitis. 
Furthermore, we recognized that a large proportion of patients seropositive for 
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NMO-IgG had either recurrent or single events of longitudinally extensive transverse
myelitis or recurrent optic neuritis, but not both. These would have been unclassifiable
as NMO. A prospective follow-up study of patients with a first longitudinally 
extensive transverse myelitis event indicated a greater than 50% risk of relapse with 
transverse myelitis or optic neuritis over 1 year in those seropositive for NMO-IgG, 
whereas those seronegative were free of recurrent neurological events [34]. 
Practically, this indicated NMO-IgG as a useful predictive test to guide the decision 
of whether to institute preventative therapy in patients with longitudinally extensive 
transverse myelitis. 

   4.2 Asian Forms of Optic–Spinal MS 

 The strong similarities between Asian forms of optic–spinal MS and NMO have long 
been appreciated [12]. However, the presence of a longitudinally extensive lesion was 
not considered essential for the diagnosis of Asian optic–spinal MS, and brain lesions 
were permitted when confined to the brainstem. As optic neuritis and myelitis could 
be symptoms of either prototypic MS or NMO, additional criteria were necessary for 
a specific diagnosis, and the presence of a long cord lesion and the absence of brain 
involvement were both useful in that regard. However, we also began to recognize 
the relatively common occurrence in patients with NMO of brainstem lesions as well 
as other brain lesions, including occasional cerebral hemisphere lesions, even ones 
involving the corpus callosum that might closely simulate MS [27]. Typically, such 
lesions did not occur at the onset of disease, although few absolute rules could be 
established. Similarly, the presence of longitudinally extensive cord lesions of the 
spinal cord on MRI scans obtained at the time of an acute attack provided good dis-
crimination between patients who later pursued a course typical of MS and those who 
pursued a course more typical of NMO [37]. The incongruities in the diagnostic 
criteria for Asian optic–spinal MS and NMO likely explain much of the differences 
in specificity of the antibody between Asian and Western studies. However, the same 
distinctive pathology seen in Western NMO patients has been identified in Japanese 
cases [19, 20]. Seropositivity in Japanese optic–spinal MS cases is associated with 
severe visual loss and other features typical of NMO. Western-type MS occurs in 
Japan and these cases are NMO-IgG-seronegative.[21] Further agreement on diag-
nostic criteria is expected to resolve differences in clinical and MRI features between 
those diagnosed with NMO and those with optic–spinal MS. 

   4.3  NMO Symptoms in the Setting of Systemic 
Autoimmune Disease 

 We and others have recognized the association of NMO with autoimmune disease 
[23, 36]; some patients have multiple systemic autoimmune diseases, including rela-
tively uncommon diseases such as myasthenia gravis, which have been recognized to 
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coexist with NMO much more frequently than expected by its prevalence [13]. 
Patients with preexisting systemic autoimmune diseases, such as systemic lupus 
erythematosus or Sjögren’s syndrome, are assumed to be experiencing neurological 
complications of their systemic autoimmune disease when they develop optic 
neuritis or myelitis. However, we have recently shown that patients with these sys-
temic autoimmune diseases who do not have optic neuritis or myelitis are never 
seropositive for NMO-IgG, whereas those who develop these neurological syn-
dromes are seropositive for NMO-IgG at the same frequency as those who do not 
have systemic autoimmune disease [32]. These findings point to a coexistence of 
NMO with other autoimmune diseases, rather than a direct causation by systemic 
lupus erythematosus or Sjögren’s. Had these autoimmune conditions been directly 
causative, we would have expected patients with underlying systemic autoimmune 
diseases to be seronegative for NMO-IgG, as are virtually all patients with these 
conditions who do not experience these specific neurological complications. 

 Although the evidence for the existence of a wider spectrum of NMO-related dis-
orders is compelling, these observations are preliminary and are not yet embraced by 
the general neurological community. Others have also reported that a high proportion 
of recurrent myelitis cases in adults are seropositive for NMO-IgG, but further stud-
ies, especially in children, will be necessary before this can be generalized. We have 
proposed revised diagnostic criteria for fully developed NMO [37] (Table  1 ). 

    5 Toward an Understanding of NMO Pathogenesis 

 The discovery by Lennon and colleagues of NMO-IgG and identification of its 
target, aquaporin-4, may represent a major milestone on the path to understanding 
NMO pathogenesis and proving its distinction from MS [15]. Aquaporins are 
membrane water channel proteins fundamental to maintenance of fluid homeos-
tasis, especially when cells are challenged by physiological stressors such as 
ischemia, osmotic disturbances, or metabolic imbalances [1]. The CNS contains 
aquaporin types 1, 4, and 9 from the roster of more than a dozen members of the 

Table 1 Revised neuromyelitis optica diagnostic criteria (2006) 

 Diagnosis requires fulfillment of absolute criteria  and  at least two of three supportive criteria:
Absolute criteria  : 

 1. Optic neuritis
2. Acute myelitis
Supportive criteria:

1. Negative brain MRI at disease onset
2. Spinal cord MRI with contiguous T2-weighted signal abnormality extending over three or 

more vertebral segments
3. NMO-IgG seropositivity  
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aquaporin family. Aquaporin-4 is the most abundant. It plays an important role 
in CNS diseases, and alterations in its regulation or expression have been impli-
cated in disorders such as stroke, epilepsy, pre-eclampsia, and cerebral trauma, 
among others. 

 In the rat CNS, aquaporin-4 is found along endothelial tight junctions on astrocytic 
foot processes (to which it is anchored by the dystroglycan complex), on the ablumi-
nal aspect of microvessels, cerebellar Purkinje cells, and the hypothalamus [3, 22]. 
There are intriguing parallels between the CNS distribution of aquaporin-4 and a dis-
tinct brain MRI lesional pattern seen in a minority of NMO-IgG-seropositive patients 
in which T2-weighted signal changes involve the third ventricle, hypothalamus, peri-
aqueductal and peri-fourth ventricular regions, periependymal regions surrounding 
the lateral ventricles, superior cerebellar peduncle, and subpial regions of the cerebel-
lar hemispheres [27–29]. Recent evaluation of human optic nerve and spinal cord 
revealed that aquaporin-4 expresses in a vasculocentric pattern reminiscent of the 
pattern of immune complex deposition observed in NMO lesions [30]. 

 The specificity and diagnostic utility of NMO-IgG for NMO and related disorders
is now well established, but its relevance to the pathophysiology of the disorder is 
not yet known. It is tempting to consider NMO as an autoimmune channelopathy. 
The sites of spinal cord aquaporin-4 immunoreactivity (abluminal surface of blood 
vessels and astrocytic foot processes) coincide with areas of immunoglobulin and 
complement deposition in NMO pathological specimens. To cause disease, periph-
eral NMO-IgG would need to access CNS aquaporin-4, either at sites where the 
blood–brain barrier is absent (e.g., circumventricular organs), susceptible (possibly 
the spinal cord), or damaged. Lennon et al. [15] hypothesized that NMO-IgG acti-
vates complement, either directly by binding with aquaporin-4 or indirectly by 
interfering with aquaporin-regulated fluid homeostatic mechanisms resulting in 
endothelial leakage and secondary complement activation. It is notable that demy-
elination is present in NMO yet the antibody targets an astrocytic protein. This 
observation suggests that reassessment of the role of the astrocyte as a potential 
primary target may also be worthwhile for multiple sclerosis. 

 Early pathological studies of spinal cord from NMO patients detected loss of 
aquaporin-4 in central grey matter, especially in perivascular regions near deposits of 
complement and immunoglobulin. This loss, however, corresponded in some regions 
to areas of necrosis and cavitation where glial fibrillary acidic protein (GFAP) stain-
ing was also reduced or lost [19, 20]. In contrast, MS lesions showed preservation or 
upregulation of AQP4 in demyelinated lesions. These early reports did not include 
information about the stage of demyelinating activity of NMO and MS lesions. A recent 
study evaluating patterns of CNS aquaporin-4 immunoreactivity in tissues from 
patients with NMO, MS, stroke, or no CNS disease showed that all NMO lesions 
exhibited severe aquaporin-4 loss regardless of the stage of demyelination [30]. In 
contrast, MS lesions showed stage-dependent loss. A novel NMO lesion type involving 
the spinal cord, medullary tegmentum, and area postrema was also recognized; it was 
characterized by inflammation, edema, and aquaporin-4 loss but neither demyelina-
tion nor necrosis. In NMO patients, foci of aquaporin-4 loss coincided with sites of 
intense vasculocentric immune complex deposition. 
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 The cumulative clinical, immunohistochemical, and pathological findings from 
NMO patients and controls support the hypothesis that NMO lesions are initiated 
by a complement-activating aquaporin-4-specific autoantibody. However, definitive 
proof that NMO-IgG is the primary effector and that NMO is a distinct disease will 
require passive transfer of disease with anti-aquaporin-4 antibody or by active 
immunization with aquaporin-4. 

   6  How Has Current Knowledge Affected the Therapeutic 
Approach to NMO? 

 Anecdotal reports and case series suggest immunosuppressive therapies as beneficial 
to NMO by preventing future relapses [38]. Many of these observations were made 
well in advance of most of the advances in understanding NMO pathophysiology 
outlined earlier in this chapter. The case for treatments aimed at reducing activity of 
the humoral arm of the immune system continues to strengthen. 

 The wide-ranging, albeit nonspecific, anti-inflammatory treatment effects of cor-
ticosteroids seem to limit the severity of NMO attacks. Despite the use of high-dose 
corticosteroids over several days, some patients experience progression of neurologi-
cal symptoms. In this circumstance, evidence from a randomized, blinded, crossover 
trial supports the use of plasmapheresis as second-line therapy. Weinshenker and 
colleagues compared plasmapheresis vs sham exchange in patients with very severe, 
corticosteroid-refractory CNS inflammatory/demyelinating events in settings such as 
MS, NMO, and recurrent or single-event transverse myelitis [33]. Eight of 19 patients 
(42.1%) had moderate or greater improvement in their targeted neurological deficit 
(coma, aphasia, hemiplegia, paraplegia, or quadriplegia) during that treatment phase 
compared with one of 19 (5.9%) demonstrating improvement during sham exchange. 
Included among responders were patients with NMO or acute transverse myelitis. 
A separate retrospective study noted that six of ten NMO patients with myelitis 
attacks that failed to respond to corticosteroids experienced moderate or marked 
improvement within 2 weeks of treatment initiation [11]. 

 These data are consistent with the hypothesis that plasmapheresis benefits NMO 
by removing one or more humoral factors such as pathogenic antibodies, circulat-
ing immune complexes, complement or activated complement components, or 
cytokines [33]. Plasmapheresis responders in the controlled trial sustained their 
clinical improvement up to at least the final examination visit (208 days after treat-
ment). One interpretation of this observation is that plasmapheresis contributed to 
disease stabilization by interrupting a humorally mediated inflammatory cascade. 

 Two therapeutic observations in NMO are consistent with the hypothesis that 
humoral autoimmunity is clinically relevant: (1) standard MS immunomodulatory 
therapies fail to significantly impact the disease and (2) general or B cell directed 
immunosuppression is associated with induction of remissions lasting at least 
12–18 months in patients with previously active and treatment-resistant disease 
[38]. Both observations remain anecdotal but are becoming generally accepted. 
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 Standard MS treatments such as beta-interferons and glatiramer acetate act 
primarily through T cell-mediated immunological pathways and, therefore, might 
be expected to exert little or no effect on NMO pathophysiology. There are no ran-
domized controlled trials that have formally evaluated the efficacy of these agents 
for NMO. A Japanese MS study included optic–spinal MS patients but was not 
powered to determine a treatment effect for this specific subgroup. Some case 
series suggest that beta-interferons are detrimental to the course of NMO [25, 31]. 

 Several small observational series support the likely benefit of immunosuppres-
sion. In a case series of seven patients, the combination of prednisone and azathio-
prine was associated with up to 18 months of attack freedom [18]. Mitoxantrone 
favorably impacted the course of five NMO patients with active disease [35]. Other 
immunosuppressive therapies, such as mycophenolate mofetil, cyclophosphamide, 
and methotrexate, appear to induce short-term remissions. The mechanism of these 
nonspecific immunosuppressive drugs includes effects on B cells and antibody 
production in addition to alteration of T cell responses. 

 More specific B cell-directed immunotherapy data come from a case series of 
active NMO patients treated with the monoclonal antibody rituximab [4]. Rituximab 
is a chimeric murine/human anti-CD20 monoclonal antibody that produces specific 
and long-lasting depletion of pre-B and mature B cells but not memory B cells or 
plasma cells. Eight patients with active, relapsing NMO that failed to respond to 
other immunotherapies (including beta-interferon, glatiramer acetate, azathioprine, 
intravenous immunoglobulin, and mitoxantrone) improved for an average of 
12 months (range 6–18 months) after therapy with four weekly 375 mg/m 2  intrave-
nous infusions of rituximab. When flow cytometry detected re-emergence of CD19-
positive cells, retreatment was offered with two consecutive infusions of 1,000 mg 
administered 2 weeks apart. The median annualized attack rate fell from 2.6 
attacks/patient/year in the pretreatment period to 0 attacks/patient/year after rituxi-
mab therapy ( p =0.0078). Seven of eight patients had significant recovery of neuro-
logical function with reduction in the median Expanded Disability Status Scale 
score from 7.5 before treatment to 5.5 at final posttreatment examination ( p =0.013). 
These pilot data represent a potential important advance in development of treat-
ments derived from the growing understanding of NMO pathophysiology. The tar-
get specificity of rituximab seems advantageous, but the emergence of cases of 
progressive multifocal leukoencephalopathy in treated patients requires careful 
long-term study to determine whether the risk–benefit calculation truly favors 
rituximab over other approaches to immunosuppression. 

   Conclusion 

 Neuromyelitis optica, long considered a peculiar and severe MS variant, has charac-
teristic clinical, immunohistochemical and neuroimaging features that move it ever 
closer to distinct disease status. The discovery of NMO-IgG, and pursuit of its 
clinicopathological correlations, has resulted in expansion of the clinical spectrum of 



Clinical Syndrome and the NMO-IgG Autoantibody Marker 355

NMO. Future investigation into the possibility that NMO represents the first of a 
newly identified class of autoimmune aquaporin channelopathies has just begun. 
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