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Preface

Multiple sclerosis (MS) is not a new disease. Its effects on the brain were
described in the 1830s, and it was identified as a distinct clinical entity in the
1860s. In fact, writings from the Middle Ages appear to describe individuals with
this condition. MS is the most common neurological disorder of young adults;
there are approximately 350,000 people with MS in the United States and an
estimated 2 million patients worldwide.

Research on the disorder has been energetic over recent decades. In 1996, the
U.S. National Institutes of Health (NIH) spent almost $83 million on MS re-
search. This sum exceeded the NIH expenditure that year on asthma, tuberculo-
sis, or cervical cancer. MS has not been neglected by researchers in this country
or worldwide.

As a result, important progress has been made in defining the pathologic
changes of MS, in using new imaging techniques for evaluation, and in develop-
ing treatments that can modify its course. Yet, despite concerted effort on the part
of many good researchers, the fundamental elements of MS are still not under-
stood, and the path toward consistently preventing its progression or curing it
remains obscure. For example, we do not know what causes MS to appear in one
person and not another. We do not know what role genes play. We have known
for decades that MS has a widely variable clinical expression and unpredictable
course, but do the variations reflect different causative agents or different re-
sponses to the same basic cause? Most investigators consider MS to be an au-
toimmune disease, but what incites the autoimmune response—a change in the
cells of the nervous system so that they appear foreign or a microbial agent that
mimics a cell component? Why is it approximately twice as common in women

Vii
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as in men? How can we most effectively relieve the various troubling symptoms
of MS such as pain and fatigue? How can we help people with MS adapt to the
disease and live their lives to the fullest level possible?

The National Multiple Sclerosis Society was founded in 1946 to address
these and other questions about MS. Its mission is simple and forthright: “To end
the devastating effects of multiple sclerosis.” Through the efforts of its 650,000
members and staff, it has made extraordinary contributions to understanding MS
by a series of highly imaginative programs in research and patient services,
including almost $300 million in research grants. The report that you see here is
the result of a request from the Society to the Institute of Medicine (IOM) for
guidance in developing a strategic plan to direct future investments in MS re-
search.

The multidisciplinary committee convened by the IOM in response to this
request was charged to review current knowledge of all aspects of MS from cells
to symptoms; to identify techniques, resources, and innovations used outside the
field that might be applied to the MS challenge; and to recommend strategies that
might push MS research forward most effectively.

To address its charge, the committee, with the support of IOM staff, re-
viewed the scientific literature related to all aspects of MS and received input
from 45 outside consultants: 9 of these wrote state-of-the-art commentaries on
symptom management, some told us what they needed most as MS patients, and
17 described the newest science during three workshops. Most of the workshop
participants were not primarily involved in MS research or with MS patients but
agreed to brainstorm with us about how the best of their disciplines might be
applied to MS. We clearly could not have accomplished our work without the
help of these consultants, and their listing in the Acknowledgments badly under-
states our gratitude. Finally, the committee recognizes with the deepest apprecia-
tion the support given by the extraordinary staff assigned to us by the IOM—
Janet Joy, John Rockwell, Amelia Mathis, and Terry Pellmar. In particular, Janet
Joy, study director and neuroscientist by training, with intelligence, humor, and
an exceptional intensity of commitment, inspired and guided us to the completion
of our task.

Richard B. Johnston, Jr., M.D.
Chair
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Executive Summary

Multiple sclerosis (MS) is a complex disease that has been much more
difficult to cure than was expected when the National Multiple Sclerosis Society
(the MS Society) was founded in 1946 by Sylvia Lawry “to end the devastating
effects of multiple sclerosis.” Yet optimism is possibly greater than it has ever
been since those early years, in large part due to the development of the first
treatments that can slow the progress of MS. Services for people with MS have
also improved. “Diagnose and adios,” Labe Scheinberg’s famously disparaging
quote about the options available to MS neurologists in the 1970s, no longer rings
true. Nor does the advice to young researchers that “if you want to ruin your
career, go into MS.” Much has changed since 1946. Still, no cause or cure for MS
has been found. It remains a mysterious disease with no known pathogen or even
known determinants of its severity and course.

MS is not alone in this regard. Neurological diseases are among the most
difficult to study, and although beneficial therapies have been developed in the
last decades for Parkinson’s disease, Alzheimer’s disease, and epilepsy, there is
still no cure for any of the degenerative neurological diseases. Advances on key
fronts, such as improved ability to create images of the living brain and spinal
cord, new understanding of the brain’s capacity for repair, and an overall acceler-
ated pace of new discoveries about the cellular machinery of the brain, have
renewed the optimism of many investigators about the possibility of developing
effective therapeutic strategies for MS patients. New therapeutic strategies, such
as gene therapy, stem cell transplantation, and neuroprotection strategies, rising
on the horizon have emerged from recent advances in these areas.
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2 MULTIPLE SCLEROSIS

Over the years, the specific targets of MS research have been refocused and
revised. The MS Society has reconsidered and remained committed to its focus
on research. At the same time, the scope of research topics has expanded, as have
perspectives of the Society’s role. Although MS research has traditionally been
conducted on behalf of patients who remained in the background, now—to a
small, but increasing degree—patient perspectives have stimulated new areas of
research. New disciplines have emerged. Health care policy, functional status
measurement, and quality-of-life assessment are all relatively new areas of re-
search and are critically important for improving the lives of people with MS.
The spectrum of current MS research ranges from strategies to develop treat-
ments that impede the disease process, to treatments for specific symptoms, to
research aimed at promoting successful adaptations to the illness, including opti-
mizing the abilities of people with MS to function in their daily lives.

In December 1998, the National Multiple Sclerosis Society asked the Insti-
tute of Medicine to undertake a strategic review of MS research on its behalf.
This report presents the research strategies and programs that the committee
believes are likely to be the most productive and most important in the near
future. Throughout the study, the committee sought to identify windows of op-
portunity for research, such as those created by new discoveries about the self-
repair mechanisms of the brain or new disease-specific changes in gene activa-
tion. The committee also sought to identify research needs where the windows of
opportunity are less transparent, such as the development of evidence-based ap-
proaches to address varied information needs of people with MS and to treat the
fatigue and pain that so often accompany MS. Ideas for the future are built on the
review of current knowledge and gaps in the biomedical and social science of
MS. The intended audience of this report includes the architects and developers
of MS research programs, as well as people with MS and their families who want
to learn what is currently known about MS and what might lie ahead.

The report covers three broad areas: (1) biomedical aspects of the disease,
causes, course, and treatments (Chapters 2, 5, and 6); (2) adaptation and manage-
ment (combination of medical, technological, and psychosocial aspects) (Chap-
ters 3 and 4); and finally, (3) proposals for research managers to facilitate re-
search progress (Chapter 7).

Disease CAuses, CoOurse AND TREATMENTS

The ultimate goal of research in MS is the development of interventions that
can improve the lives of those living with MS and can prevent or cure MS.
However, understanding of the MS disease process is not yet sufficient to predict
which therapeutic strategies will be most effective. Although the new disease-
modifying drugs are a major leap forward, it is important to remember that they
are not a cure, nor are they effective for all patients. The recommendations

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

ateqgies for the Future

EXECUTIVE SUMMARY 3

described below summarize the committee’s conclusions about which directions
appear most likely to provide the fundamental knowledge that can lead to the
development of effective therapies (see Box 1 for summary).

REcOMMENDATION 1: Research on the pathological changes underly-
ing the natural course of MS should be emphasized, because it pro-
vides the key to predicting disease course in individual patients,
understanding the physiological basis of MS, and a basis for devel-
oping improved therapeutic approaches.

Unpredictability imposes a particularly acute burden on people with MS.
They have no way of knowing when a relapse will occur, how impaired they will
be, or whether they will recover from the relapse. Yet it is now clear that disease
activity precedes relapses. Understanding these pathological changes is the first
step toward predicting—at least in the short term—disease progression in indi-
vidual patients.

Research on the natural course of MS would include defining the relation-
ship between cellular and molecular changes and the progression of disability, as
well as determining the physiological basis for different clinical manifestations
of MS. Changes in gene expression should be analyzed in individual cell types,
particularly those in and at the borders of lesions. Such information will also
improve the ability to develop more refined diagnostic tools, provide benchmarks
against which to measure the effect of therapeutic interventions, and provide the
scientific basis to identify new therapeutic approaches.

Research on pathological changes occurring early in the disease should be
particularly emphasized. This should also include the development of improved
diagnostic criteria (most likely, criteria based on neuroimaging) that allow early
and more accurate diagnoses of MS. If aggressive treatment is to be instituted at
the onset of disease, early and accurate diagnosis is especially important.

RECOMMENDATION 2: Research should be pursued to identify how
neurons are damaged in MS, how this damage can be prevented,
and how oligodendrocytes and astrocytes are involved in damage
and repair processes.

Oligodendrocytes, astrocytes, and neurons can, in a sense, all be regarded as
the cellular “victims” in multiple sclerosis. It is clear that oligodendrocytes and
the myelin sheaths they form are damaged, astrocytes respond by forming a glial
scar, and in some cases, axons (outgrowths of neurons) degenerate in MS. How-
ever, a better understanding of the neuronal response to injury and capacity for
repair, the capacity of myelin-forming cells to remyelinate neurons and restore
function, and the contribution of astrocytes is essential to deciphering the neuro-
pathology of MS. Although much is known, many questions remain, and their
answers have important implications for therapy.
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BOX 1
Recommendations for Research on Causes,
Course, and Treatments

Recommendation 1: Research on the pathological changes underlying the natural
course of MS should be emphasized, because it provides the key to predict-
ing disease course in individual patients, understanding the physiological
basis of MS, and a basis for developing improved therapeutic approaches.

Recommendation 2: Research should be pursued to identify how neurons are
damaged in MS, how this damage can be prevented, and how oligodendro-
cytes and astrocytes are involved in damage and repair processes.

Recommendation 3: The genes that underlie genetic susceptibility to MS should
be identified, because genetic information offers such a powerful tool to elu-
cidate fundamental disease processes and prognosis, and to develop new
therapeutic approaches.

Recommendation 4: Because the discovery of an MS pathogen would likely pro-
vide the single most important clue for identifying effective treatments, this
search must remain a high priority, but it should be conducted using powerful
new and efficient methods.

Recommendation 5: Research to identify the cascade of immune system events
that culminates in the destruction of myelin should remain a priority.

Recommendation 6: The power of neuroimaging as a tool for basic research and
for clinical assessment should be taken advantage of more extensively.

Recommendation 7: Animal models should be developed that more faithfully mir-
ror the features of MS and permit the analysis of how specific molecules and
cells contribute to the disease process.

Recommendation 8: Strategies for protection and repair of neural cells, including
the use of neuroprotective factors as well as stem cells, hold great promise
for the treatment of MS and should be a major research priority.

Recommendation 9: New, more effective therapeutic approaches to symptom
management should be pursued, including those directed at neuropathic pain
and sensory disturbances.

Recommendation 10: In the absence of any fully effective therapies, integrated
approaches for the delivery of currently available therapeutic agents should
be investigated.

Recommendation 11: Better strategies should be developed to extract the maxi-
mum possible scientific value from MS clinical trials.
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REecoMMENDATION 3: The genes that underlie genetic susceptibility to
MS should be identified, because genetic information offers such a
powerful tool to elucidate fundamental disease processes and prog-
nosis, and to develop new therapeutic approaches.

Compelling data indicate that MS is a complex genetic disorder. The identi-
fication of susceptibility genes for MS represents a significant challenge but also
a major opportunity to elucidate the fundamental disease process. Genetic dis-
coveries are likely to contribute to a better understanding of heterogeneity, clini-
cal course, prognosis, and response to therapy. Even the discovery of a new gene
with a very small genetic effect on MS could have major implications for the
development of entirely new therapies based on the genetic mechanism. The
committee believes that an aggressive effort in human genetics is essential.

The critical importance of identifying rare families with monogenic variants
of MS cannot be overstated; this approach has been extraordinarily fruitful in
neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease.

RECOMMENDATION 4: Because the discovery of an MS pathogen would
likely provide the single most important clue for identifying effec-
tive treatments, this search must remain a high priority, but should
be conducted using powerful new and efficient methods.

Conventional tissue culture approaches to isolate pathogens in MS have
consistently failed to find any convincing result, possibly because some patho-
gens do not grow in tissue culture. Newer approaches should be used, such as
those that involve the identification of genomic information relevant to the patho-
gen and those that have the potential to reveal a broader range of pathogens than
are detectable in tissue culture. The methods include polymerase chain reaction
(PCR), representational difference analysis, and sequence screening using the
host immune response. These powerful new methods have not yet been applied to
investigations of MS tissues in any concerted and organized way, and their use
should be a high priority.

Discovery of a trigger for the first MS event would likely provide the single
most important clue for identifying a cure and means of prevention. This event
might precede clinically observable symptoms and might be different from the
events that drive subsequent autoimmune attacks. Thus, despite the long and thus
far unsuccessful search, research to identify the trigger event(s) of MS must
remain a high priority.

RECOMMENDATION 5: Research to identify the cascade of immune
system events that culminates in the destruction of myelin should
remain a priority.

The most striking pathology in MS is the immune system’s attack and de-
struction of the body’s own myelin sheath. What causes the immune system to
attack myelin is unknown. Although myelin basic protein (MBP) might trigger a
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particularly vigorous autoimmune response, it is not the only autoantigen, nor
does it account for the full autoimmune response. Any brain protein is a potential
autoantigen, although not all are equal in their consequences. Two critical foci for
research in the immunopathology of MS include:

* identification of the most important autoantigen triggers for autoimmune
responses in MS and
* increased understanding of pathogenic immune cells.

One of the first pathological processes leading up to MS attacks is thought to
be activation of autoreactive T lymphocytes, or T cells, and their migration into
the central nervous system. However, T cells and the inflammatory molecules
they secrete are not the only players. Many cells and molecules of the immune
system—Iikely unleashed by T-cell activation—participate in demyelination. The
entire cascade of immune system events eventually culminates in myelin destruc-
tion. The key features of this cascade are not fully understood, including the
precise ordering of events, the precise antigens targeted by T cells, and the
precise contributions of B lymphocytes and other cells of the immune system.

RECOMMENDATION 6: The power of neuroimaging as a tool for basic
research and for clinical assessment should be taken advantage of
more extensively.

Neuroimaging is an invaluable adjunct to clinical exam and patient reports
for evaluating the effects of therapeutic intervention. Research should emphasize
the application of various accepted and evolving neuroimaging techniques to
understand the evolution of MS lesions from pre- or asymptomatic stages through
the progression to permanent tissue alteration or recovery from disability. Under-
standing of the MS disease process will be enhanced by expanded use of imaging
techniques such as magnetic transfer imaging (MTI), magnetic resonance spec-
troscopy (MRS), diffusion tensor imaging (DTI), functional magnetic resonance
imaging (fMRI), and positron emission tomography (PET) scanning.

RECOMMENDATION 7: Animal models should be developed that more
faithfully mirror the features of MS and permit the analysis of how
specific molecules and cells contribute to the disease process.

An animal model for a particular disease or condition can provide the under-
standing to design therapies based on biological knowledge, rather than shotgun
testing. For example, mouse models with targeted mutations in the cystic fibrosis
gene are providing a means for testing gene therapy delivered by aerosol into the
lungs. Characterization of mouse models of various dwarfing syndromes, cloning
of mutated genes, and parallel comparative genetic mapping and cloning of genes
for similar human syndromes have led to an understanding of various human
dwarfing conditions.
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Generation of a reliable animal model of MS has been a long-standing goal
in MS research. Current animal models of MS fall into a group of diseases like
experimental autoimmune encephalomyelitis (EAE) and animal models of virus-
induced demyelination. Although the models that are presently available have
yielded a tremendous amount of information relevant to MS, better animal mod-
els can be developed. Key advantages of current animals models include the fact
that the initiating trigger is known, the exact time of the initiating event is known,
a great deal is known about the genetics and the immune system in the case of
rodents, and finally, the availability of animal mutants with “knockouts” of genes
for particular arms of the immune system or those that carry a transgene perturb-
ing a protein that is relevant to MS.

A key disadvantage of available models is that they do not replicate the
cellular or molecular pathology of MS. Some types of EAE, for example, produce
brisk demyelination, whereas others produce little demyelination. In addition,
these models are not very tractable for studies of the electrophysiology and
biophysics of neuronal function, a serious limitation in a disease such as MS in
which symptoms and signs arise from impaired nerve function.

RECOMMENDATION 8: Strategies for protection and repair of neural
cells, including the use of neuroprotective factors as well as stem
cells, hold great promise for the treatment of MS and should be a
major research priority.

Specific neuroprotective strategies to be investigated include:

* elucidation of the pathways leading to cell death in the central nervous
system,;

e identification of neuroprotective and repair strategies that will reduce or
repair axonal injury;

* development of therapeutic approaches that will induce restoration of
conduction in demyelinated axons, for example, by inducing expression
of appropriate densities of the appropriate subtype(s) of sodium channels
among them;

e development of approaches to stimulate re-growth of damaged axons;
and

e development of systems for the delivery of neuroprotective and repair
factors to the central nervous system.

An effective delivery system is an essential link in the development of
neuroprotective or restorative therapies. Thus, the development of such delivery
tools, for example, cells that have been genetically engineered to produce specific
neuroprotective factors, or molecular packaging systems, is a high priority.

Specific goals to identify the cellular and molecular pathways that control
the death of myelin-forming oligodendrocytes include the identification of the
following:
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e therapeutic strategies that can protect oligodendrocytes from immune
attack;

e strategies to activate endogenous oligodendrocyte precursor cells to pro-
mote remyelination (endogenous stem cells); and

e strategies for the transplantation of myelin-forming cells into the demy-
elinated CNS. This includes using precursor cells or genetically engi-
neered cells (exogenous stem cells).

The last two strategies must be considered in the context of the specific
features of MS. For example, newly formed myelin might be destroyed through
the same immune response that destroyed the original myelin.

REcOMMENDATION 9: New, more effective therapeutic approaches to
symptom management should be pursued, including those directed
at neuropathic pain and sensory disturbances.

* The pathophysiology of pain and paraesthesia in MS is not understood.
Although neuronal hyperexcitability appears to underlie these symptoms,
it is not known why it occurs in MS. The cellular and molecular basis for
neuronal hyperexcitability in MS should be investigated.

*  Molecular targets should be identified; for example, inappropriately ex-
pressed ion channels that cause abnormal impulse trafficking in MS.
After identification of such targets, pharmacological methods can be de-
veloped for regulating the activity of these critical molecules.

e The impact of electrical activity within neurons and of exercise and physi-
cal therapy should be investigated in regard to disease progression and
functional capacities. This will require the development of better tools to
measure function.

REecoMMENDATION 10: In the absence of any fully effective therapies,
integrated approaches for the delivery of currently available thera-
peutic agents should be investigated.

Since there are, as yet, no treatments that cure MS or halt disease progression
entirely, it is important to develop integrated approaches to testing those agents
that can at least modify the course of the disease. Such trials are expensive and
lengthy, and they require large numbers of patients. Agents of different classes
will have to be tested in sequence and in combination. Such trials are also best
done when the dose range and safety profile of each individual agent to be
employed in the trial are known, and the potential for adverse drug interactions
should be carefully monitored. Separate end points might be required for each
agent as appropriate to its individual pharmacological profile. Most importantly,
standardized protocols and assessments will have to be devised and agreed upon,
including Phase II studies that will allow abandonment of ineffective combina-
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tions before incurring the time, expense, and exposure to risk that are inherent in
large, multicenter efficacy trials.

REcOMMENDATION 11: Better strategies should be developed to ex-
tract the maximum possible scientific value from MS clinical trials.

The committee noted that many of the pivotal MS clinical trials on disease-
modifying therapies were terminated early, usually because of predetermined
stopping rules, and, thereby, lost unique opportunities to obtain critical data.
Although it is not generally feasible for voluntary health organizations such as
the National MS Society to lead their own clinical trials, they can and should
continue to play an advisory in the design of large-scale clinical trials.

Disease ADAPTATION AND MANAGEMENT

At the moment of being diagnosed, the patient is forever transformed into a
“person living with MS.” Even in the absence of signs or symptoms, this person
will forever after live with the knowledge that he or she can be unpredictably
impaired. Sometimes a person will recover, sometimes not. For most people,
living with MS will become one of the major challenges of their life. Given the
millions of people currently living with MS, and those expected to do so in the
future, it is important that the focus on curing MS not come at the expense of
efforts to address the disruptions that pervade routine daily activities, personal
relationships, family life, work responsibilities, and social involvement.

Improving the lives of people with MS rests on better understanding of both
their needs and their successes, specifically research into the conditions of life
with MS, which requires objective, reliable research tools. The most essential
tools are the various survey instruments that measure abilities to function and
quality of life, which are discussed in the latter part of this chapter. These tools
not only provide for objective assessment of the needs of people with MS, but
also are an essential element of measuring the effectiveness of any sort of thera-
peutic intervention—be it a rehabilitation process, a self-help program, or a dis-
ease-modifying therapy. Quality-of-life measures can also reveal aspects of the
disease process that are not readily captured in standard clinical measures and can
often provide more sensitive outcome measures of the clinical efficacy of new
therapies. Perhaps most importantly, they measure the outcomes that concern
patients the most (see Box 2 for summary).

RecoMMENDATION 12: Health status assessment methods for people
with MS should be further developed and validated to increase the
reliability and power of clinical trials and to improve individual
patient care.
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BOX 2
Recommendations on Disease Adaptation and Management

Recommendation 12: Health status assessment methods for people with MS
should be further developed and validated to increase the reliability and pow-
er of clinical trials and to improve individual patient care.

Recommendation 13: Research strategies aimed at improving the ability of people
with MS to adapt and function should be developed in partnership with re-
search practitioners, managers, and patients; toward this end, a series of
forums to identify the most pressing needs experienced by people with MS
should be convened.

Quantifying health status, including functional status and quality of life, for
persons with MS is essential for several reasons. Given the chroicity and uncer-
tain course of MS, tracking its impact over time can assist with care of individual
patients, suggesting near-term prognoses and the need for various interventions.
Tabulating these findings across individuals offers insight into the burden of MS-
related disability within populations, information increasingly used to set re-
search, health, and social policy priorities. Longitudinal studies of the trajectory
of functioning and quality of life should help to define the natural history of the
disease and expand understanding of its clinical epidemiology and patterns of
progression. Finally, functional status and quality of life are critical end points in
measuring the effectiveness of therapy, both for clinical trials and for routine
patient care.

Clinical neurology should move toward adopting as a standard of care a
concise measurement of health status that includes quality-of-life measures, as
well as impairment and disability measures. This could serve as the basis for
communication between physicians and other caregivers and for increasing the
efficiency and thoroughness of consultations between patients and physicians,
particularly if filled out by patients before meeting with the physician. If long-
term records of such data were maintained in a data registry, they would also
provide much-needed insights into the natural course of the illness. Individual
records would provide information about patient health that would not normally
be collected in routine clinical exam.

The development and validation of new impairment and disability measures
should continue to be supported. Validation of the MS Functional Composite
Scale should continue, particularly to measure its sensitivity to changes in patient
condition over time.

REecOoMMENDATION 13: Research strategies aimed at improving the
ability of people with MS to adapt and function should be developed
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in partnership with research practitioners, managers, and patients;
toward this end, a series of forums to identify the most pressing
needs experienced by people with MS should be convened.

The goal of such forums would be to define research needed to identify ways
to help people with MS adapt to the illness and enhance their ability to function.
The committee did not include the expertise to develop a research agenda to meet
needs as experienced by patients. Indeed, there is such a small body of empirical
research on this topic that the committee felt it was perhaps premature to specify
the most appropriate research strategies. Rather, the committee recommends that
the MS Society work in partnership with people with MS to guide the develop-
ment of specific research strategies that will identify the most effective approaches
toward improving their everyday lives. A series of forums could provide the
needed perspective to defining those research strategies and should include the
following constituencies:

e patients and their families;

e health care providers;

» allied health professionals, such as physical therapists, occupational thera-
pists, and social workers;

* health services researchers, including survey scientists and clinical epide-
miologists;

e social scientists, including sociologists, anthropologists, and psycholo-
gists; and

* representatives of organizations of patients with other disorders that
present some of the same challenges faced by people with MS.

The MS Society should identify specific individuals, including those whose
work focuses on related issues outside the field of MS. Since the research com-
munity that deals with these issues is so small and has so many fewer funding
resources than biomedicine, it is essential to look more broadly for resources. The
needs of people with other chronic, debilitating diseases have much in common
with those of people with MS. The MS Society should work with other relevant
societies and government funding agencies to identify the most important re-
search questions to address the goal of improving the lives of people with chronic
and debilitating diseases, such as MS.

New strategies are needed to improve dissemination of the latest research
information and the best methods of informing patients so they can take the
fullest advantage of treatment options and available assistance. This includes
developing a better understanding of the most effective timing, settings, and
modes of delivering information. Some information is important to deliver at the
time of diagnosis (for example, what to expect in the next few years, how to
ensure health care); other information is only of interest to patients much later in
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the disease course (for example, how to obtain and choose a wheelchair). Modes
and settings are also important determinants of effective communication. Certain
information is best imparted by a health care provider during a private, scheduled
visit; other information is best gained in a group setting. Some information has to
be processed and molded to fit individual needs, and this is often accomplished
more effectively in the back-and-forth exchange of a group setting. Uses of
computers, including the Internet and chat groups, should be researched.

ReseARCH MANAGEMENT

The foundations of scientific progress are laid in the building and mainte-
nance of the research enterprise. In simplest terms, this means getting the “right”
people in the “right” places, and this is the essential role of research managers
(see Box 3 for summary).

RECOMMENDATION 14: New researchers should be actively recruited
to work in MS, and training programs should be designed to foster

BOX 3
Recommendations to Build and Support
the MS Research Enterprise

Recommendation 14: New researchers should be actively recruited to work in MS,
and training programs should be designed to foster productive interactions
with established investigators both within and outside the MS research com-
munity.

Recommendation 15: Concerted efforts should be made to stimulate enduring
interdisciplinary collaborations among researchers in the biological and non-
biological sciences relevant to MS and to recruit researchers from other fields
into MS research.

Recommendation 16: Programs to increase research efficiency should be devel-
oped, including collaborations to enable expensive large-scale projects (e.g.,
clinical trials, genome screens) and to organize collection of scarce resources
(e.g., human tissue).

Recommendation 17: New strategies should be developed to encourage more
integration among the different disciplines that support and conduct research
relevant to improving the quality of life for people with MS.

Recommendation 18: To protect against investing research resources on false
leads, there should be an organizational structure to promote efficient testing
of new claims for MS pathogens and disease markers.
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productive interactions with established investigators both within
and outside the MS research community.

In the last few decades there has been a tremendous influx of talented re-
searchers into the field of neuroscience. Yet committee members observed that
this burgeoning pool of researchers has not been drawn to MS research in the
same numbers as they have to other neurological diseases. To bring new re-
searchers into MS, it is not enough to rely on those who have already shown an
interest in it. Active outreach is necessary. Funding new researchers is of little
value without the ability to sustain the investment. Attracting new researchers
should be balanced with reasonable expectations that successful researchers can
continue. In the 1990s, more Ph.D.s were awarded than could be employed in
research. During such periods, recruitment efforts by private research founda-
tions might be more productive if they were to shift the balance of their efforts
towards reducing support for training Ph.D. students and increasing their efforts
to recruit and support postdoctoral fellows.

REcOMMENDATION 15: Concerted efforts should be made to stimulate
enduring interdisciplinary collaborations among researchers in the
biological and non-biological sciences relevant to MS and to recruit
researchers from other fields into MS research.

Concerted efforts should be made to stimulate enduring cross-pollination
among the different research areas relevant to MS. It is not enough to bring in
researchers from other fields to participate in isolated workshops. Rather, sus-
tained interactions that promote productive collaborations or the development of
new ideas must be fostered.

The committee felt that giving a small amount of funding (for example,
$100,000) to an established laboratory, which has been done in the past, is not
enough to encourage researchers to pursue MS research. Programs to encourage
cross-pollination should target individual researchers. This has been tried suc-
cessfully by other private health foundations (for example, the Hereditary Dis-
ease Foundation, CaP CURE, and the ALS Association).

More cross-talk between clinical and basic scientists is needed. One means
of stimulating more exchange between basic researchers and clinicians would be
to provide special funding for sabbaticals in which basic scientists could work
with clinicians. There was a sense among the committee that MS has attracted
less interest from basic neuroscientists than other neurological diseases. This
should be actively encouraged by organizing symposia at scientific meetings,
such as those of the Society for Neuroscience where MS research has received
relatively little attention.

RECOMMENDATION 16: Programs to increase research efficiency
should be developed, including collaborations to enable expensive
large-scale projects (for example, clinical trials, genome screens)
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and to organize collection of scarce resources (for example, human
tissue).

The committee recommends that the MS Society consider exploring less
conventional approaches such as those tried by other health care foundations. The
MS societies should consider leading an effort to identify and develop successful
models of collaboration. Although these societies cannot fund many clinical
trials, it might be able to work as a catalyst to facilitate more effective, far-
reaching clinical trials, for example, by bringing together the right people.

This would also include the development of data registries that would apply
to natural history studies and long-term therapeutic evaluations.

RECOMMENDATION 17: New strategies should be developed to encour-
age more integration among the different disciplines that support
and conduct research relevant to improving the quality of life for
people with MS.

This would include research on the instruments used to assess quality of life,
employment issues, personal independence, and the identification of optimal
models of caring for people with MS. Research in these areas has too often
proceeded in parallel paths with little apparent recognition of the work of others.
For example, many articles about the psychosocial aspects of MS are published in
nursing, psychology, physiotherapy, and neuroscience journals, and yet they of-
ten fail to cite articles on the same topic published outside their professional
disciplines.

Because the health policy research field is relatively small and research
funds are limited, partnerships should be developed among MS societies and with
other health research organizations that target diseases that confront patients with
similar challenges. Although each of these diseases has some unique features, for
the most part, the research techniques, patients’ needs, and even the investigators
themselves overlap across different diseases, particularly chronic, debilitating
diseases. Examples of such diseases include rheumatoid arthritis, diabetes,
Parkinson’s disease, Alzheimer’s disease, and amyotrophic lateral sclerosis
(ALS). Much of the research on quality-of-life issues for any of these diseases is
likely to be relevant to people with MS. Indeed the development of partnerships
among the related health care organizations should benefit a far greater number
of patients than each could serve alone. Partnerships could take a variety of forms
from collaborative development and funding of requests for proposals (RFPs) to
collaborations in convening symposia and workshops.

RecoMMENDATION 18: To protect against investing research resources
on false leads, there should be an organizational structure to pro-
mote efficient testing of new claims for MS pathogens and disease
markers.
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Over the years, various viruses, bacteria, and toxins have been proposed as
possible causes of MS. None of them have withstood the scrutiny of careful
research, although, in a few cases, they have not been ruled out as causes. Al-
though erroneous claims in MS research are relatively rare—there have been
fewer than five in the last five years—their effects can be far-reaching. In some
cases, erroneous claims have misdirected research, resulting in a substantial but
unproductive investment in time and money. These erroneous claims have also
led to the treatment of patients with inappropriate, expensive, and potentially
harmful therapies. For example, the claim that metal toxicity causes MS induced
some patients to have teeth extracted and amalgam fillings removed. New claims
of MS pathogens, when appropriate, should be resolved as quickly as possible.

The MS societies are the most likely organizations to undertake such tests of
newly proposed pathogens on an ad hoc basis. One possible approach is that
following a potentially credible claim implicating a particular pathogen in MS, a
society could oversee a project whereby the investigator making the claim, as
well as an expert in the particular pathogen, could review clinical samples. A
similar approach could be taken in terms of other claims related to diagnosis or
treatment of MS in situations in which a quick confirmation of the results would
be important to MS patients or to the neurological and scientific community. This
approach should reduce costs to patients, researchers, and even the MS societies.
The key elements of such a program would be:

e evaluation of credible claims that are judged to have the potential for
influencing research strategies or treatments,

e rapid response, and

» generation of replicate data sets, necessary for establishing the reliability
of claims.

If the validation experiments were conducted in established laboratories
equipped with the necessary expertise and research tools, the costs should be
relatively low. It might also be possible to offer the possibility of confirming such
path-breaking claims prior to their initial publication in order to increase the
immediate impact of the discoveries or spare investigators embarrassment should
their data be incorrect.
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Introduction

Nancy Mairs was barely aware she had developed a limp.* It had come on so
gradually and she had been so busy over the past months that she had given it
little heed. She had just moved with her husband and two young children from
Boston to Tucson to start a new life as a graduate student in English literature.
During the past year, she had had countless bouts of exhaustion, but what work-
ing mother of young children doesn’t? Indeed, she was startled and somewhat
offended when a fellow graduate student asked her why she was limping. Had she
hurt herself? It was that question that finally jarred her enough to consult her
family doctor who then referred her to a neurologist.

Readers of this report will immediately suspect that this woman has multiple
sclerosis (MS). She does, but like so many other people with MS, it was the last
thing she suspected. Multiple sclerosis sneaks up on people. The earliest symp-
toms are usually mild enough to be blamed on temporary causes such as fatigue
or stress. It is often only after someone is diagnosed that they recall their history
of episodic clumsiness, deep fatigue, or blurred vision.

Although multiple sclerosis sneaks up on individuals, it is fairly predictable
in populations. Approximately 1 in 1,000 people develop MS, usually in their late
twenties, and about two-thirds of them are women. It is more common among
people of Northern European heritage and more common among people who live
in the high latitudes during childhood (Figure 1.1). Genetic factors can increase

*Taken with Nancy Mairs’ permission from her autobiographical book on life with multiple sclerosis,
Waist High in the World.3
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FIGURE 1.1 MS distribution map. SOURCE: Adapted from McAlpine D, Lumadan CE,
Acheson ED. 1967. Multiple Sclerosis a Reappraisal. Livingstone Ltd., London. Courtesy
of John Rose and the Knowledge Weavers, University of Utah.

the risk of developing MS, but the precipitating event that somehow results in the
immune system’s attack on the nervous system remains unknown. The attacks
may be few and far between with little or no impact on a person’s ability to
function, or they may cause a rapid progression toward severe disability. Most
people with MS fall between these extremes and, on average, live only a few
years less than the general population.

MS is probably an autoimmune disease, meaning that the body’s natural
defenses are turned against itself. Instead of destroying foreign cells, the immune
system destroys the body’s native cells. For example, in the autoimmune disease,
Type 1 diabetes, the insulin-producing cells of the pancreas are destroyed. In MS,
the myelin sheath that insulates nerve cells is destroyed (see Figure 1.2). Without
the myelin sheath, nerve cells lose their ability to conduct nerve impulses. As the
number of damaged nerve cells increases, the body loses its ability to perform the
functions controlled by these cells.

This attack on the myelin sheath is believed to be orchestrated by blood-
borne immune cells that invade the brain through the blood-brain barrier, the
physical-chemical barrier that surrounds the brain and normally protects it from
foreign and toxic substances circulating in the blood. The brain is thus normally
resistant to infections that afflict the rest of the body. MS is one of the few
diseases in which the blood-brain barrier is breached.
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FIGURE 1.2 The nerve fiber in multiple sclerosis. SOURCE: Mayo Clinic Health
Letter. Multiple Sclerosis: New leads into its cause and treatment. November 1995. Re-
printed with permission of Mayo Foundation for Medical Education and Research.

THE U.S. NATIONAL MuLTIPLE SCLEROSIS SOCIETY

The National MS Society (the MS Society) was founded in 1946 by Sylvia
Lawry “to end the devastating effects of multiple sclerosis.” Her brother had been
diagnosed with MS and doctors told her there was nothing they could do for him.
In response, she established a foundation that would be devoted to research on
MS. It was an optimistic era. Fatal diseases were being conquered in rapid suc-
cession. In the late 1920s, it was discovered that vitamin B, could both prevent
and cure pernicious anemia. By 1940, insulin was being used to control diabetes.
Also, with the discovery of the curative powers of penicillin and streptomycin in
the 1930s and 1940s, a major revolution in public health and medicine had been
launched—the “age of antibiotics.” Each of these triumphs, marked by Nobel
prizes, inspired the search for clear-cut cures.

However, much has changed since 1946. Many diseases, including MS, have
disappointed those hoping to discover simple answers. Nevertheless, the study of
MS has led to many improvements, in both quality and longevity, in the lives of
people with MS. For the first time ever, treatments that can slow the progress of
the disease are available, but still no cause or cure for MS has been found. MS
remains a mysterious disease.
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BOX 1.1
Recent Research Advances with Far-Reaching Implications
for People with MS

THERAPEUTIC DEVELOPMENTS

* Development of the first therapies that can modify the course of MS. These
therapies include the beta-interferons (Betseron, Rebif, and Avonex), anti-
inflammatory agents that suppress cell migration into the central nervous sys-
tem (CNS); and glatiramer acetate (Copaxone), a mixture of peptide fragments
thought to act as a decoy for the immune system to spare myelin from further
attack.

* Development of neuroimaging techniques that allow much more sensitive
detection of pathological changes associated with the MS disease process than
was possible in the past
* Allows noninvasive exploration of pathological changes in MS patients
* Provides a tool to measure the effect of therapeutic interventions at an ear-

lier stage than was previously possible

* Discovery that neurologic function can fully recover after acute inflammation,
despite persistent demyelination

» Discovery of endogenous pluripotent neural stem cells and their potential to be
used to repair damaged neural cells in the brain

* Discovery of the therapeutic potential for neural, glial, and stem cell transplan-
tation in the brain and spinal cord

* Development of standardized methods for conducting clinical trials

e Increased awareness of the need for objective evaluation of patient perspec-
tives in health care assessment and clinical trials, and the incorporation of qual-
ity-of-life measures into research on MS

Introduction of rigorous evaluation of therapy and rehabilitation in MS patients

BASIC RESEARCH DISCOVERIES THAT ARE IMPORTANT FOR
NEW THERAPEUTIC STRATEGIES IN MS

* Recognition of involvement of axonal pathology in MS and its association with
the development of disability

e Characterization of the formation and function of the myelin sheath, including:
e Discovery of the myelin cell lineage
* Understanding of how demyelination interferes with nerve conduction
* Discovery that a number of different cell types can remyelinate neurons

* Molecular dissection of myelinated axons, leading to an understanding of
mechanisms of electrical impulse conduction in normal myelinated axons and
of the restoration of conduction in demyelinated axons

continued
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* Increased understanding of the role of the immune system in MS

* Demonstration of autoreactive T cells in MS

e Understanding of the steps involved in T-cell trafficking in the CNS

* Refinement of animal models, both immune and virally mediated

* Application of tolerance strategies to animal models and to MS

e Appreciation of a role for humoral mechanisms for MS

* |dentification of myelin gene products that can act as autoimmunogens

* Discovery of the relevance of cytokines to MS pathogenesis, including their
involvement in inflammation, immune responses, and cellular repair in brain

* Establishment of the infrastructure necessary to identify genes involved in sus-
ceptibility to MS

Recent ADVANCES IN MS

In recent years, progress in MS research has accelerated (see Box 1.1). The
1990s saw the development of the first therapies that can modify the course of the
disease. Admittedly, these therapies are not a cure, nor do they work equally well
for all patients, but they are a major breakthrough. Twenty-five years ago, the
possibility that human nerves damaged by disease could be repaired was almost
unthinkable. Now, the many years of basic research on the development and
function of nerve cells are beginning to bear fruit. A number of therapeutic
strategies to repair nerve cells are under serious investigation to treat a variety of
diseases and injuries. For the most part, these strategies are still experimental and
remain to be proven safe and effective for human use, but they have the potential
to revolutionize the treatment of neurological disorders.

ORIGIN OF THE STuDY

In December 1998, the National Multiple Sclerosis Society asked the Insti-
tute of Medicine (IOM) to undertake a strategic review of MS research on its
behalf. The society selected the IOM because, in its words, the IOM offered a
uniquely “broad, intellectual perspective.” The selection goes both ways. IOM
studies are undertaken only upon approval from the National Research Council
(NRC) Governing Board that oversees all studies of the National Academies,
which includes the Institute of Medicine. To be approved, a study must be timely
and of national significance. While this study is clearly significant for MS pa-
tients and the research community, its value also lies in its potential as a model
for the development of similarly broadly based strategic research plans for other
health fields.
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By the end of 2000, the MS Society will have spent more than $285 million
to support research on MS. People with MS, their families, and friends are under-
standably discouraged that no cure has resulted from this 50-year effort. During
this period, many diseases have succumbed in the face of concerted research
efforts. Polio and smallpox are diseases of the past. Where cancer was once
diagnosed with a prognosis of “years to live,” many people now recover to live
many years after their diagnosis. Neurological diseases, however, are among the
most difficult to study, and although beneficial therapies have been developed in
the last decades for Parkinson’s disease, Alzheimer’s disease, and epilepsy, there
is still no cure for any of the degenerative neurological diseases. MS is not alone
in this regard. This is, nonetheless, a period of tremendous optimism about future
therapeutic strategies, due in large part to the accelerating pace of new discover-
ies about the cellular machinery of the brain and spinal cord, as well as the
information explosion emanating from the human genome project.

Previous ReviEws oF MS ResEARCH PROGRAMS

Since 1973, various groups have met to review the status of research in
multiple sclerosis. Each group had a somewhat different goal and each resulted in
different initiatives.

1973 National Advisory Commission
on Multiple Sclerosis

This commission laid out a detailed set of recommendations, to the point of
recommending how much the MS Society should spend on specific projects.*
Among other proposals, it recommended that

e $150,000 be spent in 1975, $300,000 in 1976, and $300,000 in 1977 for
research on the demyelination and remyelination process of nerve cells in
culture;

* $10,000 be spent to disseminate information to physicians and nurses on
the prevention and treatment of bedsores; and

e $225,000 be spent in 1975, $400,000 in 1976, and $500,000 in 1977 for
support of the first comprehensive treatment center devoted to the pre-
vention of complications and disabling effects of MS rather than research
on the disease process (all dollars are 1975 dollars).

Other recommendations included the establishment of a dedicated staff mem-
ber to oversee multiple sclerosis research at the National Institute of Neurological
Disease and Stroke (which was implemented and continues to this day), and the
integration of MS research across the National Institutes of Health (which was
not implemented).
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1986 IOM Workshop

In the mid-1980s, some members of the MS Society argued that more of the
their funds should be spent directly on patient services and less on supporting
basic research. At the invitation of the MS Society Board of Directors, the IOM
convened a workshop to discuss the question, Should the hard-won dollars of
single-disease-oriented voluntary agencies be spent on patient services or on
lobbying to obtain a larger NIH budget, rather than on research?! The participants
included leaders of various health care foundations, and they strongly endorsed a
continued commitment to the MS Society’s support for basic research. They also
recommended that the society set funds aside for innovative research projects that
might not have enough preliminary data to be considered “safe” enough to risk a
large investment. This was the origin of the pilot research program of the MS
Society, which awards about 20 small grants (less than $30,000) each year.
(Grants to individual investigators are generally funded at about $200,000 to
$400,000 for three years.)

1996 MS Society Strategic Planning Retreat

The 1996 report reviewed the portfolio of MS Society research programs,
which it strongly supported.’ The report recommended that the Society encour-
age research on gender-related issues and that programs be developed to encour-
age more physicians to do research. Both recommendations reflected current
trends that transcended research in multiple sclerosis. Gender-based differences
in immune responses had recently been recognized as more important than previ-
ously understood, and the combination of unprecedented levels of medical school
debt, low grant funding rates, and changes in the U.S. health care system had all
contributed to making a research career a discouraging prospect for potential
physician-researchers. Although that report strongly supported the MS Society’s
research programs, there was some sentiment that it was inherently biased in
having been written by a committee that was composed only of MS “insiders,”
that is, members of the MS research elite who were unlikely to be critical of a
society in whose decisions they were deeply involved and that also supported
their own research.

1998 Review of the MS Society of Great Britain and Northern Ireland

The 1998 review identified results from the British MS Society’s funding of
research in the previous decade, as an accounting of how effectively it had used
its resources during that period and, also, as a basis for considering future strate-
gies to support research.? The three primary recommendations on research fund-
ing were that (1) support of investigator-initiated projects should remain the
backbone of the research program, (2) training mechanisms should be supported
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to recruit talented young investigators, and (3) a research advisory group should
be established that would be composed of experienced scientists who are less
dependent on MS Society funding than the current advisory council and that
would include distinguished investigators in cognate fields. Overall, many of that
committee’s recommendations were that the British MS Society should operate
more like its larger counterpart across the Atlantic Ocean, the National MS
Society.

THe IOM CommittEe AND ITs MANDATE

The IOM committee was asked to review current scientific knowledge and to
recommend strategic plans for future research, including laboratory and clinical
research. In developing research strategies for the future, the committee was
asked to look beyond both national and disciplinary boundaries to identify new
ideas and new techniques that can be enlisted in the fight against MS. The com-
mittee was also asked to consider the roles played by different types of organiza-
tions that sponsor MS research. Private health organizations such as the MS
Society, private firms, and the federal government each occupy different niches
both in the scientific research community and for health care consumers or
caregivers. Identifying how these different organizations can use their resources
most productively toward “ending the devastating effects” of MS is important for
everyone concerned. Further details of what the committee was asked to do are
listed under the “Statement of Task” (see Box 1.2).

The committee was not asked to evaluate the MS Society’s research program
or grant review process. As noted earlier in this chapter, that has been done
before. Indeed, the MS Society’s research program has helped to model programs
of other voluntary health organizations including the Arthritis Foundation, Cystic
Fibrosis Foundation, Hemophilia Foundation, and the British MS Society.

Forming the study committee involved recruiting an intricate balance of a
broad range of professional expertise and individual perspectives. The foremost
consideration was that all members be considered by their peers to be among the
very best in their areas of expertise. A second consideration was to form a com-
mittee whose thinking was not limited to the well-established research strategies
in MS, but nonetheless included the in-depth knowledge of past and present
research in MS and related fields needed to provide a solid foundation upon
which new ideas could be weighed. Anyone currently in a policy-setting position
at the MS Society was excluded from consideration.

The committee included people whose primary field of expertise is research
on multiple sclerosis and those who worked in other fields; it included clinicians
and basic researchers; people from academe and industry; those with experience
managing research in government and private foundations; and researchers from
the United States, Canada, Britain, and Germany (see Appendix A for committee
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BOX 1.2
Statement of Task

The Institute of Medicine will review current knowledge about the cause and treat-
ment of MS and will develop a strategic plan to guide future investments. The goal
of the study is to identify the potentially most productive research strategies for the
field of MS as a whole; in particular, to identify the resources and strategies from
disciplines not generally considered to be involved in MS research, but that might
nonetheless expand the intellectual and technological resources from which re-
searchers might draw in the fight against MS. The IOM will assemble a study
committee of outstanding scientists and other experts from academia, industry,
and other research and medical organizations that include health care practi-
tioners, who are knowledgeable about the fields relevant to MS research, but
whose careers are generally not focused on this disease. The committee will be
charged with the following:

* Assess the current status of progress against MS. The review will describe
what is known about the etiology, pathogenesis, and clinical management of
MS, as well as identify the information most needed to understand the mecha-
nisms underlying the cause and progression of MS. Studies funded from do-
mestic and international sources (National MS Society, the National Institutes
of Health, industry, and other research organizations) will be considered in the
review.

* |dentify research areas and disciplines that have the greatest potential for the
future of MS scientific progress, which will include: (1) identifying advances in
related fields that might prove to be beneficial for the cure and treatment of MS,
(2) exploring opportunities for innovations that have prospects for creating sig-
nificant scientific and clinical advances, and (3) identifying areas that have not
previously been involved in MS and might contribute new insights.

* Consider strategies to facilitate application of new scientific findings to treat-
ment protocols and to enhance communication of research advances to care-
givers.

* Develop recommendations regarding the direction of future research invest-
ments to attract interest from researchers that have not previously focused on
the disease and to draw some of the brightest young researchers to this field.

e Highlight the most effective role for the NMSS in contributing to the recom-
mended strategies. Recommendations will consider the distinctive contribu-
tions that could be made by the NMSS in the context of total research support-
ed by the NMSS, NIH, other domestic and international organizations, including
private industry.

biographies). Different ways of knowing MS were also represented on the com-
mittee: those of someone living with MS, clinicians who treat MS patients, and
scientists at the cutting edge of research, ranging from the study of fundamental
brain mechanisms to clinical trials of treatments for neurological disease.
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How tTHE CommitTtee CARRIED Our Its TAsk

The committee supplemented its expertise through a series of background
papers and three workshops. The background papers were written for the com-
mittee by experts on the different complications of MS such as pain, fatigue, and
bladder problems (see Appendix B for the list of expert consultants). Each work-
shop was organized as a combined information-gathering and brainstorming ses-
sion on one of the following themes: new technologies and research on the
mechanism of disease in MS, new opportunities for the treatment of neurological
disease, and research toward improving the quality of life for people with MS
(see Appendix C for a list of workshop participants). To supplement the commit-
tee members’ own experience treating MS patients, they also met with several
people—some of whom have MS themselves—who work with MS patients in a
variety of nonresearch settings, including nursing, outdoor adventures, and the
Jimmie Heuga Center, an exercise and life-style management facility for people
with MS.

Among the important audiences for this report are the architects and devel-
opers of multiple sclerosis research programs. The report covers a broad spec-
trum of MS research, ranging from strategies to develop treatments that impede
the disease process, to treatments for specific symptoms, to research aimed at
promoting successful adaptations to the illness including optimizing the abilities
of people with MS to function in their daily lives. Throughout the study, the
committee sought to identify windows of opportunity for research, such as those
created by new discoveries about the self-repair mechanisms of the brain or new
disease-specific changes in gene activation. The committee also sought to iden-
tify research needs where the windows of opportunity are less transparent, such
as the development of evidence-based approaches for addressing the varied infor-
mation needs of people with MS and for treating the fatigue and pain that so often
accompany MS.

Ultimately, however, this report is for people with MS. It represents another
chapter in the efforts of the National Multiple Sclerosis Society to conquer MS.
Thus, the report also attempts to provide a readable, comprehensive review of
what is currently known about MS, what needs to be learned, and the promises
that research holds in the near future.

ORGANIZATION OF THE REPORT

Chapter 2 reviews what is known about the clinical and biological aspects of
MS, including possible causes of the disease and the destructive mechanisms that
leave the brain and spinal cord unable to perform their normal functions. It also
reviews the research tools that hold the greatest promise to reveal those under-
lying disease mechanisms.
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Chapter 3 reviews what is known about the prevalence, causes, impact, and
treatment of specific symptoms of MS such as fatigue, spasticity, and visual
disturbances.

Chapter 4 focuses on the lives of people with MS and strategies for adapting
to the illness. It also reviews the tools that are most important for research aimed
at improving the lives of people with MS, specifically the tools that measure
quality of life and functional status.

Chapter 5 looks forward and discusses research strategies and techniques
that have the greatest potential to reveal new insights into the biology of the
disease, insights that are likely to be crucial in the development of effective
treatments.

Chapter 6 also looks forward, in this case reviewing critical issues and
research for developing specific therapeutic strategies, with an emphasis on
disease-modifying therapies. This chapter includes a discussion of challenges
inherent in designing appropriate clinical trials in MS research.

Chapter 7 discusses building and supporting the research enterprise neces-
sary to facilitate the most effective research strategies for MS.

Finally, Chapter 8 collates the key recommendations that emerge from dis-
cussions in the preceding chapters.
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Clinical and Biological Features

Multiple sclerosis (MS) literally means “many scars,” which refers to the
lesions that accumulate in the brain and spinal cord throughout the course of the
disease. These scars, or lesions, consist mostly of dead nerve cells, whose axons
have been denuded of the myelin sheaths that normally protect them and permit
the conduction of nerve impulses. MS is a chronic, degenerative disease that
usually begins in young adulthood and most visibly destroys muscular control,
although many other brain functions are affected. Most people will live with MS
for decades after their diagnosis. MS reduces life expectancy after onset (as
measured by current diagnostic criteria) by only about 10-15 years, and about
half of the patients survive 30 years or more from onset.!!0

THE CunNicAL PicTure: Symproms, Disease COURSE,
VARIATION, AND DiAGNOSIS

Disease Activity and Progression

MS, as defined by ongoing central nervous system (CNS) lesion formation
and increasing cumulative damage, is now recognized as a disease that is active
in most patients most of the time. Disease activity has reversible and irreversible
sequelae; irreversible sequelae ultimately lead to progressive impairment and
disability in most patients. MS takes a variety of forms, distinguished by the
clinical pattern of disease activity (Table 2.1, Figure 2.1). Accumulated deficit
can produce sustained worsening in both relapsing and progressive MS. In re-

29
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TABLE 2.1 Varieties of MS

Asymptomatic MS Autopsy studies indicate there are individuals without any known

Relapsing-
remitting MS

Benign
relapsing MS

Primary
progressive MS

Progressive
relapsing MS

Secondary
progressive MS

Acute MS

Clinically isolated

syndromes

clinical history who have neuropathologic changes typical of MS. It is
difficult to get an accurate estimate of subclinical disease, but one
recent review suggested asymptomatic MS might account for up to 25%
of all cases.

This is the major MS subtype. Approximately 85% of patients with a
diagnosis of MS start out with relapsing MS. Overall, this subtype
accounts for 55% of MS. Relapsing MS patients show a high rate of
inflammatory lesion activity (gadolinium-enhancing lesions).

This category represents a subset of relapsing patients who have few
attacks and make an excellent recovery. They show minimal
impairment and disability, even after 20-30 years. The proportion of
MS patients with benign disease is controversial. Reasonable studies
suggest 10-20% of people with MS fit into this category.

This subtype accounts for 10% of MS. Patients show gradual worsening
from onset, without disease attacks. These patients tend to be older and
often present with a spinal cord dysfunction without obvious brain
involvement. This subtype is the least likely to show inflammatory
lesion activity on MRI (gadolinium-enhancing). Unlike the other
subtypes of MS, men are as likely as women to develop primary
progressive MS.

This subtype accounts for 5% of MS. Patients show slow worsening
from onset, with superimposed attacks. Recent studies suggest these
patients are similar to primary progressive patients.

This is the major progressive subtype and accounts for approximately
30% of MS. Relapsing MS patients usually transition to secondary
progressive disease. They show gradual worsening, with or without
superimposed relapses. Natural history studies of untreated relapsing
MS indicate 50% of patients will be secondary progressive at 10 years
and almost 90% by 25 years. This form of MS shows a lower rate of
inflammatory lesion activity than relapsing MS, yet the total burden of
disease continues to increase. This most likely reflects ongoing axonal
loss.

Also referred to as Marburg variant MS, this is the most severe form of
MS. Significant disability develops much more rapidly than usual, over
weeks to months. Pathologic changes are widespread and destructive.
These cases are rare and generally occur in young people.

This refers to patients who present with an isolated CNS syndrome
(optic neuritis, incomplete transverse myelitis, brainstem or cerebellar
lesion), which is often the first MS attack. Clinical, MRI, and CSF
studies indicate that such patients with normal brain MRI and CSF have
a low risk of developing MS. In contrast, those with abnormal MRI
have a high risk of developing MS.

NOTE: CSF = cerebrosinal fluid; MRI = magnetic resonance imaging
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Relapsing remitting MS
Relapsing remitting MS with residual deficit

Increasing
Disability
Primary Progressive MS
without plateaus Secondary Progressive
Increasing
Disability

— | e—— ]|

Time Time

FIGURE 2.1 Spectrum of disease course (refer to Table 2.1 for definitions). SOURCE:
Adapted from Lublin and Reingold, 1996.125

lapsing MS, worsening occurs in most patients during acute attacks with incom-
plete recovery. In progressive MS, the dominant pattern is a gradual accumula-
tion of neurologic deficits, with slow clinical worsening.

Disease activity and progression have both clinical and subclinical compo-
nents. Clinical disease activity and progression are judged by observation and
neurologic examination. Subclinical components refer to pathological changes
that are not observable in a clinical examination but are observed using a variety
of laboratory tests, predominantly neuroimaging parameters.

Clinical Activity

Relapses. Relapses are variously referred to as acute attacks, exacerbations,
or disease flare-ups. They involve the acute, or sudden onset, of focal neurologi-
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cal disturbances. Examples of typical MS relapses include blurring of vision in
one eye (optic neuritis), persistent numbness or tingling of a body part (sensory
system relapse), weakness of a body part (motor system relapse), or loss of
coordination (cerebellar system relapse). Early in the MS disease process, re-
lapses are likely to involve sensory, motor, cerebellar, or visual system abnor-
malities (Figure 2.2, Table 2.2). Later in the disease process, relapses are likely to
involve bladder, bowel, cognitive, and sexual function abnormalities. Acute dis-
ease attacks are a characteristic feature of the relapsing-remitting MS subtype.
Relapses also occur in patients with progressive relapsing disease and in a num-
ber of patients with secondary progressive disease. The only clinical disease
subtype in which relapses never occur is primary progressive MS.

STEM AND
|/~ CEREBELLUM

FIGURE 2.2 Areas of the CNS often affected by MS. Reprinted with permission from
University of Delaware.

TABLE 2.2 Initial Signs and Symptoms of MS

COMMON UNCOMMON
e Sensory problems (numbness or ¢ Bladder problems
tingling of a body part) * Bowel problems
* Weakness ¢ Sexual dysfunction
e Difficulty walking ¢ Cognitive difficulties
* Monocular decreased vision e Pain

¢ Poor coordination
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Relapses generally consist of three phases. There is a period of worsening,
with onset of new deficits or increasing severity of old deficits. This is followed
by a period of stability, with no change in deficits. The final phase is the period of
recovery, with variable degrees of improvement in deficits. Most patients recover
within six weeks, although for some, improvements can continue over months.
Recovery can be complete return to baseline status, partial return, or no improve-
ment. However, some degree of improvement is typical, particularly early in the
disease. Relapsing patients then remain clinically stable until the next disease
attack.

To be considered a relapse, deficits must persist for a minimum of 24 hours.
This avoids confusion with deficits lasting only minutes to hours, which are
believed to be a consequence of impaired nerve conduction through old lesion
areas rather than the formation of a new lesion. Alternatively, new abnormalities
that last seconds to minutes, such as Lhermitte’s sign (a tingling sensation radiat-
ing down the arms, neck, or back on neck flexion), or paroxysmal attacks (stereo-
typic neurologic deficits occurring multiple times a day that last less than a
minute) are also considered relapses if they occur repeatedly over several weeks.
Sequential relapses are considered distinct only when they occur at least 30 days
apart with a month of clinical stability in between. Although clinical relapses
always produce changes in a patient’s condition, they are not always associated
with changes on neurologic examination. Maximal deficit in an MS relapse typi-
cally develops over several days but in some cases can develop much faster, over
hours or even minutes, or much more slowly, over a period as long as several weeks.

Physiologic factors such as temperature, pH, or electrolyte balance can tem-
porarily disrupt nerve conduction and produce neurologic abnormality. A relapse
must be distinguished from a pseudoexacerbation, which is a neurologic deterio-
ration associated with a physiologic change such as infection or fever. This
condition can last for days, mimicking a true relapse. Pseudoexacerbation deficits
disappear once the precipitating factor has been corrected. They reflect a tempo-
rary disruption in nerve conduction, rather than the formation of a new lesion.

Approximately 85 percent of MS patients begin with relapsing-remitting
disease.??2 MS relapses can involve a single neural system, as in optic neuritis, or
several anatomically distinct systems at the same time, for example, combined
motor and sensory problems. Attacks involving single neural systems are some-
what more common in the first MS relapse.

Most patients experience their second attack within two to three years of the
first, but 5 percent of patients remain free of relapses for 15 years or more. In
most cases, there is substantial recovery from the first relapse; only 4 percent of
patients show no improvement. The average relapse rate is one to two attacks a
year, but this rate normally declines over time. The longer a person has MS, the
less likely it is that relapses will be followed by complete recovery and the more
likely it is that relapses will be associated with residual deficits and increasing
disability.
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TABLE 2.3 Prognostic Relapse Indicators

Feature Favorable Prognosis Unfavorable Prognosis
Relapse rate in first 2 years <5 relapses 25 relapses
Relapse rate after 5 years No increase Increasing
Duration between relapses Long Short
Number of neural systems One Multiple
involved
Relapse recovery Complete Incomplete
Type of systems involved Visual, sensory, brainstem Motor, cerebellar, bowel
or bladder

Relapse features have prognostic significance (Table 2.3). In the first few
years after disease onset, the number and type of relapses, as well as the degree of
recovery, help predict future disease course.® Relapses that involve visual, sensory,
or brainstem systems have a better prognosis than those that involve cerebellar,
motor, or sphincter systems. In the first two years of disease, a low relapse rate
with excellent recovery indicates a better prognosis than a high relapse rate with
poor recovery. Relapses restricted to single neural systems are prognostically
better than those involving multiple systems. The relapse rate also has prognostic
significance in the later stages of MS. With a disease duration of five or more
years, an increasing relapse rate, polyregional relapses that involved multiple
systems, and incomplete recovery from relapses indicate a worse prognosis.®

Progression. The relapsing form of MS is characterized by acute disease
exacerbations. In contrast, progressive MS is characterized by slow deterioration
and increasing neurological deficits. There are three forms of progressive MS.
Approximately 15 percent of MS patients show slow deterioration from onset. In
the second form, 10 percent have either primary progressive MS and never expe-
rience acute disease attacks or progressive relapsing MS (5 percent), and have
occasional subsequent attacks. The third form, secondary progressive MS, is the
major progressive subtype. These are relapsing patients who begin to slowly
worsen 5 to 15 years after the first relapse. Once relapsing patients enter a pro-
gressive phase, they either stop having relapses or continue to experience exacer-
bations superimposed on slow worsening.

Documentation of a progressive course requires at least six months of obser-
vation. Observation over a year or two is often necessary to be confident of
progression, since deficits can accumulate at a very gradual rate. The major
defining feature of progressive MS is slow deterioration that occurs indepen-
dently of acute disease relapses and does not reflect residual deficits from acute
disease attacks. An analysis of the disease course among 1,844 patients indicated
that the presence or absence of relapses during the progressive phase does not
significantly affect the progression of irreversible disability*> (4 percent of
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patients in this study had been treated for up to one year with beta-interferon, but
this did not affect the study results). Progressive MS patients can be clinically
stable for up to several years at a time and can even show slight improvement for
a period of time. Ultimately, however, all progressive MS patients develop dis-
ability with limited ability to walk. Progressive MS is a more severe form than
benign or relapsing-remitting MS and has a worse prognosis.

Subclinical Disease Activity and Progression

Clinical parameters such as relapses and progression underestimate the ac-
tual damage to tissue that occurs in MS. When macroscopically normal-appearing
brain tissue is looked at under the microscope, one can detect inflammation,
gliosis (scarring), and myelin damage. Chemical studies of normal-appearing
brain tissue often reveal changes in organelles such as lysosomes, in enzymes,
and in myelin constituents. In addition, a number of the new research neuro-
imaging techniques can detect changes in brain and spinal cord areas that appear
free of lesions on conventional magnetic resonance imaging (MRI). Some of
these abnormalities are detectable several months to years before they can be
seen with conventional MRI. Changes in normal-appearing brain tissue are gen-
erally pronounced in MS patients with severe impairment. As a group, secondary
progressive MS patients show more abnormalities in normal white matter and
brain tissue than relapsing patients. (White matter corresponds to brain regions
where axons are ensheathed in myelin; gray matter corresponds to brain regions
that are rich in cell bodies.) Primary progressive patients often show subtle but
diffuse changes in normal-appearing brain areas.

Even conventional MRI indicates that most new lesion formation is clini-
cally silent, meaning that clinical exam does not reveal any corresponding symp-
toms. Approximately 80 to 90 percent of new brain lesions do not produce iden-
tifiable relapses. They might, however, be associated with subtle cognitive
changes or other neuropsychological changes that are not detected in clinical
examination. The total lesion burden increases in MS patients, on average, 5 to 10
percent per year, reflecting in large part the development of clinically silent
lesions. (This does not apply to patients on the disease-modifying therapies dis-
cussed later in this section.) Atrophy of both brain and spinal cord can be detected
even in patients with minimal symptoms. Atrophy can progress without obvious
lesion formation, most likely reflecting loss of axons. MS patients show an accel-
erated rate of age-related brain and spinal cord atrophy that is three- to tenfold
higher than the rate in control populations.”®

Spinal cord lesions are generally similar to those in the brain except for the
absence of “black holes” (see discussion in Box 2.1 of T1-weighted lesions).%”
Spinal MS lesions rarely cover more than half of the cross-sectional area of the
cord or exceed two vertebral segments in length. They are found more often in the
cervical spinal cord (neck region) than thoracic region (midback) and are most
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BOX 2.1
Basic Technical Principles of MRI

MRI involves application of a magnetic field to the body that causes nuclei with
odd numbers of protons, such as hydrogen nuclei, to behave like tiny magnets.
These protons align themselves either parallel or antiparallel to the applied exter-
nal magnetic field. The net magnetization induces an electric current that forms the
basic MR signal. An MR image is formed by determining the spatial distribution of
the signal and reconstructing the data into detailed images. The signals are picked
up by a very sensitive antenna and forwarded to a computer for processing.

Two time constants, T1 and T2 relaxation times, are important in determining
the appearance of MR images. T1, or the longitudinal relaxation time, is the time
constant when 63 percent of the original longitudinal magnetization is regained as
the nuclei return to alignment with the external magnetic field. T2 or the transverse
relaxation time, is the time constant when the transverse magnetization decreases
to 37 percent of its original value as the nuclei lose alignment with each other
following the initial application of an external magnetic field (a radio-frequency
pulse).

By altering the imaging parameters and pulse sequences used, differences
between tissues with intrinsically different proton densities and T1 and T2 relax-
ation times can be highlighted or obscured. Image contrast can be either T1 weight-
ed or T2 weighted in order to emphasize the differences between normal and
pathological tissues. For example, cerebrospinal fluid (CSF) is dark on T1-weight-
ed images and bright on T2-weighted images. White matter is bright on T1-weight-
ed images, whereas a matter is dark but not as dark as CSF.

common in the midcervical region. Disease activity is much less frequent in the
spine than in the brain.

In summary, the clinical manifestations of MS possibly represent only the
“tip of the iceberg,” with most of the CNS damage occurring much earlier and
being detectable only when the accumulated damage overwhelms the ability of
the CNS to compensate. The mechanisms through which CNS tissue is damaged
or destroyed are discussed in greater detail later in the chapter.

Disease Markers

At the present time, neuroimaging provides the best assessment of disease
activity in MS (Box 2.1, Figure 2.3).

Neuroimaging Abnormalities

A number of neuroimaging techniques can measure distinct pathologic
changes and thereby provide markers for different aspects of the MS disease
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FIGURE 2.3 MRI scans of the brain of a 25-year-old woman with relapsing-remitting
multiple sclerosis.

(A) An MRI image shows multiple ovoid and confluent hyperintense lesions in the white
matter surrounding the ventricles (the ventricles appear in the center of this image as a
dark butterfly shape; they are the spaces through which cerebrospinal fluid [CSF] flows).
(B) Nine months later, the number and size of the lesions have increased substantially.
(C) After the administration of gadolinium, many of the lesions demonstrate ring or
peripheral enhancement, indicating the breakdown of the blood-brain barrier. (D) A
parasagittal T1-weighted MRI scan shows multiple regions in which the signal is dimin-
ished (referred to as “black holes”) in the periventricular white matter and corpus callo-
sum. These regions correspond to the chronic lesions of multiple sclerosis. SOURCE:
Reprinted with permission from Noseworthy et al.!1>* Copyright 2000 Massachusetts Med-
ical Society. All rights reserved.
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process (Table 2.4). Magnetic resonance imaging is a technique that creates
cross-sectional images of the brain using a magnetic field and radio waves (Box
2.1). It is a versatile, powerful, and sensitive tool for measuring abnormalities in
the brain. This is especially valuable with MS, because so much of the pathologi-
cal activity of the disease is neurologically asymptomatic.

Indeed, until neuroimaging results proved otherwise, the disease appeared to
be quiescent during remissions. Neuroimaging has revealed a previously unsus-
pected level of activity and pathology throughout the course of disease.

Contrast-Enhanced Lesions. Contrast agents are used in MRI in cases
where contrast between two tissues is poor. The contrasting agent, gadolinium, is
normally excluded from the brain by the blood-brain barrier. Its presence in the

TABLE 2.4 Information Provided by Neuroimaging

Observation or
Method

What it Reveals

T1 gadolinium-
enhancing lesions

T2 hyperintense
lesions

T1 hypointense
lesions (black holes)

Atrophy

MR spectroscopy
measure of N-acetyl
aspartate (NAA)
levels

Magnetization
transfer imaging
and magnetization
transfer ratio

Diffusion-weighted
MRI

High field MRI

Functional MRI

Detects blood-brain barrier leakage, inflammatory disturbances, and
recent (<6 weeks) activity, with lesion formation.

Provides total burden of disease measure, including reversible and
irreversible pathologies. Most predictive of disease course in early
MS.

Reflects more severe tissue pathology, including axon loss, and
correlates with disability.

Reflects axon loss, as well as other tissue component loss. Correlates
with disability. Atrophy is detectable in both brain and spinal cord of
MS patients. CNS atrophy is ongoing and accelerated compared to
normal age-related changes.

Decreased NAA levels reflect axon damage. Often shows
abnormalities in normal brain tissue. Can be measured in whole brain
or in region of interest.

Indicates more severe lesions, with tissue destruction. Abnormalities
noted within both lesions and normal-appearing CNS tissue. Marker
for disability. Can be measured in whole brain or in region of
interest.

Detects abnormalities in both lesions and normal-appearing CNS
tissue. Detects white matter changes.

Increased sensitivity for MS lesions. Can be used in conjunction with
MS spectroscopy or magnetization transfer imaging.

Measures critical circuitry involved in response to injury, activation,
loss of function, and recovery of function.
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brain, therefore, indicates a breakdown of the blood-brain barrier. Gadolinium-
enhancing activity on MRI correlates with clinical relapses and predicts increased
risk or further disease activity. However, since most new brain MRI lesions are
clinically silent, gadolinium-enhanced lesions are seen more often than clinical
relapses.

T2-Weighted Hyperintense Lesions. In T2-weighted images, MS lesions
appear as very bright white areas against a gray or more neutral background and
are the most readily visualized MS lesions by MRI. They reflect lesions with
different pathology and of various ages, and reversible as well as irreversible
abnormalities. T2-weighted hyperintense lesions can be used to measure the total
lesion volume (burden-of-disease). The variable pathology, which is not distin-
guished in T2 burden-of-disease measures, is probably a determinant of associ-
ated disability. Only a modest relationship has been observed between T2 burden
of disease and clinical disability in relapsing and secondary progressive MS.
However, in patients with clinically isolated syndromes who are in the early
stages of MS, T2 burden-of-disease has been correlated with the development of
MS, as well as the clinical subtype of MS and disability 10 years later. The
magnitude of T2 burden-of-disease changes very early in the disease process and
may be valuable for predicting subsequent course.

Atrophy. Atrophy of both brain and spinal cord can be detected in MS
patients, including relapsing patients with minimal neurologic deficits.2%0 Both
axon and myelin loss contribute to tissue atrophy. Recent studies suggest that
CNS atrophy may be the best neuroimaging correlate for clinical disability (re-
viewed in 1999 by Trapp et al.2!3). A number of different methodologies are used
to measure atrophy. Current advances involve measurement of the whole brain
and improved automation, but the optimal technique has not been decided.

MR Spectroscopy. Axonal injury can be measured on proton MR spectros-
copy by estimating N-acetyl aspartate (NAA) levels in brain tissue. NAA is a
molecule that is virtually confined to axons and neurons. Levels of NAA can
fluctuate, suggesting that they can be used to measure reversible as well as
irreversible damage. Persistent reduction of NAA on MR spectroscopy correlates
with axon loss, damage, or dysfunction. Reduced NAA is found not only within
MS lesions but also in the normal-appearing white matter of relapsing-remitting,
secondary progressive, and primary progressive MS patients. The reduction in
NAA is more severe in secondary progressive MS than in relapsing MS. In
addition, NAA decrease in cerebellar white matter has been correlated with clini-
cal ataxia.’! NAA can be measured in a discrete region of interest within the
brain. Recently, whole-brain NAA has been measured in MS. This appears to be
a more meaningful neuroimaging marker to evaluate axon damage. MR spectros-
copy can also be used to measure lipid changes within both lesions and normal-
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appearing brain tissue, but these studies are very preliminary and NAA measure-
ments are the major focus of current MR spectroscopy studies in MS.

T1-Weighted Hypointense Lesions. Also referred to as black holes, T1-
weighted hypointense lesions have lower signal intensity than the surrounding
white matter. T1 hypointense lesions are most common in the supratentorial
region (cerebral hemispheres). They are much less common in the infratentorial
(brainstem and cerebellum) region and are not reported in the spinal cord. Com-
pared to T2-weighted lesions, they represent more severe tissue pathology, with
axon loss, demyelination, and extracellular edema.?* In postmortem studies of
progressive MS, T1-weighted hypointense lesions correlate strongly with axon
density measurements. T1-weighted hypointense lesions show a stronger correla-
tion with disability than T2-weighted hyperintense lesions.

Magnetization Transfer Imaging. Magnetization transfer imaging (MTI)
can be used to study global brain function or to measure changes within a local
region of interest.”!198 Populations of bound and soluble protons produce differ-
ent signals in response to the external magnetic field. The magnetization transfer
ratio (MTR) is the ratio of the different signals produced by these two popula-
tions. It is reduced in MS and is believed to reflect both demyelination and axon
loss, thereby producing an index of tissue destruction. MTR measurements are
correlated with MS disability, as measured by the Expanded Disability Status
Scale (EDSS; see Appendix D), as well as cognitive measures. MTI shows great
promise as a disease marker. Lower MTR values occur with disease worsening in
relapsing, secondary progressive, and primary progressive MS patients and even
in patients with clinically isolated MS syndromes. In primary progressive pa-
tients who have a relatively small T2 burden of disease, MTR is significantly
reduced, suggesting that axon damage is significantly greater in this clinical
subtype.

Differences in MTRs are associated with different lesion pathology. Lesions
that are more destructive (as indicated by T1 hypointensity) have reduced MTR
values. Lesions that remain hypointense show a persistent reduction in MTR,
whereas lesions that become isointense recover in MTR. New lesions in second-
ary progressive patients have a lower MTR than those in relapsing patients. The
decline in MTR over three years is significantly greater in secondary progressive
MS than in relapsing MS, supporting a relationship between MTR changes and
disease progression. MTR measures allow more significant lesions to be detected
and may provide a better potential correlate with clinical disability. Reduction in
MTR can precede the development of new lesions on conventional MRI.

Diffusion-Weighted MRI. Diffusion-weighted MRI is sensitive to the dif-

fusion, or random motion, of water molecules in tissue. It can detect subtle
pathological changes that are not seen on conventional MRI. This technique
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might allow detection of pathological change in white matter tracts, including
demyelination and loss of axons,??3 by quantifying anisotropy through a measure
of diffusion tensor imaging (DTI). DTI can identify significantly altered diffu-
sion properties in normal-appearing white matter. Lesions with the highest diffu-
sion are the more destructive black holes, while the greatest change in anisotropy
is seen in acute inflammatory lesions. Coincident with new lesion formation,
diffusion-weighted imaging has shown changes in contralateral normal-appear-
ing white matter.

High-Field-Strength MRI. High-field-strength magnets, which are 4 tesla
(T) or higher, increase the signal-to-noise ratio (conventional imaging machines
are 1.5 T). They allow enhanced detection of small (less than 5 mm) MS lesions,
particularly those aligned along blood vessels. Both MR spectroscopy and MTI
can be conducted on high-field machines with enhanced sensitivity.

Functional MRI. Functional magnetic resonance imaging, or fMRI, is a
technique for determining which parts of the brain are activated by different types
of sensation such as sight or sound, by different types of tasks such as moving
one’s fingers or legs, or by different mental tasks such as adding sums, reading,
or memorizing. This “brain mapping” is achieved by using an MRI scanner to
measure changes in blood flow to different areas of the brain. When a particular
brain region is activated, blood flow into the region increases. The incoming
arterial blood is rich in oxygenated hemoglobin, and there is a corresponding
decrease in local deoxygenated hemoglobin. Changes in the MRI signal are de-
rived from regional changes in the concentration of deoxygenated hemoglobin,
which is a paramagnetic molecule (reviewed in Hirsch et al.’!). The fMRI signal
is, thus, determined by the balance between oxygenated and deoxygenated hemo-
globin.

FMRI can provide second-by-second images of changes in response to dif-
ferent stimuli and during performance of mental tasks.'83 It provides a unique
tool for assessment of neural circuits involved in loss and recovery of function, as
well as for measuring the circuits underlying symptoms that are as difficult to
study as cognitive changes, fatigue, pain, and sensory disturbances.

Cerebrospinal Fluid

Cerebrospinal fluid (CSF) is the fluid that circulates around and within the
brain and spinal cord. CSF provides a vehicle for removing waste products of
cellular metabolism from the nervous system and is believed to be nutritive for
both neurons and glial cells and to function as a transport system for biologically
active substances such as releasing factors, hormones, neurotransmitters, and
metabolites. Sampling this fluid thus provides an index to substances active in the
CNS and possibly those involved in MS pathology.
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A number of potential CSF disease markers have been reported in MS,
including markers that are proposed as distinguishing between different types of
MS (Table 2.5). For the most part, these are markers of tissue damage or immune
disturbance. None are currently used in routine clinical practice, since they have
not proved useful enough to justify serial lumbar punctures.

There has been particular interest in the specificity of oligoclonal bands in
MS. Oligoclonal bands are produced by the overrepresentation of particular anti-
bodies that can be visualized when CSF proteins are separated by gel electro-
phoresis where they appear as separate bands of protein on a gel matrix. Each of
the bands contains a single type of antibody produced by a single clone of B cells.
Oligoclonal bands are typical for the CSF of MS patients, but they are not exclu-
sive to MS patients. For example, they are also found in the CSF of patients with
other inflammatory status, such as viral brain infections. In MS, however, the
particular antigens that elicit each antibody band are unknown.?!9 Investigators
have recently used molecular approaches such as phage display libraries to probe
MS oligoclonal immunoglobulin G (IgG) bands for sequence information related
to their antigenic target.3%48 These are powerful methods that should allow for the
identification of antigenic targets for the oligoclonal IgG. A main question, how-
ever, is whether the oligoclonal IgG bands represent an immune response di-
rected against the etiologic agent of MS or merely constitute a by-product of
immune system activity. In other words, upregulation of the antibody response
and the heterogeneous distribution of antibodies into oligoclonal IgG bands could
be a result of B-cell hyperactivity rather than an immune response to a specific
etiologic pathogen.

Other Studies

A variety of blood, urine, and mucosal fluid disease markers have been
studied in MS, but none of them have provided a reliable disease marker. Again
they are either markers of tissue damage (such as S-100) or immune activation
(such as neopterin). Blood markers have included matrix metalloproteinases and
their tissue inhibitors, circulating adhesion molecules, levels of various cytokines
and their receptors, different subpopulations of cells, a variety of antibodies
including antiviral and autoreactive antibodies, S-100 levels, and neopterin lev-
els. Urine disease markers have included myelin basic protein-like material, free
light chains, neopterin, gliotoxin, and neuron-specific enolase. Mucosal fluid
cells and immunoglobulins have also been studied.

Diagnosis

The diagnosis of MS is based on both clinical parameters, such as medical
history and neurological examination, and paraclinical parameters such as MRI,
CSF oligoclonal banding, and evoked potentials. There is no MS-specific diag-
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nostic test, and the intermittent nature of the disease and high variability in
presenting symptoms make diagnosis difficult (listed in Table 2.2).193 The pre-
sentation of MS can be monosymptomatic or have multifocal signs and symptoms,
and many neurodegenerative disorders are similar to MS in their presentation. '8

The general diagnostic criteria, established in 1965 by a committee spon-
sored by the National MS Society (the MS Society), state that a diagnosis of
“clinically definite” MS (CDMS) requires clinical evidence of two or more white
matter lesions on at least two occasions.!® In 1983, these criteria were expanded
by Poser et al. to include the use of paraclinical parameters, and they have since
become the standard MS diagnostic criteria (Table 2.6).198 In July 2000, an
international committee met to further revise these criteria, in particular to make
MRI information a more integral component and to incorporate diagnostic crite-
ria for primary progressive MS. The results of that meeting, however, were not
available at the time of this writing.

The failure of the Poser criteria to incorporate primary progressive MS has
recently been addressed by revised criteria that define definite, probable, and
possible levels of diagnostic certainty.?%® These criteria are based on clinical
findings, CSF abnormalities, brain and spinal cord MRI abnormalities, and evoked
potentials. Using these criteria, at least one year of clinical progression must be
documented before a diagnosis of primary progressive MS can be made.?%

MRI reveals neuropathological damage in 70 to 95 percent of people with
MS and, because of its sensitivity, is the most helpful paraclinical diagnostic test.
However, the use of MRI in MS diagnosis has led to concern that its high sensi-
tivity combined with limited MS specificity leads to misdiagnosis, since other
conditions including myelopathy and disseminated encephalomyelitis can cause
MRI lesions similar to MS lesions.*% 167 Thus, it is important that imaging be used
in combination with clinical data for the diagnosis of MS. Recently, several sets
of criteria for the definition of “MRI-definite” MS have been suggested (Table
2.7).1469.70.164 Patients with clinically isolated syndromes are particularly diffi-
cult to diagnose, and Barkhof et al.!* and Fazekas®® have identified criteria that
are relevant to such cases.

Although assessment of spinal cord damage using MRI remains behind the
development of brain methodology, it can be useful in diagnosing patients sus-
pected of MS, particularly in cases with equivocal or negative brain MRI re-
sults.3+85.128,186 Spinal cord imaging increases the diagnostic sensitivity of MRI
and might also enable earlier diagnosis.!2819

Evoked Potentials

When demyelination or sclerosis (scarring) occurs, the conduction of nerve
impulses along axons is slowed or interrupted. Impaired conductance is reflected
in an increased latency of evoked potentials or an increase in the amount of time
that elapses between the presentation of a sensory stimulus and the resulting
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change in the brain’s electrical field. Evoked potentials are measured by placing
small electrodes on the head in the region corresponding to the stimuli presented
(Table 2.8).

Abnormal evoked responses to different types of stimuli provide clues to the
location of plaques or lesions and are useful in detecting “clinically silent” le-
sions that do not produce easily observable symptoms. However, abnormal
evoked responses are not unique to MS. For example, although abnormal visual

TABLE 2.5 Proposed CSF Disease Markers in MS

Marker Description

IMMUNE MARKERS

Free light chains IgG antibodies are composed of light and heavy polypeptide chains. Free
light chains are found in patients with chronic infections or
inflammatory diseases such as rheumatoid arthritis, but also in healthy
individuals particularly following strenuous exercise.

Cytokines and Cytokines are intercellular signaling proteins produced by cells of the
cytokine receptors immune system and CNS. They are involved in various aspects of
disease processes, particularly inflammatory responses.

Oligoclonal bands Oligoclonal bands are produced by the overrepresentation of particular
antibodies. They are typical of the CSF of MS patients, but not exclusive

to it.
Antiviral Antiviral antibodies are produced by B cells in direct response to an
antibodies antigen’s presence, and certain antiviral antibodies are increased in the

CSF of some patients with MS. 194

Intrathecal Immunoglobulins are produced by plasma cells and are integral in
immunoglobulin  adaptive immune responses. Polyclonal increases of IgG occur in
production chronic infection and inflammation.

(IgG, IgM)

T cells White blood cells responsible for cell-mediated immune responses to

antigens, including viral infections.

Adhesion, Upregulated adhesion molecules in blood and CSF indicate sustained
costimulatory, potential for inflammation in the CNS throughout the clinical spectrum
and other surface of MS.

molecules

CNS TISSUE MARKERS

Myelin basic A major component of myelin, MBP is increased in the CSF of some,
protein (MBP) but not all, MS patients following a demyelinating episode.

continued
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evoked potentials are common in MS, they also occur in compressive lesions of
the visual pathway and spinocerebellar degeneration.!84

Evoked potentials can aid in the localization of lesions, confirm clinically
ambiguous lesions, and confirm the organic basis of symptoms.3* In addition,
changes in evoked potentials can be used to measure disease progression and the
effectiveness of therapeutic treatment, including treatments designed to improve
conduction.6!153

TABLE 2.5 Continued

Marker

Description

S-100

Neuron specific
enolase (NSE)

Glial fibrillary
acidic protein
(GFAP)

Neurofilaments

Neural cell
adhesion
molecules

Ciliary
neurotrophic
factor (CNTF)

S-100 protein is an astroglial-specific protein that binds calcium. When
a brain lesion occurs, S-100 is released into both the CSF and the
blood. 142

As a marker of brain damage, NSE reflects the severity of disease in
patients with intracerebral hematoma, subarachnoid hemorrhage, head
injury, and certain tumors. 105

A major constituent of glial filaments in differentiated CNS astrocytes,
GFAP has been used for the diagnosis of astrocytic tumors, the study of
astrocytic gliosis, and CNS regeneration and transplantation.62

Neurofilaments are important for axonal structure, transport, and
regeneration. Accumulation of neurofilaments in motor neurons can
trigger a neurodegenerative process and may be a key intermediate in
the pathway of pathogenesis leading to neuronal loss.185.230

A modulator of axon outgrowth and cell adhesion that adapts its
structure to requirements during development by alternative splicing and
posttranslational modification.®0

CNTF appears to promote remyelination, as well as formation of
oligodendroctyes.132

INFLAMMATORY AND OTHER MARKERS

Gliotoxin

Neopterin

Matrix

metalloproteinases extracellular matrix of the blood-brain barrier.

Highly cytotoxic for astrocytes and oligodendrocytes, gliotoxin may
represent an initial pathogenic factor leading to the neuropathological
features of MS, such as blood-brain barrier involvement and
demyelination.139

A marker of immune activation, neopterin is increased in CSF of
relapsing-remitting patients and correlates with a decrease of
L-tryptophan, reflecting interferon-gamma-mediated activation of
macrophages.

Matrix metalloproteinases are enzymes that can dissolve the
196
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TABLE 2.6 Poser Diagnostic Criteria for MS*

Category Attacks Clinical Evidence Paraclinical Evidence CSF OB/ IgG

Clinical Diagnosis

Definite 2 2

2 1 and 1
Probable 2 1

1 2

1 1 and 1

Laboratory-Supported Diagnosis

Definite 2 1 or 1 +
1 2 +
1 1 and 1 +
Probable 2 +

aCombinations of various types of evidence are used to diagnose MS under the Poser criteria. More
than one combination of clinical and paraclinical evidence can support a diagnosis within a single
category. Laboratory-supported diagnosis requires one of two possible immune disturbances in
CSF: 1gG oligoclonal bands or intrathecal IgG production.

NOTES: CSF, Cerebrospinal fluid. OB, Oligoclonal bands. /gG, Immunoglobulin G. Clinical evi-
dence refers to symptoms recorded in medical history or signs observed in neurological examination.
Paraclinical evidence might include neuroimaging, evoked potentials, CSF oligoclonal banding, or
1gG levels.

TABLE 2.7 MRI Criteria for Definite MS

Paty et al 163
e Four or more white matter lesions
e Lesions >6 mm in diameter
¢ Presence of at least one lesion in the periventricular region adjacent to the body of
the lateral ventrical, corpus callosum, or infratentorial
¢ Ovoid lesions or oval-shaped lesions near the lateral ventricles with the long axis of
the lesion 90 degrees to the plane of the lateral ventricle
Barkhof et al.!*
e At least one gadolinium-enhancing lesion
¢ Juxtacortical location (at least one lesion)
e Periventricular location (at least three lesions)
¢ Infratentorial location (at least one lesion)
Fazekas et al.0%-70
e Three or more T2 hyperintensities
e At least two of the following lesion characteristics:
Size >5 mm
Abutting the ventricular body, infratentorial location
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TABLE 2.8 Evoked Potentials as a Diagnostic Tool in MS

Frequency of Abnormal
Responses (%)

Primary Location of
Evoked Purpose Stimulus Recording People with  People with
Response of Test Presented Electrodes Definite MS Probable MS
Visual Evaluation of ~ Strobe light On the scalp 85-90 58
evoked optic nerve flash or along the
responses function reversible vertex and
checkerboard  cortex lobes
pattern flash
on a computer
screen
Brainstem Evaluation of ~ Series of On the scalp 67 41
auditory hearing clicking along the
evoked pathways in noises or tone  vertex and on
potentials the brainstem  bursts played  each earlobe
into earphone
Somatosen-  Evaluation of  Mild electrical On the scalp, 77 67
sory evoked sensory nerve  stimulus via each wrist
responses tracts in electrodes on (medial nerve),
spinal cord, wrists or and the knees
thalamus, and  knees (peroneal
sensory cortex nerve)

The use of evoked potentials as a diagnostic tool has greatly declined since
the advent of the MRI, which provides a more comprehensive picture of disease
activity. In at least some cases of progressive MS, visual evoked potentials show
changes over time where none are detected in MRI scans.!? In May 2000, the
Quality Standards Subcommittee of the American Academy of Neurology con-
cluded that although visual evoked potentials are probably useful to identify
patients at increased risk of developing clinically definite MS, somatosensory
evoked responses are only possibly useful for that purpose, and there is insuffi-
cient evidence to recommend brainstem auditory evoked potentials as a diagnos-
tic tool.34

Disease Variants: Is MS One Disease or Many?

Although MS is postulated to have an underlying immune-mediated patho-
genesis, there is as yet no biologic marker that is disease specific and can be used
for diagnostic purposes. Similarly, there is insufficient evidence to allow detec-
tion of any putative disease-related infectious agent as a basis for defining the
disease. Thus, MS continues to be defined by sets of criteria that have been
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developed based on clinical and pathologic observations. MS may well be hetero-
geneous when viewed from the perspective of genetics, pathogenic mechanisms,
clinical phenotypes, and immunopathology. To be considered a truly distinctive
variant of MS, any putative distinct disease subtypes defined in one of these
categories would have to be correlated with the distinctive features identified in
each of the other categories.

Cases classified as MS are recognized where disease distribution is mainly in
the spinal cord, hind brain (cerebellum or brainstem), or cerebrum. Different
animal models have distinct topographic distributions, some of which seem to
have distinct immunopathologies. For example, Theiler’s murine encephalomy-
elitis virus, the demyelinating disease that afflicts mice, is mainly a spinal cord
disease. There is an apparent overrepresentation of specific phenotypes in certain
geographic regions. For example, MS that is relatively restricted to the optic
nerve and spinal cord is more common in Japan than in other countries.

The Devic’s pattern of MS features a predominance of spinal cord and optic
nerve involvement. The pathology is considered more destructive than classical
MS, and the prognosis is worse. At issue is whether these differences reflect
different immunopathogenic mechanisms in a given individual, even when the
disease trigger, or initiating event, is not distinct among such individuals. Even in
identical twins with MS, the disease course can be markedly different.

Disease-Modifying Therapies

A number of immunomodulatory agents have been shown in double-blind,
placebo-controlled, multicenter Phase III trials to benefit patients with relapsing
MS (Table 2.9; see also 1999 review by Rudick!87). These agents help clinical
disease features (they decrease the number of attacks, the severity of attacks, and
sustained worsening on neurologic examination) as well as MRI disease features
(they decrease the formation of new lesions, the number of contrast-enhancing
lesions, the total burden of disease, and brain atrophy). Although all of these
drugs have side effects, they are manageable in most patients. The benefit of
treatment is sustained for at least several years. It is not yet known whether these
agents prevent, reduce, or delay transition from relapsing to progressive MS, but
preliminary data suggest that this may be the case. Throughout this report, the
term “disease-modifying therapy” is used to distinguish these agents from other
medications used to relieve the symptoms of MS that do not alter either the
frequency of relapses or the rate of progression.

Beta-interferon (IFN-B) is an anti-inflammatory regulatory cytokine with
antiviral, antineoplastic, and immunomodulatory activity. It has a number of
effects on the immune system that would be beneficial in MS. For example, it
decreases cell migration into the CNS, inhibits T-cell proliferation and expres-
sion of cell activation markers, inhibits inducible nitric oxide synthase (the en-
zyme that produces nitric oxide, a potentially damaging substance), and enhances
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TABLE 2.9 Disease-Modifying Therapies for Relapsing MS

Therapy Dosing Major Side Effects

CYTOKINE THERAPIES

Interferon-B1b 250 pg s.c. Flu-like symptoms, injection site reactions,
(Betaseron) alternate days menstrual irregularities, decreased white
blood cells, elevated liver enzymes

Interferon-Bla 30 ug i.m. once Flu-like symptoms, pain from intramuscular

(Avonex) a week injection

Interferon-Bla 22 ug and 44 ug Flu-like symptoms, injection site reactions,

(Rebif) s.c. three times decreased white blood cells, elevated liver
a week enzymes

T-CELL THERAPIES

Glatiramer acetate 20 mg s.c. daily Injection site reactions (mild),
(Copaxone) Immediate postinjection reaction

IMMUNOSUPPRESSIVE THERAPIES

Mitoxantrone 12 mg/m2 i.v. Nausea, hair thinning, menstrual irregularities,
(Novantrone) once every 3 infertility, decreased white blood cells, transient
months discoloration of urine and sclera

NOTE: i.m. = intramuscular; i.v. = intravenous; s.c. = subcutaneous.

production of the anti-inflammatory cytokine interleukin-10 and of nerve growth
factor (which might enhance remyelination and axon repair) (reviewed in 1999
by Rudick!87). There are two types of recombinant (artificially made) beta-inter-
feron. Beta-interferon-la (Avonex, Rebif) is a duplicate of human beta-inter-
feron.* Beta-interferon-1b (Betaseron) has three molecular differences from hu-
man beta-interferon: it is not glycosylated, there is an amino acid substitution at
position 17, and there is no “N-terminal” methionine.® The three available beta-
interferon therapies are given in different amounts and dosing schedules (Table
2.9). There are well-recognized side effects (most commonly flu-like reactions),
which occur maximally during the first weeks or months of therapy. Flu-like
reactions can be minimized by initiating therapy with a dose escalation schedule
and consistent use of anti-inflammatory premedication during the first few weeks
of therapy.

*Rebif has been approved for the treatment of relapsing-remitting MS by the European Commission
but has not been approved by the Food and Drug Administration in the United States because of the
Orphan Drug Act. If tentative approval is received, Rebif could enter the U.S. market in 2003, when
the exclusivity periods for Avonex and Betaseron end.
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Glatiramer acetate (Copaxone) consists of random polymers of four amino
acids, designed to mimic myelin basic protein, an important component of CNS
myelin. Glatiramer acetate is believed to work by activating antiinflammatory
regulatory T cells, which then migrate into the CNS to inhibit local immune
reactions. Glatiramer acetate has an excellent side effect profile. Patients may
experience injection site reactions, but they tend to be quite minor. Some 10 to 15
percent of patients experience at least one immediate postinjection reaction char-
acterized by chest tightness, palpitations, flushing, and anxiety within a few
minutes of injection. The reaction lasts only minutes and is not dangerous.

Mitoxantrone (Novantrone) is a cytotoxic agent that interferes with DNA
synthesis and repair, and suppresses a variety of immune system cells. It also
enhances suppressor cell activity. It is given as an intravenous infusion over 5 to
15 minutes, every three months. Mitoxantrone is fairly well tolerated at low
doses. In the recent Phase III trial, both the low (5 mg/m?) and high (12 mg/m?)
doses showed efficacy, but the high dose gave the best overall results.! ! Mitoxan-
trone should not be given at a cumulative dose of 140 mg/m? or higher because of
concerns about cardiotoxicity, which also means that this drug can be used for
only a few years.

Currently available treatments are highly effective in preventing the type of
MS damage that can be visualized using MRI. They are moderately effective in
preventing and reducing the severity of relapses, but they are generally disap-
pointing in preventing long-term disability—the most important goal of treat-
ment. This might reflect the timing of treatment, and there has been a recent
emphasis on starting therapy at the time MS is first diagnosed. This type of early
therapy is likely most effective in delaying or preventing long-term disability,
although this effect has not yet been clearly demonstrated through empirical
research studies (Richard Rudick, personal communication). Clearly, much re-
mains to be done in the development of therapies for people who suffer from MS.

Two recent studies, the interferon beta-la (Avonex) prevention study
(CHAMPS, Controlled High Risk Subjects Avonex Multiple Sclerosis Preven-
tion) and the interferon beta-1a (Rebif) early treatment (ETOMS, Early Treat-
ment of Multiple Sclerosis) trial, have compared the use of disease-modifying
therapy with placebo in patients after their first attack who also have an abnormal
brain MRI. These are patients at high risk for MS, but who do not meet current
criteria for a definite diagnosis. In both studies, early treatment with a disease-
modifying agent significantly delayed onset of a second clinical attack over the
two-year study period. Patients who received treatment also showed significantly
less MRI disease activity over the next two years. These two trials have led to a
reassessment of when disease-modifying therapy should be started. The National
MS Society consensus statement endorsed treatment of patients as soon as a
definite diagnosis of relapsing MS is made. If new diagnostic criteria are formu-
lated for an MRI-based diagnosis at the time of a first attack, it is likely that the
use of disease-modifying therapy will expand to include these early patients.
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Beta-interferon and glatiramer acetate have been tested mainly in relapsing
MS. It is more controversial whether they benefit progressive MS. Several Phase
III trials have examined beta-interferon therapy in patients with secondary pro-
gressive MS, with conflicting results. The European Secondary Progressive Study
on beta-interferon-1b (Betaseron) showed a significant effect on slowing pro-
gression. In contrast, the North American Secondary Progressive beta-interferon-
1b study and the European SPECTRIMS beta-interferon-1a (Rebif) study showed
no significant effect on progression. These trials did, however, show positive
results on secondary outcomes such as relapse rate and MRI disease parameters.
The European study, which showed a treatment effect on progression in contrast
to the two negative studies, included secondary progressive patients who had a
shorter disease duration, were still experiencing relapses, and had contrast-
enhancing brain MRI lesions. Considered as a whole, these studies suggest that in
the earlier stages of MS, when there is still a significant inflammatory component
(reflected in clinical relapses and gadolinium-enhancing lesion activity), beta-
interferon may have a positive effect on clinical progression. In the later, non-
relapsing, progressive stages of MS, where there appears to be ongoing atrophy
relatively independent of contrast-enhancing lesion activity, beta-interferon does
not seem to slow progression. The European Phase III trial of Mitoxantrone
enrolled both relapsing and secondary progressive MS patients.!!! The drug had
a positive effect on progression as indicated by a decrease in the EDSS impair-
ment scale at the end of the study (change of -0.13 compared to +0.23 in the
placebo group, p = .038) (for EDSS scale, see Appendix D). An ongoing trial
(IMPACT Study) in secondary progressive MS is testing double-dose interferon
beta-1a (Avonex) once a week. There have been no major treatment trials in
primary progressive and progressive relapsing MS. There currently is an ongoing
three-year Phase III trial of glatiramer acetate in primary progressive MS (the
Promise trial).

Treatment Failures

Each of the currently available disease-modifying treatments has shortcom-
ings, including partial efficacy for patients as a group and potential adverse
effects. There are four reasons why treatments fail—nonadherence on the patient’s
part, adverse side effects, production of neutralizing antibodies, and nonrespon-
sive disease (reviewed by Cohen at al., 199943).

Patient adherence is a factor in the efficacy of any medication, but particu-
larly so when a patient’s hopes exceed the outcome—which is particularly salient
for therapies that are preventive, but not restorative. The primary principles to
increase adherence are appropriate selection of patients for treatment, availability
of adequate medical support throughout treatment, and perhaps most importantly,
patient education before and during treatment. MS patients need to be fully
informed that the therapy can prevent relapses and the accumulation of disability,
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but that it will not improve preexisting manifestations. In addition, some patients
are averse to self-injection and will not be persuaded to inject themselves with
any medication (unless, perhaps, they are convinced of a substantial and certain
benefit, which many MS patients are not).

Health care financing policies vary widely among different countries and
even within countries such as the United States and Canada. This will also influ-
ence patient adherence. In countries such as France where the costs of MS thera-
pies are fully covered by the state, cost is unlikely to influence adherence, but in
countries where patients must assume the full costs of MS disease-modifying
therapies themselves, many of them will decide that they cannot afford to pay
more than $10,000 (U.S.) annual expense for the modest health benefit they
might gain.

Adverse effects are a common reason for discontinuing treatment, but they
are generally not serious health threats. The most common side effect of glati-
ramer acetate is irritation at the injection site, although it is typically mild. The
most common side effects of beta-interferon are flu-like symptoms, and these
usually resolve after three to six months. (Depression is also a possible side effect
and is discussed in greater detail in Chapter 3.) Although only 4 percent of
actively treated patients withdrew from beta-interferon clinical trials because of side
effects, in clinical practice, 11 percent discontinue within four months of initiat-
ing treatment (reviewed in 1999 by Mohr et al.!**). (The percentage of patients
who discontinue treatment because of side effects might, however, decline as
physicians become more experienced in managing these side effects.)

Defining nonresponsive disease in individual patients is difficult, because
unfortunately patients can continue to experience relapses after initiation of
disease-modifying therapy with beta-interferon or glatiramer acetate. Compari-
son of pre- and post-treatment relapse rates is fraught with problems, and it is
often difficult to identify whether an individual patient is responsive to therapy.
At a minimum, a patient’s level of neurological impairment and disability should
remain stable on therapy. Persistent gadolinium-enhancing or T2 lesion accrual
should be considered a worrisome feature, even in the absence of clinical evi-
dence of activity or worsening.

Finally, neutralizing antibodies, which can interfere with the effects of inter-
ferons, appear in up to 20 percent of patients after two years of beta-interferon
treatment. They do not appear to be an issue with glatiramer acetate. Increased
neutralizing antibodies appear to be associated with reduced clinical benefit,
although there is still some controversy about this point. For example, it is still
not known what levels of neutralizing antibodies are clinically significant, how
often they persist, and what is the most reliable method of measuring them. More
research is needed on testing for neutralizing antibodies in MS patients treated
with beta-interferons and how to best use the results to properly manage patient
treatment.
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Cost-Effectiveness

Disease-modifying therapies are expensive, costing roughly $8,000 to $10,000
(U.S.) per year.'87 Several studies have indicated that their costs outweigh their
benefits, but these analyses have been heavily criticized.?®:!77 Forbes and col-
leagues’? argued that it is not cost-effective to treat progressive MS patients with
interferon beta-1b in Britain and that the money spent on interferon beta-1b
would be better spent on other services, such as supportive care and simple
interventions to reduce the burden of patients’ symptoms. Analyses of cost-
effectiveness of medical treatment often use quality-adjusted life-years (QALY's)
to measure health benefits (see Box 2.2). The estimated costs of beta-interferon
treatment per gain in QALY for relapsing-remitting MS range from 809,000
British pounds ($1,140,000 U.S.)!¢2 to 2,038,400 British pounds ($2,870,000
U.S.).132 The estimates are considerably lower in Canada (406,000 to 490,000
Canadian dollars, or $270,000-$330,000 U.S.).">° For secondary progressive MS,
the estimated costs of beta-interferon treatment per gain in QALY range from
874,600 British pounds ($1,230,000 U.S.)152 to 1,024,000 British pounds
($1,440,000 U.S.).> While disease-related expenditures are relatively easy to
calculate, the benefits of these expenditures are not so easy to calculate, particu-

BOX 2.2
What Are Quality-Adjusted Life-Years?

Quality-adjusted life-years are a health status measure that includes both quan-
tity and quality of life in a single outcome measure.21:98 Multiplying life expectancy
by a quality-of-life adjustment fraction, or utility, results in a QALY value. Utilities
represent the level of quality or value associated with a particular health state, and
range in value from 0O, representing death, to 1, representing optimal health. Utili-
ties are determined in two ways: by researchers through literature searches for
previously conducted utility studies or by direct measurement of utility values based
on the assessment of people’s values for different levels of health.

The use of QALYs for resource allocation has been widely criticized as discrim-
inatory against the elderly2! and the disabled®® by placing less value on extending
their lives due to the lower potential for health status improvement. The determina-
tion of utility values that accurately reflect the many ways quality of life can be
affected is difficult in part because one of the underlying assumptions of QALYs—
that the severity of a disease state or disability and the corresponding value repre-
sent a fixed quantity—is unlikely to be true. The effect of health status on quality of
life depends in large part on an individual’s unique perspective.5° Although the use
of QALYs is one of the current standards for such evaluations, it is a crude attempt
to express a qualitative, subjective reality in quantitative terms and has been crit-
icized as being of limited value in this respect.64
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larly in long-term diseases where treatments might slow the progress of disease,
but neither cure it nor restore impaired functions.

In addition to the limitations inherent in the use of QALYsSs, there are other
problems with the conclusion that disease-modifying therapies are not cost-
effective. The studies done to date have been criticized for using poor economic
methodology in interpreting the data.%%!77 In a year 2000 review of immuno-
modulatory drugs used to treat MS, the British National Health Service commit-
tee on health technology assessment concluded that the cost-effectiveness of
these drugs is simply not known.?? The committee cited a lack of quality clinical
trials for each drug, including methodological limitations, poor reporting of data,
small sample sizes, short duration, inconsistent treatment regimes and outcome
measures, and uncertainty about the clinical significance of reported benefits.??
The latter criticism might, however, change. New data about these drugs are
emerging at such a rapid pace that conclusions about their benefits should be
reconsidered as new data from clinical trials become available.

In general, cost-effectiveness analysis should be considered skeptically. Cost-
effectiveness is a highly politicized issue in which economic principles are often
misapplied.®* Indeed, the United States health care system often favors economi-
cally inefficient delivery of some products—for example, liver transplants—in
that health care providers are willing to underwrite additional costs to gain mar-
ket share. Further, cross-national comparisons have little merit because of differ-
ences in national health care systems, as well as other economic and social
factors. Finally, although economic analysis reveals important financial trade-
offs, all societies hold certain social values that outweigh economic consider-
ations. For many people, the health and well-being of their loved ones and them-
selves is among the deepest of these values.

UNDERLYING Disease MECHANISMS

Ultimately, the pathogenic mechanisms underlying MS will have to be better
understood to design rational therapies.

Physiology of Myelin and Axons:
Normal Function, Demyelination, and Repair

The integrative activity of the nervous system, which underlies motor, sen-
sory, cognitive, and psychological behavior, depends on electrical signaling be-
tween neurons. Each neuron encodes its message in the form of action potentials
(small all-or-none electrical impulses) that are carried to other neurons via axons,
the cable-like fibers that extend from neuron cell bodies. Many axons within the
brain and spinal cord are myelinated.
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Myelin Acts as an Insulator

The myelin sheath provides a high-resistance, low-capacitance insulator that
increases the reliability and speed of action potentials conducted along axon
fibers. Myelin is what makes the white matter of brain white. It is a multilayered
sheath formed by the oligodendroglial cells, or oligodendrocytes, that insulate
axons (Figure 2.4).169173 Each segment of the myelin sheath surrounds the axon
in a segmented fashion, with segments (called internodes) periodically inter-
rupted at nodes of Ranvier. The internodal axon is normally surrounded by myelin
sheaths whose thicknesses are related to the caliber of the ensheathed axon.2!? In

oligodendrocyte ax0Ns

MNode of
Fanvier

frgelin
sheaths

FIGURE 2.4 Oligodendrocyte making myelin. The processes of a given oligodendrocyte
wrap themselves around portions of the surrounding axons. As each process wraps itself
around, it forms layers of myelin. Each process thus becomes a segment of the axon’s
myelin sheath. SOURCE: National Institutes of Health Office of Science Education.
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normal myelinated fibers, the action potential does not travel in a continuous
manner. On the contrary, it jumps from one node of Ranvier to the next, in a
manner known as “saltatory” (derived from the Latin word for “jumping”). Salta-
tory conduction is a rapid process, with the impulse taking only 20 one-thou-
sandths of a second to jump from one node of Ranvier to the next; as a result,
myelinated fibers conduct impulses with a high velocity. Significantly, voltage-
dependent sodium channels are clustered at the nodes of Ranvier but are rela-
tively more scarce in the internodal axonal membrane. In contrast, potassium
channels, which exist in low density at nodes, are more abundant in the internodal
and paranodal axonal membrane, under the myelin sheath.2!® Therefore, loss of
the myelin sheath exposes relatively inexcitable axonal membranes; the conse-
quence is that nerve impulses are conducted more slowly or not at all.

Axonal Conduction Is Impaired in Demyelinated Axons

Following damage to the myelin, conduction velocity is reduced, and con-
duction slows along the demyelinated axon (Figure 2.5). Studies using evoked
potentials to examine human subjects with MS have demonstrated that this slow-
ing of conduction does not, in itself, necessarily produce clinical deficits.88:96:134
In addition, however, conduction failure can occur in demyelinated axons. When
conduction failure occurs, the axon potential is not propagated from one end of
the fiber to the other, and information is lost. This produces a clinical deficit.
Conduction failure in demyelinated axons is now known to result not only from
loss of the insulating myelin, but also from the molecular organization of the
axon membrane. Following damage to the myelin, internodal parts of the axon
membrane (which had previously been covered by myelin) are uncovered.

Myelinated Axons Exhibit Complex Molecular Architecture

Prior to the last decade, axonal dysfunction in demyelinating diseases was
considered to be due entirely to the loss of the myelin insulation. According to
this schema, after the myelin is damaged, there is a “short circuit,” and impulse
conduction is slowed or fails. It is now known that although the schema described
above is partially correct, it is not the whole story. The axon itself exhibits an
elegant molecular architecture, and following damage to the myelin, this archi-
tecture is disrupted. The molecular architecture of the axon is manifest by the
placement of specialized protein molecules, called ion channels, within the mem-
brane of the axon. Sodium channels act as tiny molecular batteries, which pro-
duce the depolarization that is necessary for the generation of action potentials. In
contrast, potassium channels act as molecular brakes, damping electrical activity.
Within myelinated axons, these two types of ion channels have a complementary
structure. Sodium channels are clustered in high density in the axon membrane at
small gaps in the myelin called nodes of Ranvier, where they support the produc-
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tion of action potentials; they are sparse, however, in the “internodal” parts of the
axon membrane beneath the myelin. Their numbers there are too low to support
secure conduction, which contributes to conduction failure. Potassium channels,
on the other hand, tend to be located in the internodal parts of the axon mem-
brane, beneath the myelin sheath; as a result of this, they are masked by the

FIGURE 2.5 Pathogenesis. Current concept of pathogenesis of neurological dysfunction
associated with acute multiple sclerosis lesion in relapsing-remitting MS patient. Normal
myelinated fibers (A) are demyelinated by inflammatory process (B), which causes con-
duction block. Nat* channel redistribution (C) and remyelination (D) restore conduction
and contribute to clinical remission. SOURCE: Trapp et al.2!3 Reprinted with permission
of Sage Publications, Inc.
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overlying myelin in normal myelinated fibers.!7”-181.218 The unmasking of potas-
sium channels by demyelination thus introduces another factor that tends to
interfere with the conduction of action potentials.

Molecular Plasticity in Demyelinated Axons Underlies Restoration
of Impulse Conduction

Given that impulse conduction fails in demyelinated axons and that this
contributes to clinical deficits, how do remissions occur? It is now clear that
demyelinated axons possess a remarkable capability to rebuild themselves at the
molecular level. In the weeks following demyelination, demyelinated axons ac-
quire, within regions where myelin has been lost, a density of sodium channels
that is high enough to support action potential conduction even in the absence of
insulating myelin. The demyelinated nerve fibers insert additional amplifiers
(sodium channels) in their membranes so that they are able to conduct action
potentials reliably even though there is a short circuit.?3:33:63.74.145

This is a striking example of neuronal plasticity, in this case at the molecular
level. Although this molecular plasticity has been clearly demonstrated in labora-
tory experiments, a number of important questions remain: How do neurons
“know” that their axons have been demyelinated and that there is a need to
activate the machinery for synthesis of sodium channels? How do neurons con-
trol the synthesis and deployment of sodium channels? What turns on the genes
for sodium channels and ensures that the correct types of sodium channels (there
are nearly a dozen different types, which are like different types of batteries) are
produced following demyelination? Also, how are sodium channels transported
and inserted into the correct parts of the axon membrane so that they can function
normally? These questions have important therapeutic implications and are cur-
rently under study.

Axonal Degeneration Also Occurs in MS

The presence of axonal degeneration in MS was recognized even in the early
descriptions of this disease,3® but its presence has recently been reemphasized
(Figure 2.6).135212.219 Axonal transection might be the structural basis for acqui-
sition of permanent (nonremitting) neurological deficits, making it an especially
important part of the pathology of MS.31.119:120° A corollary of this proposition
would be that neuroprotective interventions that limit axonal injury should pre-
vent, or at least lessen, the acquisition of new, permanent signs and symptoms in
MS. As a step toward the development of neuroprotective strategies in MS, it will
be important to delineate the mechanisms that underlie axonal injury in this
disorder. Is it a consequence of demyelination? Alternatively, is the axonal dam-
age a by-product of the inflammatory or immune processes involved in triggering
demyelination? What is the nature of the “injury cascade” that leads from the
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initial insult to ultimate degeneration of axons in MS? Understanding the patho-
genesis of the process might lead to the development of new therapeutic targets
for MS. These questions are being approached in models of other neurological
diseases such as trauma and cerebrovascular disease, including stroke, and should

be actively pursued in MS research as well.
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demyelination. According to this schema,
axonal transection during (A) is a consis-
tent feature of inflammatory demyelinat-
ing lesions. This results in degeneration
of the distal axonal segment (B) and irre-
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the relapsing-remitting course of multiple
sclerosis (RR-MS), the CNS compensates
for axonal destruction.

(9]

-
e

18
ug

0

o

i}

o

\BF
\37:7

—~— < G D
— < 2
TS oo, =

PREF B N p——

Axonal degeneration as a result of chron-
ic demyelination. This model posits that
axonal viability depends upon oligoden-
drocyte-derived trophic effect. Chronical-
ly demyelinated axons (A) may undergo
nerve transection (B) or wallerian degen-
eration (C), which are caused by lack of
myelin trophic support.

FIGURE 2.6 Axonal transection and degeneration. SOURCE: Trapp et al.2!3 Reprinted

with permission of Sage Publications, Inc.
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Demyelination and Clinical Signs

MS is defined as a demyelinating disease because the myelin sheaths and
their parent cells, the oligodendroglia, are major targets of immune-mediated
damage (Figure 2.7).46:153 The classical lesions are discrete plaques of demyeli-
nation, which, depending on disease stage, are associated with varying evidence
of inflammation. The clinical signs, which are episodic and are not clinically
predictable, are presumably related to the location of the lesions, although clini-
cally “silent” demyelinating lesions also occur. These predominantly white mat-
ter lesions occur in multiple brain regions and appear at different times through-
out the disease. Common syndromes correlated with lesions in specific areas
include visual deficits, weakness and spasticity, eye movement abnormalities,
and ataxia (Table 2.10). Lesions are often described as active or chronic, depend-
ing on whether there are signs of active inflammation, usually associated with
ongoing demyelination, or whether the lesion is stable and does not show signs of
inflammatory activity.

Lesions

Active Lesions. Disruption of the blood-brain barrier that normally insulates
the brain from pathogenic blood-borne substances is an early event in the devel-
opment of MS lesions (Figure 2.8).13% Antigen-specific T cells enter the nervous
system, and when they encounter and recognize their specific antigen, a cascade
of cytokine expression begins that contributes to the damage of the blood-brain
barrier. This can be detected on contrast-enhanced MR1.13¢ Examination of active
demyelinating lesions in autopsy cases of MS reveals structural and immuno-
pathological abnormalities related to demyelination and abnormalities of oligo-
dendrocytes.'2¢ The inflammatory response is dominated by lymphocytes and
macrophages, but the data on the relative numbers of CD4+ and CD8+ cells are
still not settled. A plaque is characterized by loss of myelin sheath and infiltration
by macrophages (which show myelin basic protein and myelin-associated glyco-
protein immunoreactivities). As the inflammatory responses amplify, macrophages
are filled with lipids, myelin damage occurs, and there is apparently some collat-
eral damage to axons. Scattered B cells and plasma cells are also sometimes
associated with these lesions.

Immunocytochemical analysis has suggested that there may be leakage of
immunoglobulins and complement from vessels at the margins of active plaques.
There is evidence for upregulation of a variety of cytokines within MS plaques
including various interleukins (IL-1, 2, 4, 6, 10, and 12); beta-interferon; tumor
necrosis factor (TNF); and transforming growth factor (TGF). Cytokines are
intercellular signaling proteins produced by cells of the immune system and
CNS. Their involvement in any disease is complex. They can initiate, sustain, or
terminate various aspects of disease processes and are particularly involved in
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Immune Mechanism In Demyelination

Activated Class Il MHC  Antigen TCell receptor

Activated
CD4tT-Cell

Oligodendrocyte

Mechanisms of Demyelination
Phagocytosis Vs. Apoptosis
optotic
Activated Phagocytic Oligodendrocyte

Macropha
" » Fragmentation

FIGURE 2.7 Possible mechanisms of demyelination. The mechanisms causing myelin
damage are not completely known. Possible mechanisms include a direct toxic effect of
tumor necrosis factor (TNF) on myelin (upper panel) or macrophage-mediated damage
through either phagocytosis, in which the cell is engulfed and destroyed, or apoptosis, in
which cells are induced to self-destruct (lower panel).!36 NOTE: IL = interleukin; MHC =
major histocompatibility antigen. SOURCE: Adapted from New Directions in the Man-
agement of Multiple Sclerosis. 1994. Berlex Laboratories. Courtesy of John Rose and the
Knowledge Weavers, University of Utah.
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TABLE 2.10 Clinical Pathological Correlations in Common Syndromes of MS

Visual deficits Often related to the involvement of the optic nerve as occurs in optic
neuritis

Eye movement Frequently associated with plaques involving connections between the

abnormalities brainstem nuclei subserving eye movements

Weakness and One of the consequences of lesions involving the spinal cord or

spasticity descending motor tracts in the white matter of internal capsule or
brainstem

Ataxia Usually the result of lesions in cerebellum or its input-output pathways

inflammatory responses. Specific chemokine receptors are expressed by infiltrat-
ing cells in demyelinating MS brain lesions and in CSF. These results imply
pathogenic roles for specific chemokine-chemokine receptor interactions in MS
and suggest new molecular targets for therapeutic intervention.!63.202

Some investigators have emphasized that the pattern of pathology suggests a
dying-back oligodendrogliopathy (those parts of the cell, such as the most distal
process, farthest from the cell body are the most vulnerable).'26 During the active
stages of disease, the number of oligodendrocytes can be reduced near the demy-
elinating foci. Subsequently, there might be partial recruitment of oligodendro-
cyte precursors that may, in part, repopulate the margins of the plaque and con-
tribute to remyelination.

Chronic Lesions. Trapp and colleagues?!? have emphasized that the relaps-
ing-remitting course is intimately related to the inflammatory demyelination and
classical plaques, while more chronic progressive forms of the disease are linked
to transection, or severing, of axons at sites of inflammation and demyelination.
They have shown that severed axons were a consistent component in the lesions
of individuals with MS and suggest that the number of these injured axons is
correlated to the magnitude of the inflammation within the lesion. Axonal dam-
age might be a pathological correlate of irreversible neurological deficits that
occur in patients with progressive MS.>1:212.213.220 Tp individuals with chronic
MS, plaques are often sharply demarcated with scattered lipid-containing mac-
rophages and little evidence of ongoing myelin destruction. Demyelination can
be incomplete. The density of axons may be significantly reduced. There is
usually astrogliosis within these lesions. It is not clear exactly how the axonal
damage that occurs at later stages plays into this complex evolving pathology, but
the extent of axonal damage appears to be a critical determinant of whether a
person recovers from an attack or not. Lack of recovery from attacks and disease
progression are more likely when axons are more severely damaged and repair
mechanisms fail.
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FIGURE 2. 8 The blood-brain barrier. The tight seal of the cells lining the blood vessels
forms a blood-brain barrier that keeps many substances out of the brain. Leaky blood
vessels in the body allow many molecules to cross through to other tissues, but the tight
construction of the vessels in the head guards against entry of most molecules into the
brain. Normally, only certain molecules, for example, blood gases such as oxygen and
small nutritional molecules, can cross the blood-brain barrier, but this barrier breaks
down when the brain is injured or in certain diseases, such as MS. SOURCE: Reprinted
with permission by Lydia Kibiuk/Society for Neuroscience.
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A correlation between demyelination and axonal degeneration observed at
autopsy is supported by imaging studies, including those that compare the con-
centrations of N-acetyl aspartate.'!® For example, one study measured the levels
of NAA, an amino acid found only in neurons that serves as a biological marker
for integrity of the axon and neuronal cell body. The brains of MS patients
showed significantly greater side-to-side differences in levels of NAA, indicating
decreased neuronal integrity on the side of the brain with lower NAA levels.
There was a correlation between this asymmetry in motor function and the asym-
metry of NAA concentrations in the internal capsule.!'® Insights into processes
that lead to demyelination and axon damage can be obtained by analyzing T1-
weighted image hypointensities, proton spectroscopy, MTI, and DTI and by cor-
relating these measures with clinical and pathological findings.

Gliosis. Gliosis is a prominent feature of the MS lesion, but it is best re-
garded as a secondary phenomenon.!4® Whenever the CNS is damaged, it under-
goes an injury response, usually called reactive gliosis or glial scarring. The
response is broadly the same whatever the source of injury, although the details
vary somewhat with different types of pathology.®” The glial reaction to injury
includes recruitment of oligodendrocyte precursor cells, stem cells, microglia,
and astrocytes. Formation of the glial scar after CNS injury generally occurs over
a period of weeks. Microglia are typically the first cell types to enter the lesion. In
the normal brain, they are quiescent with short, branched processes. Following
injury, they exhibit various changes, including activation, cell division, and mi-
gration to the injury site.%” During activation, microglia display conspicuous
functional plasticity, which involves changes in cell morphology, cell surface
receptor expression, and production of growth factors and cytokines, and they
become, in general, more macrophage like.2%® Microglia can be either neurotoxic
or neurotrophic.

The final glial scar is made up mainly of a meshwork of tightly interwoven
astrocyte processes, attached to one another by tight junctions and gap junctions
and surrounded by extracellular matrix (reviewed in 1999 by Fawcett and
Asher®’). (Astrocytes are irregularly star-shaped, background structural cells of
the nervous system.) Gliosis is usually restricted to the area of demyelination, but
it sometimes extends beyond that area. There is no specific way to identify the
presence and extent of gliosis in MS lesions through MRI, although the T1 signal
might be more sensitive to gliosis than the T2 signal.2*

The role of astrocytes in gliosis is not completely known.!%® Since there is
evidence that glial scars can inhibit both axon growth and myelination, it is
clearly important to know what causes them to form, what cells are involved, why
they are inhibitory, and how to manipulate them. Finally, although gliosis is
generally considered harmful, there is also evidence that the gliotic ensheathment
of demyelinated axons might favor the restoration of nerve conduction.?2!

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

ateqgies for the Future

CLINICAL AND BIOLOGICAL FEATURES 65

New Directions for Research on Axons and Myelin

The relapsing-remitting form of MS appears to be related to the demyelina-
tion of axons during relapses, followed by the remodeling and remyelination with
consequent restoration of conduction that underlies remission. Remyelination is
carried out by surviving oligodendrocytes or by the proliferation of progenitor
cells that are then stimulated to become oligodendrocytes. Molecular remodeling
of demyelinated axons, in terms of their redistributing their sodium channels
along the axon, might act as a form of adaptive plasticity; this process may
represent a target for future therapies. In contrast, the progressive form of the
disease, which appears clinically as an unremitting accumulation of deficits,
might reflect the superimposition of axonal injury or degeneration on multiple
chronic foci of demyelinated axons. The finding that axonal damage can occur
frequently in MS and the suggestion that these lesions contribute to persistent
neurological deficits are important issues in MS research,>!-135:212,213.220 Thyg it
will be important to understand the mechanisms whereby axons are damaged and
to define ways of protecting axons, which may be vulnerable to degeneration, in
part due to their proximity to inflammatory and demyelinating foci. It will also be
important to search for molecules that promote the regrowth of injured axons to
their appropriate targets. Some of the lessons from studies of the repair of spinal
cord injury are likely to be relevant here.3!!33 Moreover, because abnormal pat-
terns of ion channels have been found within neurons whose axons are undergo-
ing demyelination,?? it will be important to understand the factors that influence
the regulation of these channels.2!® These lines of research, involving strategies
that protect axons from degeneration or promote repair,®-133 and those agents that
can restore conduction in demyelinated axons represent opportunities to restore
functions and could have significant implications for therapy.?!® Similarly, future
therapeutic approaches might involve replacement of oligodendroglia with pluri-
potent stem cells (discussed further in Chapter 6). Progenitor cells, those either
already present in an individual or provided from another source by injection, can
produce myelin in demyelinated foci in experimental animals.?® Future experi-
mental therapeutics will involve approaches directed at restoring oligodendro-
cytes to ensheath axonal processes and to induce physiological modeling of axons
to restore conduction.

Immunopathology

The most striking pathology in MS is the immune system’s attack and de-
struction of the body’s own myelin sheath, which is why it is believed to be an
autoimmune disease, although this has not yet been definitively proven (Box
2.3). The pathogenic trigger that first causes the immune system to attack myelin
is unknown, but the immunopathology, or pathological activity of the immune
system, that ensues after that initial attack is becoming clearer.
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BOX 2.3
Autoimmunity and Disease

The immune system defends the body against foreign invaders such as bacte-
ria and viruses. It does so by recognizing that foreign invaders have special mark-
ers distinguishing them as “non-self,” compared to the body’s own tissue (or “self”)
(Figure 2.9). Normally, the immune system reacts only to non-self invaders, not to
its own tissues. Unfortunately, this process is not foolproof. Autoimmunity is an
immune response mounted against antigens that are naturally produced within the
body, or self-antigens, to cause lasting tissue damage.

In the strictest sense, an autoimmune disease must meet several criteria. First,
the disease must be reproduced by transfer of autoantibodies or autoreactive T
lymphocytes (T cells) from affected to unaffected individuals. Second, the self-
antigen that elicits the immune attack must be identified. Third, this antigen (or a
closely related one) should cause a similar disease in an animal model. (Scientif-
ically, it would be best to show that the antigen caused the disease in humans, but
it would be unethical to intentionally infect humans, hence, the compromise for
evidence in animals). It is now feasible to transfer human genes into animals in an
attempt to satisfy these criteria. One of the first so-called transgenic studies that
introduced certain human genes into an animal without MS led to the development
of a disease resembling MS.129 Among the newly added genes were those for a
specific type of histocompatibility antigen and for a particular type of T-cell receptor
that binds to a fragment of a myelin protein (myelin basic protein). This type of
study begins to confirm the autoimmune nature of MS.

Human autoimmune diseases, however, are generally classified as such with-
out meeting these three stringent criteria. Circumstantial evidence often is mar-
shaled for classification. For example, patients are classified as having autoim-
mune disease if they have high levels of autoantibody or autoreactive T cells, or
because there is a correlation between the level of immune activity and disease
severity. Some examples of autoimmune diseases are listed in Table 2.11.

Why does the immune system have autoreactive lymphocytes? During
development, the immune system randomly builds a vast repertoire of cells that
respond to a multitude of foreign antigens. At the same time, the immune system
must weed out those cells that react to self-antigens. Most self-reactive B cells and
T cells are removed early during development. Other regulatory mechanisms exist
to keep self-reactive lymphocytes unresponsive later on. These are among the
normal regulatory mechanisms resulting in immunological tolerance to most self-
antigens. Even though there are usually small numbers of autoreactive lympho-
cytes in a normal adult, most do not cause disease, and some might even serve a
(currently unknown) beneficial purpose.182 With autoimmune disease, however,
there are large numbers of autoreactive immune cells. Autoimmune disease thus
can be thought of as a failure of normal regulatory mechanisms that guard against
autoimmunity.
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What causes a pathological autoimmune response? The causes of autoim-
mune response in MS and most other autoimmune diseases are unknown but
likely include a combination of genetic susceptibility and exposure to environmen-
tal agents. For most autoimmune diseases, the actual genes and environmental
agents are unknown. Gender also plays a role because women are disproportion-
ately affected by autoimmune disease. The reasons for the gender difference are
also léglznown but appear to relate to distinct immune environments in women and
men.

How can genes and environment trigger autoimmune pathology? Genes
control many properties of the immune system. Theoretically, autoimmune dis-
ease can occur if any of the genes controlling the immune system’s ability to distin-
guish self from non-self are defective. The genes often suspected of predisposing
to autoimmune disease encode proteins, such as histocompatibility antigens, that
participate in this complex process of self versus non-self recognition.

Environmental or infectious agents can stimulate pathological autoimmune re-
actions through at least two possible mechanisms: molecular mimicry, super-
antigens, and bystander damage (Figure 2.10). Molecular mimicry occurs when a
bacterial or viral epitope—the fragment of an antigen that elicits an immune re-
sponse—is very similar to a self-epitope. This can occur following an infection
where an immune cell targeting an epitope on a bacterium subsequently cross-
reacts with a self-antigen.5:46:157.229 gyperantigens are proteins from bacteria or
retroviruses that lead to widespread activation of T cells. Unlike most antigens,
which activate only a specific T cell, superantigens activate approximately one out
of every ten T cells.92 Because of their generic ability to activate so many types of
T cells, superantigens may inadvertently activate autoreactive T cells, which then
attack self-tissues. In bystander damage, a virus upregulates a nonspecific im-
mune response that then leads to pathology; for example, proinflammatory cytok-
ines might activate Th1 cells or macrophages that contribute to the immunopathol-
ogy. Once damage occurs, new cellular epitopes become exposed and trigger an
immune response in a process called epitope spreading, which can also lead to
autoimmune pathology. During an immune response against a particular epitope,
the number of lymphocytes that recognize the epitope normally multiplies. Yet, in
epitope spreading, the immune response escalates to target other epitopes on the
same antigen or on related antigens.54 In this way, an initially nonpathological
autoimmune response expands to produce a pathological response. The under-
lying basis for epitope spreading in autoimmune diseases is poorly understood.

Another way to produce a pathological autoimmune response is for autoreactive
lymphocytes to gain access to a target antigen from which they are ordinarily sepa-
rated. The brain is one example of an anatomical sanctuary site, because it is
protected by the blood-brain barrier of the central nervous system. Normally, T
cells that might react against myelin do not pass across this barrier into the central
nervous system. In MS, however, T cells become activated, which enables them to
penetrate the blood-brain barrier and reach their targets—myelin antigens—there-
by generating an autoimmune response.
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One of the first pathological processes leading up to MS attacks is thought to
be activation of autoreactive T lymphocytes, or T cells, and their migration into
the central nervous system.?>93-116 However, T cells and the inflammatory mol-
ecules they secrete are not the only players. Many cells and molecules of the
immune system—Ilikely unleashed by T-cell activation—participate in demyeli-
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FIGURE 2.9 Interactions between major cell components of the immune system. This
simplified outline shows interactions that occur in response to a foreign antigen. The
antigen could be an epitope from a virus particle, bacterium, or other foreign agent. The
antigen-presenting cell (APC) ingests the antigen (or in the case of an infecting virus, it
may already be within the cell) and processes it into peptide fragments. The major histo-
compatibility complex (MHC, the cell surface structure characteristic of each individual)
presents this target to a resting T cell. Binding of the peptide-MHC complex by the T-cell
receptor activates the T cell. In the case of a CD8+ cell, it becomes a cytotoxic T lympho-
cyte (CTL), which will destroy any cells that have the same peptide-MHC complex on
their surfaces. In the case of a CD4+ cell, the activated cell produces and secretes various
cytokines that recruit and activate nonspecific effector cells (such as macrophages) or
stimulate antigen-bound B cells to produce antibodies. When T and B lymphocytes are
activated by a specific antigen, they undergo proliferation, producing more cells with
their same antigen specificity. This serves to amplify the immune response against the
foreign antigen.
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TABLE 2.11 Selected Diseases That Are Believed to Be Autoimmune Based

Disease Common Symptoms

Proposed Mechanism

Graves’ disease Hyperthyroidism

Insulin- Hypoinsulinemia and
dependent hyperglycemia

diabetes

mellitus

(Type I

diabetes)

Pemphigoid Blister formation

(various

diseases)

Rheumatoid Joint pain and loss
arthritis of mobility

Systemic Arthritis, rash, CNS

lupus dysfunction, kidney damage
erythematosus

Systemic Thickening of skin; kidney,
sclerosis lung, and gastrointestinal
(scleroderma) damage

Thyroiditis Hypothyroidism

Chronic Weakness and sensory loss
inflammatory

demyelinating

polyneuropathy

Guillan-Barré
syndrome

Paralysis and loss
of reflexes

Lambert-Eaton Muscle weakness

myasthenic

syndrome

Myasthenia Muscle weakness

gravis

Neuromytonia Muscular twitching, cramps,
(Isaac’s stiffness, and weakness
syndrome)

Rasmussen’s Epileptic seizures and
encephalitis neurological dysfunction
Stiff man Axial and limb rigidity;
syndrome spasms

Antibodies against the thyrotropin receptor
stimulate thyroid function

Destruction of insulin-producing cells in
pancreas

Antibodies block adhesion of epidermis to
dermis

T-cell-mediated inflammation in the joints

Immune response to numerous cellular
antigens, especially DNA

Immune response against topoisomerase I
leads to increased formation of collagen in
the skin and internal organs

Destruction of thyroid cells

Demyelination of peripheral nerve fibers

Demyelination and/or axonal degeneration of
peripheral nerve fibers

Antibodies against presynaptic calcium
channel of the neuromuscular junction (NMJ)
disrupt function

Antibodies against postsynaptic acetylcholine
receptor of the NMJ disrupt function

Antibodies against potassium channel at the
NMJ cause increased muscle activity

Antibodies against subunit of ionotropic
glutamate receptor lead to degeneration of
one cerebral hemisphere

Antibodies block production of GABA
(y-aminobutyric acid), an inhibitory
neurotransmitter
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FIGURE 2.10 Possible mechanism of viral etiology. Although no virus has yet been
shown to contribute to the etiology of MS, there are several ways in which this could
occur, and one of these is shown in this figure. Activated T cells cross the blood-brain
barrier following activation by a microbe with a structural similarity to a component of
the myelin sheath. Once inside the brain, these cells attack self-antigens, such as the
various myelin proteins that are attacked in MS. NOTE: MBP = myelin basic protein.
SOURCE: Steinman and Oldstone, 1997.206 Reprinted with permission. Adapted from
Wucherpfennig and Strominger, 1995.229

nation. The entire cascade of immune system events eventually culminates in
myelin destruction. The key features of this cascade are not fully understood,
including the precise ordering of events, the antigens targeted by T cells, and the
contributions of B lymphocytes, or B cells, and other cells of the immune system.
Yet, as this section explains, much insight has been gained into the immunopa-
thology of MS. This knowledge has been—and continues to be—fundamental for
devising therapies targeted to the immunopathology of MS (Chapter 5).
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T Cells in MS

As much as a century ago, researchers observed that T cells were particularly
abundant in MS lesions.!1® Over time, using modern immunologic techniques,
they managed to isolate and characterize a particular type of T cell, the
autoreactive T cell, from the blood and CSF of MS patients.?2

These and related findings gave credence to the hypothesis that autoreactive
T cells played a dominant role in MS. After all, immunologists have long known
that T cells are capable of orchestrating a multifaceted autoimmune attack. How-
ever, this was not enough to explain MS pathology. First, elevations in certain
types of autoreactive T cells were not unique to MS patients. Second, and more
critically, T cells were necessary but not sufficient to cause demyelinating disease
in animal models. The transfer of myelin-specific T cells into normal animals
initiated only inflammation, not demyelination.!17 This suggested that other immune
cells, particularly antibody-producing B cells (Table 2.12) and macrophages,
might also play key roles, even if autoreactive T cells launched the process.

TABLE 2.12 Possible Autoantigens In MS

MYELIN PROTEINS

Myelin basic protein An important component of the myelin sheath, MBP is located on

(MBP) the cytoplasmic face of the myelin membrane, and constitutes
30-40% of myelin protein by weight.

Myelin oligodendrocyte ~ Surface protein on the myelin sheath.
glycoprotein (MOG)

Myelin-associated Structurally similar to MBP, but expressed exclusively in the
oligodendrocytic basic CNS myelin. Possibly involved in myelin compaction.
protein (MOBP)

Proteolipid protein (PLP) PLP constitutes approximately 50% by weight of myelin protein.
PLP spans the myelin membrane, providing increased stability.

Myelin-associated The major mediator of axonal-glial contacts essential for the
glycoprotein (MAG) initiation of myelination.

OTHER PROTEINS

S-100b Calcium-binding protein associated with astrocytes.
Glial fibrillary acidic Major constituent of glial filaments in astrocytes, providing
protein (GFAP) structural stability. Rapidly synthesized in response to CNS

trauma or disease.

Heat shock proteins Broad class of stress-responsive proteins that are normal
components of the myelin sheath.

aB-crystallin A stress protein that is an immunodominant antigen of CNS
myelin in MS patients.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

ategies for the Future

72 MULTIPLE SCLEROSIS

The prime autoantigen that elicits the autoimmune response in MS is not
known. While there are many candidate autoantigens, as yet none is preeminent.

Much MS research focused on myelin basic protein (MBP), located at the
inner surface of the myelin membrane. Clinical studies were shaped by research
on experimental allergic encephalomyelitis (EAE), the classic animal model of
demyelinating disease. In many species, MBP acts as a classical encephalitogenic
autoantigen (an antigen capable of serving as the focus of an inflammatory attack
in the brain). EAE research further established that in some strains of mice and
rats, the autoimmune response to MBP displays two unique features. First, in the
initial stages of the immune response in EAE, T cells react only to very small
regions of the MBP molecule (“epitope dominance”), even though they later
react to many more regions of the molecule (“epitope spreading”) (see Box 2.3).
Second, the encephalitogenic T cells in EAE use an unusually narrow repertoire
of genes for their antigen receptors.25 (T cells recognize their target antigen by
its capacity to bind to specific receptors on their surface membrane, called T-cell
receptors [TCRs]). These two features raised hopes for developing immune-
based therapies because a more limited range of therapies might succeed in
combating MS in early stages.

Unfortunately, these features turned out to be much less prominent in hu-
mans with MS. First, human T cells respond to a broader set of MBP epitopes.
While there might be a relatively dominant epitope in the central portion of the
MBP molecule, there are clearly many other target epitopes along the full se-
quence of this large polypeptide.!3! Second, MBP-specific T cells use multiple
genes for their TCRs, which allows for large variability among individuals.8¢
Generally, it appears that the T-cell response against myelin proteins differs
greatly between individual patients, a property that suggests the potential need
for individually designed immune therapies.

Several research teams have attempted to identify MBP-specific T cells in
MS patients.?!%-228 Unfortunately, these attempts did not show significant in-
creases in MBP-specific T-cell counts in MS patients compared to healthy blood
donors. However, when more definitive assay systems were used, increased fre-
quencies of activated MBP-specific T cells were found in MS patients.”20-232
These studies relied on complex methods and were influenced by numerous
factors that complicate the interpretation of results. More direct assays, such as
those that use binding of oligomeric class II-peptide complexes to specific T
cells,*! might resolve the problem.

To add a further degree of complexity, MBP does not appear to be the only
autoantigen in MS: there are a number of additional myelin and nonmyelin pro-
teins that are potential autoantigens in MS. Earlier hypotheses had implicated
MBP on the basis of two lines of research. First, studies of EAE had suggested
that MBP was indeed the most important, if not the only, encephalitogenic my-
elin autoantigen. Second, due to its particularly convenient molecular properties,
MBP was the only myelin protein available both at high purity and in large
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quantities.!'® However, thanks to modern biotechnology, even minor myelin pro-
teins are now available in large quantities and can be studied for their encephali-
togenic capacity.

Later studies established that many, if not all, myelin proteins are potentially
encephalitogenic. Especially interesting among these newly recognized auto-
antigens is myelin oligodendrocyte glycoprotein (MOG). In contrast to MBP,
which lies on the inside of the myelin sheath, MOG lies on the surface. As one of
the few myelin proteins accessible to humoral autoantibodies, MOG is a target
for demyelinating immunoglobulins (see next section). In addition, MOG is a
very effective autoantigen in rodents and in primates for encephalitogenic T
cells.'” Some studies even demonstrated increased frequencies of MOG-reactive
T cells in MS patients.!9-217 These findings clearly warrant general confirmation.
It is also important to investigate whether different subtypes of MS, which are
distinguished by divergent clinical, genetic, and morphological features, are as-
sociated with enhanced T-cell responses against different target autoantigens. !

Thus far, research has spotlighted one class of T cells—those with a TCR
termed of3.* o T cells are the major class of immune cells centrally involved in
adaptive immune responses against infections and tumors. Much less attention
has been given to other T-cell classes (Y3 T cells and NK1 T cells), which may
function both as effector cells in autoimmune attacks and as suppressor cells that
dampen autoimmune responses.”10! There are reports linking the presence of Y8
T cells in the brain (presumably) with the induction of heat shock proteins in MS
lesions.?> Certain members of this broad class of proteins are a normal compo-
nent of the myelin sheath,*¢ yet they are also found outside the CNS as well as in
pathogens. The role of heat shock proteins in the development of the MS lesion is
unknown, but there are various possibilities. Some of these proteins might act as
a target autoantigen, as has been shown in autoimmune diabetes. They might also
reflect inflammatory stress inflicted on local CNS cells, or they might be determi-
nants of beneficial anti-inflammatory control mechanisms.?>:42

Even though the precise pathological roles of T cells and their autoantigens
are unresolved, this line of research has generated many approved or emerging
therapies. These include vaccination strategies, which use either attenuated myelin-
specific T cells?9733 or peptides representing myelin-specific T-cell receptors® as
vaccines to strengthen the body’s own regulatory responses against pathogenic
T cells (reviewed in Zhang et. al., 1998).233 Also under development are “altered
peptide” therapies that use peptide analogues of myelin protein segments to induce
autoreactive T cells to produce protective, rather than pathogenic, cytokine medi-
ators.?> Cytokines, as discussed later, are a functionally diverse set of signaling
molecules produced by T cells.

*Bach (o and B) refers to a polypeptide chain that forms the T-cell receptor.
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B Cells in MS

B cells (also known as B lymphocytes) have been detected in MS lesions for
many years, although less consistently than T cells.2® While most MS research
naturally focused on T cells, evidence also has accumulated for participation by
autoreactive B cells. It now appears that both types of lymphocytes actively
contribute to MS immunopathology. Autoreactive T cells are thought to launch
inflammation and, through their release of cytokines, to stimulate B cells to
secrete antibodies that cause demyelination.”> This is consistent with animal
studies finding that EAE can be produced only by injecting myelin-specific T
cells in combination with myelin-specific antibodies.”®123 Without injecting the
antibodies, demyelination does not occur.

In MS patients, levels in cerebrospinal fluid of the type of protein known to
consist of antibodies (immunoglobulin) are often higher than in healthy people.
The increased immunoglobulin is due to production by only a few different
clones of B cells that have been induced to proliferate. B cells from the CSF of
MS patients have been reported to contain mutations in the DNA sequences that
encode antibodies, which is consistent with the notion of an antigen-driven selec-
tion of antibodies with high-affinity antigen-binding sites.!’® Such events are
commonly observed in immune responses against foreign antigens such as bacte-
rial infections, as well as in humoral autoimmune responses.!”! However, no
foreign antigen or autoantigen responsible for the generation of oligoclonal bands
in MS has yet been identified.

One recent study using sophisticated immunocytochemistry furnished direct
evidence of a pathologic role for autoantibodies. For the first time, MOG-specific
antibodies were demonstrated to be bound to myelin debris in active MS le-
sions.”” If confirmed and extended to a larger group of patients, this finding
would suggest that B-cell-derived autoantibodies might induce myelin destruc-
tion. On the other hand, although anti-MOG antibodies are found in the CSF of
MS patients, they are also found in CSF of patients with other neurological
diseases that are not demyelinating.'%3 Thus, despite tantalizing leads, the role of
anti-MOG antibodies in MS patients is still unclear.

Cytokines

Cytokines are soluble proteins produced and released by T cells, macrophages,
and certain other cell types. Interferons (IFN- o, B, and ), interleukins (including
IL- 1, 4, 6, 10, 12, and 13), TGF-b, and the neuropoietic cytokines* (such as
ciliary neurotrophic factor and leukemia inhibitory factor) are all different types
of cytokines. They generally act as intercellular signaling molecules that regulate

*Neuropoietic cytokines are the family of neural growth factors that act on both the nervous and the
hematopoietic or immune systems.
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and carry out immune functions, but their repertoire is complex. Some function
as pro-inflammatory, others as anti-inflammatory agents. Some even have diver-
gent functions during different phases of disease.3? Cytokines, including the
subset known as chemokines (for chemotactic cytokines), also alter the perme-
ability of the blood-brain barrier'% or act on neural cells.!” Thus, particular
cytokines can initiate, sustain, or terminate inflammatory disease processes. Pro-
inflammatory cytokines and other secretory products of immune cells are pro-
posed in several neurological diseases—including MS—to be toxic to neurons
and oligodendrocytes if they are secreted in sufficiently high concentrations over
a sustained period of time.*-82

In MS, the initial entry of autoreactive T cells into the CNS is thought to
trigger the local production of cytokines and chemokines, which in turn begins
the inflammatory process and enhances the permeability of the blood-brain bar-
rier.?3 A more permeable blood-brain barrier allows infiltration into the CNS of
more immune cells which in turn contribute to the ongoing inflammation. Thus,
understanding the roles of cytokines and their temporal sequence of activation is
crucial to modifying the course of MS. Much of our present understanding of
cytokine action in demyelinating disease comes from studies of animal models,
including EAE.

A large body of research is being compiled on the expression and possible
function of cytokines as pro- and anti-inflammatory mediators in MS. Some
studies have used in situ immunocytochemistry and in situ hybridization to visu-
alize gene expression in lesions, whereas others have relied on the activation of
inflammatory cells (T cells, B cells, macrophages) in vitro. Much of the research
is comparing material from MS patients with or without treatment with immuno-
modulatory agents, especially glatiramer acetate and beta-interferon.?

Pro-inflammatory cytokines within active MS lesions have been localized to
both infiltrating immune cells and glia.!”> Longitudinal studies have linked clini-
cal exacerbation and remission to high and low expression, respectively, of pro-
inflammatory cytokines, especially TNF-y.'® For example, secretion of TNF-y
and cell adhesion molecules by inflammatory cells is upregulated immediately
prior to relapse.*%179-197 Yet, not all findings could be verified in all patient
groups studied.3!:80.178

Understanding of cytokines and their diverse roles throughout the course of
disease, although still incomplete, has nevertheless spawned new treatments. One
explanation for the success of glatiramer acetate and beta-interferon relates to
their control over cytokine expression: they can induce T cells to switch from a
pro-inflammatory phenotype (Th1) to an anti-inflammatory phenotype (Th2).%3 T
cells that are switched to an anti-inflammatory phenotype release a variety of
cytokines, such as IL-10, that reduce inflammation.

Immunologically Special Features of the CNS. CNS tissues were tradi-
tionally thought to be exempt from active immune reactivity, but it is now known
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that the brain is subject to immune surveillance and can be the site of immune
responses. Only activated and not resting T cells can cross the blood-brain barrier
and interact with local CNS cells. Local glial cells can be stimulated by pro-
inflammatory cytokines to express immunologically active molecules, such as
the major histocompatability complex (MHC) products, cytokines, and chemo-
kines required for local immune responses. Neurons are capable of suppressing
immune responses within the CNS. Thus, immune responses are more likely to
occur in areas of neuronal degeneration than in intact CNS tissues. Immune
reactivity within the CNS must hence be viewed as the balance between the pro-
inflammatory signals contributed by activated T cells and other inflammatory
cells entering the brain and the anti-inflammatory signals from functional neurons.

Epidemiology

Epidemiologists define what causes a disease and what puts an individual at
risk of getting this disease. They look for correlations such as whether Caucasians
are more likely to have MS than Asians or whether residents of one county are
more likely to get MS than residents of another. These correlations lead to hy-
potheses or working models as to which factors actually cause MS and which are
only associated with it. These hypotheses or models can then be tested experi-
mentally. Epidemiological studies have limitations, but for a complex disease
like MS, they can rule out some factors and highlight others. They are the first
step toward finding a biological mechanism for MS, or possibly a cure.

Most epidemiological studies of MS have been observational and retrospec-
tive; researchers collected the information (for example, ethnicity, age of onset)
from an individual (or from records) that had been diagnosed with MS. Such
studies rely on an individual’s ability to accurately recall information from years
ago, for example, the infections that she or he had before the age of five. Other
sources of data, such as death certificates, can contain incorrect information.
Despite these shortcomings, a few factors consistently correlate with MS preva-
lence. Determining how these factors lead to an increased risk of MS has proven
more difficult.

The risk of MS increases with increasing distance from the equator. In the
United States, this is seen as a gradient of risk, with higher risk in northern
regions and a lower risk in the south.’%!14 In Australia, the prevalence of MS
increases similarly from lower, subequatorial latitudes to the more southerly
latitudes.®” Studies on migrating populations, although inconclusive, offer tenta-
tive support for the hypothesis that environment influences MS risk. Individuals
who have moved from a region with one risk level to a region with a higher or
lower risk, in general, adopt the risk level of their new home.’%!13 This is espe-
cially true for individuals moving from a low-risk to a high-risk area.

Studies carried out in the 1960s and 1970s suggested that this geographical
effect had a defined susceptibility period before age 15. Although these data still
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appear in the MS literature and have led to several hypotheses about the effects of
puberty or early dietary effects on MS risk, the sample numbers are too small to
support such a tight cutoff.’%-150 A Jater and larger study assayed the effects of
migration by comparing location at birth with location at approximately 24 years
of age.!13114 Although individuals did adopt the risk of their new home, the age
values in that study are not precise enough to add to the argument for or against
a cutoff. Most recently, a study comparing the prevalence of MS among native-
born Australians and Australian immigrants from the United Kingdom (thereby
providing a rough control for genetic background) suggests that rather than being
established around age 15, environmental risk factors operate over many years
and into early adulthood.%’

Although the migrational studies suggest an environmental correlation with
MS, the root cause of this latitude effect is unknown. Differences in diet!>° or
sunlight!-97-121 have been proposed, but neither has been supported by rigorous
studies. Alternatively, the geographical distribution of MS could result from the
migration either of a viral agent!!3 or of individuals (perhaps originally Scandina-
vians) who carried a pool of susceptible genes.!?3

Ethnicity is another definite risk factor. MS is more prevalent among Cauca-
sians than other groups. In a study of 5,305 U.S. veterans with MS, Caucasian
males had twice the risk of MS as African-American males.!'* Other factors can
modulate the effect of ethnicity on risk of MS. MS is almost absent among black
Africans. African Americans, however, show a low risk of MS; this might be due
to genetic mixing with Caucasian Americans or to an environmental effect.’® MS
occurrence among Asians is also quite low. Again, Asian Americans show an
intermediate risk for MS between Asians and Caucasian Americans.'37 A discus-
sion of the role of genetics in MS can be found in the next section.

When applied to a complex disorder such as MS, conclusions derived from
epidemiologic data of this type must be interpreted cautiously because inapparent
explanations may be present. For example, a higher-than-expected incidence of
MS observed in South Vietnamese immigrants (a low-risk group) residing in
France (a moderate-risk area) superficially suggest a modifying role of the envi-
ronment on MS. However, this immigrant population was in fact racially mixed
and contained substantial numbers of individuals with mixed French and Asian
ancestry. Thus, the higher-than-expected MS incidence in these immigrants could
have been due to either genetic or environmental factors. Neither factor can be
ruled out. A similar argument could explain the incidence of MS in West Indian
immigrants residing in Great Britain. On the other hand, the increased incidence
of MS observed in Japanese-Americans compared to individuals residing in Ja-
pan is not easily explained by racial admixture and does support a role of the
environment on MS risk.

As in other autoimmune diseases, women are much more likely to get MS
than men, suggesting that hormonal or genetic factors are involved. The ratio of
women to men with MS is about 2:1.°7 Among both sexes, the age of onset for
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MS ranges between 10 and 59 years,® with the highest incidence occurring
among individuals in their mid-20s to early 30s, depending on the population
examined.!1?2 Males tend to have a slightly later mean age of onset than females.
This results, at least in part, from an increase in the percentage of males with the
primary progressive variant. This form of MS has a later onset than other types
and affects approximately 15 percent of patients. The ratio of males to females
with primary progressive MS is approximately 1:1.

Epidemiological studies have provided conflicting data as to whether an
infectious agent (viral or bacterial) either causes or triggers MS. The occurrence
of MS epidemics has suggested that an infectious agent might be at work. The
two MS epidemics cited most often, one in the Faroe Islands and one in Iceland,
were directly preceded by the influx of foreign troops during World War II. Both,
however, are open to multiple interpretations. Coincident with the stationing of
foreign soldiers, the population of the Faroe Islands received increased medical
services®® and changed its diet.!> The Icelandic epidemic, on the other hand,
began shortly after the arrival of that island’s first neurologist.’® In both cases, the
increased prevalence of MS might have resulted from an increased level of detec-
tion or a combination of other factors, such as nonspecific immune stimulation
resulting from the introduction of a variety of infectious agents into previously
unexposed populations. No infectious agent has been associated with either of
these MS clusters.

Another area of investigation has explored whether environmental factors
contribute to the onset of MS or the probability of MS attacks. Some studies
suggest that MS attacks are more likely to occur in the spring and fall than in the
winter or summer. Such a finding, if true, suggests that a relationship exists
between some viral infections and the risk of exacerbations. Many patients with
MS are also at heightened risk for urinary tract, pulmonary, or skin infections, yet
the relationship between these potentially preventable infections and the course
of MS has never been adequately studied. Additional research in this area is
needed.

Perhaps the most clear-cut epidemiologic link to MS attacks is the effect of
pregnancy and the postpartum period. Pregnancy is associated with a decrease in
the risk for MS attacks, particularly during the third trimester. The postpartum
period is, conversely, associated with a significant increase in risk. An immuno-
suppressive state in the pregnant mother is created by increased numbers of
regulatory T cells (Th2 cells) which, presumably, dampen the autoimmune reac-
tion that produces attacks of MS. The explanation for the increase in attack risk
during the postpartum period is less clear but might involve immunostimulation
by prolactin, the hormone responsible for milk production.

The absence of supporting evidence does not prove that a virus is not con-
nected with the disease. Unrelated individuals (in the case of the adoptee and
conjugal studies) may differ in their susceptibilities to infectious agents. Re-
searchers have isolated a variety of viruses from individual MS patients, but to
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date, no one virus has been isolated from all MS patients examined.!8 It might,
however, be the case either that MS is not one single disease or that there are
multiple ways to trigger it. Researchers continue to look for causative infectious
agents.!883 (See section below on infectious causes of MS for further discussion.)

The aggregation of MS in some geographic areas, ethnic populations, or
families could be explained by a common environmental exposure, a shared
genetic background, or a combination of both environmental and genetic suscep-
tibility. It is likely that in MS, as in other complex disorders, both factors contrib-
ute. It is also possible that the relative contributions of environment versus genet-
ics might vary in different situations, depending on the degree to which an
individual is genetically susceptible and the specific environmental context. The
role of genetic factors in MS is discussed in the next section.

MS Susceptibility Genes

MS is not considered a genetic disease in the classic sense because it usually
occurs sporadically. However, population and family studies are consistent with
a principal pathogenic role for genetic risk factors in MS etiology. This genetic
component is indicated primarily by the increased relative risk to siblings of
affected individuals compared with the general population. Familial aggregation
(As) is measured by estimating the ratio of the prevalence (frequency) in siblings
versus the population prevalence of the disease. A As of 1 represents no familial
clustering of the trait. For MS, the As is estimated to be between 20 (0.02/0.001)
and 40 (0.04/0.001).'80 Half-sibling!3? and adoption® studies confirm that ge-
netic, and not environmental, factors are responsible for familial aggregation. In
addition, twin studies from different populations consistently indicate that a
monozygotic twin of an MS patient is at higher risk (25 to 30 percent concor-
dance) for MS than a dizygotic twin (2 to 5 percent),!*8!188 providing additional
evidence for a significant but complex genetic etiology. Finally, the frequent
occurrence of MS in some ethnic populations (particularly those of northern
European origin) compared to others (African and Asian groups), irrespective of
geographic location, also provides evidence for a complex genetic etiol-
ogy.#156.166 Qverall, adoption and family studies suggest that being related to a
person with MS is a greater risk factor than living with someone with MS.

A simple genetic model for the inheritance of MS is unlikely to be valid.
Such a single-gene hypothesis is at odds with concordance data in twin and
family studies and with the observed nonlinear decrease in disease risk as the
genetic distance from the relative with MS is increased. It is likely that suscepti-
bility is determined by multiple independent genetic loci (polygenic inheritance),
each with a relatively modest contribution to overall risk. It is also possible that
there are different genetic causes of susceptibility to MS (genetic heterogeneity).
Finally, the genes that contribute to MS susceptibility are likely to be normal,
common variants (or alleles) of genes rather than obviously defective mutations.
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Most individuals who carry such susceptibility genes would have no obvious
deleterious consequences. For example, the DR2 gene (described below) is the
most important genetic contributor to MS susceptibility identified to date. Ap-
proximately half of patients with MS have this gene, but so do 15 to 20 percent of
healthy Caucasians. Thus, only approximately 1 in 250 people who have DR2
develop MS.

The cumulative action of several susceptibility genes, each with weak effects
and limited penetrance, is thought to underlie genetic susceptibility to MS. (Pen-
etrance refers to the likelihood that a person carrying an allele will develop
specific manifestations caused by that gene.) The effects of individual suscepti-
bility genes may also be influenced by interactions with other genes and by
specific environmental exposures. Locus heterogeneity is also likely, meaning
that there are different susceptibility genes in different MS patients. The possibil-
ity that MS is a heterogeneous disease with different causes or pathological
processes adds an additional level of complexity to the analysis. In addition to
MS, similar issues are present in other autoimmune diseases such as diabetes
mellitus that are genetically complex, and common research tools will be needed
to decipher specific disease genes in these different conditions.

Major Histocompatibility Complex. The genetic region most clearly asso-
ciated with MS susceptibility is the major histocompatibility complex (MHC, or
HLA [human leukocyte antigen] in humans) locus on the short arm of chromo-
some 6 (6p21) (Box 2.4). This association has been seen in different population
studies that have relied primarily on sporadic patients.!5® Formal genetic linkage
to 6p has also been found in several recent whole-genome scans of multiple
affected MS families. Many of the MHC genes are extraordinarily variable or
polymorphic, reflecting the importance of genetic variation of these critical
antigen-presenting molecules in the maintenance of a heterozygous advantage
and the need to effectively present a diverse array of antigens if immune homeostasis
is to be maintained. Immune homeostasis refers to the capacity of the immune
system to respond appropriately to a diverse number of infectious pathogens and
tumors without initiating unhealthy responses against self-constituents (auto-

BOX 2.4
MHC, HLA, and DR2

The major histocompatibility complex is a chromosomal region that contains
more than 100 genes,214 many of which make proteins involved in the immune
system. It is named for the role it plays in rejecting tissue transplants (histo- means
tissue). In humans, this region resides on chromosome 6 and is called the human
leukocyte antigen gene complex. The terminology is slightly confusing because

continued
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MHC and HLA also refer to the proteins that some of these genes make. In this
report, the term “MHC molecules” is used to indicate the proteins.

The role of the immune system is to differentiate between self and non-self.
This allows it to tell the difference between, for example, muscle tissue (self) and
an invading virus (non-self) and to respond appropriately. To do this, the immune
system relies on several different proteins that specifically bind antigens. This pro-
cess is analogous to a lock and key. The “lock” is an antibody, a T-cell receptor, or
an MHC molecule. The “key” is an antigen, which can be a carbohydrate, lipid,
nucleic acid, or protein—anything that binds specifically to a component of the
immune system. 15

This discussion focuses on T-cell receptors and MHC molecules. T-cell recep-
tors sit on the surface of T cells and bind to antigens outside the cell. (In the case
of T-cell receptors and MHC molecules, antigens are small protein fragments.)
Binding to an antigen signals the T cell either to die, to do nothing, or to become
active. The signal context, such as whether the antigen is self or non-self, deter-
mines which of these signals is relayed. However the T cell cannot bind the anti-
gen alone. It needs the help of an MHC molecule. MHC molecules sit on the sur-
face of other cells. The MHC molecule, like two outstretched arms, holds onto an
antigen and presents it to a T-cell receptor.

There are two major classes of MHC molecules. MHC | molecules, which are
expressed on most cell types, present antigens to CD8+ T cells. MHC Il molecules,
which are expressed on special antigen presenting cells (APCs), present antigens
to CD4+ T cells. In humans, there are three main class | molecules, HLA-A, HLA-
B, and HLA-C, and three main class |l molecules, HLA-DP, HLA-DQ, HLA-DR.

Each arm of the MHC molecule is made up of a separate protein. In the case of
MHC | molecules, there is an a-chain (A, B, or C) that pairs with the protein b,-
microglobulin. An MHC Il molecule is made up of an a-chain and a B-chain (for
example, DP-o. and DP-B), but the story becomes more complex. Each MHC mol-
ecule can bind many but not all of the thousands of antigens that confront the
immune system. The immune system relies on diversity among the MHC proteins
to help stack the odds in its favor.

The gene for each MHC protein chain comes in different varieties, or alleles.
One of the MHC B-chains has more than 150 alleles.10 Each of these alleles pro-
duces a slightly different protein. The proteins vary just enough that although they
all function as MHC proteins, they can bind different antigens. Any one person will
have two alleles, at most, for a particular MHC protein (there are two copies of
each gene in human cells), but across a population of individuals, this variety be-
comes more important. For example, in Gambia, West Africa, 25 percent of HLA-
B genes are the HLA-B53 allele, compared to less than 1 percent in Europe. HLA-
B53 is very effective at presenting an antigen from the parasite that causes malaria
to CD8+ T cells. Researchers hypothesize that because HLA-B53 can protect peo-
ple from the most severe forms of malaria, it is more prevalent in Gambia.138
Having a particular MHC allele can also be a disadvantage, as researchers have
shown in the case of HLA-DR2 and MS. (HLA-DR2 actually designates both a
specific DR-a chain allele and a DR-b chain allele.) Scientists still do not under-
stand how HLA-DR2 predisposes individuals to MS, but this might have to do with
the MHC molecule’s ability to present specific antigens (for example, a fragment of
myelin basic protein) to T cells.29

81
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immune responses). In Caucasian MS populations of northern European descent,
the critical MS-associated genetic region is thought to reside near the class II
locus and is comprised of a group of genes with specific polymorphisms (alleles)
that tend to occur in certain fixed combinations, termed haplotypes. In molecular
terms, the “DR2” haplotype is designated as HLA-DRB1*1501, DQA1*0102,
DQB1#0602. DR molecules are comprised of alpha and beta chains (encoded by
A and B genes, respectively), and the polymorphisms are predominantly present
in the beta chain. Of the more than 100 beta-chain sequence variations identified
in humans, only one (1501, also designated as DR2) is associated with MS.

How can the DR2 association with MS be explained? The DR2 molecule
itself may have a propensity to bind peptide antigens of myelin and stimulate
disease-inducing T cells. DR2 is known to bind with high affinity to a region of
MBP (spanning amino acids 8§9-98) thought to be “immunodominant” in humans.
X-ray crystallography of the DR2-MBP peptide complex revealed that the DR2
molecule contains a distinctive hydrophobic pocket in its antigen-binding region,
created by a unique alanine residue at the B71 position into which glutamic acid
at position 93 of MBP is tightly bound, anchoring the MBP-DR2 complex.” In a
larger sense, the structure of the antigen-binding domain of DR2 molecules likely
facilitates binding of many peptides containing certain amino acid residues, spe-
cifically aromatic amino acids. Glatiramer acetate (copolymer 1), a currently
available disease-modifying therapy for MS, is a random synthetic protein com-
posed of four amino acids, including tyrosine. The tyrosine residues of processed
copolymer peptides likely also bind to the hydrophobic pocket of DR2, perhaps
interfering with presentation of this key MBP peptide to encephalitogenic T cells.
It is surprising that no data exist on the interaction of DR2 and the response to
glatiramer acetate in MS. Another possibility is that the DR2 molecule does not
itself predispose to MS but that another nearby gene (perhaps another HLA gene
such as DQ) is responsible. DR2 is also linked to other diseases. Besides MS,
narcolepsy is the disease most strongly linked to DR2.

Other MS Susceptibility or Modifier Genes. In various studies, the HLA
region has been estimated to confer somewhere between 10 percent and half of
the inheritability of MS. To date, no other genes of major effect have been
identified in genomic screens. Several studies appear to demonstrate that a dele-
tion mutation in the CCR5 chemokine receptor gene (a coreceptor for HIV) on
chromosome 3 confers a later age of onset or a more benign course of MS; this
mutation is also associated with protection against HIV. This is particularly im-
portant because the expression of CCRS, which is increased in MS brain lesions,
is thought to attract inflammatory cells into tissue. Another locus on chromosome
19922 near apolipoprotein C1 has been linked to MS in several genomic screens,
but the estimated As is only 1.4. A polymorphism near the gene for myelin basic
protein on chromosome 21 was reported to be linked to MS in a family from
Finland, but not in other populations. Some studies have suggested linkages or
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associations with the TCR beta-chain locus on chromosome 7, the immunoglobu-
lin heavy-chain locus on chromosome 14, and a region on chromosome 5, but
others have not found similar linkages. The inability to confirm some genetic
regions as containing MS susceptibility genes might reflect the small genetic
contribution of these putative genes or genetic heterogeneity; alternatively, the
original claim might have been spurious.

As noted above, it is likely that an additive model consisting of multiple
independent genes, each with small effects, explains the non-MHC genetic con-
tributions to MS. It should be emphasized, however, that the identification of
specific genes that have even very minor genetic effects on MS can have an
enormous payoff, both in terms of helping to decipher the underlying biology of
MS and in pointing to new potential treatments. For example, the genetic studies
discussed earlier that identified a role for the CCR5 chemokine receptor suggest
that therapies aimed at this receptor could be investigated in people with MS.

Genetic Heterogeneity in MS

Perhaps the strongest indication that MS is a heterogeneous disorder comes
from HLA studies showing an absence of DR2 association in particular ethnic
groups or perhaps in some clinical variants. In Japanese patients, one form of MS
(“Western type”) is characterized by disseminated CNS involvement and is asso-
ciated with the DR2 haplotype. In contrast, a more restricted form of MS in which
optic nerve and/or spinal cord involvement predominate (“Asian MS”) is not
associated with DR2. Lesions in the non-DR2-associated condition are frequently
more severe and necrotizing than in the disseminated form.!% In one report, the
Asian MS form was genetically associated with an HLA gene named DP (the
DPB1#0501 allele).?3! Another area of uncertainty is the strength of the associa-
tion between primary progressive MS (PPMS) and DR2. A number of (relatively)
small studies failed to show any association between PPMS and DR2, although a
recent larger study from northern Ireland appeared to show an association; it is
possible that PPMS represents more than one underlying disorder.

Evidence for genetic heterogeneity is not limited to case-control HLA asso-
ciation studies but is also derived from formal linkage studies. Analysis of the
MHC locus in an American multiple affected member MS data set confirmed the
significant genetic linkage to this region (lod score of 4.60),* and the specific
association with the DR2 allele; however 25 percent of the families that were
DR2 negative showed no linkage to the HLA region on 6p21. This indicated most
likely the presence of locus heterogeneity in familial MS in Caucasians. A related

*Lod scores are based on the logarithm of the odds of linkage between two genes. A score of 3 or
more is considered evidence of a genetic linkage between a known gene (or gene marker) and
another unknown gene that underlies a trait (such as MS). That information thus indicates that the
trait has a genetic basis and localizes the gene to a specific chromosomal region.
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observation in MS-prone Caucasian families is that the phenotypic expression of
MS aggregates within families in some cases, suggesting that some clinical mani-
festations of MS are influenced by an individual’s genetic background.

The extent to which distinct clinical forms of MS are associated with differ-
ent susceptibility genes, as may be the case in EAE (see discussion of animal
models), is not known. Also unknown is whether specific genes interact with
certain causative agents or triggers. Genetic studies have the potential to answer
these questions, particularly when the information is analyzed in combination
with epidemiologic, clinical, and neuroimaging data.

Other Demyelinating Diseases

There are several human and animal diseases of known etiology or pathogen-
esis that resemble either the clinical or the pathological features of MS (Table
2.13). Animal diseases that resemble MS are discussed under animal models.
CNS demyelinating diseases include those mediated by immune responses, infec-
tion, and toxins, as well as inherited disorders. Infectious agents can induce direct
injury of oligodendrocytes and their myelin membranes, as well as indirect injury
via the immune system.

A variety of toxins, such as diphtheria, lysolecithin, cuprizone, and ethidium
bromide, have been associated with demyelinating lesions. Many of these toxins
induce lysis of the oligodendrocyte, with demyelination as a secondary effect. In
addition, nutritional deprivation can be associated with demyelination in the
central and peripheral nervous system.

Immune-Mediated and Virus-Induced CNS Demyelinating Diseases

ADEM as a Consequence of Vaccination. Acute disseminated encephalo-
myelitis (ADEM), also known as post vaccination encephalomyelitis, occurs as a
consequence of vaccination with neural antigens. EAE, the most widely used
animal model of MS, is the animal counterpart of this human disease. ADEM is
characterized pathologically by widespread perivenular inflammation and demy-
elination. The uniformity of lesions differs from the multi-age lesions found in
even the most acute case of MS. Post vaccination immune-mediated damage can
also affect the peripheral nervous system.

Since there is no standard laboratory-based test to diagnose the human dis-
order, the most reliable descriptions of the clinical spectrum of the disease are
derived from collections of cases in which epidemiologic and statistical studies
support the association of a triggering stimulus and disease. Such criteria are best
met by cases associated with immunization with CNS tissue containing vaccines,
for example, original Pasteur rabies vaccine. This vaccine complication can occur
at all ages. A clinical hallmark of the rabies vaccine-associated form of ADEM is
its uniphasic course evolving over days to several weeks.
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TABLE 2.13 CNS Demyelinating Diseases That Resemble MS

Disease Type

Disease Characteristics

Immune-Mediated Diseases
Acute disseminated
encephalomyelitis
(ADEM)

Systemic inflammatory
or autoimmune
diseases

Infection-Mediated Disease
Progressive multifocal
leukoencephalitis
(PML)

HTLV-1 myelopathy

Inherited Disorders
Dysmyelinating disorders
(leukodystrophies)

Toxic Disorders
Toxic optic neuropathy,
subacute myelo-optic
neuropathy (SMON)

ADEM is characterized pathologically by widespread
perivenular inflammation and demyelination.

Multifocal CNS lesions can occur as a component of an
array of systemic collagen vascular disorders including
systemic lupus eryhemtosus and polyarteritis nodosa.

The CNS manifestations may be the presenting feature.
The peripheral nervous system is also frequently involved.

PML is caused by the JC virus, which infects and destroys
oligodendrocytes with minimal associated immune response.
It typically occurs in immunosuppressed or immunocompro-
mised individuals and is common in AIDS. The disease can
feature a subacute progressive or relapsing clinical course.
The imaging and pathologic features can be distinguished
from classical MS.

HTLV-1 (human T-cell lymphotropic virus type I) infection
is sometimes associated with a neurological syndrome called
HTLV-1-associated myelopathy/tropical spastic paraparesis
(HAM/TSP). Patients with HAM/TSP have a progressive
myelopathy, usually with spastic paraparesis, sensory
disturbance, bladder dysfunction, and occasionally, optic
neuritis.

These inherited disorders are characterized by specific gene
defects that result in either inadequate formation or excess
breakdown of myelin. There may be a prominent
inflammatory response in the region of myelin breakdown,
but this is considered to be secondary to tissue breakdown.
To date, therapeutic attempts with immunomodulatory agents
in the leukodystrophies, specifically, adrenoleukodystrophy,
have been ineffective.

Outbreaks of toxic optic neuropathy and SMON have been
described in Cuba and in Japan.ll’lzv99 Sporadic cases of
toxic optic neuropathy likely account for the disorder
tobacco-alcohol amblyopia. Conversely, one need consider
whether deficiency syndromes could underlie development
of demyelinating syndromes; deficiency of vitamin B;,, a
cofactor in myelin formation, has also been implicated.
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ADEM as a Consequence of Infection. ADEM, or postinfectious encepha-
lomyelitis, has been implicated as a consequence of a wide array of viral infec-
tions, although for many, the epidemiologic data are not strong enough to support
a causal link. Measles virus epidemics have, however, been convincingly linked
to ADEM. Postinfectious encephalomyelitis (PIE) is thought to be autoimmune
in nature rather than secondary to a direct virus injury for the following reasons:
(1) encephalitis appears after the rash clears; (2) there is generally little or no
evidence of infectious virus or viral genome in the CNS at the time of the demy-
elinating disease;'* and (3) there is evidence of increased reactivity against
myelin antigens during the demyelinating disease.'%? Postinfectious encephalo-
myelitis is generally uniphasic.

Immune system disturbances, which are known to occur following measles
virus infection,'® might underlie the immunopathological response of post-
infectious encephalomyelitis. A new direction for studies of PIE involves the
possibility of establishing a model for this disease in transgenic mice that express
the CD46 measles virus receptor. '8

Molecular cross-reactivity, or molecular mimicry, has been demonstrated
between myelin antigens and an array of viruses. Homologous sequences from
viruses have been used to induce EAE (for example, hepatitis virus antigens).
The extent of T-cell receptor degeneracy (meaning that the same receptor can
respond to a wide sequence of peptides) and T-cell receptor heterogeneity in
humans suggests that a wide array of exogenous agents could induce such a
disease mechanism. As in MS, the putative infectious trigger could be different in
individual MS patients depending on their immunogenetic makeup and the status
of their immune system at the time of infection. A remaining challenge in MS is
to determine whether any infectious agents detected in the CNS of such cases also
persist in the CNS without causing harm or whether they are responsible for
generating a pathogenic immune response.

Recurrent ADEM. ADEM cases are usually sporadic, and it is sometimes
difficult to identify the initiating factor. Relapsing cases of ADEM have been
described, especially in younger-age patients. For some cases, characteristic
pathologic material has been available. Similarly, the EAE model can be manipu-
lated to produce a relapsing chronic disorder by selecting animals with specific
immunogenetic backgrounds and timing their immunizations so that the underly-
ing systemic immune response is amplified or the blood-brain barrier is altered.
Such variables could also determine the nature of the response of humans when
they are exposed to potential disease-inducing antigens.

Progressive Multifocal Leukoencephalopathy (PML). JC virus,* a mem-
ber of the papovavirus family, is a common pathogen in humans, although the

*#JC refers to the initials of the individual from whom the virus was isolated in 1970.
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primary disease caused by this virus is not characterized. Common symptoms
include hemiparesis, aphasia, focal seizures, and visual disturbances. JC virus is
thought to reactivate in immunosuppressed hosts, especially individuals with
AIDS, producing the opportunistic infection PML. The disease involves a pro-
gressive CNS syndrome with symptoms and signs that suggest white matter
involvement. Demyelination is usually most prominent in the occipital lobes of
the cerebral hemispheres. The histopathology is characterized by the presence of
oligodendrocytes with intranuclear inclusion bodies filled with papovavirus in-
fectious particles, indicating that this disease involves a direct, lytic infection of
the oligodendrocyte; that is, the oligodendrocyte is broken apart after being in-
fected with the virus. Enlarged astrocytes are also seen, suggesting that the JC
virus can transform these cells. Demyelination is a result of the direct oligoden-
drocyte infection by JC virus. Thus, in PML the immune response is considered
to be protective rather than pathogenic.

Human T-Lymphotropic Virus-1 (HTLV-1). This retrovirus is common in
the tropics as well as Japan, and is usually associated with asymptomatic disease.
HTLV-1 infection is infrequently associated with a T-cell leukemia or lymphoma
or a neurological syndrome called HTLV-1-associated myelopathy/tropical
spastic paraparesis (HAM/TSP). Patients with HAM/TSP have a progressive
myelopathy usually with spastic paraparesis, sensory disturbance, bladder dys-
function, and occasionally, optic neuritis. The CSF generally shows a lympho-
cytic pleocytosis with elevated IgG and oligoclonal IgG bands directed against
HTLV-1. Necrotizing lesions with inflammation in the white matter are present
in the spinal cord.

HAM/TSP can resemble MS clinically. In fact, a case of HAM/TSP might be
diagnosed as MS if it were not for the presence of HTLV-1 antibody and the
observation that the HTLV-1 genome can be detected in the CNS.

The pathogenesis of HAM/TSP remains unclear. There are numerous CD8+
T cells that recognize the virus, suggesting that this immune response might
foster white matter disease.2 Infected glial cells are a possible source of inflam-
matory pathogenic cytokines and might also be the target for these cytolytic T
cells.!40 In addition, there is some evidence that molecular mimicry plays a role in
disease pathogenesis. Host genetic factors, for example, HLA type, might also be
important in determining susceptibility to HAM/TSP after infection.

Infectious Causes of MS

It has not been proven that MS is caused by an infectious agent, but various
data, including the inflammatory nature of the disease, epidemiological studies,
and a heightened immune response against several pathogens, suggest an infec-
tious etiology (reviewed in 1998 by Kastrukoff et al. 197). Demyelinating diseases
that clinically and pathologically resemble MS can be caused by viral agents or
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TABLE 2.14 Koch’s Postulate on Causation of Disease by a Pathogen

Postulate Limitations

The pathogen is always It would be rare to consistently isolate a pathogen from all cases
present in pathologically of the disease that it causes because of shortcomings in isolation
affected tissue. procedures.

The pathogen is not Pathogens can have a variety of clinical manifestations, from
present in tissues from asymptomatic disease to varied diseases.

controls.

The pathogen can Host restriction may prevent experimental transmission.
experimentally induce

disease.

immunopathological responses (Table 2.14). Infectious agents might be able to
cause demyelination either directly, as a result of oligodendrocyte lysis, or indi-
rectly, by means of an immunopathological response. Demyelination mediated
by an immunopathological response can occur by a number of mechanisms. For
example, the infectious agent can induce a pathogenic cross-reactive immune
response (molecular mimicry), or the release of myelin antigens can stimulate an
immune response that is directed against white matter antigens and becomes
more broad over time (epitope spreading). (See Box 2.3 for a summary of autoim-
munity and disease.)

Identification of MS Pathogens

There are clear limitations to using classical criteria to implicate a pathogen
isolated in MS as a causal agent for the disease,'?! as shown in Table 2.14. These
issues make it especially difficult to establish the significance of a positive isola-
tion from tissues of a patient with MS.

However, all cases in which an infectious agent causes a disease will clearly
not fit standard criteria, and individualization of the requirements is sometimes
necessary. Because of these limitations, it is prudent to consider criteria that may
be more appropriate and realistic. One could consider the following additional
guidelines in analyzing disease causation by a pathogen: consistent transmission
or isolation of the pathogen; cure or effective treatment of the disease following
elimination of the pathogen; absence of the disease in geographic regions where
the pathogen is not present. It may also be appropriate to consider particular
molecular signatures related either to the genes of the pathogen or to the tran-
scription expression profile associated with a particular pathogen. Many patho-
gens have been implicated over the years as etiological agents in MS (Table
2.15).
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TABLE 2.15 Agents Isolated or Implicated in the Etiology of MS

Spirochete Simian cytomegalovirus
Rabies virus Epstein-Barr virus
Scrapie-like agent Measles virus
Parainfluenza virus HTLV-1

“Carp” agent MS-associated retrovirus
Coronavirus Human herpesvirus-6
Canine distemper virus Chlamydia

Herpes simplex-1

Some of these claims have been doubted for the following reasons: contami-
nation (for example, spirochete), artifacts of isolation methods (for example,
simian cytomegalovirus), and normal flora (for example, herpes simplex-1
[HSV-1]). Although some of these agents are clearly capable of inducing a CNS
demyelinating syndrome that resembles MS, it remains uncertain whether par-
ticular cases in which a pathogen is isolated represent a rare MS-like case or
whether the pathogen may actually be a common cause of MS.

There are various possible explanations of why so many pathogens have
been isolated in MS but no single pathogen has been consistently observed. First,
there might be a variety of pathogens that can independently cause MS (i.e., the
disease is multifactorial), perhaps inducing heterogeneous forms of the disease.
Second, MS might not be an infectious disease. The isolations of different patho-
gens might all be artifactual or related to rare events associated with a particular
pathogen. Third, the relationship of the pathogen to MS might be a relatively
minor one, possibly through interactions with genetic factors. Finally, the true
pathogen might not yet have been identified. Thus far, there is inadequate evi-
dence to either accept or reject suggestions that any particular pathogen is caus-
ally related to MS.

A variety of members of the herpes group of viruses (for example, simian
cytomegalovirus, Epstein-Barr virus, HSV-1, and human herpesvirus-6 [HHV-
6]) have been implicated in the etiology of MS. Members of this group of viruses
remain attractive candidates as etiologic agents in MS since they are common
pathogens that are known to persist and reactivate from a latent stage (and there-
fore could trigger the attacks and remissions seen in MSS) and in some cases can
induce focal demyelination in animals (see discussion of animal models of virus-
induced demyelination).

The most recent herpesvirus candidate to generate attention is HHV-6. HHV-
6, a common pathogen, is the cause of the childhood disease, roseola (exanthem
subitem). This virus is associated with febrile seizures in children,?’ can invade
the CNS, and can persist in peripheral blood mononuclear cells and the spinal
fluid. In some cases, HHV-6 induces an MS-like disease, which raises the issue
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of its broader involvement in MS. Some recent studies of HHV-6 have found
n0'3% or rare’? evidence of HHV-6 genome in MS CSF (as well as little, if any,
evidence of genome from several other members of the herpesvirus group). One
recent study reported that there was an increased incidence of HHV-6 (as well as
HSV and varicella-zoster virus) genome in CNS tissue from MS cases compared
to tissues from controls; however, the differences were not statistically signifi-
cant (see Sanders!?). Some investigators have argued that the cell type that is
infected by HHV-6 differs in MS CNS compared to controls and, therefore, that
the virus plays a role in the pathogenesis of MS.3 The interpretation of HHV-6
studies may be complicated because HHV-6 infection and the localization of the
virus may be altered secondary to inflammation associated with MS or to immuno-
suppressive treatment of MS patients; therefore, a change in localization of HHV-6
in MS CNS compared to control CNS may be unrelated to any pathogenic role of
HHV-6 in MS. Although HHV-6 may not induce the white matter lesions of MS,
it remains a possibility that HHV-6 contributes to the demyelination seen in some
cases of MS. The recent identification of CD46 as a cellular receptor for HHV-61°1
and the availability of transgenic mice that carry CD46'38 provide an opportunity
to develop an experimental model of HHV-6-induced CNS disease pathogenesis.

A recent study found that CSF from MS patients was culture-positive for
Chlamydia pneumoniae and PCR (polymerase chain reaction)-positive for this
agent more commonly than CSF from patients with other neurological disease.??3
In addition, there was evidence of increased antibody against chlamydia in MS
CSF, as well as evidence that MS CSF oligoclonal IgG bands were absorbed by
chlamydia antigens. This work clearly needs confirmation.

ANIMAL MoDELs oF MS

Members of the public awaiting cures for specific diseases often express
impatience with the fact that most research on the biological basis of disease is
based on animal studies, complaining that the time and money spent on animal
studies would be better invested in clinical trials. However, animal studies are not
simply interchangeable with clinical studies. Ultimately, every biologically ac-
tive substance exerts its effects at the cellular and molecular levels, and the
evidence has shown that this is remarkably consistent among mammals, even
those as different in body and mind as rats and humans. Thus, animals can serve
as models for basic biological processes in humans and can provide information
about how drugs work that would not be obtainable in clinical studies.

Animal models in which both spontaneous and induced disease occur have
contributed greatly to our knowledge of the pathogenesis of diseases, and in the
future, they will be increasingly used to aid in the assessment of various treatment
modalities. A variety of animal models have been used to study the pathogenesis
and experimental treatment of diseases that share features with MS (Table 2.16).174
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TABLE 2.16 Animal Models of MS

Type of Model Description

EAE Immunization of mice, rats, or primates with myelin proteins
(MBP, MOG, PLP) or other autoantigens (PLP). CREAE is a
chronic, relapsing type of EAE

B-cell models In contrast to T cells, there is no technology available to routinely
clone autoantigen specific B cells. As an alternative approach,
B-cell “monoclonal” mice have recently been generated by gene
replacement transgenesis

Humanized models Genetic engineering is used to produce animals that express
particular human genes hypothesized to be involved in MS

Virus-induced A variety of viruses can induce CNS demyelination, including
demyelinating disease Theiler’s murine encephalomyelitis virus, mouse hepatitis virus,
and herpes simplex virus

Most of our present knowledge of myelin-specific autoimmunity and, more gen-
erally, of immune reactivity within the CNS emanates from experimental animal
models. It should, however, be noted that there is a diversity of distinct models,
defined by the animal species, the target autoantigen, and the mode of induction.
Three basic types of animal models have been developed to understand the dis-
ease mechanisms underlying MS: EAE, virus-induced demyelination, and geneti-
cally modified animals.

Experimental Autoimmune Encephalomyelitis (EAE)

EAE models have served, in many respects, as the prototype for current
thinking on the pathogenesis of MS. This paralytic disease is characterized by the
presence of inflammation and demyelination in the CNS. It is an autoimmune
syndrome induced in different susceptible strains and species, generally by intra-
dermal immunization with myelin antigens (natural or synthetic) or by adoptive
transfer of T lymphocytes reactive against myelin proteins. The antigens capable
of inducing EAE vary depending upon the strain and species of animal, the
adjuvants employed, and perhaps also the history of environmental exposures
experienced by the animal. EAE should be considered not as a single model but
rather as a heterogeneous family of related disorders. Each of the EAE variants
reflects different aspects of human MS, and conversely, there is no one EAE
model that represents the entire complexity of MS (Table 2.17).

As is the case in MS, susceptibilities to EAE are determined as complex
genetic traits. In both disorders, the most evident susceptibility locus resides
within the HLA locus. Also in both disorders, locus heterogeneity is extensive
(i.e., different loci and genes). Different genes can act at specific stages of the
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TABLE 2.17 Comparison Between Multiple Sclerosis and EAE

MS EAE
Clinical Presentation
Relapses and remissions Present Present
Paralysis Present Present
Ataxia Present Present
Visual impairment Present Present
Genetics
MHC-linked susceptibility Yes Yes
Females more susceptible Yes Yes
Pathology
Demyelination Present Present
Axonal damage Present Present
T cells reactive to myelin Present Present
Antibodies to myelin Present Present
a4-integrin, complement Present Present
TFN-a, y-IFN Present Present
Therapy
v-IFN, systemic Worsens Cures
Anti-TNF-0,, systemic Worsens Cures
IL-4 transduced T cells Not done Cures
TNF-o transduced T cells Not done Worsens
Copaxone (glatiramer acetate) Improves Cures
Beta-interferon Improves Improves

SOURCE: Larry Steinman, presentation to the committee, November 17, 1999.

EAE or Theiler’s murine encephalomyelitis virus (TMEV) disease process, influ-
encing severity, recovery, susceptibility to relapse, remyelination, and other ele-
ments of the phenotype. Knowledge of the extensive heterogeneity in disease
susceptibility and modifier genes in these MS models should provide targets for
study in human MS.

Even within genetically identical littermates, the immune response following
immunization with whole myelin is heterogeneous, with different antigenic tar-
gets dominating in different individuals. When groups of genetically identical
animals are housed in different facilities, the resulting clinical syndromes can be
markedly different, presumably reflecting the effects of different individual mi-
croenvironments.

Studies of EAE established that the pathogenic agents of the disease are
CD4+ T cells, which produce cytokines of the proinflammatory Thl pattern
(IFN-y and TNF-q, but no IL-4) upon stimulation. The precursors of these T cells
are contained within the normal immune repertoire, but they unfold their patho-
genic potential only on activation, by either specific antigens, microbial
superantigens, or mitogens.

In EAE induced in the Lewis rat strain (and H-2" mice) by immunization
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with MBP, the encephalitogenic T cells recognize almost exclusively single,
circumscript epitope segments of the MBP in the molecular context of MHC
class II (clonal dominance). This dominance can be gradually lost over time, a
phenomenon referred to as determinant spreading. Furthermore, in these models,
the T-cell receptor for most autoreactive T cells is based on a highly simplified
repertoire of structural genes, such as the V8.2 gene for the TCR B-chain. These
unusual features of antigen recognition have raised hopes with regard to immuno-
specific therapies. Unfortunately, however, they seem to be limited to only a few
experimental models. Most EAE models, as well as the human myelin-specific T
cells, do not show either striking epitope dominance or T-cell receptor biases.

To date, attempts to identify possible functions of CNS-specific T-cell classes
distinct from CD4+ T cells have not led to consistent pictures. Evidence from T-
cell transfer models and TCR transgenic mice suggests that CD8+ T cells might
help control and limit an ongoing CD4+ dependent EAE process.

B Cells in EAE. Most acute EAE models show profuse inflammatory CNS
reactions with a conspicuous absence of large-scale demyelination, implying that
MS-like demyelination is not caused directly by myelin-specific T cells but must
be brought about by other mechanisms. B cells are the best-characterized effec-
tors of this function. Large, confluent inflammatory demyelinated lesions can be
produced in rats by transferring encephalitogenic T cells along with a monoclonal
antibody against myelin oligodendrocyte glycoprotein. The T cells cause inflam-
mation, thereby opening the blood-brain barrier to the autoantibodies, which
enter the CNS where they bind to myelin and destroy it via complement- or
phagocyte-dependent mechanisms.*® “Simple” immunization of rodents with
MOG can also produce the same result.2>3

In addition to producing humoral autoantibodies, brain-specific B cells tar-
get and present myelin antigens to specific T cells. During this presentation
process, the B cells may stimulate the activation of specific T cells, with a
possible tendency to shift them from Thl (pro-inflammatory) to Th2 cytokine
(anti-inflammatory) profiles.

The roles of autoreactive B cells in the pathogenesis of EAE are incom-
pletely understood, mostly because of technical shortcomings. In contrast to T
cells, there is no technology available to routinely clone autoantigen-specific B
cells. As an alternative approach, B-cell “monoclonal” mice have recently been
generated by gene replacement transgenesis.'?* The germline repertoire of immu-
noglobulin genes in these mice has been replaced by the mature, rearranged gene
encoding a MOG-specific autoantibody. Most, if not all, of the B cells in these
mice express immunoglobulin receptors that are autoreactive to MOG. The mice
spontaneously produce high titers of anti-MOG autoantibodies in their blood.

Chronic Relapsing EAE (CREAE). There is no natural, spontaneous ani-
mal model resembling MS. The immunological conditions leading to relapses
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and remissions of inflammatory demyelinating disease over time are most com-
monly examined in chronic relapsing versions of EAE. These episodic courses
depend on the modes of immunization as well as on genetic factors innate to the
host animals. Although the conditions that trigger relapses in CREAE models are
not yet well understood, models are expected to provide clues to these essential
aspects of MS, especially when refined by the use of suitable transgenic animals.

Primate EAE. It has recently been shown that a chronic relapsing EAE in a
primate, the common marmoset, is more like MS than other EAE models.!”* This
form of EAE, induced in marmosets by immunization with MOG, produces
lesions that are almost indistinguishable from fresh, acute human MS plaques.’®
In both the human disease and this animal model, a zone of myelin destruction is
seen at the margins of lesions; within the lesions, myelin sheaths are replaced by
vesiculated membranous elements. MOG-specific antibodies, thought to be re-
lated to the deposition of antigen-specific antibody, are present over the vesicu-
lated myelin. In both settings, oligodendrocytes were spared, and there was some
evidence of myelin repair. Axonal pathology, however, was more conspicuous in
MS cases than in this animal model. It has been suggested that processes medi-
ated by T-cells initiate the demyelinating lesions and that other effector mecha-
nisms are the principal offenders in damaging the myelin sheath. Mechanisms
that initiate the lesion might be immunologically distinct from those that propa-
gate disease. Antibodies might play an important role in these processes.'’* The
marmoset EAE model has also confirmed the encephalitogenic potential of auto-
reactive T-cell clones, whose precursors are preformed in the healthy immune
repertoire. At the same time, however, these experiments also show that all T-cell
clones are not equally autoaggressive.

Limitations of MS Animal Models

Experimental animal models of MS are based almost exclusively on the use
of rodents, mostly rats and mice. Unfortunately, rodent and human immune sys-
tems differ to such a large degree that not all observations made in rodent EAE
can be directly translated to human MS.

An important disadvantage of animal models is that they do not necessarily
mirror the cellular or molecular pathology of MS. Some types of EAE, for ex-
ample, produce brisk demyelination, whereas others produce little demyelina-
tion. Which is the best model? Since these features of MS are not yet fully
understood, it is dificult to know how faithfully any given animal model of MS
illustrates the human disease.

In addition, these models are not very tractable for studies on the electro-
physiology and biophysics of neuronal function, a serious limitation in a disease
such as MS in which symptoms and signs arise from impaired nerve function.
Powerful research methods are now available for studying the physiology and
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biophysics of normal or injured nerve cells. These methods permit neuroscien-
tists to study electrical signaling in both normal and injured neurons, but they
require that these nerve cells, with reproducible abnormalities, be reproducibly
located, within fractions of a millimeter, in specific parts of the nervous system
so that they can be studied. In MS and in most currently available animal models,
the pathology is patchy, and the location of demyelinated and injured neurons
varies from case to case. For the electrophysiologist who studies neuronal signal-
ing by precisely placing tiny microelectrodes within neurons, studying the physi-
ology of demyelinated or otherwise injured neurons when their location varies
from animal to animal is, indeed, a challenge. A model in which focal demyelina-
tion, or axonal injury, can be produced at specific locations that are consistent
from animal to animal would be a great improvement.

Virus-Induced Models

Viruses can cause demyelination in several ways, the most straightforward
of which is for viruses to lyse, or break open, oligodendrocytes, the myelin-
producing cells. In some cases, however, the immune system is also involved.
The mechanism by which virus-induced immune-mediated demyelination is car-
ried out is not clear, but roles for molecular mimicry, bystander damage, and
superantigen activation of T cells have all been proposed (see Box 2.3).

The best developed models of virus-induced demyelination are those caused
by certain strains of TMEV and the mouse hepatitis virus (MHV) (reviewed in
Kastrukoff et al.97). Probably the most fruitful of the remaining models are those
of semliki forest virus (SFV) and herpes simplex virus (HSV) (Table 2.18). The
advantages of SFV are its small, simple genome and ease of mutagenesis. Al-
though the HSV genome is large and complex, the wealth of molecular informa-
tion related to this virus and the ability to manipulate the viral genome make it an
attractive model system, as well.

Theiler’s Murine Encephalomyelitis Virus. The DA strain of TMEV pro-
duces an inflammatory demyelinating disease of the spinal cord with lesions that
resemble MS. A variety of experimental studies of TMEV-induced demyelina-
tion suggest that as in MS, the immune system fosters demyelination. The inflam-
matory, demyelinating, and multifocal lesions of TMEV infection are mediated
at least in part by T cells directed against viral antigens. The inflammatory re-
sponse directly contributes to tissue damage in this MS-like model, since suscep-
tibility is determined in part by immune response genes and immunosuppression
abrogates demyelination.

One to two weeks after inoculation with the DA virus, there is a brisk inflam-
matory response in the brain with high levels of virus. This is generally a sub-
clinical process since the mouse usually appears normal. After three weeks, the
brain pathology virtually disappears, but mice develop a progressive spastic para-
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TABLE 2.18 Animal Viruses That Induce Demyelination

Virus

Consequences of Infection in Animals

Theiler’s murine
ecephalomyelitis
virus

Mouse hepatitis
virus

Semliki forest
virus

Herpes simplex
virus

Maedi visna
virus

Canine distemper
virus

The TO subgroup strains of TMEV produces an inflammatory
demyelinating disease of the spinal cord with lesions that resemble MS.
A variety of experimental studies of TMEV-induced demyelination
suggest that the immune system fosters the white matter disease.

The many different strains of MHV lead to a plethora of different
diseases, including hepatitis, as well respiratory CNS disorders. The
presence and extent of demyelination depend on the viral genotype,
dosage, and route of inoculation, as well as the strain, age, and immune
status of the infected mouse. Virus persists in glial cells of demyelinated
mice.

Experimental infection of mice and rats with specific strains of SFV
leads to demyelination; other strains induce an encephalomyelitis.
Demyelination depends on the specific strain of virus, the mouse strain,
and the immune status of the host.%8 Virus persists in the central
nervous system. The role of the immune system in the demyelinating
disease remains unclear.

Many strains of HSV produce a diffuse encephalitis in mice, but certain
virus strains induce an inflammatory demyelinating disease in particular
strains. Other strains of mice have multifocal demyelination that can
relapse or persist in varied areas of the brain.10¢ The role of the immune
system in this model is unclear but appears to contribute to the
destruction of CNS tissue.2!!

Maedi visna is found only in sheep. There is no experimental rodent
model of maedi visna infection, and therefore one needs to investigate
sheep. The absence of markers for the sheep’s immune system and of
genetically modified sheep with knockouts of different arms of the
immune system are clear limitations of the maedi visna model. The
pathology of disease varies from an encephalomyelitis to a pure
inflammatory demyelination that resembles MS.37 Virus persists during
the disease with a restricted expression in microglial cells. It remains
unclear whether demyelination is a result of direct viral lysis or is
mediated by the immune response.

CDV produces a variety of CNS diseases in dogs, including acute and
chronic encephalitis and demyelinating disease. Virus persists in the
chronic disease and appears to be present in oligodendrocytes in some
cases. Work with this model has been limited since dogs are required as
the host. The pathogenesis of the demyelinating disease remains unclear.

paresis associated with an inflammatory demyelinating disease of the spinal cord.
Although the titers of DA virus decrease over the first few weeks, virus persists in
the central nervous system for the life of the mouse. The persistent virus is said to
have a restricted, or incomplete, expression. In other words, viral genome is
present, but the levels of infectious virus are low, with relatively little viral capsid
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protein produced. (The capsid is the protein shell surrounding the viral DNA or
RNA and is generally required for viral infectivity.)

Advantages of the TMEV model include the simplicity of its genome, the
detailed structural information about the virus, the ease with which it can be
genetically manipulated, and finally, the extensive knowledge about the genes
and immune system of mice, the natural host of TMEV (see Box 2.5.).

Despite all that is known about TMEV and despite the ease in manipulating
this simple virus, the pathogenesis of the demyelinating disease is not yet fully
understood. It is clear that viral persistence in the oligodendrocytes and microglia
is critical to the development of TMEV-induced demyelination; that is, an ongo-
ing virus infection is always associated with the white matter disease. It is also
clear that the immune system contributes to the late demyelinating disease, but
exactly how remains poorly understood. Part of the difficulty in dissecting the
role of the immune system in the pathogenesis of TMEV (as well as some of the
other animal models of virus-induced demyelination) is that it changes over time.
Early after infection, the immune system controls the virus infection, but later in

BOX 2.5
Advantages of the TMEV Model of
Virus-Induced Demyelination

The following features of TMEV make it an attractive model for studies of virus-
induced immune-mediated demyelination:

¢ The virus is relatively small and simple, with only four structural proteins in
the infectious particle. The genome is only approximately 8,100 nucleotides in
length.

e A great deal is known about TMEV. Three strains are completely sequenced.
The crystallographic structure of three strains of the virus has been solved, so
that the location of every amino acid in the infectious particle is known. The B-
cell epitopes that are the targets for neutralizing antibody have been identified
and located on the infectious particle. Some of the epitopes on the virus that
trigger proliferation of immune CD4+ T cells and some that act as targets for an
antivirus cytolytic T-cell response are also known. Some components of the
receptor for the virus have been identified.

* The virus is easily manipulated. Infectious clones of the virus are available
so mutations can be quickly engineered into any region of the genome.

e There is extensive knowledge about mouse genetics and immunology.
The mouse, which is the natural and experimental host of TMEV, provides a
special benefit in studies of the pathogenesis of TMEV-induced demyelinating
disease because so much is known about mouse genetics and the immune
system. In addition, many genetically engineered mice are available, including
those in which specific genes for different components of the immune system
have been “knocked out.”
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the disease, it contributes to the demyelination. In addition, during the disease
there appears to be a critical “balance” of the immune response that is necessary
for the induction of demyelination: an inadequate immune response early in the
disease can lead to the death of the mouse within the first couple of weeks and
before the appearance of demyelination, while a very forceful immune response
early can lead to clearance of the virus so that no virus persists and white matter
disease fails to develop. In other words, viral persistence and demyelination
occur only in association with a certain level of the antiviral immune response.

CD4+, as well as CD8+, T cells might be mediators of the late demyelinating
disease. DA virus infection induces demyelination in both CD4+ and CD8+ T-
cell knockout mice, suggesting that both CD4+ and CD8+ T cells mediate the late
demyelinating disease.'*? The targets for these immunopathogenic CD4+ and the
CD8+ T cells are unknown. There is some evidence for epitope spreading, in
which an increasing number of myelin antigenic epitopes become the target for a
CD4+ T-cell response.'*! However, epitope spreading appears to begin after
demyelination has become established, so it is unclear how important this mecha-
nism of immunopathology is to DA-induced demyelination, especially early in
the white matter disease.

Mouse strains that are resistant to DA-induced demyelinating disease mount
an antivirus cytolytic T-cell response and clear the virus. Mouse strains that are
susceptible to the late disease do not mount this response, presumably allowing
for virus persistence. L*, a small protein synthesized by demyelinating strains of
TMEYV via alternative translation, is critical for TMEV persistence and demyeli-
nation.38 L* inhibits the antivirus cytolytic T-cell response in susceptible mouse
strains through an, as yet, unknown mechanism.'?? Certain cells, for example,
oligodendrocytes, may have cell-specific RNA-binding proteins that bind to the
viral genome (as well as some nonviral messenger RNAs) and regulate whether
L* or the viral capsid proteins are synthesized. The more L* that is synthesized,
the more the expression of the virus is restricted.

TMEYV induces apoptosis in certain cells, including neurons and macro-
phages.!% The relationship between apoptosis and DA-induced demyelination
remains an open question.

Mouse Hepatitis Virus. There are many different strains of mouse hepatitis
virus that lead to a plethora of different diseases, including hepatitis as well as
respiratory and CNS disorders. JHM, S, and A59 strains of MHV induce demy-
elination. The extent of demyelination depends on the virus, including its geno-
type, dosage, and route of inoculation, as well as on the condition of the infected
mouse, including its strain, age, and immune status. Intracerebral inoculation of
the JHM strain into weanling mice leads to demyelination in the mice that survive
encephalitis. Virus persists in glial cells of demyelinated mice.

At present, there are some notable limitations to MHV pathogenesis studies.
MHV has a remarkably large viral genome (32 kb), making this a complex
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pathogen. A system for efficient and rapid mutagenesis has not yet been per-
fected, and therefore manipulation of the viral genome is not straightforward.

Investigators initially thought that demyelination occurred as a result of viral
lysis of oligodendrocytes independently of the immune system. More recent
studies, however, suggested that it does contribute to the demyelination (re-
viewed in 1996 by Houtman et al.®). For example, investigators found that
C57BL/6 mice that are immunosuppressed by gamma irradiation before being
exposed to the JHM virus develop less severe demyelination. Adoptive transfer
of JHM virus-infected splenic T cells to the infected irradiated mice leads to the
development of significant demyelination. Other studies in rats showed that trans-
fer of T cells from rats that have JHM virus-induced demyelinating encephalo-
myelitis leads to the development of experimental allergic encephalomyelitis-like
lesions. Studies in CD4+ and CD8+ knockout mice!'> demonstrated that both T-
cell types are needed for clearance of the virus; however, CD4+ T cells contribute
to central nervous system inflammation and demyelination. A suggestion of the
latter study was that the CD4+ T cells influenced the expression of cytokines,
specifically the RANTES cytokine, and led to macrophage entry into the CNS;
treatment of the infected mice with anti-RANTES antibody resulted in a decrease
in macrophage infiltration and demyelination. These studies and conclusions
require confirmation.

The committee notes that the following animal models of virus-induced
demyelinating disease are particularly likely to yield clues to the pathogenesis of
MS:

* HTLV-I associated myelopathy. The HAM/TSP syndrome resembles MS.
Because the principles relevant to this human disease might be similar to
those in MS, investigating the pathogenesis of this disease could reveal
insights into MS pathogenesis. The development of a widely available
animal model for HAM/TSP is a high priority.

» Postinfectious encephalomyelitis. PIE is of special interest since recur-
rences following this acute inflammatory white matter disease are so
similar to MS attacks that the two diseases are indistinguishable, indicat-
ing a close relationship between PIE and MS. The availability of trans-
genic mice that carry a receptor for measles virus might provide an ex-
perimental model for the study of PIE.

* Theiler’s murine encephalomyelitis virus. The pathological lesions of
TMEYV are similar to MS plaques; therefore, continuing delineation of the
mechanism by which the immune system contributes to the virus-induced
demyelination might lead to a better understanding of the pathogenesis of
demyelinating disease.
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*  Mouse hepatitis virus. Research on the MHV-induced demyelination
model is presently limited by difficulties with site-directed mutagenesis
methods. A high priority for research with this virus should be the gen-
eration of an infectious MHV cDNA clone and a refinement of mutagen-
esis techniques.

Genetically Engineered Models

Molecular genetic manipulation has become one of the most important tools
for evaluating gene function in living organisms.>27%:147 These tools of molecular
biology have extended the reach of researchers to a new level of understanding of
neurodegeneration mechanisms. The development of animal models for neuro-
degenerative disorders by means of genetic engineering has revolutionized ex-
perimental neurology.?” The identification and cloning of genes involved in
diseases such as Alzheimer’s, Huntington’s, and amyotropic lateral sclerosis pro-
vided the keys to develop mice that overexpress the human genes involved in
these diseases (reviewed in 1999 by Brusa?’). The nonobese diabetic (NOD)
mouse is genetically susceptible to diabetes, and transgenic NOD mice have been
developed to allow examination of the role of possible autoantigens in the devel-
opment of diabetes, which like MS involves an inflammatory autoimmune pa-
thology.??” The NOD mouse has also identified candidate molecules and pro-
cesses that have influenced research in EAE and MS.%

Mutant mice have provided insights into all aspects of biology for genera-
tions, but only in the last two decades has it been possible to modify the expres-
sion of selected genes, an essential breakthrough for analyzing the role of specific
genes in complex processes and diseases such as MS. In addition, identification
of the genes that are activated or inactivated in both pathological and repair
processes in the CNS will likely reveal new and unexpected targets for uniquely
selective disease-modifying therapies in MS.

“Reverse genetics” and “forward genetics” offer contrasting approaches to
the analysis of gene function. Forward genetics is an approach to identify genes
that are not already implicated in a particular disease or process. Reverse genetics
is an approach to identify the role of genes whose involvement in the disease or
process being studied is already implicated.

In forward genetics, large numbers of mice are mutagenized (using tech-
niques that mutagenize genes at random); their resulting phenotypes are analyzed
to select mutants that exhibit spontaneous MS. The mutated genes in the selected
mutants are then positionally cloned and identified. The homologous human
clones can also be identified, a task that is becoming vastly simpler as the human
genome project nears completion. The advantage of this approach is that the
screen is not biased in any way and can reveal genes beyond those already known
to be involved in MS. Another advantage of forward genetics is that once a gene
is identified in a disease process, one can quickly do a screen for suppressors and
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enhancers of the phenotype. This will yield the entire biochemical pathway (as
opposed to just one step) involved in disease pathogenesis.

One limitation to the forward genetics approach is that only a small percent-
age of the mutated genes will result in a phenotype relevant to MS. Consequently,
large numbers of mutants have to be screened, which is generally expensive,
time-consuming, and labor intensive. Yet the rewards—especially for complex
diseases and processes that have resisted traditional approaches—are unparal-
leled.

In reverse genetics, mutant strains of mice that either overexpress or lack
specific genes are generated through a variety of techniques. The classic ap-
proach to creating transgenic mice is to inject a foreign gene (“transgene’) into a
fertilized egg, thereby inducing overexpression of the transgene. The egg bearing
the transgene is implanted into a host mother. Progeny bearing DNA encoding
the transgene are screened, as are the corresponding levels of RNA and protein.
This transgene is randomly incorporated into a mouse chromosome and ulti-
mately leads to production of the protein of interest.?’” This approach has been
used to transfer human genes (such as those for T-cell receptor, HLA DR2, and
CD4) into mice to see if they develop spontaneous MS. One limitation of “knock-
in” mice is that genes can be inserted in uneven copy numbers in “replicate”
animals or might be integrated into disparate sites in the genome.?2¢

Gene expression can also be altered through knockout experiments. Knock-
out mice, or null mutants, are created using embryonic stem cells and homolo-
gous recombination to produce a cell line in which a certain gene has been
removed, or ablated. When transferred into an early mouse embryo, these cells
can participate in the generation of all cell lineages including germ cells, thereby
transmitting their genotype to the next generation. Alternatively, embryonic stem
cells can be used to create so-called knock-in mice by inserting a gene into a
particular locus.

The transgenic gene-targeting approaches described above all rely on irre-
versible changes to the genome that are present from the onset of development
throughout an animal’s life. The function of the gene must be deduced from the
phenotype of animals that have been deficient for the product of the disrupted
gene throughout development. Yet, many genes play different roles at different
stages of development and in different tissues. This presents serious drawbacks
(reviewed in 1998 by Gingrich and Roder” and in 1999 by Muller!'47). First, an
animal with a gene alteration that lethally disrupts development obviously cannot
be studied as an adult—even though the gene might play another critical role, for
example, in neural repair. This is particularly relevant to MS because many of the
genes that regulate embryonic neural development also regulate neural repair in
adults. Another limitation of transgenic models is that changes in the regulation
of other genes could yield misleading phenotypes, in part because of differences
between effects of the gene at different developmental stages, gene redundancy
(other genes might also play the role of the missing gene), or adaptive mecha-
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nisms that compensate for the missing gene. Even apparently unaltered pheno-
types would thus not prove that the gene was not involved in the disease or
process being studied. Another limitation of this approach is that in physiological
responses, gene products tend to be produced in waves, whereas in transgenics,
expression is usually “on” from the time of development.

Alternative approaches in which one gene, or parts of it, can be inactivated or
activated in specific tissues or at specific times (“‘conditional” and “inducible”
mutants) have recently been developed in this rapidly expanding array of gene-
altering techniques (reviewed in Brusa, 1999;27 Gingrich and Roder, 1998;7° and
van der Neut, 1997215). This second generation of transgenic technology derives
from the possibility of modulating the suppression of a transgene with external
stimuli, by using a “biological switch” that can turn the foreign gene on and off.

Gene expression patterns in the nervous system are highly regionalized. For
example, the enzymes involved in producing neurotransmitters and their recep-
tors differ from one subpopulation of neurons to another. Other proteins are more
widespread, such as the intermediate filament proteins NF (neurofilament) or
GFAP (glial fibrillary acidic protein), or are ubiquitous, such as N-CAMs (neural
cell adhesion molecules) and integrins.?!3 Thus, it would be particularly advanta-
geous to develop tissue-specific mutants for MS research. The development of
inducible systems will become an important tool in the many diverse aspects of
research on the disease mechanisms and possibilities for repair in MS, including
the potential administration of gene therapy.

Transgenic Mice and Demyelinating Disease. Transgenic overexpression
of cytokines or gene targets of cytokines in the CNS offers a relatively non-
intrusive mechanism to assess the role of individual cytokines in CNS develop-
ment, function, and response to insult. A common technique for assessing the
effects of a particular cytokine in EAE is to induce its expression directly in the
CNS. This allows researchers to ask whether expression of the cytokine induces
CNS pathology similar to that seen in MS. Directed expression of transgenes in
the CNS relies on promoters that normally control the expression of CNS-specific
genes. This includes the GFAP gene promoter, which drives expression in astro-
cytes, as well as the neurofilament promoter (neurons), and the myelin basic
protein promoter (oligodendrocytes). To date, no one has isolated a microglial-
specific promoter.

Only MBP promoters have been used to overexpress gamma-interferon in
the CNS.4794.176 Phenotypes of transgenic mice range from a lethal, “jimpy”-like
hypomyelinating mouse,*’* through progressive demyelinating disease,”* to mice
with no outward phenotype that nevertheless showed progression from EAE to a

*A point mutation in the gene coding for myelin proteolipid protein causes male offspring of jimpy
mice to have little or no myelination. Affected mice develop severe tremors and die prematurely at
approximately 30 days.
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chronic demyelinating disease in contrast to control mice that recovered from
EAE-induced demyelination.!7° It is of interest that the same laboratory observed
both extremes using the same constructs.!317¢ This might be because the trans-
genes were unevenly integrated at different loci, since levels of expression did
not obviously correlate with phenotype in one case.!’ Asymptomatic transgenic
mice did, however, show enhanced glial responses to CNS injury,'3 and exacer-
bated ischemic infarction (Lambertsen et al., unpublished). These asymptomatic
mice presumably reflect sub-threshold levels of cytokine. Nevertheless, crossing
an asymptomatic MBP promoter-driven gamma-interferon transgenic mouse with
MBP or MHC class I mice produced a more extreme jimpy phenotype.!3 This
might provide a clue to cytotoxic effects of beta-interferon-y on oligodendro-
cytes,? being perhaps dependent on local interferon-y titers becoming sufficiently
high to stimulate MHC I induction.!3! 1t is not known whether similar mecha-
nisms account for oligodendrocyte pathology in TNF-o and interferon-o. trans-
genic mice.

The IL-3 and IL-12 transgenic mice provide a useful counterpart, there being
no obvious suggestion of a direct effect on oligodendrocytes.3%1%0 These mice
illustrate the potential for direct macrophage and microglial attack on oligoden-
drocytes, which might occur in TNF-o. transgenic mice.*33-204 It is not clear from
any of these experiments whether activation of immune cells took place within
the CNS or following cytokine exit to the periphery. A systemic effect must
account for the fact that overexpression of the antiinflammatory cytokine IL-10
protected animals from EAE in two separate preparations.'®0 The fact that IL-4
transgenic mice did not show similar resistance!® might reflect insufficient ex-
pression within the CNS or strain background differences, given that IL-4 knock-
out exacerbated disease in another study.%®

Most recently, a transgenic mouse has been “constructed” that expresses T-
cell receptor genes from a human MBP-specific T-cell clone, along with relevant
human MHC class II determinants and MBP. Under certain conditions, this “hu-
manized” mouse developed spontaneous EAE that indeed showed inflammation
with some demyelination.!??

Summary of Genetic Models. In recent years, there have been many ad-
vances in the use of transgenes (including gene knockouts), as well as even more
sophisticated models that make use of tissue-specific and time-dependent regula-
tors. These models should facilitate the development of rational therapies and the
transfer of knowledge from animal models to the prevention and treatment of
human disease.??® However, although temporally regulated targeting controlled
by the administration of an environmental inducer has become feasible with high
efficiency for some organs, it remains to be further improved for other tissues,
particularly the brain.!47

New generations of inducible promoters will more faithfully mimic the in
vivo kinetics and dynamics of cytokine production. Knock-in mice, in which

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

for the Future

104 MULTIPLE SCLEROSIS

transgenes are integrated into defined loci through homologous recombination,
will likewise overcome the problems of uneven gene copy numbers in replicate
animals and disparate sites of integration in the genome.
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Characteristics and Management
of Major Symptoms

The signs and symptoms of multiple sclerosis (MS) are generally related to
the most heavily myelinated parts of the central nervous system (CNS), but they
are notoriously variable. Some symptoms such as dizziness, tingling sensations
on the skin, or visual tracking disturbances are easily forgotten and are often hard
for patients to describe. The majority of fleeting cerebral abnormalities seen on
magnetic resonance imaging (MRI) cannot be correlated with any symptoms;
even chronically demyelinated areas of the optic nerve and spinal cord can be
symptom free.!07

In general, MS patients report mental health as more important than physical
impairment and bodily pain in determining their quality of life. This is different
from neurologists’ beliefs about the most important determinants of health-related
quality of life for patients with MS or the beliefs of members of the general public
about their own quality of life.!46 Nine of the most prominent symptoms are
described in this chapter. They are presented roughly in order of the importance
that MS patients assign to them as determinants of overall quality of life, although
it should be noted that this ranking is based on a small survey and that individual
variability is a prominent feature of all aspects of MS.!46

CoGNITIVE IMPAIRMENT
Fear of mental change is one of the greatest concerns of MS patients when
they learn they have the disease. Cognitive dysfunction is one of the most dis-

abling features of MS and, even when subtle, can begin to limit a person’s ability
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to cope, to stay employed, and to carry out family responsibilities and enjoy
life.140

Early writers on MS often commented on cognitive and emotional changes,
but in the mid-twentieth century, a pattern of denial of these features developed in
the medical literature.'*3 Just as clinicians passed off the frequent symptoms of
pain and fatigue as features of the disease, they also ignored the often seen
emotional and cognitive changes (Jock Murray, personal communication). Donald
Paty (personal communication) noted that there was a negative reaction to his
suggestions in the 1970s that cognitive dysfunction should be a focus of study by
the National MS Society. At the time, it was estimated that only 5 percent of MS
patients might incur cognitive change, and it was argued that cognitive change
was relatively unimportant in MS.!43 By the 1990s, those views had changed, and
in 1992, the MS Society and the International Federation of Multiple Sclerosis
Societies jointly held a symposium on “Neurobehavioral Disorders in MS: Diag-
nosis, Underlying Pathology, Natural History and Therapeutics.” Cognitive
changes are now estimated to occur in about 43 percent of MS cases.>*

The conviction that cognitive changes must be selectively analyzed and
distinguished from other phenomena such as depression and fatigue has emerged
only in the last few decades. Standard psychological tests, however, are not very
effective in identifying the type of changes that occur in MS. Rao, LaRocca,
Fischer, Peyser, and many others have recently made considerable progress in
adapting tests that can detect the specific changes seen in this disease,3*37-130 yet
much more remains to be done. Paradoxically, as we are learning to separate and
more effectively measure the cognitive changes and the affective changes, this
separation has made it possible to learn how they are so often linked (Jock
Murray, personal communication).

Cognitive changes in MS generally are not global, but are most often circum-
scribed to specific processes. Learning, recall of new information, and speed of
information processing are affected most often; deficits in visuospatial abilities
and executive functions such as reasoning, problem solving, and planning are
also common.>* Performance accuracy is less affected, but it appears affected if
timed tests are used.*! Once cognitive impairment is present, it does not often
remit (reviewed in 1999 by Fischer>).

Poor memory is a common complaint among MS patients.> Depending on
sample selection methods and criteria used to define impairment, approximately
20 to 42 percent of MS patients have some deficit in their free recall of recently
learned verbal and visual material (reviewed in 1994 by Fischer et al. 3°). Al-
though memory deficits are common, certain processes remain intact. For ex-
ample, the rate of learning, the likelihood of remembering a specific item based
on when it was presented, and the ability to detect semantic characteristics of the
material to be learned are preserved in all but the most impaired MS patients.
Implicit memory, or the ability to learn new information or skills without explic-
itly attending to it, is also preserved. Recognition of recently learned information

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

for the Future

CHARACTERISTICS AND MANAGEMENT OF MAJOR SYMPTOMS 117

is generally impaired to a much lesser extent than free recall. Impairment of
verbal fluency (the ability to rapidly generate words meeting specific phonologi-
cal or semantic criteria) and, to a lesser extent, confrontation naming (the ability
to retrieve the names of objects) are often associated with memory impairment.
Decreases in word fluency are common, whereas decreases in verbal comprehen-
sion are less common.*

A study of 44 MS patients found that on tests of cognitive performance
designed to measure planning skills tests the MS group performed on average
significantly worse than controls.® However, this was due largely to deficits
among chronic progressive, as opposed to relapsing-remitting patients. Another
caveat is that this was a timed test, so that in addition to planning skills, informa-
tion processing speed would have influenced performance, which would likely
bias the results since this is often affected in MS patients.

Time Course

The time course of cognitive changes in MS is highly variable, although they
appear to occur very early in the disease, often before the onset of other symp-
toms. Different types of cognitive change can appear in different sequences in
different patients, and few studies have documented changes over time in indi-
vidual patients. In one study, 50 patients were tested early in the disease (on
average, 19 months after clinical onset) and again 4.5 years later.* Initial tests
revealed statistically significant deficits in verbal memory and abstract reasoning
relative to controls, with similar results in the follow-up tests. The difference in
average scores between patients and controls was about 10 percent. However, the
difference in variability was much more striking. The variability in scores for the
MS group was consistently greater than for controls, and in 7 out of 15 cases the
variance of the MS group was more than twice that of the controls. This suggests
that the cognitive performance of many of the MS patients was not measurably
affected, whereas others were substantially affected. A simple analysis of group
differences is not sufficient to answer this question. This study also illustrates the
value of using individual patients as their own controls.

Association with Other Symptoms

Cognitive and neurological deficits do not appear to develop in parallel, at
least not in patients whose disease is still in its early phase.* Disease duration is
not a good predictor of cognitive function in MS, but disease course influences
the likelihood of cognitive impairment. Chronic progressive patients tend to do
more poorly on neuropsychological tests than relapsing-remitting patients (re-
viewed in 2001 by Fischer?). Expanded Disability Status Scale (EDSS) scores
and specific neurological symptoms are not correlated with cognitive defi-
cits.353:134 The EDSS is shown in Appendix D. Despite this, clinicians consis-

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

ateqgies for the Future

118 MULTIPLE SCLEROSIS

tently overestimate the correlation between physical disablity and cognitive im-
pairment in MS patients.>®

While some studies report that cognitive function is independent of fa-
tigue,53-180 others raise the possibility that they might be caused by a disruption of
the same neural circuits (see Fischer 2000 for discussion). Depression is gener-
ally not strongly related to overall cognitive function. One study of 20 MS patients
found that cognitive deficits (attention, visuomotor search, and verbal fluency)
were independent of depressive symptoms.”® Of these, only frontal function
impairment was correlated with depression. However, only 4 percent had signifi-
cant depression scores, and all of these had secondary progressive MS.33 A cross-
sectional study of 24 patients found significant association of cognitive impair-
ment (using tests of abstract verbal and nonverbal memory) with depression, but
not with the degree of neurological impairment, specific neurological symptoms,
disability, or handicap.%®

Neuropathological Correlates

The traditional view that MS is characterized by discrete lesions does not
explain the memory and cognitive changes, which would require a more wide-
spread, bilateral change, especially since the complaints often arise early. Recent
evidence from the studies of Ian McDonald in Great Britain and Bruce Trapp in
the United States indicates that the effects of demyelination and the destruction of
axons occur very early in MS and are widespread. Moreover, the process un-
doubtedly has been going on for a long time before a person experiences the first
symptom.

MRI has recently allowed speculation of localization of specific mental
changes.!3? Although MRI studies of MS patients have reported correlations
between cognitive impairment and total lesion burden (the percentage of the
brain that shows lesions on MRI scans), neuroimaging techniques have not
reached the point where neuropathological changes can be linked to specific
aspects of cognitive impairment (reviewed in 2000 by Rovaris and Filippi'47).
Research on cognitive changes in MS is still in its early stages, and most studies
have been relatively small and have not followed changes in individuals. In
addition, the application of techniques that allow detection of more specific neu-
ropathological changes, particularly axonal pathology, might provide more use-
ful insights into the causes of cognitive impairment.

Pathological Laughing and Crying

Pathological laughing and crying is a distinctive type of cognitive change
that occurs in a variety of neurological disorders including stroke, amyotropic
lateral sclerosis (ALS), Alzheimer’s disease, cerebral tumors, and MS. The syn-
drome is defined as a sudden loss of emotional control—for example, laughing,
crying, or both in response to nonspecific, often inconsequential stimuli for no
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apparent reason. The etiology of pathological laughing and crying is unclear. The
cortex and, possibly, prefrontal cortex are thought to be involved. In a study of
152 patients with long-standing disease and significant physical disability (un-
able to walk without assistance), pathological laughing and crying as distinct
from emotional lability affected 10 percent of the patients.*” (Emotional lability
refers to abrupt changes in mood.) A preliminary study indicates that such pa-
tients had relatively greater difficulty with speed of information processing than
their MS control subjects without pathological laughing and crying.>!

There have been a number of reviews of euphoria, all suggesting that eupho-
ria is a reflection of organic change. Rabins used pre-MRI studies to show that
euphoria was associated with greater brain involvement with MS, particularly in
the periventricular areas, but occurred in less than 10 percent of patients.!3¢
Recent MRI studies indicate that the cognitive and emotional changes are likely
to have specific neuroanatomical correlates.

Management

Initial studies have shown some limited gains by methods of cognitive reha-
bilitation, and more needs to be known about what approaches would be helpful.
Memory failures of MS patients sometimes resemble those found in people with
histories of closed-head injury. A study of teaching memory strategies to people
with MS found that MS subjects were able to learn the strategies quickly and did
not appear to require the lengthy training needed by persons with head injury.3
Two studies of the effects of amantadine, a medication often prescribed for
fatigue, showed either no effect on cognitive function®® or a modest benefit on
processing speed, and that effect was limited to patients who had MS for 7 years
or longer.'30 It was recently reported that after a 2-year course of interferon-beta
(IFN-B-1a) relapsing MS patients had significantly better cognitive functions
than placebo-treated controls.”® Although assessment of cognitive changes in MS
clinical trials is challenging, further tests will be important to clarify this effect.

Until ways of stopping or reducing cognitive change are developed, patients
could benefit by any methods that at least help them and provide them with
techniques to alleviate the problems. For example, people with memory deficits
can use portable tape recorders, daily planners, and computer memory aids to
keep track of schedules and review discussions during physician visits or educa-
tion sessions.

Research Needs

The revelation of the prevalence of cognitive changes together with the
advent of MRI has stimulated a surge of research over the last decade, which has
in turn clarified specific needs for further research.

* Research on the underlying pathophysiological changes leading to cogni-
tive and pathological emotional change is needed, because the relation-
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ship between pathological changes observed in the disease and the obser-
vation of cognitive change is speculative at the present time. Understand-
ing the underlying mechanisms may explain why there isn’t a close cor-
relation of cognitive change with disability, disease course, or disease
duration.

* Further research on more representative populations of MS patients is
necessary to reveal the extent and degree of involvement, and long-term
studies are needed on this group (community-based versus clinic popula-
tions). Previous studies are on groups that may not be representative.

*  We need to know more about the impact of early cognitive changes on
the quality of life.!40

e Further research is needed into the MRI, functional MRI, and PET
(positron emission tomography) scan correlates of the cognitive change.
We need to understand more about why some patients develop severe
cognitive change, others mild or moderate change, and others with long-
standing disease have no measurable change.

* Further research is needed into disease-specific neuropsychological tests
to better identify early changes in MS, and this should be translated into
a standard battery that could be used for the clinic and bedside and as a
part of all clinical therapy trials.

* More data are needed to define the temporal course of cognitive changes
and would be invaluable in assessing the impact of new agents used in
treating MS.

* Better measures of the cognitive changes in MS should be developed,
although the need for specific neuropsychological tests for the specific
changes noted in MS has been recognized, as developed by Stephen
Rao.!3?

DEPRESSION

Prevalence and Diagnosis

Depression is the most common mood disorder in MS. Alterations in mood
and affective state have long been recognized in MS,3 although estimates of their
prevalence vary widely. Estimates of the prevalence of major depression among
MS clinic patients at any one time range from about 15 to 30 percent and from 40
to 60 percent for lifetime prevalence (reviewed in 1995 by Nyenhuis et al.,!?6 and
in 1997 by Aikens et al.,'>%), which is three times that found in the general
population. Depression is more prevalent in MS than other neurological disor-
ders, such as Parkinson’s disease, in which it is one-half to one-third less preva-
lent than in MS.!#! However, these estimates might be deceptive because they are
typically based on patients attending MS clinics. For example, the estimated
prevalence of major depression among stroke patients depends on setting, in-
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creasingly linearly from community samples (2 to 4 percent) to primary care
settings (5 to 10 percent) to inpatient medical settings (6 to 14 percent).? The
prevalence of depression among the MS population at large has not been well
studied and is probably lower than that among patients attending specialized
clinics.

Many studies of depression among MS patients have been plagued by meth-
odological difficulties.!#! Varying diagnostic criteria have been used, including
unstandardized tests. Most importantly, factors that affect mood or its assessment
are frequently not taken into account. For example, mood can be affected by
exacerbations, psychoactive prescription drugs (for example, corticosteroids),
and fatigue.

Research on depression in MS is complicated by the fact that validated
depression rating scales rely, in part, on evaluations of fatigue and other bodily
symptoms that are common in MS, and can occur independently of depression.!26
The Beck Depression Inventory (BDI), which is one of the most widely used
depression scales, evaluates depression based on responses to 21 questions, in-
cluding many that ask about symptoms that overlap with those of MS. For ex-
ample, subjects are asked whether they get tired more easily than they used to or
whether they worry a lot about health problems. Positive answers to such ques-
tions from people with MS might have little to do with depressed mood and might
simply reflect a realistic appraisal of their condition. Thus, it seems likely that
scales such as the BDI would tend to overestimate depression in people with
medical conditions that produce certain symptoms. One study that used different
scales to measure depression among MS patients found that the apparent preva-
lence of depression among MS patients varied, depending on the scale used.
When only the mood scale was used for the Multiple Depression Inventory (MDI),
a self-report depression scale, 18 percent of patients were rated as depressed, in
contrast to 31 percent rated with the BDI and 27 percent when the total MDI scale
was used.!?® Another study found little difference between the scores of MS
patients and healthy controls, except for questions about sexual disinterest for
which MS patients exceeded healthy controls.? This potential tendency for spuri-
ous increase in depression has been noted for other medical conditions and should
be carefully evaluated.?3-20

Although much of the research on depression and MS has focused on the
existence of major depressive syndromes, many MS patients suffer from mood
alterations that are consistent with depression but do not qualify as major depres-
sive disorder.”6-126

Association with Other Symptoms

Depression is not clearly related to the severity or type of disability, type of
MS, or duration of symptoms.’?!3* Measures of depression are not related to
EDSS values. However, depressive symptoms interfere with daily functioning in
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medically well individuals as well as in those with chronic disease. Depressed
patients tend to function worse in their work, physical, and social roles compared
to patients with a variety of medical conditions, including advanced coronary
artery disease, arthritis, diabetes, and lung problems.!8® Depression also appears
to increase the burden of disability. Smith and Young!? found that MS patients
who met criteria for depression on either the Hospital Anxiety and Depression
Scale (HADS) or the Beck Depression Inventory were three times more likely
than nondepressed patients to perceive their disability as being greater than their
physician did.

Depression is often associated with other neurological symptoms of MS,
particularly cognitive impairment, fatigue, and pain, although, as discussed ear-
lier in the section on cognitive impairment, the data on the link between depres-
sion and cognitive impairment are inconsistent. These other symptoms can be
worsened by depression or can themselves increase depression. For example,
depressed MS patients have reduced working memory capacity (reading span),’
and it is important to establish which causes which or if both are independently
caused by the same factors. Both mental fatigue and total fatigue are correlated
with depression.®!?3 Depression and disability are significant predictors of fa-
tigue,”? although as noted above, fatigue is used as an indicator of depression and
thus the correlation might be overestimated. Depression has been linked to cogni-
tive impairment in numerous studies, but these have generally been cross-
sectional studies in which comparisons are made between different groups of
patients tested at a single point in time. Interestingly, the only study that com-
pared depression and cognitive function in individual patients who were tested at
times when they were not depressed and during bouts of major depression found
no significant correlation between depression and cognitive performance.!3*

While the causes of depression in MS are likely multifactorial, several patho-
physiological correlates have been reported. Depression is far less common in
patients with lesions that are restricted largely to the spinal cord as opposed to the
brain.!3¢ Measures of brain atrophy, such as enlargement of subarachnoid spaces
(sulci, fissures, cisterns) and enlargement of ventricles, are associated with de-
pression in MS patients (reviewed in 2000 by Bakshi et al.).!9 Recent MRI
studies have reported that white matter lesions in the frontal and parietal areas of
the brain are correlated with depression, suggesting that those lesions might lead
to depression by disconnecting the cortical areas in the brain that regulate mood. !0

Suicide

As with depression, suicide rates in MS patients are high. The rate of suicide
attempts among a group of MS patients who used hospital services in Nova
Scotia was three times that of the general population.’® The suicide rates among
Danish women and men with MS are, respectively, 50 and 70 percent greater than
those of the general Danish population.!®® It is sobering to note that about one in
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five patients who ended their lives with Dr. Kevorkian had MS. (He is the assisted-
suicide advocate who presided over 47 deaths in the United States from 1990 to
1997.)*3 Risk factors of suicide for men with MS include mental disorders (which
includes depression), recent exacerbations, and moderate disability; risk factors
for women with MS are not distinct.!%® That study did not include social factors
in the analysis of risk factors, but another study reported that people with MS
who experience physical decline but have supportive relationships are less likely
to commit suicide than those without such relationships.!02

Depression is generally associated with an increased risk of suicide; about 15
percent of all people with major depression commit suicide.'*! Recognition and
treatment of depression thus is an important tool in suicide prevention.!68

Treatment

Depression and anxiety among MS patients are often unrecognized and un-
treated.”® Although there is a general consensus that depression in MS can often
be effectively treated (treatments are listed in Table 3.1), there are few controlled
clinical trials of antidepressant treatment in MS. A small double-blind study
indicated that desipramine was effective in the treatment of depressive symp-
toms, although anticholinergic side effects limited the dose that could be given.!33
However, the study did not examine the effect of antidepressant treatment on the
functional abilities or perception of disability in these patients. Another study
reported that response to pharmacological treatment for depressive symptoms
among MS patients was “extremely high,” as was the relapse rate after discon-
tinuation of the medication.!?® In that study, conducted in 1996, 51 out of 228
patients (22 percent) received pharmacological treatment for depression. In addi-
tion, treatment of depression improves adherence to beta-interferon (IFN-[)
therapy (reviewed in 1999 by Walther and Holfeld'®). Even an eight-week treat-
ment of cognitive behavior therapy administered by telephone has been reported
to improve adherence.!!”

Studies conducted in the 1980s reported that as many as 40 percent of MS
patients with depression did not receive appropriate treatment (reviewed in 1994
by Fischer et al.%). Paradoxically, a survey of MS practitioners suggested that
they tend to overestimate the prevalence of major depression in MS.%® The me-
dian estimate made by MS practitioners was that 30 percent of MS patients are
depressed at any one time, which is higher than estimates of most studies based
on validated depression rating scales.26

Depression as a Side Effect of Interferon Therapy

Based on early clinical trial results, depression is listed as a possible side
effect of beta-interferon therapy in MS. However, the data are contradictory
(Table 3.2).185 Patients in the first large, controlled North American clinical trial
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TABLE 3.1 Medications Used to Treat Depression

Trade Name Generic Name Mechanism

Elavil!33 Amitriptyline A tricyclic antidepressant. Amitriptyline is
metabolized to nortriptyline, which is an active
metabolite. Has significant anticholinergic and
sedative effects, with moderate orthostatic
hypotension. Has very high ability to block
serotonin uptake and moderate activity with
respect to norepinephrine uptake.

Pamelor®® Nortriptyline A tricyclic antidepressant. Studies suggest that
nortriptyline interferes with the transport,
release, and storage of catecholamines. Operant
conditioning techniques in rats and pigeons
suggest that nortriptyline has a combination of
stimulant and depressant properties.

Paxill23.153 Paroxetine Paxil is a selective serotonin reuptake inhibitor
(SSRI), meaning that it blocks serotonin from
being reabsorbed into the sender nerve cell.
This process increases the amount of serotonin
available to be absorbed by the next cell and
may help message transmission.

Prozac!15:123,153 Fluoxetine An SSRI that increases serotonin levels in the
hydrochloride midbrain.

Tofranill53 Imipramine A tricyclic antidepressant. In MS it is used to
treat bladder symptoms, including urinary
frequency and incontinence, and also for the
management of neurologic pain.

Wellbutrin153 Bupropion Mechanism of the antidepressant effect of
hydrochloride bupropion is not known. It is a weak blocker
of the neuronal uptake of serotonin and
norepinephrine; it also inhibits the neuronal
reuptake of dopamine to some extent.

Zoloft!15:123.153.157  gertraline Zoloft is an SSRI that blocks serotonin from
being reabsorbed into the sender nerve cell.
This process increases the amount of serotonin
available to be absorbed by the next cell and
may help transmission of nerve cells.
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Potential Side Effects

Dryness of mouth, constipation, increased appetite and weight gain, dizziness, drowsiness,
decreased sexual ability, headache, nausea, unusual tiredness or weakness, unpleasant taste,
diarrhea, heartburn, increased sweating, vomiting

Dizziness, drowsiness, headache, decreased sexual ability, increased appetite, nausea, unusual
tiredness or weakness, unpleasant taste, diarrhea, heartburn, increased sweating, vomiting

Decrease in sexual drive or ability, headache, nausea, problems urinating, decreased or
increased appetite, unusual tiredness or weakness, tremor, trouble sleeping, anxiety,
agitation, nervousness or restlessness, changes in vision including blurred vision,

fast or irregular heartbeat, tingling, burning, or prickly sensations, vomiting

Anxiety, nervousness, insomnia, fatigue, tremor, sweating, gastrointestinal distress, anorexia,
diarrhea, dizziness, decreased libido

Dizziness, drowsiness, headache, decreased sexual ability, increased appetite, nausea,
unusual tiredness or weakness, unpleasant taste, diarrhea, heartburn, increased sweating,
vomiting

Restlessness, agitation, anxiety, insomnia, delusions, hallucinations, psychotic episodes,

confusion, paranoia, weight loss

Nausea, diarrhea or loose stools, tremor, trouble sleeping, drowsiness, dry mouth, decreased
appetite, weight loss, sweating, anxiety, or decreased sexual drive
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TABLE 3.2 Depression and Beta-Interferon

Methods Used to Study
Observation Assess Depression Size* Study Group
Four patients on IFN-B1b Patient reports 372 North American

attempted and one committed
suicide. No patients in the
placebo group attempted
suicide.

IFN-f clinical

triall 74

Depression rates in different Three different rating scales: 276 European IFN-f3
dosage groups of beta- 1. Beck’s Hopelessness Scale clinical trial48
interferon-la were 2. Centre for Epidemiologic
24% on 44 ug Studies’ Depression Scale
21% on 22 pg 3. General Health Questionnaire
28% on placebo
Depression was neither caused Three different rating scales: 90 Borras and
nor exacerbated by IFN-B1b. 1. Hamilton Depression Rating coworkers!?
Scale
2. Beck Depression Inventory
3. State-Trait Anxiety Inventory
Patients were interviewed in
person at MS clinic by a
neuropsychologist
Patients who were depressed Depression-Dejection scale of the 56 Mohr and
before onset of treatment with  Profile of Mood States coworkers! 18

IFN-B1a became less depressed
at initiation of treatment, but
returned to pre-treatment levels
within 2 months.

Patients were interviewed by
telephone

aIn cases where only a subset of patients were analyzed for depression, the numbers reported here are
lower than those reported for the full study.

of beta-interferon therapy reported increased symptoms of depression.!” Four
out of 247 patients in the two treatment groups attempted and one committed
suicide, but although alarming, this was not statistically significant. In contrast,
interferon-treated patients in the comparable European trial showed lower levels
of depression than placebo-treated patients, although all were higher than the
general population.!33 In contrast to the North American trial which relied only
on patients’ own assessment of depression, depression among patients in the
European trial was measured using three different scales.

Treatment with alpha-interferon is also linked to depression (reviewed in
2000 by Menkes and MacDonald!'* and Trask!7®), although there are conflicting
reports.!2! Alpha-interferon does not cross the blood-brain barrier and the mecha-
nisms by which it induces depression is unknown, although it has been proposed
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that interferon causes decreased serum tryptophan, a serotonin precursor.!!4 De-
creased serotonin levels are related to the onset of depressed mood.

Other studies have reported varying mood responses to beta-interferon
therapy, but the most thorough study indicates that it neither causes nor exacer-
bates depression in MS patients.!? At the same time, given the variety of reports
of depression and the prevalence of depression among MS patients, potential
changes in patients taking beta-interferon therapy should be monitored and
treated.

Conclusions

Despite the consensus that depression is a prevalent and troubling concern
among MS patients, much remains unknown about the interaction of affective
and neurological symptoms. In 1990, Minden and Schiffer recommended: “More
research, using advanced imaging techniques and standardized psychiatric inter-
views and diagnostic criteria, is needed to clarify connections between depressive
symptoms and the neurological disease. Systematic, controlled and appropriate
blinded studies that use reliable and valid instruments to detect changes in mood
states to assess the efficacy of psychotherapy and pharmacotherapy among de-
pressed MS patients are also important.”!1® This recommendation still rings true
today. Trask goes so far as to state that “it is almost certain that individuals
treated with IFN will experience fatigue and possibly psychiatric side effects
such as depression and anxiety.”178

Although depression is prevalent among MS patients, it is notable that most
adapt successfully to the disease. A study that used a variety of standardized
scales and interviewing procedures analyzed the psychosocial well-being of 94
people who had lived with MS for more than 10 years on average.** The majority,
approximately two-thirds, had achieved positive psychosocial adjustment to MS.
Another study based on a mailed survey to 125 members of a regional chapter of
the MS Society indicated similar results.*’ Based on their responses to a broad
spectrum of measures such as family and social relationships, coping strategies,
self-esteem, and emotional functioning, most respondents had adapted to MS
successfully. At the same time, about 20 percent reported that they felt a need for
professional help in coping with depression, compared to more than twice as
many (53 percent) who wished for help identifying ways to adapt to their lives
with MS. For this sample, help in coping with depression was seen as an impor-
tant, but not the most important, need.

Depression is one of the more pervasive complications of MS, yet it is
frequently unrecognized. Although its cause is unknown, the availability of ef-
fective treatment suggests that the more immediate research priority should be
aimed at improving patient and physician education. Insofar as understanding the
etiology of depression in MS patients can increase the number of people who are
effectively treated, this is also a research priority, but the most far-reaching
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impact will likely come from simply applying available treatments to more people
with MS. Because of their frequent contact with people with MS, local MS
Society chapters could plan and coordinate services aimed at recognizing and
treating depression. Finally, the role of the family should be considered.

SpAsTICITY AND WEAKNESS

Impairments of muscle function are a central feature of MS. They can be
manifest in stiffness or involuntary muscle actions as well as in weakness, which
limits a muscle’s functional capacity. This section focuses on the problems of
spasticity, spasms, and weakness. The next major section addresses ataxia and
problems of coordination of movement.

Weakness of the limbs is a constant feature of advanced MS and is present in
approximately 80 percent of all people with MS (reviewed in Matthews, 1998197),
Both lower limbs, usually asymmetrically, are most often affected, followed in
frequency by weakness in only one lower limb and then weakness in one lower
and one upper limb, usually on the same side. Weakness of one arm without leg
weakness is uncommon. Motor disability in the limbs is seldom due to weakness
alone. Cerebellar ataxia and tremor, particularly in the arms, and loss of postural
sense also contribute to weakness. The initial complaint is often of weakness only
after exertion, but then it increases gradually until it is a constant presence.

Spasticity is generally defined as a state of increased muscular tone in which
abnormal stretch reflexes intensify muscle resistance to passive movements. In
clinical practice, the concept of spasticity extends beyond the resistance to pas-
sive movement to include a complex disorder of voluntary movement.!07 It is a
common symptom of MS. In one survey, 70 percent of 168 MS patients regis-
tered with the Northern California Chapter of the MS Society reported that they
experienced mild to severe spasticity.”?

Many MS patients also experience muscle weakness along with spasticity,
but it is possible to have spasticity without weakness or to have weakness without
spasticity. Spasticity in MS usually affects the legs more than the arms, and it can
even offset muscle weakness and aid in standing, walking, and transferring.%¢
Spastic paresis, slight or incomplete paralysis due to spasticity, has been cited as
the major cause of the loss of ability to work among persons with MS.%0

The increase in resting muscle tone that characterizes spasticity is also asso-
ciated with muscle spasms. In the progressive stages of MS, exaggeration of
extensor tone can result in extensor spasms in which there is forceful activation
of leg muscles inducing plantar flexion of the ankle, together with hip and knee
joint extension. These spasms are most likely to occur while a patient is lying in
bed at night or is awakening in the morning. Spasms can be severe enough to
eject a seated patient from a wheelchair. Flexor tone becomes more prominent at
later stages of MS and initially causes falling without warning. In flexor spasms
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there is a generalized flexion of muscles at the ankle, knee, and hip, giving rise to
limb withdrawal or retraction. Spasms may promote progressive muscle contrac-
tion, joint deformities, and ultimately skin damage and breakdown. Both types of
spasms may be quite painful, disrupting sleep and adversely affecting activities
of daily living.

Origins of Spasticity and Weakness in Voluntary Movement

Muscle groups normally work together: when one is flexed, its opposing
muscle is relaxed. This complementary muscle action depends on the transmis-
sion of signals along pathways connecting the brain, motor neurons in the spinal
cord, and muscles (Figure 3.1). The CNS damage caused by MS disrupts this

Neck Muscles
Diaphragm
Deltoid (shoulder)
Wrist

Triceps

Fingers

Hand

Intercostals (Trunk)
Abdominals
Ejaculation

Hips

Quadriceps
Hamstrings - Knee
Foot

Penile erection
Bowel and bladder

Coccygeal ti

FIGURE 3.1 Functions controlled by nerves at different levels of the spine. Damage at a
particular level of the spine usually impairs functions controlled by all nerves at lower
levels. SOURCE: Cheryl Cotman for the Christopher Reeve Paralysis Foundation. Re-
printed with permission.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

ateqgies for the Future

130 MULTIPLE SCLEROSIS

communication, allowing the persistent contraction of the muscle fibers that
produces spasticity.

Spasticity is associated with sprouting of descending motor pathways to
form new synaptic connections with spinal neurons and with hypersensitivity
caused by denervation.!%7 Damage to descending motor pathways also causes
slowness of movement and weakness. The spinal plaques occurring in many
types of spinal MS are associated with a progressive loss of axons and a reduction
in diameter or a loss of myelination of residual axons passing through or close to
the plaque.'%3 There can also be alterations in the numbers and types of excitable
sodium membrane channels exposed by the membrane demyelination, further
altering the conduction capacity of the damaged axons.

Although the mechanisms leading to spasticity and muscle weakness in MS
are not fully understood, knowledge about the mechanisms operating in other
conditions may be helpful. For example, the mechanisms related to the spinal
cord pathology known to occur in MS may be similar to those in incomplete
spinal cord injury. The symptoms of spasticity and weakness in MS can also
result from plaques in the supraspinal brain and brainstem, which would suggest
a comparison with the results of stroke or intracapsular hemorrhage. However,
considerably more is known about the effects of incomplete spinal cord injury.
Thus, it is more likely to provide instructive parallels for understanding the
pathology and pathophysiology of MS.

Mechanisms of Spasticity and Spasms

The general features of spasticity in MS appear to resemble those observed
in incomplete spinal cord injury, with the added complexities of concurrent hemi-
spheric, visual, and cerebellar lesions. It appears that the effects of the distributed
axonal loss and demyelination of the spinal cord are mediated primarily by spinal
interneuronal systems that are normally held under tight descending control.
These interneuronal controls are mediated by reticulospinal actions, including
those provided by monoaminergic fibers, whose actions appear to differ on dif-
ferent classes of neurons. Key features of disruptions of these interneuronal sys-
tems are briefly reviewed.

Increased Siretch Reflex Responsiveness

The group II excitatory interneurons might have special importance in medi-
ating spastic hypertonia, with exaggerated stretch reflex responses in spinal cord
injury or MS. These group II interneurons receive strong inhibitory effects from
descending monoaminergic pathways, especially o, norepinephrine (NE) sys-
tems.20-82.124.131 Tpterruption of these descending pathways releases this interneu-
ron from inhibitory control, providing a strong stretch-evoked excitation. This
synapse may be a potential site of action for tizanidine (Zanaflex), an o, NE
agonist used to control spasticity.
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There is also recent evidence for disynaptic excitation of motoneurons from
group la afferents released from both extensor and flexor muscles during locomo-
tion.®40 This system is undoubtedly under tight descending control, possibly
indirectly, and can greatly amplify the stretch reflexes in both extensor and flexor
muscles.

Conversely, group la inhibitory interneurons may show reductions in excit-
ability after spinal injury. This change potentially promotes the emergence of
unhelpful muscle contraction by limiting the strength of mutual inhibition be-
tween agonist-antagonist muscles.?®

Special Roles for Free Nerve Ending Mechanorecepfiors

Group III (small myelinated) and group IV (small unmyelinated) fibers are
known to exert potent reflex actions in spinal cord injury and are likely to be
important in MS-induced cord damage as well. Animal models of incomplete
spinal cord injury have shown that stretching the extensor muscles to the point
where free nerve ending mechanoreceptors are activated produces a sharp inhibi-
tion of the same extensors, accompanied by excitation of flexors.!# This sharp
“clasp-knife” inhibition is manifest as a sudden drop in active force and is not
causally dependent on the presence of a flexion withdrawal response. The inter-
neurons receiving free nerve ending input are hyperexcitable when spinal cord
pathways are interrupted, giving rise to severe extensor inhibition and to concur-
rent excitation of flexors.

Exaggerated Flexion Reflexes

Loss of monoaminergic fibers in MS potentially releases flexion reflexes
from descending inhibitory controls, giving rise to flexor spasms. Under normal
conditions, the interneurons mediating the so-called flexor reflex system are
closely regulated by monoaminergic pathways, acting in all probability on 5-
HT,, 4 (serotonin) receptors, or on o,,-adrenergic receptors to depress the excit-
ability of several interneuron pathways. Interruption of this monoaminergic in-
nervation as a result of spinal cord damage (as in MS) releases the capacity of
these interneurons to generate “plateau potentials.” The plateau potentials in
these interneurons may in turn be responsible for the increased responsiveness
and the prolonged reflex afterdischarge seen in some flexion responses, espe-
cially after long-term spinal cord injury.

Extensor Spasms

The origins of extensor spasms are presently unclear, and there are no pub-
lished studies examining their origins in human spinal cord injury or MS. One
possible explanation for their occurrence is that the extensor spasm is a fragment
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of the normal locomotion or standing program in the spinal cord, in which the leg
extensors are switched on forcefully to provide weight support during the stance
phase of locomotion. Indeed, in intensive study in the cat, Pearson and colleagues
demonstrated that the stance phase of fictive locomotion is associated with a
switch from force-mediated (Ib) inhibition of extensor muscles to a force-medi-
ated excitation.!!2 This switch presumably happens because Ib inhibitory inter-
neurons are gated out during stance, in favor of a parallel group I excitatory
pathway. As with the other interneuronal systems discussed above, this excita-
tory Ib pathway may be under monoaminergic control, which is disrupted in
spinal cord injury or MS.

Treatment of Spasticity

Although little can be done to counter the muscle weakness that occurs in
MS, several forms of treatment can be applied to help limit the adverse effects of
spasticity. However, treatment plans must be designed to meet individual patient
needs and must take into consideration both the benefits and the risks of specific
interventions. For some ambulatory patients, for example, treatment of spasticity
is less desirable if increased stiffness of the legs facilitates walking by offsetting
muscle weakness. Management of spasticity often involves a combination of
therapeutic approaches, including control of secondary factors that stimulate spas-
ticity, proper positioning, physiotherapy, and medications. Surgical procedures,
such as tendon release, are sometimes used when other interventions are not
effective.

Spasticity can be triggered or worsened by a variety of painful or unpleasant
stimuli, such as urinary tract infections, fecal impaction, contractures, tight cloth-
ing, or ill-fitting footwear. A treatment plan should ensure that these sources of
secondary stimulation are eliminated or controlled. Careful attention to balanced
and symmetrical positioning when patients are standing, sitting, or lying down is
important for preventing fixation in distorted postures induced by spasticity.
Proper positioning can help stimulate muscles that are antagonists to those sub-
ject to spasticity. Physical therapy helps in maintaining balanced muscle tone, in
preventing or treating contractures, and in training muscles in coordinated move-
ment.

Baclofen and tizanidine are the two medications used most often to treat
spasticity, with cloazepam and gabapentin usually reserved as secondary medica-
tions (Table 3.3). Baclofen, an agonist of y-aminobutyric acid-B (GABA B)
receptors, reduces presynaptic release of excitatory neurotransmitters and, at
higher concentrations, acts postsynaptically to antagonize their actions. Gener-
ally given orally, baclofen can also be administered intrathecally through subcu-
taneous pump to treat more severe spasticity in long-standing MS.!?” Tizanidine
stimulates a,-andrenergic receptors in the spinal cord, which inhibits presynaptic
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release of excitatory amino acids. Tizanidine reduces flexor reflexes and spasms
and relieves pain. It appears to reduce muscle strength less than baclofen but may
not result in measurably better function (see Kita and Goodkin®?).

Dantrolene acts within the muscles themselves to produce inhibition of the
excitation-contraction coupling process, which leads to reduced muscle strength.
Because of its action, it may be better suited for treatment of nonambulatory
patients for whom added weakness is less likely to impair mobility. Patients
receiving dantrolene should be monitored for liver function because of its poten-
tial hepatotoxicity. Benzodiazapines, such as diazepam and clonazepam, act to
reduce muscle tone through three mechanisms: suppression of sensory impulses
from muscles and skin receptors, postsynaptic potentiation of GABA, and inhibi-
tion of excitatory descending pathways. They are generally used in combination
with baclofen or other medications.

Intramuscular injections of botulinum A toxin can be helpful, especially for
patients with severe localized spasms. The chemical denervation produced by
botulinum A toxin can last for up to three months. A study of nine patients with
long-standing MS showed reduced spasticity and improved ease of nursing care
with no adverse effects.?>163

Recommendations for Further Study of Spasticity in MS

Further research is needed to clarify the mechanisms of spasticity and spasms
in MS and to identify opportunities for therapeutic intervention.

* Determine the spectrum of nerve fiber damage in spinal MS and whether
this damage involves monoaminergic systems preferentially.

e Determine whether the extensor spasm is a product of the locomotion
pattern generator and whether this interneuronal circuitry is under de-
scending monoaminergic control.

e Determine the specific monoamine receptors that influence the stance
phase of locomotion and, potentially, the extensor spasms of MS and
spinal cord injury (see, for example, Kim et al.8?).

e Test the possibility that restoration of 5-HT,, , or o, NE action in the
spinal cord can lead to restoration of flexion reflex interneuronal excit-
ability and a reduction of flexion spasms.

e Determine whether flexor spasms can be reduced by reducing the strength
of group III and IV afferent input from muscle to spinal interneurons. For
example, group III and IV receptors carry substance P and other peptides
and make synapses in lamina I of the cord and in the intermediate nucleus
as well. It follows that compounds related perhaps to capsaicin may
discharge these transmitters from their afferent terminals and reduce the
central actions of these afferents.
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TABLE 3.3 Medications Used to Treat Spasticity

Trade Name Generic Name Mechanism

Lioresal®4.73.92

Baclofen Baclofen is a muscle relaxant and antispasmodic
that works by inhibiting the nervous system. Its
precise mechanism of action is unknown, although
it is thought to inhibit the transmission of
impulses between nerve cells. It is administered
orally in pill form or via an intrathecal delivery

system (a surgically implanted pump).

Zanaflex64:73.92 Tizanidine Tizanidine is an o,-adrenergic agonist that
reduces spasticity reducing the release of
excitatory neurotransmitters and Substance P in
the spinal cord. Its greatest effects are on
polysynaptic pathways.

Klonopin®4 Clonazepam Clonazepam is a benzodiazepine and is often
prescribed as an anticonvulsant. Benzodiazepines
belong to a group of medicines that slow down
the central nervous system.

Neurontin37-79

Gabapentin Gabapentin is structurally related to the
neurotransmitter GABA but it does not interact
with GABA receptors. The mechanism by which
it exerts its anticonvulsant action is unknown.

Botox04:92

Botulinum A Intramuscular injection typically results in a dose-

Toxin dependent reduction of hyperactive muscle
contraction that lasts for an average of 12.5 weeks
and is ultimately reversible. Botox is believed to
produce its therapeutic effect by acting selectively
on peripheral cholinergic nerve endings to inhibit
the release of the neurotransmitter acetylcholine at

the neuromuscular junction.

64,92 Dantrolene Acts directly on skeletal muscle, probably by
dissociating the excitation-contraction coupling
mechanism as a result of interference with the
release of calcium from the sarcoplasmic
reticulum. This results in a decreased force of
reflex muscle contraction.

Dantrium
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Potential Side Effects

Drowsiness or unusual tiredness, increased weakness, dizziness or lightheadedness,
confusion, unusual constipation, new or unusual bladder symptoms, trouble sleeping,
unusual unsteadiness or clumsiness, fainting, hallucinations, severe mood changes,
skin rash or itching

Sedation, dry mouth, dizziness, hypotension, vasodilation, constipation, diarrhea, flatulence,
nervousness, anxiety, paraesthesia, tremor, seizures, vertigo, agitation, euphoria, stupor,
urinary frequency and urgency, back pain, sinusitis, flu-like syndrome

Confusion, depression, double vision or abnormal eye movements, hallucinations,
lightheadedness or fainting spells, mood changes, excitability, movement difficulty,

muscle cramps, tremors, weakness or tiredness, constipation or diarrhea, difficulty sleeping,
headache, nausea, vomiting

Somnolence, ataxia, dizziness, fatigue, nausea, vomiting

Transient weakness in injected or neighboring muscles, skin rash, and flu-like syndrome

Diarrhea, dizziness, drowsiness, weakness, nausea, unusual tiredness, abdominal cramps,

blurred or double vision, chills and fever, constipation, frequent urination, headache,
loss of appetite, speech difficulties, sleep difficulties, nervousness
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Mechanisms of Muscular Weakness for Voluntary Movement

As with spasticity, the muscle weakness seen in chronic spinal MS probably
results from changes in motoneurons and interneuron electrophysiology that are
comparable to those observed in incomplete spinal cord injury. These changes
result in disruptions of interneuron and motoneuron pathways and in monoamin-
ergic input to spinal motoneurons. Other peripheral changes that may contribute
to muscle weakness include muscle wasting, fiber loss, muscle contracture, and
joint contractures.

Loss of Descending Input to Spinal Premotor Interneurons

Communication pathways between the interneurons of the spinal cord and
the axons of sensory and motor neurons, which project outside the spinal cord,
are essential for generating coordinated muscle commands. Disruption of the
axons from corticospinal, rubrospinal, vestibulospinal, and reticulospinal path-
ways may render these key interneurons less excitable and hence less able to
relay motor commands. Loss of descending pathway excitation of key excitatory
interneurons can also limit the capacity for other descending or segmental spinal
pathways to activate motoneurons and, consequently, to limit voluntary force
generation. In addition, some reticulospinal systems control segmental pathways
through inhibitory input, and since segmental excitatory and inhibitory systems
work in concert to produce normal motor control, disruption of inhibitory input
might also contribute to impaired motor function.

Loss of Monosynaptic Corticospinal and Rubrospinal Projections to
Motoneurons

Loss of direct or monosynaptic projections to spinal motoneurons, especially
those innervating distal limb musculature, contributes to weakness by limiting a
patient’s capacity to activate the motoneurons. With fewer axons projecting to
the motor neurons, residual descending pathways may have greater difficulty
reaching the signal threshold of larger motor neurons, thereby limiting the range
of voluntary force that a patient can achieve. In experimental work with mon-
keys, selective loss of these systems can have a greater effect on fine motor
control of digits than on the equally voluntary control of more proximal muscle
groups.”® With the loss of innervation, muscles are also more likely to fatigue
because of the associated increase in the sense of effort, both of which are re-
ported frequently by MS patients.

Loss of Norepinephrine (NE) and Serotonin (5-HT) Input to Spinal
Motoneurons.

Damage to spinal pathways projecting from the locus coeruleus (a source of
NE projections) and from the raphe nuclei (a source of 5-HT) significantly re-
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duces measurable 5-HT and NE in the spinal cord and alters the response patterns
of many spinal interneurons and motoneurons.* Although not documented in
humans, animal models of MS, such as experimental autoimmune encephalomy-
elitis (EAE, see Chapter 2) have shown loss of these monoaminergic fibers.

For motoneurons, loss of monoaminergic input may reduce their excitability
by altering their capacity either to develop plateau potentials or to modulate the
characteristics of their current-frequency (I-F) relation. (Plateau potentials are
sustained depolarizations of neurons that greatly outlast the duration of the initial
depolarizing stimulus. The I-F curve is the relation between injected or synaptic
current and the resultant firing of the motoneuron.)

Since these monoaminergic effects are not necessarily uniformly distributed
throughout a given motoneuron pool, loss of such innervation could differentially
affect the recruitment behavior of motoneurons by compressing the range of
synaptic current over which motoneurons are recruited and even reversing the
recruitment order in some situations (for example, see Powers and Rymer!32).
There are also reductions in motoneuron firing rate, both initially at recruitment
and over the full span of rate modulation. These rate reductions (which may result
from alterations in the locus and slope of the I-F relation) mean that motoneuron
firing rates are no longer well matched to the mechanical twitch properties of the
active muscle fibers, rendering the overall muscle contraction less “efficient”
(also Gemperline et al.%). For a given force level, the higher the level of moto-
neuronal discharge in the aggregate, the lower the “efficiency” ratio.

Changes in Muscle Tissue

Observations in patients with spinal cord injuries suggest that patients with
severe, long-standing MS may also develop weakness through overt changes in
muscle tissue (although, note Tilbery et al.'”7). These changes consist of muscle
wasting, shifts in the metabolic properties of muscle fibers (toward glycolytic
systems), and a reduction in fatigue resistance. In addition, there may be muscle
and joint contractures that are associated with proliferation of connective tissues,
shortening of muscle length, loss of muscle fibers, and sometimes joint deformi-
ties.

Recommendations for Further Study of Voluntary Muscle
Weakness in MS

Research is needed to clarify the mechanisms producing muscle weakness in
MS and to test potential therapies to counter weakness.

*The locus coeruleus and raphe nuclei are different points of the motor control relay “stations” in the
brain. Neurons projecting from the locus coeruleus transmit their signals largely through norepineph-
rine; those from the raphe nuclei predominantly use serotonin.
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*  What is the state of monoaminergic fiber innervation in the spinal cord of
chronic MS patients? Is there fiber loss, and if so, is it diffuse or more
localized? Is there a disproportionate effect of MS on these nerve fiber
types?

* Asascreening tool, what happens to force-EMG (electromyocardiogram)
relations in paretic muscles of MS patients? Do they shift in such a way
as to indicate a reduction in efficiency of muscle activation?

e Determine the recruitment and firing rate properties of motoneurons in
patients with muscle weakness associated with MS. Do they suggest that
there is a loss of monoaminergic innervation?

¢ Test whether administration of a 5-HT, (or o, NE) agonist improves the
performance of motoneurons by increasing their firing rate and normaliz-
ing their recruitment patterns. Is this effect associated with recovery of
force-EMG relations and a measurable improvement in voluntary force
generation?

ATAXIA AND TREMOR

Ataxia refers to a lack of or reduction in coordination and is invariably
associated with tremor, which occurs as an involuntary, rhythmic, oscillatory
movement of a body part. These symptoms occur in 75 percent of patients with
multiple sclerosis and are most frequently manifested as upper limb intention
tremor. They are severely disabling and embarrassing, affecting upper limb func-
tion, gait, and in severe cases, balance in standing and sitting. The tremor of
multiple sclerosis is frequently just one component of a complex movement
disorder that includes dysmetria and other ataxic features, and the underlying
mechanisms are poorly understood. Although inflammatory demyelination in
different parts of the cerebellum and related areas may produce a distinct tremor,
it is nonetheless extremely difficult to classify individual tremors in patients.
Tremor remains one of the most difficult symptoms to manage and is associated
with a poor outcome in rehabilitation.

Management of Ataxia

As with spasticity, there are practical components to the management of
ataxia, which must be considered prior to other interventions. These include
patient education, improving posture and proximal stability during activities, and
provision of equipment. The use of weights to dampen tremor have not proved to
be very successful, although they may be slightly better if a computer damping
device is incorporated. A small exploratory study of therapy input suggested
modest benefit.3* Other treatments involve either drug therapy, which is limited
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and often not well tolerated, or invasive surgical intervention, which includes
thalamotomy and thalamic stimulation.

Drug Therapy

Few drugs have been evaluated and none adequately. Isoniazid (with pyri-
doxine) has been shown to be of limited benefit in a number of small studies. It
showed some effect in 10 of 13 patients, although this did not translate into
improved function, while 4 out of 6 patients showed sufficient benefit that they
wished to continue the drug. It is thought to be more useful in postural tremor
with an intention component rather than pure intention tremor. Up to 1,200 mg a
day in divided doses has been used, increasing gradually from 200 mg twice a
day. This drug, which was the first to undergo a randomized controlled trial for
the treatment of multiple sclerosis, is not well tolerated and causes gastrointesti-
nal disturbance. There has been even less evaluation of other drugs, including
carbamazepine, clonazepam and buspirone. Ethyl alcohol and propranolol have
not been found to be useful. A single-blind, cross-sectional study evaluated the
role of carbamazepine in cerebellar tremor in 10 patients (7 with MS) and sug-
gested some benefit. More recently, the 5-HT;, receptor antagonist, ondansetron,
has been evaluated, given by both intravenous and oral routes. Although the I.V.
studies looked promising, the more recent placebo-controlled, double-blind par-
allel group study was negative. Fifty-two patients, the majority of whom had MS,
were randomized and the treatment arm received 8§ mg per day for one week.
Although some benefit in the nine-hole peg test was seen in the treated arm, there
was no difference between the groups on the global ataxia rating scale.

Surgical Intervention

Although thalamotomy of the ventral intermediate nucleus (VIN) has been
shown to reduce tremor in Parkinson’s disease patients, there has been limited
evaluation of its role in tremor relating to MS. In general, it is not as effective in
this condition. In selected patients with MS, thalamotomy has been reported to
alleviate contralateral limb tremor, initially in about 65 to 96 percent of cases,
although in about 20 percent, tremor returns within 12 months. Functional im-
provement is estimated to occur in only 25 to 75 percent of patients. However,
these results are not based on controlled studies, and no prospective study has
evaluated the influence of this procedure on overall disability, handicap, and
quality of life; nor have side effects been quantified, although they may occur in
up to 45 percent of cases. Serious side effects, which include hemiparesis, dys-
phasia, and dysphagia, occur in up to 10 percent of patients. Experience suggests
that optimum results are obtained in patients with relatively stable disease, good
mobility, and minimal overall disability status—an extremely small group. Three
recent papers have suggested that thalamic stimulation can also alleviate tremor
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in up to 69 percent of patients in studies involving 13, 5, and 15 patients, respec-
tively.66.119:191 These were carefully selected patients; for example, the 5 patients
reported by Whittle et al. were from an initial group of 17 patients, and no control
study has as yet been carried out.!! Serious side effects were seen in 2 of 15
patients in the study by Montgomery et al.'® No trial has compared thalamic
stimulation versus lesioning, although it is suggested that stimulation is associ-
ated with fewer side effects. Other approaches, including extracranial application
of brief AC (alternating current) pulsed electromagnetic fields, dynamic systems
with multidegree of freedom orthoses, and robotic arms based on virtual reality
have not been adequately evaluated.

Conclusion

Ataxia and its associated tremor remain among the most resistant and dis-
abling symptoms to manage. Current strategies are not evidence based and are of
limited benefit.

BLADDER AND BoOWEL DYSFUNCTION

Bladder dysfunction affects up to 90 percent of people with MS at some time
during their illness. Bladder dysfunction is the presenting feature in approxi-
mately 5 percent of patients, but the incidence increases as the disease progresses.
The level of dysfunction relates to the stage of disease, and more than half of
patients who cannot walk have bladder complaints (Robert Hamill, personal
communication). The symptoms of bladder dysfunction are disruptive to social,
vocational, and sexual activities, but they are generally treatable and can be
successfully managed (see Table 3.4). Bowel dysfunction is less prevalent than
bladder dysfunction in MS, affecting up to 68 percent of patients,? but it might
be related to bladder dysfunction since people with bladder problems are some-
times reluctant to consume enough fluids, which leads to constipation. Chia et
al.?? found that 52 percent of patients with urinary symptoms also had some
degree of bowel dysfunction. The neurological basis for bowel dysfunction in
MS is not as clearly defined as it is for the bladder, and treatment options are
limited.

Normal Bladder Control Mechanisms

Neural bladder function control occurs primarily in the sacral spinal cord, as
well as the pons, diencephalon, and cerebral cortex in the brain. Activation of the
spinal reflex pathway promotes urine retention. Pontine structures ensure that
bladder functions are fully integrated. A normal micturition reflex depends on the
integrity of the pons and the afferent and efferent pathways active in bladder
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TABLE 3.4 Indications of Bladder Dysfunction
Prevalence
in Patients
with MS
and Bladder
Urodynamic Pattern Dysfunction
Type Definition of Dysfunction (%)*
Urgency Urgent need to urinate; Detrusor hyperreflexia, 85
causes the bladder to excitability, and spasticity
empty at small volumes
Frequency Frequent need to urinate Detrusor hyperreflexia 83
Urge Inability to control the Detrusor hyperreflexia with 63
Incontinence bladder, leading to or without outlet obstruction,
involuntary urination and impaired sphincter
contractility
Hesitancy Difficulty initiating Detrusor sphincter dyssynergia, 49
micturition and detrusor hyperreflexia with
impaired contractility
Interrupted  Difficulty completing Detrusor sphincter 43
Stream micturition dyssynergia
Sensation of Inability to completely Detrusor areflexia 34
Retention empty the bladder
Nocturnal Incontinence during sleep Detrusor hyperreflexia with 14
Enuresis impaired sphincter contractility

aFrom Betts et al.16

function. Activation of the medial aspect of the pons results in detrusor, or blad-
der muscle, contraction, while activation of the lateral aspect results in urethral
sphincter contraction. The ascending afferent pathways to the pontine centers and
the descending efferent pathways travel in the anterolateral and lateral columns
where demyelinating lesions create dysfunction. Cortical influences permit con-
trol of micturition ensuring personal and socially acceptable voiding.

The integrity of central control mechanisms permits bladder filling and main-
tenance of the filled bladder with little awareness or voluntary participation.
Upon reaching normal capacity (350-500 ml), inhibitory pathways provide for
suppression of the micturition reflex, activation of sympathetic outflow, and
voluntary contraction of the external sphincter. Voiding requires the coordination
of a number of control systems such that detrusor muscle activation and relax-
ation of sphincter mechanisms results in bladder emptying with only a few milli-
liters of residual urine.
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Patterns of Bladder Dysfunction

Bladder dysfunction in MS results from interruption of the neural control
systems, most often in the sacral nerves.!® As a result, the loss of bladder control
is likely to coincide with lower limb spasticity and the diminished ability to
respond to urinary urgency by moving to a toilet.

Deftrusor Hyperreflexia

The detrusor is the smooth muscle of the bladder that works in concert with
internal and external bladder sphincters to allow normal urination. Micturition
occurs when the detrusor muscle contracts while the sphincters relax, expelling
urine from the bladder into the urethra.

A spastic or hyperreflexic detrusor muscle is usually secondary to lesions in
the spinal cord, leading to increased contractility and decreased capacity of the
bladder. Urinary urgency, the most common bladder symptom in MS, is caused
primarily by detrusor hyperreflexia. Increased detrusor contractility causes the
urge to void to be sensed before the bladder has reached normal capacity, result-
ing in frequent and urgent voiding of small amounts of urine. When these urges
can no longer be controlled, urge incontinence results in the forceful expulsion of
urine.

Detrusor Sphincter Dyssynergia

Detrusor sphincter dyssynergia occurs when detrusor muscle hyperreflexia
coincides with outlet obstruction due to contraction of the sphincters or impaired
sphincter contractility. It can also coincide with impaired or ineffective detrusor
contractility. Detrusor hyperreflexia with outlet obstruction or impaired detrusor
contractility often result in hesitancy, retention, or overflow incontinence. Detru-
sor hyperreflexia with impaired sphincter contractility may result in overflow
incontinence or nocturnal enuresis.

Detrusor Areflexia

Impaired detrusor contractility is another cause of hesitation and retention,
which can lead to bladder infections, the reflux of urine from the bladder back
into a ureter, and bladder stone formation. Hydronephrosis, the accumulation of
urine in the kidney, and renal failure can also occur but are rare in MS.

Therapy for Bladder Dysfunction

The main goals of treatment are to reduce the frequency of voiding, improve
emptying, and decrease incontinence. Detrusor hyperreflexia is most frequently
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treated through the use of anticholinergic medications, of which several are avail-
able (Table 3.5). Although some strategies initially work well for some patients,
as the disease progresses, treatment is increasingly less effective. Catheterization
is sometimes necessary for patients suffering from retention.

Future Research in Bladder Dysfunction

Studies of the central and peripheral neurobiological control of micturition
will improve our understanding of the roles of the numerous transmitter systems
and permit new ideas of drug therapy. Studies of neuroplasticity should be per-
formed to determine the effect of increased lesion load on micturition. Myelin
repair and nerve regeneration studies including stem cell biology and the role of
neurotrophins in glial and neuronal function and survival might permit repair and
restoration of function. Many of these studies will relate directly to spinal cord
injury, and joint funding options may be available.

Clinical research into bladder infections and keeping the urine sterile might
be surprisingly fruitful, since infections restrict volume and compromise bladder
function and pharmacological treatment. Intrathecal therapy to improve bladder
function should be further explored. As mentioned above, motor spasticity is also
linked with bladder dysfunction, and therapies developed for motor spasticity
may improve bladder function. Clinical pathological spinal cord studies in hu-
mans are few and would expand our understanding of the relationship of pathol-
ogy and pathophysiology in MS.

New and emerging technologies could have an impact on bladder dysfunc-
tion. Neural stimulators may be helpful in allowing patients to manually stimu-
late the nerves involved in bladder or sphincter control. The bladder circuit is
ideal for developing computer models. Eventually a “bladder-brain” should be
able to be developed to be placed in a pouch under the skin like a cardiac
pacemaker and provide an integrated computer circuit (servoloop system) for
filling and emptying the bladder without any CNS input.

Normal Bowel Control Mechanisms

Gastrointestinal function, including motility, is controlled primarily by the
enteric ganglia, which ensure synchronous contraction of the bowel so that food
materials move along the digestive tract. The CNS contributes to bowel function
via parasympathetic nervous system (PNS) and sympathetic nervous system
(SNS) pathways. The PNS influence occurs via the vagus nerve and the sacral
outflow. Vagal input is concentrated in the esophagus, stomach, and proximal
small bowel and wanes distally. The SNS influence is via the greater, lesser, and
least splanchnic nerves. They are derived from the thoracolumbar outflow and
synapse in prevertebral ganglia (coeliac, superior, and inferior mesenteric) before
postganglionic sympathetic fibers reach the bowel vasculature and enteric gan-
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TABLE 3.5 Medications Used to Treat Bladder and Bowel Dysfunction

Trade Name

Generic Name

Indication

BentyllO(’

Cytospazm(’

DDAVP 90179

Ditropan XL 106

Hiprex;

Mandelamine87:151

Pro-Banthine!00

Detrol24

Tofranil!00

Zostrix38:39

Dicyclomine hydrochloride

Hyoscyamine

Desmopressin

Oxybutynin chloride;
atropine

Methenamine infection

Propantheline bromide

Tolterodine tartrate

Imipramine

Capsaicin

Urinary incontinence,
gastrointestinal spasms

Bladder spasms

Frequent urination

Overactive bladder,
involuntary bladder
contractions

Urinary tract

Bladder spasms, cramps

Urinary frequency, urgency,
urge incontinence

Urinary frequency,
fecal incontinence

Hyperreflexia
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Mechanism

Potential Side Effects

Cholinergic blocking agent.

Inhibits the actions of specific
neurotransmitters on bladder smooth
muscle.

Hormone that works on the kidneys to
reduce urine formation.

Relaxes the bladder smooth muscle;
increases bladder capacity and delays the
initial desire to void.

An anti-infective, usually prescribed on a
long-term basis for repeated or chronic
urinary tract infections.

An antispasmodic-anticholinergic
medication; it interferes with
contractions and spasms.

Acts as a competitive muscarinic receptor
antagonist in the bladder to cause
increased bladder control.

Has moderate anticholinergic and sedative
effects and high orthostatic hypotensive
effects; imipramine is biotransformed into
its active metabolite, desmethylimipramine
(desipramine).

A neurotoxin that, when instilled within the
bladder lumen, injures C fibers, producing
partial deafferentiation of the bladder and
permitting retention of urine.

Brief euphoria, slight dizziness, feeling of
abdominal distention

Dry mouth, blurred vision, increased heart rate,
dry eyes, headache, nervousness, urinary
retention or hesitation, weakness

Runny or stuffy nose, abdominal or stomach
cramps, flushing of the skin, headache, nausea,
pain in the vulva

Dryness, drowsiness, blurred vision, dizziness,
abdominal pain, back pain, flu syndrome,
hypertension, palpitation, vasodilatation,
constipation, diarrhea, flatulence,
gastroesophageal reflux, arthritis, insomnia,
nervousness, confusion, impaired urination

Nausea, vomiting, skin rash

Constipation, decreased sweating, dryness of
mouth, nose, and throat, bloated feeling,
blurred vision, difficulty swallowing

Dry mouth, headache, dizziness, somnolence,
fatigue

Dizziness, drowsiness, headache, decreased
sexual ability, increased appetite, nausea,
unusual tiredness or weakness, unpleasant
taste, diarrhea, heartburn, increased sweating,
vomiting

Transient burning following application,
stinging, erythema, cough, respiratory
irritation
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glia. Different sympathetic transmitter systems establish “synaptic input” to the
vasculature, submucosal plexus, and myenteric plexus. In turn, efferents from the
enteric ganglia project to the prevertebral sympathetic ganglia, providing nico-
tinic input.

Bowel Dysfunction

Constipation and fecal incontinence are the most common symptoms of
bowel dysfunction, with constipation affecting up to 50 percent of people with
MS and fecal incontinence affecting approximately 30 percent. Extreme consti-
pation leading to megacolon is a relatively uncommon symptom.

Constipation

The causes of constipation in MS are not clear. Although symptoms tend to
increase in later stages, many people experience constipation throughout the
course of the disease. One hypothesis is that constipation in MS is caused by
decreased parasympathetic input, although this is considered unlikely since bilat-
eral, strategically placed lesions would have to occur. Another hypothesis is that
there is little relationship between constipation in MS and the neurological pro-
file. As mentioned above, the treatment of bladder dysfunction can also contrib-
ute to constipation. People with bladder dysfunction are less likely to keep ad-
equately hydrated, and the anticholinergic drugs often used to treat detrusor
hyperreflexia can cause constipation since sphincter mechanisms are primarily
cholinergic.

Fecal Incontinence

Fecal incontinence is usually associated with constipation and occurs due to
rectal overloading and overflow or when sphincter control and coordination are
diminished due to sphincter muscle weakness. Involuntary sphincter relaxation
may occur when the rectum is full due to the rectoanal inhibitory reflex, espe-
cially in a chronically distended rectum.

Therapy for Bowel Dysfunction

The main goals of treatment are to enhance gastrointestinal transit and re-
duce constipation and to prevent or reduce fecal incontinence. Timed evacuation
can help with both constipation and fecal incontinence by taking advantage of the
gastrocolic reflex, timing bowel movements after food consumption, exercise, or
when it is known that a toilet is nearby. Dietary intake can significantly affect
constipation. Adequate hydration and dietary fiber promote softer stools. High-
fiber foods such as fruits, vegetables, and grains, and supplements such as psyl-
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lium and Metamucil increase fecal bulk and decrease gastrointestinal transit time.
Fruit juices such as apple and prune juice and dietary supplements such as
lactulose stimulate the bowel. Finally, foods such as rice, cheese, and excess
protein decrease gastrointestinal transit time and should be avoided.

Medicinal treatments for bowel dysfunction in MS are limited. For constipa-
tion, stool softeners and laxatives, as well as smooth muscle stimulants, will
decrease transit time. Cisapride, a serotonin receptor agonist, partially restores
gastrointestinal motility but may cause cardiac complications secondary to its
effects on the potassium channel.7 Suppositories and enemas can be used to
evacuate the rectum to reduce the risk of incontinence or induce defecation.

Devices used to treat fecal incontinence include the rectal bag and the artifi-
cial sphincter. After a surgical procedure called a colostomy, a rectal bag is used
to catch feces as it is evacuated through an opening in the abdominal wall. An
artificial sphincter can be used to control incontinence, as a last resort. To use the
sphincter, the person will compress a pump to divert fluid from an anal cuff to a
holding balloon, allowing the sphincter to relax and defecation to occur.

Research Areas in Bowel Dysfunction

Studies of fundamental neuroscience should parallel those outlined above for
the bladder, with the goals of learning more about central control of bowel func-
tion, elucidating the local pharmacology of gastrointestinal transit, and identify-
ing the response and plasticity of the central and peripheral neuronal systems to
supraspinal central injury. More specifically, examination of the central control
of the enteroenteric reflexes and the sacral outflow to the bowel would directly
relate to the clinical problems experienced by MS patients. Determining the role
of “channels” (for example, potassium and sodium) in neurotransmission and GI
transit and developing drugs with 5-HT4 properties, D2 characteristics, or novel
agents that target the bowel would be helpful.

Advances are needed in the understanding of human GI motility. These
studies should draw on techniques used by gastroenterologists, such as the use of
enteric capsules, intraluminal manometers, microminiature strain gauges, digital
logging for prolonged recordings, imaging techniques of GI motility, and sphinc-
ter electrophysiology to explore the pharmacology of GI function and control.
Also, studies of pelvic floor musculature in spinal MS might reveal new data on
how to improve the mechanical aspects of sphincter function. As stated above,
studies of spinal cord injury would complement studies on patients with spinal
MS.

FChannels are the pores in cell walls that are opened and closed to permit the passage of specific
ions, a key process in all aspects of physiological regulation.
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VisuAL DISTURBANCES

Visual disturbances resulting from demyelination or inflammation in the
optic nerve occur in up to 85 percent of people with MS.> These visual distur-
bances take a variety of forms, including optic neuritis, abnormal eye move-
ments, blurred or double vision, and color distortion. The optic nerve is involved
in the first manifestation of disease in about 35 percent of people with MS.192

Optic Neuritis

Optic neuritis (inflammation of the optic nerve) is the most common visual
disturbance in MS. In 17 percent of people with MS, optic neuritis was the first
evidence of disease, but it can also occur subsequent to other symptoms. !°> Symp-
toms associated with optic neuritis include rapid vision loss, pain associated with
eye movement, dimmed vision, abnormal color vision, altered depth perception,
and Uhthoff’s phenomenon in which visual loss is associated with increased body
temperature.!33

Optic neuritis usually worsens for three to seven days before gradually im-
proving over the following weeks and months.!®2 The prognosis for ultimate
recovery of vision following optic neuritis is good, although conduction abnor-
malities seen by visual evoked potential often persist after recovery.'? Evidence
suggests that recovery from optic neuritis might involve cerebral adaptation to
persistently abnormal visual input.

Episodes of optic neuritis are frequently but not always followed by a diag-
nosis of MS. Estimates of the risk for developing MS within 15 years of an acute
bout of optic neuritis range from 45 percent to 80 percent.!3> MRI is the most
powerful predictor of whether MS will develop following optic neuritis, as evi-
denced by the presence and number of lesions in the brain.!3> The Optic Neuritis
Treatment Trial is the most extensive study of optic neuritis. This study of 457
subjects with acute optic neuritis found that patients with no initial brain lesions
had a 16 percent chance of developing clinically definite MS within the 5-year
study period, whereas those with three or more lesions had a 51 percent chance;
clinically definite MS developed in 27 percent of all subjects, and probable MS
developed in 9 percent.!”

The Optic Neuritis Study Group found no benefit of oral or intravenous
steroid treatment over nontreatment in ultimate visual outcome or in the develop-
ment of MS. Within five years of their first bout of optic neuritis, 94 percent of all
patients had visual acuity of 20/40 or better, although 56 percent reported that
their vision had worsened.!”> Patients treated with intravenous methylpredniso-
lone recovered vision more quickly and were half as likely to develop a second
event within 2 years, compared to controls and patients treated with oral pred-
nisone.>!* However, after two years the protective effect wore off. Further, com-
pared to controls and the 1.V. steroid group, the oral steroid group was more
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likely to have recurrences of optic neuritis within two years.> Steroid treatment
for optic neuritis did not influence the development of MS. Within five years of
treatment there was no significant difference between the number of steroid-
treated patients and nontreated patients who developed MS.!7> A small propor-
tion of patients develop progressive visual loss, usually later in the course of the
disease. These patients, together with those who fail to recover from an acute
episode, might benefit from visual aids.

Abnormal Eye Movements

Abnormal eye movements result from demyelination of afferent nerve path-
ways to the eye muscles and occur frequently in MS patients. The type of abnor-
mality depends on the lesion site. The most common visual disturbances are
nystagmus, saccadic intrusion, and diplopia.>-3°

Nystagmus is a back-and-forth eye movement that occurs in 28.5 to 63
percent of people with MS.5 Nystagmus often results from lesions in the brainstem
or cerebellum and can take many forms. It can be jerky or pendular, vertical,
horizontal, or circular. Patients with nystagmus sometimes experience dizziness
and difficulty reading.?3

Saccadic intrusion is difficulty in shifting the focus of vision and results in
oscillation of the eyes. Smooth pursuit is lost, replaced by a series of saccades.
Saccadic intrusion is found in many individuals that do not have MS and is not
recommended for routine diagnosis.!'3 Other saccadic abnormalities can also
occur in MS, including delay in the initiation of saccade, decreased velocity, and
oscillation of the eyes following saccade and prior to fixation on the target.’

Diplopia, or double vision, is a transient symptom, and estimates of its inci-
dence range from 8 to 22 percent at disease onset and from 29 to 39 percent
throughout the course of MS.33

Various drugs are used to treat these conditions with moderate results, in-
cluding baclofen, clonazepam, memantine, scopolamine, gabapentin, and iso-
niazid for nystagmus, and clonazepam and propranolol for saccadic oscillations
(Table 3.6).3%-167 Botulinum toxin injection into extraocular muscles has been
shown to decrease the amplitude of nystagmus and improve visual function for
about eight weeks in MS patients but is not always well tolerated.'4? Finally,
prisms have been shown to stabilize images on the retina and may help MS
patients with nystagmus or diplopia.

FATIGUE

Fatigue, considered the most common symptom in MS, is experienced by 76
to 92 percent of people with the disease.”*!?> Among MS patients, 66 percent
report experiencing fatigue on a daily basis,®! and 33 percent report that fatigue is
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their most troubling symptom.®* Fatigue affects MS patients of all types and all
levels of disability and is not related to patient age, level of neurological impair-
ment, or the EDSS.%* Assessment of fatigue in MS is complicated by the many
potential contributing factors.!7® Antidepressants, beta-blockers, and medications
used for spasticity can worsen fatigue, and other problems of MS such as pain,
depression, poor sleep, psychological stress, and deconditioning can contribute,
as well. For some, fatigue is overwhelming. For others, it is transient, induced by
physical activity. It is a particularly pervasive symptom, creating problems for
employment, fulfilling family and social roles, getting exercise, and mood—the
basic ingredients of life satisfaction.?!

Definition and Types of Fatigue

Fatigue can be defined as an overwhelming sense of tiredness, lack of en-
ergy, or feeling of exhaustion that is in excess of what might normally be ex-
pected.® Fatigue can occur as a result of a task or in anticipation of a task. It can
be influenced by physical features of the task (such as the length of a run) or by
psychological aspects of the task (such as how rewarding it will be) or both.
Fatigue can also be interpreted as a sense of effort needed to perform a task, and
both physical and mental tasks may result in fatigue. In addition to the sensation
or perception of fatigue experienced only by the individual, fatigue may also
produce observable changes in behavior, especially as a decrement in perfor-
mance (for example, a decrease in the ability to process information). Acute
fatigue typically resolves after completion of the task. Fatigue that is more chronic
and pervasive is frequently associated with illness, stress, and sleep disturbances.
Fatigue as a distinct clinical symptom in MS must, however, be distinguished
from true muscle weakness, sleepiness or drowsiness, and depression. These
conditions can coexist with fatigue but are associated with a different array of
conditions that may be amenable to separate treatment.

Attempts to establish a clinical definition of fatigue are complicated by
patients’ varied uses of the term. Sometimes fatigue is a synonym for other
complaints, while at other times the term is applied to a collection of symptoms
that occur together. Patients might use the term fatigue to refer to weakness,
dizziness, lack of coordination or stamina, feeling “spacey”, having poor concen-
tration or cognitive abilities, having “rubber legs”, boredom, lack of motivation,
malaise, or feeling blue or depressed.

Causes of Fatigue

The nature of fatigue in MS has yet to be fully characterized, but it is
interrelated with physical activity and social engagement.®!:176.182 Playsible
mechanisms related to impaired motor function include slowing or alteration of
neurotransmitter release and increased nerve conduction times. Measurements of
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physical fatigue are higher in MS patients with pyramidal tract signs and during
relapses.*® New onset of fatigue may be a sign of impending relapse.!’® Other MS
symptoms resulting from impaired motor function, such as spasticity, weakness,
and ataxia, may contribute to fatigue by increasing the physical, and psychologi-
cal, effort required for mobility.3¢ Symptoms such as pain and spasticity that
interfere with sleep may also be a factor in fatigue. Fatigue is worsened by heat,
making physical activity particularly difficult.

One finding across a variety of physical disorders has been that the severity
of fatigue rarely correlates well with measures of disease activity (for example, in
rheumatoid arthritis or hepatitis C).”!7> Functioning is often more closely tied,
even in physical conditions, to psychological factors and stressors. Although one
study concluded that MS-related fatigue is not associated with depression,” an-
other suggested that mental fatigue in MS correlates with anxiety and depression
but physical fatigue does not.61173

Although one study suggests that MS fatigue might be associated with fron-
tal cortex and basal ganglia dysfunction resulting from demyelination of frontal
white matter,'4* other neuroimaging studies have failed to find a significant cor-
relation between fatigue and neuropathology in MS patients.'-!3 Neuroimaging
of chronic fatigue syndrome, which has been much more widely studied in this
regard than MS, has likewise yielded conflicting results.”>-195 At this stage, re-
ports of fatigue-associated neuropathology in MS should be interpreted cau-
tiously.

Measurement of Fatigue

Because fatigue is multidimensional, with distinct physical and mental ele-
ments, measurement tools must be carefully constructed and carefully used to
produce valid, reliable, and meaningful distinctions among the separate elements
and differing levels of fatigue. Measurement strategies for fatigue in MS should
be closely linked to one or more of the four components of fatigue: behavior,
sensation or perception of fatigue, mechanisms of fatigue, and context.

Behavior refers to the physical manifestations of fatigue or a decline in
performance, such as making more errors or inability to complete a task. The
sensation or perception of fatigue can occur in the absence of any actual physical
or mental effort, and it might or might not be in proportion to a particular task. A
sense of fatigue can coexist with psychological symptoms (even in the absence of
a psychiatric disorder) and with beliefs that result in behaviors—for example, the
belief that exertion is harmful and the consequent avoidance of exercise.

The general literature on measurement of mechanisms of fatigue has tended
to focus on single causes (for example, infections or psychiatric disorders), a
perspective that is difficult to apply to cases where the causes are unknown and
possibly many. Physiological mechanisms of fatigue are thought to reflect either
peripheral processes operating in the muscles or nerves or central processes oper-
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ating in the brain. Proposed psychological mechanisms have included beliefs,
perceptions, expectations, and symptom amplification. The contextual compo-
nent of the measurement of fatigue includes an appraisal of the personal, social,
occupational, cultural, and physical environment in which the symptom occurs.
This component captures the influence of temperature, noise, the family, and
stressors on the experience of fatigue.

In studies of MS, various self-report instruments have been used to measure
fatigue (summarized in 1998 by Ford and colleagues®!). These include the Fa-
tigue Severity Scale and the Fatigue Assessment Instrument. Both scales measure
the effect of fatigue on functioning. The Fatigue Assessment Instrument mea-
sures fatigue severity, whether fatigue is situation specific, the consequences of
fatigue, and the response of fatigue symptoms to rest or sleep. Neither scale
identifies distinct mental and physical dimensions of fatigue.

In general, the currently available measurement tools, even the most basic
ones, require further evaluation. In particular, they must be tested and validated
specifically for use by populations with fatigue. Moreover, the “gold standards”
that do exist are often poor. Nonetheless, if carefully selected, some of the cur-
rently available measurement tools are adequate for clinical trials. These are
primarily self-report instruments, such as the SF-36. For most medical condi-
tions, a suitable biological measure or marker of fatigue has not yet been identi-
fied.

Disease-specific instruments may offer the advantage of greater sensitivity
in detecting change since they incorporate measurements of phenomena more
likely to be experienced by persons with a particular condition (for example,
swollen joints in rheumatoid arthritis). With these instruments, however, compa-
rability and generalizability are sacrificed.

Management of Fatigue

Fatigue has a broad impact on functioning for persons with MS. Chapter 4
addresses broader aspects of the management of fatigue in the context of overall
strategies for adapting to MS. Noted here are some specific interventions, includ-
ing medications, that are used in treating fatigue. Exercise programs may help
maintain conditioning and improve self-esteem.!?>176 One study suggests that
aerobic exercise may be beneficial.!?8 Behavior modification therapy may be
helpful for identifying strategies to avoid situations that worsen fatigue.

Pharmacological treatment of fatigue has also been tested (see Table 3.7).
Amantadine, an antiviral agent, has been shown to improve fatigue compared to
a placebo.” Pemoline, a CNS stimulant, may also be beneficial, but clinical trials
have shown more limited effects than for amantadine.8%-%5 Fluoxetine hydrochlo-
ride, an antidepressant, may help reduce the components of fatigue attributable to
depression.
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Recommendations for Further Research

e Studies are needed to gain a better understanding of the phenomenon of
fatigue.

e A careful review should be made of the possible tools available to assess
each domain of fatigue and to assess the relevance of these tools for MS.

* All studies evaluating physical or mental performance (including trials
for treatments such as exercise or cognitive behavioral therapy) should
include measures of both perception of effort and actual performance.

* Attempts to elucidate biological markers of fatigue should focus on spe-
cific components (for example, perception, mechanism) of fatigue. Pos-
sible markers should make clinical and biological sense.

*  When objective markers for fatigue are sought, care must be taken to
determine that observed alterations are due to fatigue, rather than another
confounding process (for example, controlling for affective disorders
when performing SPECT [simple photon emission computed tomogra-
phy] scans of the brain).

* Investigation of biological mechanisms for the perception of fatigue is
critical. Given the lack of correlation between perceived fatigue and dis-
ease severity in well-recognized diseases, it is crucial to gain a better
understanding of perceptual processes.

* Appropriate challenge paradigms should be developed to examine fa-
tigue in MS and other disorders. Asking subjects to perform tasks under
more stressful conditions may help identify biological markers of fatigue
that are not normally observed under basal conditions.

SexuAL DysFunNcCTION

The estimated incidence of sexual dysfunction in MS varies, depending on
what source is reviewed. This is not surprising considering the variable nature of
the neurologic disorder. Up to 91 percent of men with MS and 72 percent of
women have adverse effects on their sexual function, and up to 80 percent of men
with MS report erectile dysfunction.17-67.100.181

Desire and Satisfaction

Sexuality has both psychological and physiological components, and both
aspects contribute to the level of a person’s sexual functioning. However, the
incidence of physiological versus psychological sexual dysfunction in men and
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women with MS is not known. Research addressing this question would be
valuable for people living with MS, their partners, and health care providers and
also for determining appropriate treatment protocols.

The possibility that the psychological aspects of MS would have a negative
impact on sexuality is obvious given the uncertainty of the disorder. Decreased
libido has been documented in 22 percent of men with MS!? in addition to 28 to
60 percent®® of women; moreover, sexual dysfunction is associated with depres-
sion.!% Tt has not been determined whether this decrease in libido is related to
severity or duration of the disease or is a side effect of medications used. Nor has
it been determined whether treatment of depression will improve sexual function.
Sixty-four percent of men and 39 percent of women report decreased sexual
satisfaction and/or absent sexual activity. Finally, associated marital problems
have been noted in 71 percent of MS patients with sexual dysfunction. The
relationships of these issues to premorbid psychosexual function are not clearly
understood. Furthermore, the impact of MS on performance of sexual activities
should be considered. The availability and impact of sexual education and coun-
seling for patients and their partners should also be studied. It is also important to
recognize that issues associated with sexuality are different for gay and lesbian
populations.8!

Sexual Response

One report noted that 58 percent of women and 63 percent of men with MS
had problems with anorgasmia.'® The same study noted that 80 percent of men
had erectile dysfunction and 40 percent of women had problems with lubrication,
but the study did not provide specific information on the subjects’ neurological
status.

The arousal and orgasm phases of sexual response are also affected by physi-
ological and psychological issues. Lesions affecting the neurological pathways
that control sexual response would affect physiological aspects of sexual re-
sponse. However, these pathways are not yet well understood (Table 3.8). The
intracranial control of sexual arousal is not well defined.!>-148:160 Better documen-
tation of the normal neurologic pathways that control sexual response will be
necessary before the physiologic effects of specific neurological lesions on sexual
function can be identified. (See Figure 3.1 for location of spinal nerves.)

Cervical cord plaques are thought to affect some 80 percent of patients,
intracranial plaques 60 to 90 percent, and sacral cord (lower back) and conus
medullaris (lowermost portion of the spinal cord) lesions are thought to occur in
up to 63 percent of patients.!?! Thus, some patients will have neurologic lesions
affecting the pathways for sexual function whereas others will not. To determine
whether there is a physiological reason for altered sexual function, studies that
assess the impact of MS on sexual function should provide detailed information
regarding the subject’s neurological condition. Unfortunately, this is rarely the
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TABLE 3.8 Neurological Pathways That Control Sexual Response in Men and

Women
Sexual Function Probable Neural Pathway
Psychogenic erectile The spinal pathways are thought to travel in the lateral white

function and lubrication ~ columns that synapse on the autonomic motor cells in the lateral

gray columns of the lower thoracic and upper lumbar
cord. 13,158,160

Reflex erectile Thought to include sensory transmission via the pudendal nerve
function and lubrication  to stimulate the sacral parasympathetic nerves.

Ejaculation Both sacral parasympathetic and thoracolumbar sympathetic
contributions, in addition to a sacral somatic component. A spinal
cord center has been proposed at the twelfth thoracic and first
lumbar nerves. 148

Orgasm Postulated to occur as a reflex response of the autonomic nervous
system.158

case. Rather, the information provided is generally limited to the Expanded Dis-
ability Status Scale (see Chapter 4 for discussion of the EDSS).?7 Studies pub-
lished thus far have not found a correlation between level of disability and sexual
dysfunction or satisfaction with sexuality.!10

Some researchers have attempted to link neurological testing with the status
of sexual functioning. In men and women with MS, anorgasmia has been corre-
lated with brainstem and pyramidal abnormalities in addition to the total area of
plaques on the brain observed via MRI. Betts and colleagues!” performed poste-
rior tibial and pudendal cortical evoked potentials along with cystometric tests in
men with erectile failure and MS. They concluded, as did another group,®! that
the neural lesions associated with impotence are generally above the sacral cord.
In addition, men with abnormal pudendal or tibial evoked responses had difficul-
ties with ejaculation and orgasmic dysfunction. One report noted that in women
with advanced multiple sclerosis, weakness of the pelvic floor and bladder and
bowel dysfunction are correlated with changes in lubrication and orgasmic ca-
pacity.30 However, that report relied on the EDSS and did not provide detailed
neurological information regarding women’s sexual arousal and the impact of
MS.

Another difficulty in the study of sexual function stems from the inaccura-
cies associated with self-report data.!>® Most importantly, the issues noted in the
previous paragraphs should be addressed through the performance of controlled,
laboratory-based research to systematically document the physiologic effects of
specific neurological dysfunctions associated with MS on sexual function. This
should also provide information regarding the incidence of psychological sexual
dysfunction affecting persons with MS.
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Treatment of Sexual Dysfunction

Great strides have been made in the treatment of erectile dysfunction, includ-
ing the availability of vacuum pumps, injection erections, and oral medications
(Table 3.9). Most research has evaluated the effect of therapeutic agents on
neurogenic erectile dysfunction in general’”-’8 or specifically on sexual dysfunc-
tion due to spinal cord injury.*?> Only minimal research, however, has concen-
trated on the amelioration of sexual dysfunction specifically associated with MS.
While these results are likely relevant to men with MS, the complex interplay
between psychological and physiological issues and sexuality must be consid-
ered. As a result, new therapeutic interventions for the remediation of erectile
dysfunction should be tested to verify their efficacy in men with MS. Patterns of
neurological dysfunction with detailed information about psychosexual function-
ing should be documented. Furthermore, techniques to treat other sexual dys-
functions in men with MS, including orgasmic dysfunction, should be developed
and tested.

Female sexual dysfunction has generally received less attention than male
sexual dysfunction, particularly erectile dysfunction. However, the development
of oral medications to remediate erection dysfunction has led to a heightened
awareness of women’s sexuality and associated issues. Sildenafil, a drug previ-
ously shown to be safe and effective in the treatment of erectile dysfunction, was
recently tested in a small study of 19 women with spinal cord injuries.!¢! The
results showed that sildenafil can significantly increase the level of subjective
sexual arousal in women with neurogenic sexual dysfunction. Further research is
needed with a goal of improving the sexual responsiveness and satisfaction of
women with MS. Large-scale studies of the use of sildenafil and other new
therapeutics to improve female sexual responsiveness should be conducted.

PAIN

Although multiple sclerosis is not commonly thought of as a painful disease,
when MS patients are asked, a surprisingly high proportion report significant
pain problems.3%108.137.170' At the time of their initial presentation, pain is a sig-
nificant complaint in about one in five patients.!’? Nearly one-half of individuals
with MS experience clinically significant pain at some time during the course of
the disease. Significantly more women than men report pain.'?? The longer the
duration of the disease and the older the patient, the more likely it is that pain will
be reported.3>120 The disconnect between the incidence and severity of the pain
and the realization by physicians of its importance to the patient is a major
problem for the management of MS.

The reasons for this disconnect are unclear. Physicians and patients tend to
focus on weakness, poor coordination, visual impairment, and fatigue, and there
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is a tendency to underestimate the disability that pain can produce. Another
problem is the tremendous variety of pain complaints. Different painful manifes-
tations of MS are seen in different individuals and likely have different underly-
ing mechanisms. Little is known about the mechanism for any of the pain com-
plaints in MS. Some of the pain complaints are transient and accompany the acute
attack, whereas others appear relatively late in the course of the disease and are
unremitting. There is also an understandable bias toward the belief that if the
underlying disease process can be stopped or slowed, the symptom of pain will
resolve. Unfortunately, current treatments for MS are of limited impact and the
accumulated burden of irreversible damage places the patient at risk for persistent
pain.

Among the complaints that often accompany MS are headache and back
pain, which are so common in the general population that it would be difficult to
establish that MS is the cause (see for example, Rae-Grant et al.!37). In contrast,
painful tonic spasms and tic doloreux in young people are so rarely seen, except
in patients with MS, that they probably result directly from the demyelinating
process. Optic neuritis is often painful during the acute attack; presumably this is
a direct result of the inflammatory process and activation of primary afferent
nociceptors.* Sensory changes, such as persistent numbness or tingling of a body
part, although not necessarily painful, are experienced by about 80 percent of
people with MS.107

The sheer variety of pain complaints, their appearance in subsets of MS
patients and the fact that the disease is uncommon have been major impediments
to clinical therapeutic trials. There are simply too few eligible patients to conduct
clinical trials that would have sufficient statistical power to detect a clear thera-
peutic effect. There have been no controlled clinical trials specifically for pain
treatment in multiple sclerosis. This problem and the lack of a good animal model
for pain in MS also make it difficult to investigate the pathophysiology of pain in
this disease.

Pain complaints in multiple sclerosis can be divided into four broad categories:

1. Neuropathic pain. This is chronic and/or recurring pains resulting from
the destructive process (i.e., due to abnormal function of damaged neu-
ronal or glial elements). This type of pain is either paroxysmal or static
depending on the syndrome. The sensory qualities of these painful condi-
tions clearly identify them as neuropathic.

2. Acute pain due to the active inflammatory process. The sensory charac-
teristics of this type of pain are nonspecific, although the pain should
temporally track the exacerbations of the underlying demyelinating process.

*Nociceptors are neurons that are preferentially sensitive to noxious stimuli or to stimuli that would
become noxious if prolonged.
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3. Pain secondary to increased muscle tone. This includes cramps and spas-
ticity-related muscle pain.

4. Chronic or recurrent pain of a nonspecific nature such as neck or back
pain, possibly due to increased tone or weakness of muscle. Such syn-
dromes are extremely common in normal individuals, so it is usually
difficult to be sure that they are caused by MS.

Neuropathic Pain Syndromes
Trigeminal Neuralgia

The occurrence of trigeminal neuralgia in MS patients is well known.27-120
Trigeminal neuralgia is a unique and easily recognized symptom complex that
usually affects the elderly. It consists of brief shock-like (tic-like, or lancinating)
pains that often have an electrical quality. The key features are very brief duration
of individual shocks (a second or less), pain-free intervals, location in the second
and third division of the trigeminal sensory distribution, and the presence of
trigger points on the face or in the mouth where light touch will trigger an attack.
Although trigeminal neuralgia occurs in less than 3 percent of MS patients, it is
much more common and tends to occur at a somewhat younger age in MS
patients than in the general population.2”-120 Not surprisingly, there are often
associated sensory changes in MS patients with trigeminal neuralgia. Persistent
facial pain may occur in MS patients and can have a lancinating component.
Persistent (tonic) pain is not seen in idiopathic trigeminal neuralgia.

The same treatment approaches (anticonvulsants and neurolytic lesions) ap-
pear to be effective for trigeminal neuralgia whether in the setting of MS or
not.2288.120 This suggests that MS is a risk factor for trigeminal neuralgia but is
insufficient, by itself, to cause the syndrome. One popular theory of idiopathic
trigeminal neuralgia is that it represents vascular compression of the central root
of the trigeminal ganglion, but this does not explain why trigeminal neuralgia
should be overrepresented in MS. It may be that pre-existing demyelination is
another risk factor.

In summary, trigeminal neuralgia is an uncommon but severely painful syn-
drome that occurs significantly more often in MS patients than in the general
population. It responds to the usual trigeminal neuralgia therapeutic interventions
and appears to share an underlying pathophysiology.

Painful Tonic Spasms

In contrast to trigeminal neuralgia, painful tonic spasms are rarely observed
except in MS. 198 In MS they seem to be relatively common, occurring in between
10 and 20 percent of patients.!83 Their clinical presentation has unique and highly
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characteristic features. Painful tonic spasms usually occur in the setting of rapid-
onset but tonic muscle contractions. Individual spasms are localized to a body
part or region. They are brief, rarely lasting more than two minutes, but the pain
is usually severe. The painful tonic spasms are often triggered by movement or
sensory stimulation, rarely by well-localized and reproducible stimulation of the
skin, as in trigeminal neuralgia. Sometimes the pain is accompanied by loss of
motor function (i.e., weakness or dysarthria). The location can be anywhere on
the body. Fortunately, the syndrome tends to be transient, with a duration of two
weeks to two months. Electroencephalogram recordings during painful tonic
spasms are normal, suggesting a subcortical origin for the underlying neural
discharge.'%8 In a recent report with a literature review and five original cases,
Spissu and colleagues'® point out that most patients with painful tonic spasm
have at least mild involvement of the pyramidal tract on the side of the pain. In
their cases, fMRI studies revealed an acute lesion in the posterior limb of the
internal capsule or the cerebral peduncle corresponding somatopically to the
affected region.

Although not yet studied in a controlled manner, anticonvulsants such as
carbamazepine and gabapentin are reported to provide dramatic relief for many
patients with painful tonic spasm in MS.!64

Continuous Dysesthetic Pain

This is the most common neuropathic pain in MS.32!20 It is most often
located in the lower extremity and is commonly bilateral. In some cases the trunk
and/or upper extremity may be involved. This pain is usually described as burn-
ing and is typically most pronounced distally. On exam, patients with this com-
plaint have sensory deficits that overlap the painful regions. All of these patients
have a deficit in dorsal column sensory function, and about half have a deficit of
pain and/or temperature sensation, presumably due to damage to the spinotha-
lamic tract.!20-183 The association of spinothalamic tract-type deficits and con-
tinuous dysesthetic pain is characteristic of central pain syndromes such as
poststroke and spinal cord injury pain. These syndromes are notoriously resistant
to analgesic treatments.

There have not been any controlled clinical trials of treatments that specifi-
cally address this type of pain. There are anecdotal reports that in some patients it
responds to tricyclic antidepressants3%108.120 and anticonvulsants such as
gabapentin 7%152 and lamotrigine.'!!

Neuropathic pain can be caused (after nerve injury, for example) by the
generation of inappropriate (in some cases, spontaneous) high-frequency bursts
of impulses by neurons within the pain pathway. The generation of nerve im-
pulses depends on the activity of specialized proteins called sodium channels,
and it is now known that nearly a dozen genes encode distinct sodium channels
with different properties, many of which are expressed in sensory neurons.* It is
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well established that following injury to their axons, neurons turn off sodium
channel genes that are normally active and turn on others that are normally
silent.>-186 This produces an abnormal ensemble of sodium channels whose elec-
trical activity can cause less activity.3® Evidence is beginning to emerge suggest-
ing that similar changes in sodium channel expression can occur in neurons
whose axons are subjected to inflammation'”2 or demyelination.'® The identifica-
tion and characterization of the abnormal ensemble of sodium channel(s) is a
promising area for research, that may provide a basis for new pharmacological
treatments.

Acute Radicular Pain

Acute radicular pain has been reported as a presenting symptom in MS.!38 In
several patients there was a report of trauma preceding the onset of the pain.
However, in most, there was no obvious trauma. In 2 of 11 patients, there was an
MRI-demonstrated plaque at the appropriate site. The quality of the pain, its
duration, or its response to treatment was not reported.

Muscle Spasms and Cramps

This problem is mentioned in most large series of pain complaints in MS.
This type of pain can be seen in people without any underlying neurological
condition but is often present in association with upper motor neuron damage and
accompanies spasticity. There are numerous treatment strategies for spasticity,
none totally satisfactory. A recently published small controlled study of 20 pa-
tients demonstrated a significant benefit of gabapentin for symptoms of spastic-
ity, including painful spasms.3’

This type of pain may also be responsive to cannabinoids. In a retrospective,
uncontrolled study of 112 MS patients in the United States and the United King-
dom, Consroe and colleagues®* reported that smoking cannabis relieved a variety
of pain complaints. More than 90 percent of patients reported improvement in
muscle pain, leg pain, and spasticity. A similar percentage reported improvement
in their tremor. This report takes on added significance in view of studies in a
mouse model of MS (chronic relapsing EAE), which demonstrated significant
improvement in tremor and spasticity with a synthetic CB1 receptor agonist.*
This evidence warrants controlled clinical trials.

*The CBI receptor is the primary cannabinoid receptor in the brain and can be stimulated by a
variety of agonists, including THC.
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Acute Pain Due to the Inflammatory Process
Optic Neuritis

This type of pain is most clear-cut when MS is heralded by optic neuritis. In
such cases, pain often accompanies the attack. The pain is aching and exacer-
bated by eye movements. The reported response to glucocorticoids supports the
general feeling that this type of pain represents activation of dural nociceptors by
the inflammatory process.3? In other situations such as headache and back pain,
the association of pain with an acute inflammatory attack is less clear.

Headache

Headaches are such a common occurrence in the general population that it is
difficult to prove that MS can cause them. Nonetheless, the weight of evidence
suggests that it can. In a prospective study, Rolak and Brown'#® found an overall
incidence of headache of 52 percent, which is much higher than in the general
population. Both tension-type and migraine headaches were common and there
was no characteristic “MS headache.” Furthermore, they were not able to estab-
lish a higher incidence of headache in correlation with clinical exacerbations
based on other symptomatology. In contrast, in a retrospective study of 1,113 MS
patients, Freedman and Gray reported 44 patients in whom an attack or exacerba-
tion were heralded by a migraine attack.®? Although their definition of migraine
was somewhat loose, 27 of these patients had no prior history of migraine. Head-
ache accompanying attacks seems to be more common in children (Stephen
Hauser, personal communication). It is of interest in this regard that Haas et al.”
reported a 16-year-old girl who presented with a severe headache and inter-
nuclear ophthalmoplegia but little else neurologically. On imaging, her sole ab-
normality was in the region of the midbrain periaqueductal gray, an area impli-
cated in migraine pathogenesis.'8” Subsequent clinical course and the presence of
oligoclonal bands in her cerebrospinal fluid established the diagnosis of MS in
this case.

In summary, there seems to be some evidence that headache is a common
complaint in MS and may be a direct consequence of disease activity.

Pain Due to Increased Muscle Tone

In any neurological condition characterized by spasticity (i.e., upper motor
neuron disease), patients are at risk for muscle pain due to spasm. Spasticity is
common in MS, especially over time as the lesion burden increases. Spasticity is
most likely to involve the legs. MS patients frequently report leg spasms and
cramps.3>!120 This type of pain improves if spasticity can be controlled with
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standard medications such as baclofen, dantrolene, benzodiazepines, and most
recently gabapentin.3’

Back Pain

Back pain is common in MS.3%120 It is described as aching, usually in the
lower back, and is exacerbated by prolonged sitting or standing and the abnormal
gait. The most common cause appears to be musculoskeletal. This type of pain, as
in patients who are neurologically intact, has two common musculoskeletal
causes: degenerative disease around the disks, foramina, and facet joints, and
myofascial pain due to disuse and spasticity. This type of pain responds to physi-
cal therapy, trigger point injections with stretching, anti-inflammatory agents,
and analgesics. In addition, especially in patients treated with glucocorticoids,
there is the possibility of vertebral compression fractures secondary to osteoporo-
sis. Urinary tract infection in patients with bladder dysfunction is also a consider-
ation in some patients with subacute back pain.

Summary

Pain is a frequent accompaniment of MS, and for a small group of MS
patients, pain is the worst aspect of the disease.!3” Despite treatment, many MS
patients have ongoing pain. Pain may be due to inflammatory disease activity, in
which case it is usually transient and may respond to glucocorticoids. In other
cases, the accumulating burden of CNS damage may lead to irreversible lesions
that cause neuropathic pain. The neuropathic pain syndromes are of two types:
paroxysmal and constant. Paroxysmal phenomena (trigeminal neuralgia and pain-
ful tonic spasms) are recurrent and appear to respond well to anticonvulsant
medications. Constant dysesthetic pains vary in intensity and appear to be resis-
tant to currently available treatments. However, the committee did not find any
satisfying data on this point. Another set of pain types are of musculoskeletal
origin: back pain, probably related to weakness, disuse, and immobilization, and
limb pains that are apparently due to increased muscle tone and take the form of
spasms and cramps. The former seem to respond to aggressive physical therapy,
whereas spasm-related pains improve with the treatment of spasticity. Finally,
there is the controversial issue of headache, which seems to have an increased
incidence in MS patients but no characteristic pattern and no established relation-
ship to disease activity.

Research Recommendations

Attention should be paid to evaluating pain in future clinical trials. Pain
relates to both pathophysiology and quality of life, and should be considered in
future clinical trials.
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Multicenter clinical trials are essential to evaluate currently available treat-
ments, especially for the constant dysesthetic pain that is currently the most
refractory of the multiple pain syndromes accompanying MS. Cannabinoids might
be particularly promising for patients with spasticity but should also be evaluated
for other nonparoxysmal pain complaints.

To establish whether acute disease activity is associated with pain, an effort
should be made to correlate new-onset clinical signs, MRI with gadolinium, and
pain location, quality, and time course. Response to anti-inflammatory agents
could be studied as well.

Continued efforts should be made to understand the pathophysiology of a
neuropathic pain, including the continuous dysesthetic pain that occurs in pa-
tients with demyelinating diseases such as MS. Efforts to understand abnormal
expression of ion channels in demyelinated neurons appear promising. The ex-
tensive literature on spinal cord injury and pain offers a number of models that
could be extended to this type of study so that it can address demyelinating
lesions (for example, Brewer and Yezierski, 19982!). In addition, although it is
difficult to assess continuous pain in animals, the mouse models for inflamma-
tory demyelination offer an area where parallel human and animal work could
progress.

Lesion Location

A specific attempt should be made to identify patients with new-onset con-
tinuous dysesthetic pain for functional imaging in a concerted effort to locate the
relevant pathology. In these patients, quantitative sensory testing should be car-
ried out, especially to assess spinothalamic tract function (heat, heat pain, cold,
cold pain). In addition, examination should look for signs of a hyperpathic state
(summation, sensory radiation, pain with light mechanical stimulation [allo-
dynia]). With these data in hand, it might be possible to move closer to determin-
ing whether the animal model mirrors the human pain problem.

Studies on Nervous System Inflammation and Pain

It appears likely that inflammation per se can lead to abnormal hyperexcit-
ability of pain-signaling neurons. By understanding the underlying molecular
mechanisms, it may become possible to devise better interventions.
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Disease Management and Measurement

The impact, management, and research needed on specific symptoms of
multiple sclerosis (MS) are discussed in the previous chapter. This chapter dis-
cusses the conditions of life with MS from a more general perspective and em-
phasizes research that can improve the lives of people with MS. It covers psycho-
social and physical adaptations, as well as a variety of health care issues. At the
moment of being diagnosed, the patient is forever transformed into a “person
living with MS.” Even in the absence of signs or symptoms this person will
forever after live with the knowledge that he or she can be unpredictably im-
paired. Sometimes the person will recover, sometimes not. For most, living with
MS will become one of the major challenges of life. People with MS need to
solve problems ranging from finding the right button hook, to getting dressed
each morning with limited use of their hands, to specifying “reasonable accom-
modations” for continuing to work.

Improving the lives of people with MS rests on better understanding of their
needs and their successes, specifically research into the conditions of life with
MS, which requires objective, reliable research tools. The most essential tools for
measuring the conditions of life with MS are the various survey instruments that
measure abilities to function and quality of life, which are discussed in the latter
half of this chapter. These tools not only provide for objective assessment of the
needs of people with MS, they are also an essential element of measuring the
effectiveness of any sort of therapeutic intervention—be it a rehabilitation pro-
cess, a self-help program, or a disease-modifying therapy. Quality-of-life mea-
sures can also reveal aspects of the disease process that are not readily captured in
standard clinical measures and might reveal insights into the underlying disease
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mechanisms. For example, pain, fatigue, and memory impairment are often
among the earliest manifestations of the disease, yet they were virtually unrecog-
nized as symptoms for many years. These symptoms are prevalent, troubling, and
yet correlate only weakly, if at all, with neuropathology as revealed by current
neuroimaging techniques. Quality-of-life measures might also provide more sen-
sitive outcome measures of clinical efficacy of new therapies, and importantly,
they measure the outcomes that concern patients the most.

Given the millions of people who will be living with MS now and in the
future, it is important that the focus on curing MS not come at the expense of
efforts to address the disruptions that pervade routine daily activities, personal
relationships, family life, work responsibilities, and social involvement.2!4

Livine witH MS

If a cure were found, would I take it? In a minute. I may be a cripple, but I'm
only occasionally a loony and never a saint. Anyway, in my brand of theology,
God doesn’t give bonus points for a limp. I'd take a cure; I just don’t need one.
A friend who also has MS startled me once by asking, “Do you ever say to
yourself, “Why me, Lord?’ ” “No, Michael, I don’t,” I told him, because when-
ever I try, the only response I can think of is, “Why not?”

Nancy Mairs!24

Many people with MS cope remarkably well, others less so. Understanding
the traits and conditions that enable people to cope so well can provide insights
necessary to help others, but obtaining these insights is complex. Conducting an
investigation about people with MS similar in depth and scope to the multisite
Medical Outcomes Study, a series of multisite studies funded by the Robert
Wood Johnson Foundation in the early 1990s,!”> would be invaluable, but also
methodologically and logistically challenging and enormously expensive.

A growing body of research describes the lives of average people living in
the community with MS. Many of these studies involve surveys, the application
of various psychometric instruments (functional status measures, quality-of-life
indices, and other instruments targeting specific topics), and qualitative methods
(reviews of in-depth interviews or focus groups). With the exception of the
Expanded Disability Status Scale (EDSS; see Appendix D), there is little consis-
tency in the survey forms or instruments used across studies. In addition, despite
the experiential insight gained from well-conducted qualitative studies,*' they
rely on very small samples from specific subpopulations, and the results cannot
be assumed to apply to the full range of people with MS. Some studies have
involved large numbers, but they tend to focus on single, well-defined issues (for
example, employment). Perhaps most importantly, most studies treat people with
MS as a homogenous group, as opposed to groups of people with markedly
different disease states.”!
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“You Have MS”

Numerous studies have conclusively documented that communication be-
tween health professionals and patients is often problematic.!9%107 For people
with lifelong conditions such as MS, initial contacts with health care profession-
als are especially important and can shape patients’ attitudes about their disease
and expectations about the role of clinicians. Sometimes problems result from
general insensitivity, probably not specific to MS per se.

People with MS who write about their experiences invariably highlight the
moment when they were first given their diagnosis. It is a pivotal, life-altering
moment that remains vividly etched in their memories. Very often, these memo-
ries are filled with anger at the way the diagnosis was delivered. Sally Ann Jones,
in her mid-fifties with MS, described how her doctor told her the diagnosis many
years previously: 8

The doctor spent about a minute and a half with me and then he said, “The bad
news is, Mrs. Jones, you have MS. The good news is, when I saw you before, I
wrote down three potential diagnoses in my notes. If you’d had either of the
other two diagnoses, you would be dead by now.” Back then, he never men-
tioned that to me. I said, “Why didn’t you tell me?” He said, “The symptoms of
the other diagnoses would have been so bad, you would’ve had to return, and I
didn’t want to upset you unnecessarily.” And with that, he left. He didn’t tell
me what to do. He didn’t say, “Do X.” He didn’t say, “Come back in six
weeks.” He just left. Period. He spent about 10 minutes, beginning to end. I was
absolutely in shock.

Because the symptoms are so often insidious, vague, and nonspecific, there
can be a long period during which the patient knows something is seriously
wrong but is unable to receive definitive answers. The uncertainty is highly
stressful, and patients later often resent the long period of concerned waiting or
the attitude of a physician who felt it was kinder to offer vague explanations when
she or he was strongly suspicious the problem was MS.130 In 1995, Murray wrote,
“I have never heard a patient express gratitude for being kept ignorant of his or
her diagnosis, but I have heard many express anger and disappointment for being
kept in the dark. . . . While patients are in the dark about their diagnosis, they are
unwell without legitimacy, expected to function normally without the physician-
sanctioned ‘sick role,” and often under the suspicion of family, friends, employ-
ers, and even themselves, of being hypochondriac or malingerers.”13°

One study identified four major themes of the experience of being diagnosed
with MS: whispered beginnings (earliest signs and symptoms, understood only in
retrospect); echoes of silence (worrying, wondering, and waiting, reinforced by
relapsing and remitting patterns); hearing the words spoken and beginning to tell
others; and refocusing their lives.!% During the period of whispered beginnings,
people often tried to minimize what they were experiencing, attributing it to
stress. During the echoes-of-silence period, patients frequently felt anxious,
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lonely, and worried, sometimes trying various remedies (for example, multivita-
mins, stopping smoking, drinking lots of water, exercising). Finally, the actual
moment of being told, “You have MS,” was readily recalled by the participants.
They described trauma-filled reactions such as “being in shock, feeling numb,
and really stunned” when they heard the news. For some, the crisis of this re-
sponse lasted for moments; for others, it lasted days to weeks. The experience of
being told the diagnosis of MS brought the study participants to a time of being
“emotionally wounded.”!00

These experiences emphasize not only the value of better diagnostic tools
discussed in Chapter 2, but also the need for a better understanding of communi-
cating with patients in the face of uncertainty at the initial stages of diagnosis
and—once the diagnosis is confirmed—in the face of delivering devastating
information.

Yet the issues surrounding diagnosis are changing. Patients today spend less
time waiting for a diagnosis than they used to, largely due to improved magnetic
resonance imaging (MRI) technology and its earlier, more frequent use. Once
they receive their MRI results, however, they are faced with uncertainties and
decisions that previous patients were not. One is the problem of interpreting
abnormal MRI scans. Although the scans might confirm a diagnosis of MS, they
still provide little information about the prognosis for impairment or disability.
Another is the decision whether to start any of the disease-modifying therapies.
Patients must weigh the immediate disadvantages of being yoked to a regular
medication schedule with possible side effects that diminish their quality-of-life
against the potentially great, but nonetheless uncertain, future benefit. In essence,
it is impossible for a patient to make a fully informed decision. Patients can only
guess, but the burden of decision rests with them. Therapies appear to be most
effective if they are begun early in the disease—at a time when many patients
might be most reluctant to assume the burden of treatment.

Disease-modifying therapies for MS were first approved in 1993 but have
been widely used only in the last few years. In sum, much of the literature on the
psychological aspects of living with MS, almost all of which predates the wide
use of disease-modifying therapies, must be reconsidered in light of current op-
tions, which are themselves in flux. This does not, however, alter the fact that
people with MS must adapt and readapt throughout their lives to MS.

Psychosocial Adaptation

MS generally starts just as people are beginning their independent lives,
families, and careers. Many will live with the disease across the full spectrum of
their adult lives. Repeatedly over time, they adjust, with varying success, to its
myriad disabling consequences. MS is a disease that teases with its unpredictably
waxing and waning course—debilitating people one month, restoring function
the next. Sometimes losses are insidious, gradually mounting and only dimly
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perceived until people finally recognize their presence and permanence. For some,
living with MS can be like balancing, precariously, on a razor’s edge. Others do
well, experiencing only fleeting symptoms over many years. S. Kay Toombs, a
philosophy professor who has had MS with progressive impairment over 25
years, observed:2!4

When the body refuses my commands, it suddenly appears to have a will of its
own. Rather than being that which enables me to carry out my projects in the
world, my body is an obstacle that I must overcome. I may, for example, have
to manually pick up my leg if I am to negotiate a small step, or pay exquisite
attention to the way my body feels in terms of pain, fatigue, stiffness, if I am to
engage in ordinary activities.

Bodily attentiveness becomes an integral aspect of the illness experience. With
permanent physical impairment, one must daily compensate for the body’s dis-
abilities and explicitly allow for its limitations. Even when there are lengthy
periods of remission, the chronically ill remain uneasily attuned to the way the
body feels and moves—always “on guard” for signs of an impending recur-
rence.

Research suggests that the experiences and feelings of people with MS are
often more positive than clinicians or others expect. One study administered six
instruments (Areas of Daily Functioning Questionnaire; Ways of Coping Check-
list; Global Coping Scale; Thoughts About Suicide Probe; Anger-Fear-Depression
Questionnaire; and Global Self-Esteem Scale) to 125 people with MS.*® Although
almost 60 percent reported having felt they needed professional psychological
help at some point since their MS diagnosis and about 30 percent reported that
they were not coping well and currently needed professional help, the most
striking finding was that, despite the obvious challenges faced by people with
MS, most successfully adapt to the disease. This finding was replicated across all
the measures included in the study, including self-rated quality of marital, family,
and friend relationships; objective measures of emotional functioning, thoughts
of suicide, and self-esteem; and direct self-assessments of current coping with the
disease.*® Another study involving 629 women with MS found that compared to
normative controls, they displayed significantly better interpersonal relationships
and stress management, although they had significantly lower physical activity
and spiritual growth compared to normative controls.'®® A study of 64 MS patients
in Finland found that although they reported feeling physically limited and inse-
cure, many also noted that having the disease helped clarify personal values and
enhanced personal growth. !

People vary widely in their coping styles and in their perceptions of how
much control they have over what happens to them.!®® Coping is defined by
Lazarus and Folkman as “constantly changing cognitive and behavioral efforts to
manage specific external and/or internal demands that are appraised as taxing or
exceeding the resources of the person.”!'* Styles of coping with stress are often
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dichotomized as “problem focused” or “emotion focused.” Problem-focused be-
haviors entail confronting the problem, seeking information about how to man-
age it, and devising strategies to deal with it. Emotion-focused strategies gener-
ally involve denial and escape or avoidance, or reconfiguring the problem to
make it more positive. While most people use both strategies, one style usually
predominates. Studies in other diseases suggest that patients who use problem-
focused techniques make better adjustments and have better outcomes than those
who use avoidance and denial.!!,37:99:172,173,203,204

Remarkably few investigators have inquired into the mechanisms that under-
lie success and failure in adapting to MS.2 One prospective study that followed
the adaptations and coping strategies of 27 patients found that escape avoidance
coping strategies predicted future depression, but this was not a robust finding
because the investigators reported that the correlation was not apparent in a
follow-up study of the same patients.> Another study of 433 people with MS did
not find a significant association between coping strategies and emotional well-
being.23! The same study noted that study subjects’ coping styles depended on
their level of uncertainty about their symptoms, treatment, relationships with
caregivers, or future plans. Subjects used more emotion-focused coping when
they were more uncertain and problem-focused coping when they were less so.

Psychological adjustment to MS is complex and multiply determined. Eklund
and MacDonald*® found that people with MS reporting better long-term adjust-
ment tended to use “adaptive denial” as their coping mechanism at the time of
diagnosis. By comparison, those reporting “confrontational coping” (obsession)
and escape or avoidance (complete denial) adjusted relatively poorly. In addition,
those who had thought through answers to the question, Why me?, were less
likely to be depressed in the future. A study of 43 people who had MS for four
years or longer (15 years on average) found no relationship between the extent of
physical impairment and coping style.!> Murray'3° suggests that MS patients use
both problem- and emotion-focused coping styles, but the three most common
strategies are problem focused: trying to maintain some sense of control; trying
different problem-solving approaches; and looking objectively at problems from
different angles. Coping strategies can change over time, with emotion-focused
methods predominating when patients sense things are beyond their control.!3?
One limitation of most studies on coping is that most study participants are
identified well after the onset of MS so any consequences of adaptational style
would have been in operation for a number of years.*?

The chronic and uncertain nature of MS makes tremendous demands on the
coping skills of people with MS and those who care for them. People adjust with
varying degrees of success, relying on different coping strategies, often switching
from one to another as their circumstances change. A better understanding of
which of those strategies (and under which circumstances) foster more successful
adaptations to life with MS would enable nurses, social workers, psychologists,
physical therapists—indeed, anyone who counsels people affected by MS—to
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provide greater assistance in helping people manage their disease. Likewise,
people with MS would directly benefit from information about what coping
strategies will most enhance their personal sense of well-being.

Change in Attitudes over Time

Finally, given the chronic nature of MS, patients’ attitudes toward the dis-
ease—and even themselves—can vary widely and change over time. Toombs
wrote:

Bodily change may have different meanings for the same individual at different
points in time. The inability to walk has a different significance for me now
than it did when I first contemplated this loss of possibility as a thirty-year-old
woman who was used to “standing on my own two feet.” And the meaning of
this change is different for me than it is for my friend who was a marathon
runner before being diagnosed with Ms.214

People of all ages with MS experience emotional distress and diminished
sense of well-being when illness disrupts their life-styles, activities, and interests.
However, older people with MS appear to be less adversely affected than their
younger counterparts.*? It is not known why this is so, but it could result from age
differences in psychological disengagement, expectations about the age appropri-
ateness of chronic disabling illness, or some other psychological processes. Little
research has examined changes in people’s attitudes over time or the factors
associated with such shifts. These changes could alter perceptions of the value of
medical therapy, the role of health care professionals, and interventions to ad-
dress functional impairments.

Duration of disease does not appear to be associated with psychosocial ad-
justment: “longer duration is not manifested in greater psychological distress,
worry, body image, depression, or guilt.”>!-!10 One interpretation is that the longer
people have MS, the better they are at accepting the physical consequences and
the less likely it becomes that MS will affect their emotional well-being.

Impact of Self-Perceptions and Attifudes

Patients, regardless of their illness, also vary in their perceptions of how
much control they have over their lives. People with a strong internal “locus of
control” strive to exert influence over what happens to them. They believe they
are responsible for what happens to them by their own efforts to control the
situation. In contrast, those with an external “locus of control” tend to hold
outside institutions, other people, or “fate” responsible for what happens to them.
A study of 94 people with MS found that increasing sense of personal control was
associated with better psychosocial well-being, and two-thirds of participants
reported positive psychosocial adjustment.*?> An investigation involving 100
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people with MS found that those with an internal locus of control were still
largely ambulatory and self-sufficient after 25 years compared to externally fo-
cused patients.?20 These studies could not directly investigate the reason for those
differences.

Self-perceptions and attitudes about their lives have important consequences.
Toombs notes, “Negative societal attitudes towards illness and disability not only
diminish self-esteem, making it hard to accommodate loss of bodily function, but
such attitudes cause concrete hardships in terms of the disruption of personal
relationships, loss of employment opportunities, inability to obtain health insur-
ance, and so forth.” 214 These self-perceptions might vary according to the cause
of disability. In a study of 25 wheelchair users, Avillion® found much lower self-
esteem among people disabled by MS than by spinal cord injury. Eklund and
MacDonald,*® however, found that self-esteem reported by their 125 respondents
with MS did not differ significantly from that observed in samples of physically
healthy people. Other studies also offer contradictory findings about self-esteem
of people with MS.13°

Stress

Living with MS is indisputably stressful, but it does not follow from this that
stress triggers exacerbations or hastens disease progression. This issue has been
debated for more than a century with strong held views on both sides.!3%202 For
many people, the link seems obvious. Psychological stress is known to alter
immune response, but it should also be kept in mind that these changes are
generally small and within normal ranges.”” In June 1999, the American Acad-
emy of Neurology (AAN), through its Therapeutics and Technology Assessment
Subcommittee, conducted a comprehensive review of studies on the impact of
psychological stress on MS done up to that date.®® The AAN committee con-
cluded that research done up to the time of its review had not clearly established
that psychological stress can trigger MS onset or exacerbation, but that this is
possible. Most published studies attempting to demonstrate a causal link were
methodologically flawed (reviewed in 1999 by Schwartz et al.!'’). Since the
AAN review, a well-designed prospective study has been published indicating
that patients who experience one or more stressful events have a small-to-moder-
ate increased risk of disease progression.!’® However, the risk of stress following
physical deterioration is even greater. In other words, patients with a faster rate of
deterioration will also have a higher risk of stressful life events and, conse-
quently, will be more likely to experience stress before an exacerbation. The link
between stress and disease progression remains frustratingly unclear.

Many patients believe that stress will worsen their disease and blame them-
selves for exacerbations (or feel that others blame them) when they have not
managed to eradicate stress from their lives. People with MS are frequently
cautioned to “take it easy” and not “overdo it,” sometimes leading to decreases in
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recreational and physical activity that are out of proportion to this level of impair-
ment.2% This inactivity can contribute to worsening functional capabilities, re-
ducing endurance, and disturbing sleep patterns, perhaps also heightening stress.
Indeed, Schwartz and her colleagues have suggested that limiting one’s activities
might actually leave people more vulnerable to stress.!”® The effect of this “vi-
cious circle” on quality-of-life and disease progression has received little study.
Even independently of a causal link between stress and disease progression,
stress management would seem to be an obvious area in which interventions
could improve quality-of-life for people with MS, as well as their caregivers.

Family and Social Relationships

As for most people, relationships with family and friends are central to the
lives of people with MS. Despite common assumptions, neurological impairment
and physical handicap are not the major determining factors of quality of life for
MS patients. Patients are affected primarily by their relationships to other people
and secondarily by symptoms of fatigue, pain, and cognitive dysfunction.!3?
Quality-of-life studies in MS patients suggest that there are seven primary factors
affecting mental health and quality of life: loneliness-companionship, fatigue,
degree of chronic pain, duration of symptoms, stressful life events, self-perceived
cognitive deficits, and clinically assessed cognitive deficits.

Evidence about the effect of MS on relationships is somewhat contradictory.
Conventional wisdom holds that the stresses of MS end marriages, especially
those that are already tenuous, and that divorce rates are double those in the
general population.'3® For marital relationships, three factors are particularly
important: (1) both partners cannot equally “share” the illness experience, despite
good intentions; (2) traditional gender roles may be compromised; and (3) having
one’s partner serve as caretaker raises a complex set of emotions on both sides.!!3
In one study of 125 people with MS, slightly more than half reported that rela-
tionships with their spouses and other family members had changed as a result of
the diagnosis (55 and 53 percent, respectively), and somewhat less so with close
friends (39 percent).*® However, respondents said that these changes were posi-
tive about half of the time. A study involving 629 women with MS found signifi-
cantly better interpersonal relationships than for normative controls.!®? A study
by Wassem?2¢ of 100 people with MS found that their divorce rate was less than
one-third that of the general population. Several explanations are possible. Pa-
tients reported that the problems caused by having MS had brought them closer to
their spouses and that they had more time to spend together than when both
worked. Women reported less strain in their roles as mother and spouse when MS
forced them to stay home rather than work full-time.??® A study of 101 people
with MS found they generally had small social networks of about four family
members and two friends. Despite this, they perceived “moderate” to “quite a bit”
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of love, respect, or admiration from these people. Isolation grew with duration of
disease.!®

Effect of Spousal Attitudes. At the time of writing this report, only one
recent publication has reported on the role of spousal attitudes in the psychosocial
and physical functioning of the person with MS. Schwartz and Kraft!'78 examined
44 people with MS and found, not surprisingly, that patients who saw their
spouses as responding negatively to their impairment had poorer general mental
health functioning and more symptoms of depression. In contrast, patients who
viewed their spouses as encouraging of well behaviors were significantly less
depressed. The authors of this study suggested that their findings be used to
develop family-based treatment strategies but did not test any interventions. It
should also be noted that cross-sectional studies such as this cannot establish
causality, for instance, whether the spousal attitudes were a cause or a conse-
quence of the mental health of their partners with MS.

Caregiving. When a partner, family member, or friend becomes the primary
caregiver, complex issues arise.!3® While the person with MS is the one who
needs the most help, the caregiver is inevitably affected, but the needs of the
caregiver are often neglected by the health care system. Little information is
available about the needs and preferences of caregivers who often must adapt to
more restricted roles and heightened limitations on time, privacy, social activi-
ties, employment, and finances.!3?

One study that examined the experiences of nine caregiver wives of hus-
bands with MS described how love and commitment for their husbands often
coexist with anger toward the disease.*® As one woman said, “I still love [hus-
band’s name] in spite of everything. And it’s really hard to love someone so
much and watch him deteriorate. I love him anyway. . . . [ don’t hate him, I hate
the disease.” Yet the demands of caregiving easily become overwhelming.*® The
wives sometimes admitted they had reached a breaking point. One observed,
“There were times when I felt like throwing in the towel.” The women sometimes
felt the inequity of their marital relationships and the pressing need for “space.”
One woman said, “I just felt like . . . if I couldn’t get away from the situation for
just a little bit. . . . I felt like I was about to go stand on a corner and scream. It’s
not because I don’t love him, or not because I resent what I am doing, it’s just that
I need some space.” Another study of 146 people with MS and their caregiving
spouses or partners revealed significant differences in coping styles, depending
on the caregiver’s gender and health, and the level of dependency of their partner
with MS.72

More knowledge about the coping strategies and needs of caregivers can be
used to provide information and counseling to help families cope more effec-
tively with the demands of MS. There has been little research in this area or on
ways to relieve caregiver burden. Yet relieving caregiver burden might, in fact,
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offer a strategy to reduce overall health care costs by supporting various interven-
tions that might delay the time when an MS patient needs full-time institutional
care or even forgo this need altogether. This might be achievable by relieving the
burden of caregivers in a variety of ways such as by providing respite care as
temporary relief for caregivers, household help, by providing counseling and
social support to the caregivers, or by providing in-home health care visits. Iden-
tifying cost-effective measures to relieve caregiver burden would be of mutual
benefit to caregivers, MS patients, and health care providers.

Relationships with Children. Parents with MS are especially concerned
about the effect of their illness on their young children. Some research has de-
scribed children of parents with chronic illnesses as constrained, repressed, and
antisocial, whereas other studies have noted they are more empathetic and mature
in their friendships. More research is needed about the children of parents with
MS. 115

Crist® videotaped interactions between 31 mothers with MS and their 8- to
12-year old daughters and compared them to those of 34 mothers without dis-
abilities and their daughters. She found similar rates of receptive, directive, and
dissuasive behaviors for mothers with MS and their daughters compared to the
control group pairs. Another study examined 35 mothers with MS and their
young children, paying particular attention to the effects of exacerbations of the
disease.3® When the mothers’ symptoms were stable, both mothers and children
described similar levels of physical affection. During exacerbations, however,
their perceptions diverged. Mothers underestimated the impact of the exacerba-
tions compared to the child’s perception. One mother noted:

Well, there’s a lot of times, because my patience [is] short and . . . I'm more
concentrating on myself, I'm self-centered at that time and they come in . . . my
youngest daughter is very affectionate . . . when I am having an exacerbation
and she wants to hug and she wants to kiss, I try to respond to her because I
know she needs this. This is important to her and it’s part of her make-up.
There’s times when I have to say to her, “Mommy’s really not feeling well.”38

Sometimes fathers or other family members take over family responsibilities
from the mother, leaving mothers saddened and feeling less involved with their
children than they would like.3® Older children often overcome fears with knowl-
edge of their own competence and increasing independence. As one older child
said, “She deals with it pretty well and knows her limits. It doesn’t really bother
me because I don’t rely on her for every need. She just needs to take care of
herself and T will be fine.”3® Another child described her mother’s frustration
during exacerbations: “She complains all of the time and we have to get this and
get that for her. Then she cries and gets mad because she can’t do it. It’s really
hard to take when you just want a normal life like everybody else.” Little research
has examined strategies for working with parents who have MS and their children
to handle fears and expectations.
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Navigating Community and Societal Attitudes

One of the hardest things in living with MS is dealing with how other people
react to your condition—this includes family, friends, caregivers and people in
general.

Anonymous survey respondent quoted by Clayton et al.28

The social stigma associated with disabling conditions is well recog-
nized.27:65:148.180.236 Charlton?’ argues that there is more discrimination world-
wide toward people with mental health and hearing disabilities than those with
physical impairments. In the United States, laws passed since the 1970s have
attempted to redress systemic inequities against people with disabilities. The
1990 Americans with Disabilities Act followed such federal laws as Section 504
of the Rehabilitation Act of 1973, which made it illegal for organizations that
received federal funding to discriminate against anyone “solely by reason of . . .
handicap” and the Technology-Related Assistance for Individuals with Disabili-
ties Act of 1988 (P.L. 100-407, the “Tech Act”), reauthorized in 1998, which
aims to heighten access to products for improving function and independence.

The extent to which people with MS have litigated under these various
provisions or faced overt discrimination is unclear. Despite federal and state
laws, environmental and architectural barriers remain widespread.!3” Some com-
munities are undoubtedly more accessible than others. Murray!?® believes that
people with MS are more likely to have fulfilling lives when they reside in urban
areas or near friends, theaters, museums, shopping areas, and community agen-
cies, than when they live in isolated regions. The experience of rural residents
with MS has been little studied.

People with MS, like others with disabilities, face negative societal attitudes
that legislation cannot eradicate. Murray!3° observed, “The stigma of a disabling
disease becomes a disturbing negative influence on MS patients as they become
recognizable in the community. They are very conscious of their ataxia, aware
that many will think them intoxicated; ashamed of their canes and wheelchairs,
when a short time before they felt themselves healthy members of society.”
People with MS themselves have articulated these sentiments:

When you kind of walk unbalanced and people think you’re drunk and you start
to stagger or you start to slur your words because the nerve ending in your
mouth can’t pronounce the right words, people look at you and cannot under-
stand why you are acting that way. Some people also say that you are using the
MS as an excuse for being tired, for getting out of things.147

When strangers observe that I am in a wheelchair, they make immediate judg-
ments about me as a person. Most assume that I am dependent on others and
unable to engage in professional activities. In perceiving that my legs no longer
work, strangers also conclude that my intellect has been likewise affected 214
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How people with MS respond to these societal attitudes and whether their
responses reflect life-style choices and participation in the community is unclear.
Mairs is a writer who leads an active life and travels widely, including overseas.
Toombs is a university professor who also travels and publishes scholarly works.
Both women are “privileged,” accomplished women with recognized achieve-
ments and reasonable financial resources. How others with MS, especially those
with less education and lower incomes, face societal perceptions and potential
discrimination is unknown.

Critique of Research on Living with MS

An overarching view of the state of research in this area suggests the following:

* Studies are generally small and do not distinguish among different MS
disease states, with authors noting that their results cannot be applied to
the full spectrum of people with MS.

* Investigators come from various clinical and social science disciplines
and tend to publish in journals specific to their disciplines, which are
likely to be read primarily by people in those specific disciplines (such as
neurology, physical medicine and rehabilitation, nursing, nursing reha-
bilitation, psychology, occupational therapy, sociology).

* Frequently, however, more than one study has targeted a particular topic,
so results can be compared and preliminary opinions formed about the
generalizability of conclusions. Yet it is unclear whether investigators are
aware of or draw from studies performed by those in other fields because
they often fail to cite each others’ work.

* Most studies on coping and adaptation among people with MS rely on
instruments developed and validated only among nondisabled populations.

In summary, although many studies address pertinent topics, the research
community tends to operate within narrow disciplinary “silos,” and relatively
little cross-fertilization seems to have occurred. Given the breadth of the issues
involved and the diversity of research techniques appropriate to exploring them,
this situation is understandable. Nevertheless, these disciplinary boundaries ob-
scure just how much is, in fact, known about the lives of people with MS.
Multidisciplinary work is relatively rare.

Although many issues about living with MS have been addressed, important
gaps remain. As noted below, some topics have received little attention. Obvi-
ously, the major area that has yet to be studied involves strategies for improving
the lives of people with MS: although articles identify problems, they only specu-
late about how to address them. Trials of proposed interventions to ameliorate

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

ateqgies for the Future

190 MULTIPLE SCLEROSIS

psychosocial and quality-of-life problems for people with MS and their families
are rare.

Research strategies aimed at improving the ability of people with MS to
adapt and function should be developed in partnership with research practitio-
ners, managers, and beneficiaries; toward this end, the National Multiple Sclero-
sis Society (the MS Society) should convene a series of forums to identify the
most pressing needs experienced by people with MS. The goal of such a series
would be to define research needed to identify ways to help people with MS adapt
to their illness and enhance their ability to function. The committee did not
include the expertise to develop a research agenda to meet the needs experienced
by patients. The committee recommends that the MS Society work in partnership
with people with MS to better define their information needs and to guide the
development of specific research strategies that will identify the most effective
approaches to communicating this information. A series of forums could provide
the needed perspective to defining these strategies and should include the follow-
ing constituencies:

e patients and their families;

e health care providers;

» allied heath professionals, such as physical therapists, occupational thera-
pists, and social workers;

* health services researchers, including survey scientists and clinical epide-
miologists;

e social scientists, including sociologists, anthropologists, and psycholo-
gists; and

* representatives of organizations of patients with other disorders that
present some of the same challenges faced by people with MS

Employment

As a disabling disease of young adulthood, MS inevitably disrupts ca-
reers.%195 A 1992 survey of people with MS in the United States found that
roughly 40 percent were employed.?* Although the unemployment rate for people
with MS is clearly high (even at the time of diagnosis), it is important to consider
unemployment rates relative to the base rate for the general population. These
rates vary over time, place, and general characteristics of the population, such as
educational level, as well as disease-related characteristics such as level of im-
pairment and form of MS. For instance, a community-based study conducted in
1991 that included almost all of the people with MS in Olmsted County, Minne-
sota, found that more than twice as many people with MS were employed (53
percent)!'% as reported in other U.S.!70 and Canadian surveys.**! Two points are
important to note. First, Olmsted County is an affluent community, with a low
overall unemployment rate that was less than half of the national average at the
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time of the study. Second, it included all people in the region with MS, not just
patients attending a specialized MS clinic. Many people with MS—most likely
those who are coping most effectively and most likely to be employed—will not
see neurologists regularly. Although it has often been reported that within five
years of diagnosis, 70 to 80 percent of people with MS are unemployed, 47170 it
is important to know that this figure is based largely on data collected in 1975101
and might be biased by the fact that fewer women were employed than during
their childbearing years than is the case today. A 1998 study found 72 percent
unemployment among people with MS in the United States, compared to 36
percent unemployment among the general adult population.!5 Forty-nine percent
of unemployed people with MS in that survey indicated they were unemployed
because of their disease rather than choice.

A number of factors are correlated with unemployment in MS. Women;
people with severe physical impairment, visual impairments, ambulatory prob-
lems, or cognitive dysfunction; and people in lower socioeconomic strata are less
likely to be employed than other people with MS.13%170 In general, employment
rates are lower for people in wheelchairs or for those with steadily progressive
disease, both of which apply to people with MS.*8

Recent research has focused on barriers to employment and factors that
might allow people to continue working. Barriers to employment for people with
MS can be divided into three categories: personal (disease characteristics and an
individual’s educational and employment background); societal (physical inac-
cessibility of job sites, public attitudes, and inadequate job accommodations);
and programmatic (vocational rehabilitation and policies promulgated by pro-
grams such as Social Security or Medicaid in the United States).!#” Spastic pare-
sis, which is slight or incomplete paralysis due to spasticity, is a major cause of
the loss of ability to work.5” Managing fatigue and workplace demands is also
difficult, particularly when the job requires working on a deadline, excessive
walking, handling and grasping objects, working a full eight-hour day, or stand-
ing. Strategies have been suggested for patients to help them manage fatigue at
the workplace (see Box 4.1). Incoordination and sphincter disturbances are sig-
nificant factors, with many patients having more than one impairment.”’ Other
challenges include environmental factors such as excessive temperature; physical
barriers such as entrances, stairs, and steps; and personal difficulties with remem-
bering, writing, thought processing, vision, speaking, and communicating.!70 It
has been suggested that more people with MS could work if there were better
access to the workplace or if they could work from home.3”

Work not only provides income, it often defines the adult identity.2!2 A study
of 604 people with MS described the emotional toll of having to leave work
because of their illness.!!5 Those who had left jobs commented they had “lost a
part of me” or that they no longer felt ““a sense of being needed and of purpose.”*
Often they felt “out of sync” with their employed peers or were forced to give up
traditional roles that were important to them, such as when husbands with MS left
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BOX 4.1
Energy Conservation in the Workplace for Patients with MS

¢ Work at a moderate pace.

* Schedule short rest periods.

¢ Organize tasks to avoid unnecessary steps.

e Work in a comfortable position.

* Maintain good posture during any activity.

e Organize your work areas.

* Avoid lifting or carrying heavy objects.

* Delegate work that is too stressful or fatiguing.

* Ensure appropriate temperature of the workplace.

SOURCE: Stolp-Smith et al.19°

work and wives had to take a job. Some people reported positive aspects to
retirement. For example, some respondents noted that retirement had decreased
their stress and permitted more time with family and friends,>* and women re-
ported less strain in their roles as mother and spouse when MS forced them to
stay home rather than work full-time.?2 The experience of being diagnosed with
MS can cause a person to redefine attitudes and self-perceptions, and to some
degree, the high unemployment rate among people with MS might reflect changes
in their own attitudes more than barriers presented by others.

For those with progressively degenerative disease the future becomes not only
problematic but intensely threatening. . . . [ have known many MS patients who
have abandoned life goals and projects simply because they received the diag-
nosis of MS and without regard to actual physical incapacity.

S. Kay Toombs214

One study of 72 people with MS reported a positive association between “learned
helplessness” and unemployment, but no significant association with marital
status or education.'?® As with other cross-sectional studies, the causes underly-
ing this association cannot be inferred from these data.

Many people with MS who lose or change their jobs to accommodate their
condition suffer associated financial losses:?* 70 percent of the low-income fami-
lies, 43 percent of the medium-income families, and 24 percent of the high-
income families in one survey reported having trouble meeting health care needs,
basic living needs, or both. Rodriguez and colleagues reported that 77 percent of
the patients responding to their survey maintained their usual financial standard
without external support.!%* Again, these data are from an affluent community,
which might account for the relatively large percentage of people who were able
to accommodate the financial burden of the disease.
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Financial setbacks diminish not only the ability to live comfortably, but also
the ability to afford medical care, services, home adaptations, or the equipment
required to manage progressive impairment. Thus, the determination of when
people qualify for disability compensation is paramount in MS, where disability
can come and go and the decision process can take up to 18 months.!!!:19 The
U.S. Social Security Administration (SSA) is currently rethinking how it deter-
mines qualification for its much-criticized disability insurance (SSDI) and supple-
mental security income (SSI) programs (see appendix F). The 1990 Americans
with Disabilities Act (P.L. 101-336) makes discrimination on the basis of disabil-
ity illegal and guarantees equal employment opportunities and access to public
accommodations for persons with disabilities. The U.S. Supreme Court has heard
several cases from people claiming disabilities under the Americans with Dis-
abilities Act (ADA), and has publicly struggled with how to define disabilities in
these cases.”® What these cases might portend for people with MS, especially
those who primarily experience fatigue or sensory impairments, is unclear. It is
also unclear whether this situation is worse for people with MS than for those
with other disabilities. Physicians who provide services to people with MS often
serve as sources of information and should be able to help patients deal with
issues surrounding disability, employment, and the ADA.!93

With the exception of developments that address the specific workplace
needs of people with MS (see discussion of assistive technology), the most im-
portant advancements in employment issues will likely come through changes in
national policies. While employment is an important contributor to individual
well-being, it seems likely that the most effective way to improve employment
opportunities for people with MS is within the broader context of the disability
rights movement.

MEASURING FUNCTIONAL STATUS AND QUALITY OF LIFE

Quantifying functional status and quality of life for persons with MS is
essential for several reasons. Given the chronicity and uncertain course of MS,
tracking its impact over time can assist with care of individual patients, suggest-
ing short-term prognoses and the need for various interventions. Tabulating these
findings across individuals offers insight into the burden of MS-related disability
within populations—information that is increasingly used to set research, health,
and social policy priorities. Examining the trajectory of functioning and quality
of life over time defines the patterns of progression and expands understanding of
the clinical epidemiology of MS. Finally, functional status and quality of life are
critical end points in measuring the effectiveness of therapy, for both clinical
trials and routine patient care. Although disease activity can be measured by
biological markers (such as lesions identified by MRI), these are only surrogate
measures for the ultimate goal of improving patients’ lives.
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Over the last several decades, researchers have developed hundreds of mea-
sures of functional status and quality of life. Although the boundaries between the
two sets of measures blur, functional status measures typically focus on observ-
able behaviors and might or might not incorporate the patient’s viewpoint,
whereas quality-of-life measures are designed to assess the perceptions and feel-
ings of individuals in relation to their disease and, necessarily, rely on patient
self-report.®* Virtually all instruments used to measure health-related quality of
life include a measure of physical function.’° Indeed, some observers find such
distinctions spurious, preferring global measures of patient well-being that cut
across various dimensions, and categorize quality-of-life measures as any mea-
sure that defines health beyond traditional biological function indicators.”-223

Both functional status and quality of life can be measured using generic or
disease-specific survey instruments.!3> Generic measures allow for broad com-
parison across studies, interventions, and types and stages of disease, while dis-
ease-specific measures focus on issues that are most relevant to individuals with
the disease.” Disease-specific measures are likely, but not guaranteed, to be
more responsive to changes in a patient’s condition.”®

The wide variety of approaches to outcome measurement used in MS leads
to problems when comparing studies. For example, in clinical trials of disease-
modifying drugs for MS, different investigators have used different outcome
measures in different populations. Direct comparisons of the trials are thus intrin-
sically imprecise, with the result that comparisons of the drugs are based more on
expert opinions than on evidence.'® Functional status and quality of life are
concepts that can be viewed in many different ways, and no single universally
valid measure is likely to emerge.!3151 Nevertheless, standardized assessment
methods that are multidimensional, quantitative, and include cognition evalua-
tion are needed, particularly for the evaluation of patients receiving therapy.!6?
With these goals in mind, the National Multiple Sclerosis Society’s Clinical
Outcomes Assessment Task Force generated a list of the ideal characteristics of a
clinical outcomes measure (Box 4.2).5¢

Quality-of-Life Measurement

The modern outcomes movement, which developed in the 1980s, established
the principle that the consequences of a medical intervention for its recipient
should be a major criterion in determining its value.'%? This reflects the aware-
ness that biological standards of evidence alone do not completely depict the
effects of a medical procedure. The recent interest in assessing outcomes of care
has increasingly sought the patient’s own voice, coalescing into the burgeoning
field of health status and quality-of-life assessment.

Eliciting patients’ own values about their health states is central to quality-
of-life measurement—the values that two people place on a given health state can
differ widely. For example, older people tend to be health optimists, having more
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BOX 4.2
Characteristics of an Optimal MS Clinical Outcomes Measure

Valid Validity refers to the extent to which an instrument measures
what it was intended to measure. Different aspects of validity
include construct validity (measures impairment directly attrib-
utable to MS), concurrent validity (correlates in predictable
ways with established criteria at a single point in time), and
predictive validity (subsequently correlates with established
criteria).

Reliable Reliability concerns the extent to which scores are free from
measurement error. Instruments can be administered and
scored in a standardized manner; scores should be reproduc-
ible over brief intervals both by the same examiner (intrarater
reliability) and by different examiners (interrater reliability).

Responsive Responsiveness means sensitivity to changes over relatively
brief intervals, regardless of whether these are attributable to
the patient’s underlying disease or to an intervention.

Widely applicable This refers to applicability across the full range of disease se-
verity, without significant floor or ceiling effects.

Multidimensional, Multidimensionality reflects the main independent clinical di-
but nonredundant mensions of MS.

Interval scale of  Unit changes are of comparable magnitude across the entire
measurement range of the scale.

Practical The measure should be brief and easy to administer, prefera-
bly by non-doctoral personnel, and acceptable to both patients
and health care professionals.

Adapted from Fischer et al.56

favorable health perceptions than their levels of physical functioning objectively
allow.!% One study of gravely ill patients found that their health values varied
widely and could not be clearly predicted based on their current state of health.2!3
Being heard is especially important for persons with disabilities. Those in what
others may perceive to be “poor” health place a relatively high value on their own
health since they have adjusted their life-styles and expectations to take account
of their condition. This may be particularly true of young disabled men and
women, since one-quarter of this group of respondents describe their health as
“poor” yet value it as “good.” Conversely, young people who describe them-
selves as “healthy” can be reluctant to value their health near the top because they
have high expectations about what being in the “best imaginable health state”
involves.*> Health care professionals often see patients only in the setting of an
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office or hospital unit and might conclude that the effects of MS on the person’s
personal life will be measured by the elements in the neurological examina-
tion.!3® However, most aspects of health-related quality of life are only weakly
related to measures of neurological impairment.>® Interestingly, several studies
have found that the duration of MS is not consistently related to quality of life—
either positively or negatively.6

Health status measures generally rely on extensive data obtained directly
from patients, encompassing numerous attributes such as severity of illness, physi-
cal capabilities, psychosocial and emotional functioning, sense of well-being,
and health-related quality-of-life.”3-118.119.193,196.223 Numerous quality-of-life mea-
sures exist. A review of 75 articles involving quality-of-life measurement found
that 159 different instruments were cited. Each article used anywhere from 1 to
19 instruments, with a mean of 3 per article.®* Some are generic to the extent that
they assess health concepts that represent basic human values (Box 4.3);223 others
are designed to capture the impact of specific diseases (Box 4.4).

The SF-36, a 36-item measure developed in the Medical Outcomes Study
and comprised of eight dimensions, is the most widely used quality-of-life scale
(Box 4.3).192.193 However, four of its eight dimensions cover functional limita-
tions, so it can also be considered a generic measure of functional status.

Concerns About Quality-of-Life Measurement

Despite the obvious appeal of quantifying patients’ experiences and perspec-
tives, several caveats arise. First, the explicit effort to be inclusive frequently
yields megavariable composite indices.’® The importance of specific variables,
such as particular symptoms that are especially troubling or of prognostic impor-
tance, can be overwhelmed by numerous other factors incorporated in the com-
posite index. Further, many functional status measures contain subscales (for
example, the SF-36 measures eight dimensions), and single numbers do not ad-
equately capture the full range of functional problems. For instance, how should
an overall health score be assigned to a person with a serious chronic disease such
as diabetes who feels well and functions as a productive person with no role or
social limitations?!93 As an example, three categories such as self-care, mobility,
and physical activity could be satisfactorily combined into one functional status
index, whereas personal and role functioning measures are not so satisfactorily
collapsed into a single index.!%*

Certain quality-of-life measures have been developed specifically for pa-
tients with particular conditions, whereas others are generic. No single method
suits all research needs,!3? and choosing an approach depends on the specific
research question. Mosteller and colleagues recommend routinely using both
condition-specific and generic methods,'3” while Patrick and Deyo recommend
using standardized, generic instruments with disease-specific supplements.'52 The
SF-36, a generic instrument, reportedly yields reliable and valid results when

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

for the Future

DISEASE MANAGEMENT AND MEASUREMENT 197

BOX 4.3
Examples of Generic Quality of Life (QoL)
Questionnaires Used in MS

MEDICAL OUTCOME STUDY SHORT FORM 36 (SF-36)132,224

e Widely used generic measure of health status

* Contains 36 items in eight health dimensions: physical functioning, role lim-
itations due to physical problems, bodily pain, general health perceptions,
vitality, social functioning, role limitations due to emotional problems, and
mental health.

e Categories were chosen from more than 40 that were studied in the Medical
Outcome Study.

e Weak correlation between subscales and impairment measures, with one
exception: SF-36 Physical Function subscale is well correlated with EDSS.

e MS patients score poorly in several domains, including physical functioning,
energy/vitality, and role functioning, in comparison with both the general
population and patients with other chronic diseases.

e Limited value for patients with advanced MS.

SICKNESS IMPACT PROFILE (SIP)14

* A behavior-based measure

* Contains 136 items in 12 categories: ambulation, mobility, body care and
movement, social interaction, alertness behavior, emotional behavior, com-
munication, sleep and rest, eating, work, and home management.

* The Sickness Impact Profile is either self-administered or administered
through interview.

NOTTINGHAM HEALTH PROFILE®2

* Based on patient-generated statements.

* Part | contains 38 items in six areas: sleep, physical mobility, energy, pain,
emotional reactions, and social isolation.

e Part Il relates to areas of life affected by health: paid employment, home
management, social life, home life, sex life, hobbies and interests, and hol-
idays.

tested in people with MS, although it fails to capture important information about
their quality of life that can be captured in MS-specific measurements.?!® The
authors of that study recommend supplementing generic measures of health-
related quality of life with MS-specific scales.

Health status measures do not perform equally well across the entire spec-
trum of impairments or within selected patient populations. The Medical Out-
comes Study general health survey (MOS-20) was largely designed and tested
among ambulatory patients and is biased against documenting a decline in the
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BOX 4.4
MS-Specific QoL Questionnaires

DISABILITY AND IMPACT PROFILE (DIP)108

* Measures disability and its impact on human activities that might be affect-
ed by disease.

e Based on the International Classification of Impairments, Disabilities and
Handicaps.

¢ Contains three symptom questions plus 36 questions in five domains: mo-
bility, self-care, social activities, communication, and psychological status.

* Rates the importance of specific disabilities based on weighted scores.

e Evidence of validity was provided by a close correlation between open-
ended questions concerning the most negative consequences of the dis-
ease and low-weighted scores.

FUNCTIONAL ASSESSMENT OF MULTIPLE SCLEROSIS (FAMS)26

e The core of the FAMS is the Functional Assessment of Cancer Therapy
QoL Instrument.

* Consists of 44 items in six subscales: mobility, symptoms, emotional well-
being, general contentment, thinking/fatigue, and family/social well-being.

e Both samples provided evidence of validity; internal consistency and test-
retest reliability were determined to be good.209

e Heavily weighted toward assessment of psychosocial aspects of MS and
virtually omits assessment of visual, bladder and bowel, and sexual func-
tion.

MULTIPLE SCLEROSIS IMPACT SCALE (MSIS-29)80

* Generated from patient interviews, focus groups, expert opinion, and litera-
ture review.

e 29-item instrument with physical and psychological scales.

* Variability, reliability, and validity have been assessed. Preliminary data on
55 people thus far indicate the scale is also responsive (Jeremy Hobart,
personal communication).

* Correlates with SF-36, FAMS, Barthel Index.

MULTIPLE SCLEROSIS QUALITY-OF-LIFE INVENTORY (MSQLI)55

* 137-item scale (requires 45 minutes to complete); 80 items in short version.

e Similar to QoL-54 (see below) and FAMS in that it uses generic health-
related quality-of-life measures; QoL and MSQLI are based on SF-36. (The
SF-36 was selected over the Sickness Impact Profile as the core instrument
after testing for correlation between subscales and quantitative measures
of function.)

¢ Unlike the QoL-54 and FAMS, in that it was formed by adding established
scales rather than individual items, thereby permitting cross-disease com-
parisons on generic measures, but also on symptoms common to the con-
ditions being compared.

continues
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* Content validity, scale reliability, and construct validity were each formally
tested.
e Most comprehensive coverage of common MS symptoms.

MS QUALITY-OF-LIFE-54 (MSQOL-54)220

* The SF-36 serves as the core of the 54-item MSQOL-54.

e Contains an 18-item supplement to the SF-36 in the areas of health dis-
tress, sexual function, overall quality-of-life, cognitive function, energy, pain,
and social function.

* Validity and reliability were established by self-administration to three
groups totaling 179 patients. The groups were defined by ability to walk,
ability to walk with aid, or need to use a wheelchair.

e Limited coverage of visual, bladder, and bowel function.

health of severely ill patients, which would include many patients with advanced
MS. 1359 When baseline scores are already near the bottom (or floor) of the scale,
indicating poor health, further declines are less likely to be captured by the scale.
The SF-36, which is similar to the MOS-20 in that it was derived from the same
Medical Outcomes Study survey, also has problems with elderly people, poorly
educated or impoverished persons, disabled people, and patients with both medi-
cal and psychiatric comorbidity.”®!3! The SF-36 can produce ceiling effects for
healthy, community-dwelling persons, even those who are elderly.? In general,
such floor or ceiling effects are more likely to be found on instruments with small
numbers of items.!3

Another important issue involves what to do when patients cannot respond
themselves for any number of reasons, such as poor health, cognitive impairment,
or physical limitations. One common solution is to ask a family member or close
friend to serve as a proxy.!719 The accuracy of a proxy’s response in represent-
ing a patient’s perceptions is, however, potentially suspect. Some studies find
that although patients and proxies provide generally comparable assessments of
overall health and physical functional status, proxies report significantly lower
emotional health, social activity, and satisfaction than do patients.'8 Others find
that proxies rate both physical and psychosocial dimensions of functional status
as more impaired than do patients themselves.2!:122 Physicians also frequently
underestimated patients’ functioning.!67

Functional Status

Functional status is a component health status and refers to the ability to
perform activities of daily living.!68.222 Researchers have developed measures of
functional status that address either specific areas of functioning or a range of
dimensions related to functioning (see Boxes 4.5 and 4.6). Core components of
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BOX 4.5
Generic Measures of Physical and
Social Functioning Used in MS

BARTHEL INDEX (BI)123

e Developed in 1955 as an index of personal activities of daily living.

e Criticized for its lack of responsiveness, but studies do not confirm this.

¢ Only relevant to people with moderate to severe disability.

* Validity and reliability have been measured in severely disabled person567
and stroke patients.69:74,117,184,221

FUNCTIONAL INDEPENDENCE MEASURE (FIM)%8

* Developed as an outcome measure for medical rehabilitation.

* The most widely used of all measures of disability.

* Measures disability and need for assistance on an 18-item observer-rated
scale

* Highly correlated with BI, Incapacity Status Scale (ISS), Environmental Sta-
tus Scale (ESS), and the Brief Symptom Inventory in assessing assistance
needs and patient satisfaction in people with MS.

e Does not assess visual problems.

 Granger et al.%8 concluded that the FIM is more useful for predicting phys-
ical care needs of people with MS than the BI, ISS, or ESS.

MEDICAL OUTCOMES STUDY SHORT FORM 36 (SF-36)132.224

* Widely used generic measure of health status

e Contains 36 items in eight health dimensions: physical functioning, role lim-
itations due to physical problems, bodily pain, general health perceptions,
vitality, social functioning, role limitations due to emotional problems, and
mental health.

* Categories were chosen from more than 40 that were studied in the Medical
Outcomes Study.

* Weak correlation between subscales and impairment measures, with one
exception: SF-36 Physical Function subscale is well correlated with EDSS.

* MS patients score poorly in several domains, including physical functioning,
energy/vitality, and role functioning, in comparison with both the general
population and patients with other chronic diseases.

e Limited value for patients with advanced MS.

functional status measures typically include basic activities of daily living (feed-
ing, bathing, dressing, toileting, walking) and instrumental activities of daily
living (shopping, cooking, cleaning house, telephoning, managing money, using
transportation). Most comprehensive functional status measures also encompass
cognitive abilities (level of alertness, orientation, long- and short-term memory,
capacity for learning and computation), affective health (happiness, anxiety, de-
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BOX 4.6
MS-Specific Measures of Physical and Social Functioning

EXPANDED DISABILITY STATUS SCALE (EDSS)104

* The most commonly used MS clinical rating scale.

e Developed based on the clinical experience of a neurologist specializing in
MS.

* Measures impairment and disability based on the ratings of an observer or
neurologist through structured interview.

e Ordinal scale from 0 to 10 in 20 steps.

* Heavily weighted toward physical dysfunction.

e Ratings are not based on similar functions across the scale. For example, it
measures symptoms and signs such as visual disturbance and ataxia at the
lower end of the scale; at mid-range, it measures walking; at the higher
range, it measures arm movements; and at the highest end, it measures the
ability to talk or communicate.

» Criticized for poor interrater reliability and insensitivity to clinical change.

FUNCTIONAL SYSTEMS SCALES (FSS)104

e Components of the EDSS.

e Individual scales to measure handicap in pyramidal function, cerebellar
function, brainstem function, sensory function, bowel and bladder function,
visual function, cerebral or mental function, and other functions.

MULTIPLE SCLEROSIS FUNCTIONAL COMPOSITE (MSFC)36,56

e Developed by the National MS Society’s Clinical Outcomes Assessment
Task Force.

e Comprises quantitative functional measures of three clinical dimensions of
MS: leg function/ambulation, arm/hand function, and cognitive function.

* The clinical dimensions have been shown to be relatively independent; it is
sensitive to clinical changes over one- and two-year intervals, and predicts
subsequent and concurrent EDSS change.

MINIMAL RECORD OF DISABILITY (MRD)°

* Developed based on functional disabilities as well as other activities of daily
living assessments.

e An effort to obtain a broad assessment of the impact of MS, covering im-
pairment, disability, and handicap.

* Provides two rating scales for clinicians to supplement the EDSS and its
component FSS, the Incapacity Status Scale (ISS) and the Environmental
Status Scale (ESS).

INCAPACITY STATUS SCALE (ISS)55:90

* 16-item scale.
e Component of the MRD.
* Measures disability.

continues
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* Modification of the Barthel Index that assesses both specific MS symptoms
(for example, vision, fatigue) and independence in performing activities of
daily living such as bathing and grooming.

e Scores can be derived either through direct assessment and observation of
the patient’s performance or through a structured interview.

ENVIRONMENTAL STATUS SCALE (ESS)%5:90

e 7-item scale.

e Component of the MRD.

* Measures handicap.

* Includes items on employment, housing, and need for personal assistance.
* Derived through a structured interview.

CAMBRIDGE MULTIPLE SCLEROSIS BASIC SCORE (CAMBS)'38

* Contains four sections: disability and impairment, relapse, progression, and
handicap.

e Each section has one item rated on a five-point scale.

¢ Ratings derived through a structured interview.

* CAMBS was not developed as a clinical outcome measure, but as a clinical
profile record for routine practice.

e The CAMBS was a reliable (all four domains) and responsive (relapse and
progression domains) outcome measure but had a limited validity (handi-
cap domain).183

GUY’S NEUROLOGICAL DISABILITY SCALE81,182

* Devised as a simple clinical disability scale that encompasses the whole
range of disabilities associated with MS.

* 12 separate categories: cognition, mood, vision, speech, swallowing, upper
limb function, lower limb function, bladder function, bowel function, sexual
function, fatigue, and others.

* Valid when applied by neurologists or nonneurologists, over the phone, or
by mail questionnaire.

IMPAIRMENT SCALE FOR THE EUROPEAN DATABASE FOR MULTIPLE
SCLEROSIS (EDMUS)31

» Simplified version of the EDSS developed for use with the EDMUS.

e Measures disability due to MS on a 10-item scale based on the ratings of an
observer or neurologist.

* Reliability is adequate, but clinical data do not yet exist.

pression), and social activities (for example, visiting friends, sexual relation-
ships). The context of measurement affects assessments of functional ability.
“Capability” indicates what persons “can do” in controlled settings, whereas
“performance” assesses what a person “does do” in everyday life. Capability
typically exceeds performance.?3’
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In response to the concern among MS researchers that no currently available
outcome measure adequately measured changes in patients’ conditions over time,
the MS Society’s Clinical Outcomes Assessment Task Force developed the Mul-
tiple Sclerosis Functional Composite (MSFC) (Box 4.6). The MSFC was de-
signed to fulfill the optimal characteristics of clinical outcome measures previ-
ously developed by the task force (Box 4.2). Three measures (leg function and
ability to walk, arm and hand function, and cognition) were derived from a
statistical analysis of variables measured in six different natural history studies
and in placebo groups from nine clinical trials. Preliminary results indicate that
the MSFC is responsive to change over one- to two-year intervals, that it is
reliable, and that the three dimensions are nonredundant.’® Independent valida-
tion studies suggest that the MSFC is reliable,?*3Y has good construct and crite-
rion validity,”? and is moderately to strongly associated with quality-of-life as
perceived by patients (see Box 4.2 for explanation of terms).!3 Wider use of the
MSEC should facilitate collaborative data collections and comparison among
clinical trials.

Measuring functional status raises several issues. First, as with other mea-
sures of health status, many functional status measures are generic in that they are
independent of diagnoses or the cause of impairment. Although they do not
permit comparisons among different treatments or conditions, condition-specific
approaches are best for certain purposes. For instance, the Visual Analogue Pain
Scale!?® pertains to pain syndromes; the Tinetti Balance and Gait Evaluation?!!
assesses gait abnormalities; and the Activities of Daily Vision Scale (ADVS)
focuses on visual function.!2¢ These condition-specific scales are generally more
sensitive to change in specified functions than generic measures. As described
above, most investigators believe that generic instruments do not capture the full
range of functional status concerns for MS patients.?8

The mode of administration (face-to-face interview, mail with self-adminis-
tration, or telephone interview) can affect responses. In face-to-face interviews,
respondents may be reluctant to reveal the extent of their dysfunction. One study
using the SF-36 found significant differences in patients’ reports over the course
of a week, depending on the mode of administration. For four of the eight SF-36
dimensions, face-to-face administration elicited a more optimistic view of func-
tioning than did self-administration.2?’

Finally, as described above, perceptions about functioning frequently vary
depending on who is asked—patients, proxies, or physicians.

Disability

The term disability is used in many conceptually different ways throughout
the literature. The definition of disability has become so controversial that the
World Health Organization published a draft report in 1997 proposing that the
term disability be abandoned in favor of the more neutral term activity, to more
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comprehensively assess the following three different dimensions: body structures
or function, personal activities, and participation in society.?33 At the time of this
writing, the proposal had not been formally adopted, although the expanded
concept of disability reflects current thinking.

Disability can generally be defined as inability or limitation in performing
certain roles and tasks that society expects of an individual.37-88.233 Thus, disabil-
ity reflects the gap between a person’s capabilities and the barriers posed by the
environment and society, and his or her ability to carry out tasks in the face of
these societal and environmental barriers.38 Disability refers to much more than
motor control, with which it is often equated. Impairment, which is defined as
any abnormality of structure or function affecting the whole body, and handicap,
which is any alteration in a patient’s status in society, contribute to but are not
synonymous with disability.

Not only is disability defined in different ways, it is measured and inter-
preted in ways that do not allow easy comparison. One problem is that the
specific tasks or activities used to identify disability are not defined. As a result,
scales that have been developed to measure disability contain different tasks,
depending on the interpretation of the developers, and often intrude into the
concepts of impairment, handicap, and quality-of-life.28 Although reliability and
validity have been established for many of these scales, these tests are performed
in different ways on different populations. Comparison of studies that used dif-
ferent measures is therefore problematic.

Finally, functional status measures and disability measures have been criti-
cized as too narrow to be used as outcomes measures by themselves because they
do not address the impact of the disease on the patient. The effects of MS on
relationships, family, employment, and other aspects of life are not covered by
functional status measures but fall under the concept of health-related quality of
life.208 With respect to MS, no measure of disability has been shown to be
superior to all others.

Expanded Disability Status Scale

The EDSS is the most widely used measure of disability in MS to the extent
that it has been used in almost every MS clinical trial for several decades. Yet it
is widely disparaged as a flawed tool. The EDSS is not a linear scale; it is
bimodal. Patient scores are generally at the low or higher ranges of the scale, with
relatively few in the mid-ranges, and patients spend more time at some levels
than at others.2%8 It is not even strictly a measure of disability, because at different
points on the scale, it mixes impairment (where it scores limb movement) with
disability (where it scores ability to perform daily activities).

Several aspects of the EDSS make it insensitive to change. Once a patient
has limited ambulation, other aspects of the neurological exam are not taken into
account. Also the EDSS does not measure cognitive impairment, although this
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deficiency is common to all scales based on the standard neurological exam. As
noted earlier, a patient with MS can be unable to sustain a full day’s work due to
fatigue or other factors and yet have an EDSS score of zero. The EDSS is also
heavily criticized for poor reliability.?®® Consequently, even though its wide use
should allow the advantage of comparing between studies, such comparisons
should be made with caution.

Even though the EDSS is much criticized, there is no consensus on the
usefulness of other disability measures for MS. Granger and colleagues® con-
cluded that the most useful disability scale for MS is the Functional Indepen-
dence Measure (FIM), but van der Putten and colleagues?!” concluded that the
FIM and the Barthel Index (BI) were similar in their appropriateness and respon-
siveness in MS patients.%® Marolf and colleagues reported that both are more
responsive to changes in a patient’s condition than the EDSS.'?” They measured
the results of rehabilitation in 100 patients and found that about 30 percent of
them showed improvements at the end of a four-week inpatient program, as
measured by either the Extended Barthel Index or the FIM. However, only 5
percent of them showed any change in EDSS scores. The EDSS generally corre-
lates with the physical function domains of the SF-36, but not with other aspects
such as role functioning or mental health.!8.144

The measurement of functional status and impairment is central to all aspects
of clinical research on MS, and the development and validation of acceptable
measures must remain a priority for MS research (see Recommendation 12).217

ASSISTANCE

Assistive Technology

Assistive technology refers to any technology that helps support the
individual’s independence by enhancing or assisting performance of the activities
of daily living.'87 Assistive technology can be as simple as a bathtub shower grab
bar or as complex as a motorized, voice-activated wheelchair. MS patients’ needs
for assistive technology are as variable and difficult to predict as the disease
itself. Their needs can wax and wane with relapses, and the need for specific
types of assistive technology will be determined by each patient’s unique presen-
tation and sequence of symptoms. The assessment of patients’ needs and commu-
nication of the options available are thus especially important in MS.

Access lo Assistive Technology

Patient reluctance and high costs are factors that hinder individuals from
making full use of existing assistive technologies. People can be reluctant to use
assistive technology because of the social stigma associated with disability, the
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fear that reliance on assistive technology will promote further loss of function,
and discomfort about assuming a new identity as a “handicapped person.”83:142

The high cost of assistive technology limits its availability to persons who
need it. Since reimbursement is limited even for durable medical equipment such
as beds and wheelchairs, the patient may be forced to pay the cost of devices such
as scooters or of home modifications such as installing ramps and widening
doors.2483.142 Reimbursement for skilled occupational therapy services to match
the needs of individuals with assistive technology is also limited, particularly for
MS since the patient’s needs vary over time!#> (Michael Weinrich, personal
communication). Most neurologists do not routinely recommend the purchase of
a scooter or wheelchair until lower extremity and balance problems affect mobil-
ity, whereas physical therapists generally recommend the use of large equipment
much earlier.33 It is not known which criteria will best match the level of indi-
vidual capacity to the type of mobility aids for support of quality of life, safety,
and long-range health needs.

It is important to note that assistive technology might pay for itself by affect-
ing moneys in other areas, for example, when the individual is able to continue
working as a result of technology.

Several technology databases are available on the internet to help clinicians
and patients identify and locate appropriate technologies. ABLEDATA, spon-
sored by the National Institute on Disability and Rehabilitation Research, de-
scribes more than 25,000 assistive technology products, including the price and
company information for each. REHABDATA, an online bibliography of publi-
cations, journals, and government reports on rehabilitation, provides information
on assistive technology and is run by the National Rehabilitation Information
Center and funded by the National Institute on Disability and Rehabilitation
Research.'87 Several web sites provide recent information on research and events
relevant to MS. In addition, telemedicine can help patients with wound manage-
ment, self-injection support and training, education and support during the initial
self-catheterization period, emotional and physical adaptation to increasing dis-
ability, and family education.

Technology can enhance independence through assistance with mobility con-
trol, environmental control, communication, and employment.”®

Mobility Control

Novelist Nancy Mairs, who cannot walk because of MS, travels the world in
a motorized wheelchair:

Relaxed and focused, I feel emotionally far more “up” than I generally did
when I stood on two sound legs. . . . Certainly I am not mobility impaired; in
fact, in my Quickie P100 with two twelve-volt batteries, I can shop till you drop
at any mall you designate, I promise.125
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Fatigue and impaired mobility are frequent problems in MS, and the use of
technologies that enhance mobility can provide empowerment and relief to pa-
tients.83:142 Mobility aids also reduce the risk of life-threatening and costly inju-
ries, and can be an economical alternative to costly personal assistance and insti-
tutionalization.%®

A variety of assistive technologies aid mobility for both ambulation and
patient transfer.!87 For ambulation assistance, canes, walkers, power and manual
wheelchairs, scooters, and a spectrum of wheelchair accessories that allow for
voice control, a joystick, or head movement are available. Bathtub benches,
shower chairs, grab bars on walls, and lift systems assist with transfers to and
from the bed or in the bathroom. Aids for access to community include adapted
vehicles, portable and permanent driving hand controls, portable and permanent
ramps, and wheel chair lifts. Aids for accessing the upstairs of a home include
stair lifts, small residential elevators, and wheelchairs that climb stairs. Func-
tional electrical stimulation is a technology that stimulates muscles that are no
longer motivated by nerve impulses.'?3 This technology, originally conceived in
the early 1980s, is relatively new, and research is needed to improve its function-
ality and reliability. Finally, portable and fixed cooling devices help with fatigue
management and exercise participation, especially for pool therapy use.!93:142

Environmental Control

Technology can assist with environmental control in a variety of ways, in-
cluding controlling the power and output from devices such as electric doors,
fans, telephones, TVs, radios, stereos, lights, heating and air conditioning units,
and drapes. Low-technology devices such as reachers, alternative types of door
and drawer handles, buttonhooks, and kitchen items can be adapted or configured
for more functionality. Mouthsticks and head pointers can assist individuals who
cannot use their hands. High-technology devices such as electrically powered
feeders, electrically powered page-turners, or environmental control units are
also available. Permanent or temporary home environment modifications, such as
lowering kitchen counters and cabinets to wheelchair height, can be helpful.
Finally, voice-activated computers can be linked to robotic environmental con-
trols and remote controls.

Workplace

Since the onset of MS occurs in the years when most people are deeply
involved with their careers, technologies that allow people with MS to keep their
jobs are especially important. The most frequently cited reason that people with
MS left their jobs was physical inability to perform job tasks; the use of a wheel-
chair by MS patients was also associated with unemployment.!70 Adaptive equip-
ment has been related to continued employment among persons with increasing
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physical disabilities, as adaptive keyboards, voice control systems, and adapta-
tions of the workstation expand the range of tasks that people can perform.*® Aids
for effective seating and positioning such as adapted desk chairs and chair cush-
ions reduce pressure and fatigue, support posture, provide comfort, and enable
function.”!

Communication Aids

Communication becomes increasingly difficult as MS progresses, particu-
larly when vision, speech, and memory are affected. Visual problems are aided
by magnifiers and eyeglasses as well as nonoptical aids such as enlarged print,
high-intensity lamps, high-contrast objects, and enlarged and tactually labeled
aspects of self-care and leisure items. Electronic aids, such as computer software
that enlarges text and images, and closed-circuit television devices (CCTV), can
increase image size, color contrast, and overall brightness.

In the later stages of MS, the patient’s speech can be difficult for others to
understand, and the ability to talk can be lost. Technologies that increase the
ability of the patient to communicate include speech volume amplifiers, speech
enhancers to clarify speech, and text-to-speech voice synthesizers. These devices
can increase social interaction and, along with portable home emergency call
systems, serve as important safety devices that can be used to call for help when
an accident has occurred in the home.

Internet. The computer has opened the doors to enhancing communication
for people with MS like no other technology before it. The Internet is the ultimate
community access tool and information resource, with no restrictions on mobility
or speech faculty beyond access to the technology. There are limitations, but they
are surmountable. These limitations include screen size, the standard keyboard
and mouse that are difficult to operate when fine motor control is impaired, and
the need for a workstation to accommodate wheelchair use or use while in bed. In
addition, the Internet can be used to spread false or misleading information, and
consumers have to be careful in their search for information from reputable
sources. Another limitation of this powerful tool is the digital divide. Many
people cannot afford a home computer or lack the skills and knowledge to make
use of one.

The Internet can serve health needs in a variety of ways. It can be a source of
medical advice and information on the latest research results. It can be used to
contact health care organizations for information, scheduling of appointments,
and communication with physicians. It allows communication among members
of support groups. Also, it is a source of information on goods and services, such
as assistive devices, that are on the market. Tasks, such as ordering personal and
household items, banking, and paying bills, can be accomplished through com-
puters. Certain services, such as grocery shopping, are often limited to urban
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areas and are unaffordable for many people. Nonetheless, such a service might be
cheaper than the cost of personal assistants.

Research Needs in Assistive Technology

The greatest needs for the field of assistive technology in MS include
strengthening the research on assessing and evaluating patient needs and improv-
ing the dissemination of information and equipment to patients to fully address
their needs. Persons with MS frequently have little awareness of assistive tech-
nology options and professional support available in assistive technology (Peggy
Neufeld, personal communication, Box 4.7).

Many specific research questions remain unanswered in the area of assistive
technology and MS, and research should focus on ways to maximize the positive
effects of available and emerging technologies on quality-of-life. Research on the
satisfaction of consumers, therapists, and third-party payers with various prod-
ucts would provide direction for manufacturers of assistive technology to im-
prove available technologies and new designs. Input from MS patients in the
design of new technologies is crucial.

Development of effective educational methods for demonstrating the appli-
cation and operation of assistive technology to health care professionals and
people with MS would increase the use of available technologies and increase

BOX 4.7
Assistive Technology That Would Be Particularly Useful
to People with MS

e Wheelchair and scooter designs that are effective in an environment built for
people that stand; designs that can handle uneven floor surfaces or stairs.

* Effective transfer aids such as lifts to reduce stress on caregivers.
* Handicapped bathroom facilities in public buildings.

* Aids for ataxia or tremors, such as head control and hand control during func-
tional activities.

* Options for MS patients with cognitive impairments. Currently available tech-
nologies include computer software for cognition rehabilitation, memory and
problem-solving skills training, and perception skills rehabilitation.

* Assistive technology designs with fashionable and acceptable appearances.

* Assistive technology for recreation and leisure. Leisure activities and social
participation are important aspects of a positive quality of life.

Source: Peggy Neufeld, personal communication.
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patient safety (David Krebs, Peggy Neufeld, personal communication). Strate-
gies to disseminate information, appropriate training methods, and self-help strat-
egies to enhance the ability of persons with MS to select assistive technology will
help educate both patients and care providers.

The optimal time for the introduction of assistive technology during the
rehabilitation or therapy process should be studied. Strategies to reduce the social
stigma associated with disability should be examined. Cost factors should be
analyzed to determine when the use of assistive technology by people with MS
results in economic benefit or loss. Finally, research should take place in natural
environments using people with MS as subjects, and the MS consumer voice
should be included in every aspect of assistive technology design, research, and
policy development.

Support Groups and Activities

There are several centers that provide life-enhancing experience for people
with MS. For example, the committee met with Brian Hutchinson of the Jimmie
Heuga center in Edwards, Colorado, in the Rocky Mountains. This center offers
a variety of programs to promote general health for people with MS through
exercise and psychological well-being. Charlotte Robinson, founder of Adven-
tures Within, who also spoke to the committee, leads outdoor adventure tours
where people with MS can go rock climbing, rappelling, horseback riding, and
whitewater rafting. While participants in these programs enthusiastically extol
their benefits, the impact of this type of program has not been measured. One can,
of course, imagine innumerable benefits ranging from the rejuvenation offered by
any pleasant vacation, to the companionship of other people with MS, to the
discovery of unrealized capacities and learning new coping strategies.

Other types of group programs include “wellness” programs in which people
with MS work on developing individual coping strategies and share their own
knowledge with other participants.

Patient Care Services

One of the greatest fears of the elderly and persons with disabilities is that they
will eventually be “warehoused” in an institution where a life with dignity is
impossible. As a person living with progressive neurological disease, my great-
est fear is not unbearable pain, nor even death. Rather, I am most afraid that my
illness will progress to a point where neither I nor my family will be able to
cope. 214

The options for care of someone disabled by MS range from in-home care
provided and financed by the family to publicly funded care in an institutional
setting. Most people prefer care that maximizes their independence and comfort,
but the cost can be prohibitive for individuals. There are only a few published
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reports that analyze the cost-effectiveness of different modes of care. A British
study reported that in-home care is more cost-effective than hospital care, even
when home care includes a paid nurse.??® However, any analysis of cost-effec-
tiveness must take into account the health care financing system of a particular
country. Observations for people with MS who live in countries where compre-
hensive health care is publicly funded will not necessarily apply to those living in
countries where health care is privately funded or where there is a combination of
public and private funding. These are national public health policy issues ger-
mane to all chronic, disabling conditions and must be addressed at that level and
studied in the context of other chronic and disabling conditions.

This is an important and relevant issue in the management of MS because it
incorporates acute hospital and neurorehabilitation services together with com-
munity-based activities and, in essence, has to bring together medical and social
services in a way that meets the complex and ever-changing needs of the person
with MS. The key components of such a service have been listed as including the
following:

e it should offer support at the diagnostic phase;
e there should be a high level of expertise;

e it should be comprehensive and flexible;

¢ it should be accessible and coordinated; and

e it should be linked to a neuroscience center.

Ideally, most services should be community based, with supporting expertise
from the acute hospital or rehabilitation center at times of particular need (for
example, at diagnosis or at the time of a severe relapse) or complexity (when
multiple symptoms interact and intensive inpatient rehabilitation is required).
The optimum method of service delivery has not yet been defined, and little work
has been done to compare existing services. A recently completed, though not yet
published, study carried out in Rome compared two forms of service delivery in
a randomized controlled trial of 201 patients with MS. One group (133 patients)
received what was described as “hospital” home care, in which patients remained
in the community but had immediate access to the hospital-based multidisci-
plinary team as and when required, while the other (68 patients) received routine
care. The range of outcomes, which included EDSS, FIM, SF-36, and measures
of anxiety and mood, were carried out at baseline and at 12 months. No difference
was seen in the level of disability between the two groups, but the more inten-
sively treated patients had significantly less depression and improved quality-of-
life. Another study, comparing the benefits of multidisciplinary MS clinics, gen-
eral neurology outpatient settings, and community-based general practice in 150
patients (50 in each group) has just commenced in the United Kingdom. Patients
will be evaluated at baseline and at three-month intervals for one year, with a
range of outcome measures from impairment to self-efficacy.
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Rehabilitation

Rehabilitation is often defined as the process of restoring or developing
physical, sensory, and mental capacities in people with disabling conditions—in
other words, reversing the disabling process.®8 However, this definition is too
restrictive for MS or for any other degenerative condition. The World Health
Organization has adopted a broader perspective that applies better to people with
MS. It defines rehabilitation as an active process by which those impaired by
injury or disease achieve a full recovery or, if a full recovery is not possible,
realize their optimal physical, mental, and social potential and are integrated into
their most appropriate environment. This definition expresses a philosophy that
also emphasizes patient education and self-management and is ideally suited to
meet the needs of such a complex and progressive disorder. An essential element
of this definition is that an overarching goal of the rehabilitation process is to
improve a patient’s sense of well-being.6!

The essential components of successful rehabilitation include expert multidis-
ciplinary assessment (including an assessment of patients’ perspectives and cir-
cumstances), goal-oriented programs, evaluation of impact on the patient, and
evaluation of goal achievement. The wide range of coexisting symptoms in MS
produces a complex pattern of disability, including the possibility that treating
one symptom might worsen another. Any management strategy has to take this
complexity into account. It is also apparent that comprehensive management will
invariably require input from different treatment modalities, including the provi-
sion of information, patient education, therapy from a range of disciplines, and
drug treatment. Finally, the variable and fluctuating nature of MS means that the
needs of individual patients will change over time, often quite abruptly, and that
these needs will tend to increase over time.

Evaluating Outcomes in Neurorehabilitation

If there is to be ongoing improvement in the process and impact of rehabili-
tation, there must be an evaluation process. This essential component is probably
also the most challenging. It requires the use of outcome measures that are scien-
tifically sound (reliable, valid, and responsive to changes in a patient’s condi-
tion), clinically useful (short and simple), and appropriate to the sample under
study and the intervention being evaluated. In neurorehabilitation, improvements
are not sought at the levels of pathology and impairment but rather in disability
and handicap (or activity and participation, as proposed by the World Health
Organization?33) and in the broader, more patient-orientated areas of quality-of-
life, coping skills, and self-efficacy. The standard outcome measure in MS thera-
peutic trials is the EDSS, but it is inappropriate for evaluating rehabilitation, not
only because of its scientific limitations, but also because it does not measure
many of the dimensions relevant to health-related quality-of-life such as mental
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and social function.’! Indeed, the EDSS score can be zero even though a person is
unable to sustain a full day of work. Consequently, a number of generic measures
of disability and quality-of-life have been utilized in MS rehabilitation.
Integrated care pathways, which detail the expected interventions occurring
within a given episode of clinical care, are used to monitor and audit both the
process and the outcome of rehabilitation. They can be used to evaluate the
rehabilitation process, including goal achievement, and serve as an excellent
audit tool?% that can document when goals are not achieved on time; more
usefully, however, they can indicate why this has occurred (for example, because
of underestimation of cognitive dysfunction or the impact of fatigue).
Evaluating any intervention within the context of a randomized double-blind
placebo-controlled trial in a condition as variable and unpredictable as MS is
inherently difficult. Yet evaluating interventions aimed at neurorehabilitation—
an approach that encompasses such a broad range of approaches and that must, at
the same time, be tailored to meet the specific needs of an individual patient—
poses still another dimension of challenges for clinical trial design. Chief among
these are a lack of detailed description of programs (for example, the number of
disciplines involved or techniques employed) and inadequate standardization of
an intervention including its duration and location (inpatient, outpatient, or com-
munity based). Therapists are reluctant to use control groups, and limited re-
sources often prohibit the use of independent assessors, which is particularly
important when masking a patient’s identity is difficult. Finally, there is no
consensus as to what the most appropriate outcome measures are, and until
recently, limited and often-inappropriate tools have been used inconsistently.
Despite these obstacles, a number of recent studies have demonstrated that it
is indeed possible to achieve some degree of evaluation for rehabilitation inter-
ventions, although many more studies are required. In order to assess the data that
these studies have produced, it is useful to consider four distinct levels, moving
from the broadest concept of (1) service delivery, to (2) packages of comprehen-
sive rehabilitation, (3) individual components of that package, and finally the
most specific, (4) the intrinsic components of the rehabilitation process such as
assessment and goal setting. Most studies have focused on comprehensive pack-
ages of rehabilitation (predominantly inpatient), but some have addressed indi-
vidual components including physical therapy and aerobic exercise, and recent
studies have compared different forms of delivery of care. There are no published
studies of the intrinsic components of rehabilitation as they apply to MS.
The following are two key questions that have to be answered:

1. Is comprehensive rehabilitation effective in reducing disability and handi-
cap and improving quality of life?

2. 1If so, how long do these benefits last?
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The majority of studies have evaluated inpatient rehabilitation programs,
which are generally more accessible than outpatient programs to controlled stud-
ies. Two studies, both retrospective and relatively small, have compared inpatient
rehabilitation with other forms of intervention. One study compared outcomes of
20 pairs of patients who were treated either in an inpatient rehabilitation hospital
or in an acute care hospital.!®! Outcomes for the two groups were comparable at
16 months, although it should be noted that the acute care hospital was an MS
center and thus provided more sophisticated care for MS patients than an average
hospital. The other study compared the outcomes of 67 patients who received
either inpatient services (in the same rehabilitation hospital as in the previous
study) or outpatient treatment provided by visiting nurse services.>® Three months
after discharge, the inpatient group showed less disability, as measured by the
Incapacity Status Scale (ISS), although both showed gradual worsening, and by
12 months there was no difference between the two groups.

Freeman and colleagues designed a randomized controlled trial that over-
came some of the methodological issues discussed earlier.®® Sixty-six patients
with progressive MS were stratified at the beginning of the study according to
their EDSS, and the treatment group received a short period of inpatient rehabili-
tation (mean of 20 days). A group of patients who were wait-listed for rehabilita-
tion treatment served as a control. The two groups were matched in relation to
age, sex, disease pattern, and duration. Disability (Functional Independence Mea-
sure) and handicap (London Handicap Scale, LHS) were measured at the begin-
ning of the study and six weeks later. The treated group showed a significant
benefit in both disability and handicap compared to the control group. No change
in the EDSS was seen in either group.

A more recent randomized single-blind trial evaluated the benefit of a three-
week inpatient rehabilitation program with a home exercise program in 50 mod-
erately impaired ambulatory patients (EDSS 3.0-6.5).189 The control group did
only the home exercise program. Patients were evaluated with the EDSS, FIM,
and a health-related quality-of-life measure, the SF-36, at the beginning of the
study and at 3, 9, and 15 weeks. As in previous studies, neither group showed a
significant change in impairment (as measured by the EDSS). Disability, as mea-
sured by all of the FIM motor domain scales, was significantly reduced in the
rehabilitation group, and this benefit was sustained for six weeks after the three-
week program ended (nine-week time point). However, only two subscales, self-
care and locomotion, continued to be significantly different between the groups
12 weeks after the program ended. At the end of the three-week period, the
rehabilitation group had received significantly greater benefit in the mental health
components of the health-related quality-of-life measure. This beneficial differ-
ence between groups was still apparent 6 weeks after the end of the rehabilitation
program but had disappeared by 12 weeks (15-week time point).

One study, in which 50 patients were studied at three-month intervals for one
year after their discharge from an inpatient rehabilitation unit, illustrates the
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dependence of the observed outcome of rehabilitation on the measure used. In
that study, improvements in disability and handicap were maintained for approxi-
mately 6 months, emotional well-being for 7 months, and the physical component
of health-related quality-of-life for 10 months.%0

Although few researchers have attempted to evaluate outpatient-based reha-
bilitation in MS, a 1998 study reported that fatigue and the frequency of other MS
symptoms in progressive MS patients were significantly reduced after outpatient
treatment.** A group of progressive MS patients was randomly assigned either to
an active treatment group of 20 patients who received five hours outpatient
therapy a week for one year or to a control group of 26 patients that was wait-
listed for, but had not yet received, therapy. The range of outcome measures
included an MS-related symptoms checklist composite score, a measure of fa-
tigue frequency, and items from the Rehabilitation Institute of Chicago Func-
tional Assessment Scale. The services provided in the study included therapy
aimed at physical function but also involved support for the family as well as the
patients, social support, assistance locating community resources, organized rec-
reation, and counseling to improve coping skills. Indeed, the authors suggested
that the observed therapeutic benefits might be attributable to the emphasis on
social and emotional support.

All 11 studies summarized in a recent review of the outcome of comprehen-
sive inpatient rehabilitation in people with MS indicate a potential benefit in the
area of disability.207 It is difficult, however, to combine the results of all these
studies. There are major methodological differences among them, and few reach
an adequate scientific level. Nevertheless, they all suggest that organized patient-
centered multidisciplinary rehabilitation benefits MS patients. The degree of ben-
efit and the extent of carryover have yet to be determined.

Components of the Rehabilitation Package

Few studies have looked at therapy intervention in the management of MS,
and the only specific modality examined has been physical therapy. A random-
ized control trial of inpatient physical therapy (6.5 hours over two weeks) was
carried out on 45 patients.%> Qutcome measures used in the study included the
Rivermead Mobility Index, the Barthel ADL Index, and a visual analogue scale
of “mobility-related distress.” The treatment did not show significant benefit on
either mobility or ability to perform activities of daily living but did significantly
reduce mobility-related distress. However, the same authors have recently dem-
onstrated a significant benefit from outpatient or home-based physical therapy.?28
A second study went a step further and attempted to compare two forms of
physical therapy.!?° This pilot study involved 23 patients, 20 of whom completed
the study. They received what was described as an impairment-based “facilitation
approach,” while the other group received a more disability-based task-oriented
approach. Patients received a minimum of 15 sessions over five to seven weeks.
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The outcome measures were mobility based and included the 10-meter timed
walk and the Rivermead Mobility Index. Not surprisingly, no difference was seen
between the two small groups, but both improved from baseline (p < 0.05).

The impact of aerobic exercise was evaluated in a population of 46 patients
with relatively mild MS (EDSS of 6 or less): 21 of the patients were randomly
assigned to a 15-week exercise program, while 25 had no exercise over that
period.">* The wide range of outcome measures included aerobic capacity, iso-
metric strength, the Fatigue Severity Scales (FSS), the EDSS, and the Sickness
Impact Profile (SIP), which measures quality of life. Significant changes from
baseline were seen in the exercise group over the 15 weeks in the physiological
measures and the physical component of the SIP. There was little sustained
change in the psychosocial domain of the SIP and none in the EDSS or FSS.

Conclusion

Although there is good empirical evidence to support coordinated expert
service delivery in other diseases, there is little evidence currently available to
support this concept in the management of MS, and further studies are required.
There are few adequately designed studies to support the role of rehabilitation
therapy in MS, but recent studies have confirmed that such assessments are now
feasible and urgently need to be carried out.

INFORMATION AND COMMUNICATION

What People Say

Problems of delivering the diagnosis MS were touched upon in the earlier
section “You Have MS.” Patients generally say they want concrete information
about their diagnosis, even when it is uncertain. Although it has been common for
physicians to euphemistically tell a patient he or she has an “inflammation of the
nervous system” or something equally vague, this is not what patients say they
want (reviewed in 1999 by McGuinness and Peters!3). A retrospective study in
Britain found that approximately 60 percent of the people with MS in Southamp-
ton felt they were not given enough information at the time of diagnosis.!3? They
also reported being angry over the delay in the prompt provision of a diagnosis.
At least part of that delay was due to the inherent difficulties in diagnosing MS,
including the diagnostic requirement for more than one episode, and there are no
published data to determine whether MS patients’ anger at the delay is reduced
when the difficulties are explained to them. It should also be kept in mind that
most reports on patients’ reactions to diagnosis do not reflect current approaches
to diagnosing MS. Most of the studies were conducted in the mid-1990s or earlier
and were done before MRI scans were as common as they are today and time to
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diagnosis was longer. Without more information, it is not possible to know
whether patients’ frustration arises from a failure to communicate on the part of
their physicians or from the reality that MS is difficult to diagnose.

Information for Newly-Diagnosed Patients

Effective communication about MS to the patient and family is especially
crucial around the time of diagnosis. Not only is the patient wholly unprepared
for such life-altering information, but after this point, many patients will see an
MS specialist only rarely. Their experience with health care providers at this
point will profoundly influence their future health care choices.

Withholding the diagnosis raises suspicions of physician dishonesty. These
experiences may compromise patients’ trust of their doctors, heightening fears
that physicians will abandon them. Studies of other diseases have shown that
such trust is essential to developing strong therapeutic relationships.205210
Koopman and Scheitzer!? suggested that a supportive care model would help
patients with MS and their families during the stresses surrounding the diagnosis,
noting: “It is important for patients and their families to experience the first years
of MS coupled with caring and consistent support from their MS team. . . . A case
management or primary nursing delivery system may be the best option.”!% They
did not test the role of a case manager-directed care model in delivering care to
people with MS. Interestingly, another study found that patients who had not
gone to an MS clinic in the prior two years were more likely than others to “have
come to terms with” their disease.®

Although almost every study reports that patients say they would have pre-
ferred full disclosure during the diagnostic phase, these are retrospective views of
people with MS.37 However, one cannot assume that MS patients would have felt
the same at the moment of diagnosis as they do many years later. To avoid the
bias introduced by changes in people’s perspectives over the passage of many
years after their disease has progressed, studies on the outcome or effectiveness
of different communications should be done prospectively. The committee found
only one prospective study that measured the effect of diagnosis on patients
suspected of MS.!40 They were divided into three groups, those with MS, without
MS, and those whose diagnoses remained uncertain. Diagnostic testing benefited
all three groups. It reduced patients’ distress over their physical symptoms and
their general anxiety, even in those with MS. However, while the study measured
the impact of diagnostic testing, it did not provide specific information about how
the diagnosis can be imparted most beneficially to patients and their families.

In 1993, the British Society of Rehabilitation Medicine with the support of
the MS Society of Great Britain and Northern Ireland published guidelines for
imparting the diagnosis (Box 4.8).57 These guidelines represent the consensus of
a committee of people with MS, their families, health care professionals, and
service providers. Also, while an association with specific health or psychologi-
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BOX 4.8
Guidelines for Delivering the Diagnosis of Multiple Sclerosis

* People with multiple sclerosis expect a clear explanation of their symptoms,
which in the vast majority of cases involves communicating the specific diagno-
sis to the patient.

* Many people prefer a relative or friend to be with them.

e The doctor giving the diagnosis must have adequate knowledge of the disease
and adequate time.

e |t is thought to be helpful for the doctor to give a “working prognosis” for the
next 12 months.

* A follow-up appointment to see the doctor who has discussed the diagnosis
should be offered.

* Information should be given about the local MS society supplemented by ap-
propriate written information about the disease.

Source: Ford and Johnson®”

cal benefits has not been demonstrated, the guidelines are at least reasonable. It
would be helpful to know what approach to communicating a diagnosis of MS is
most conducive to successful adaptation to the illness and to establishing a pro-
ductive relationship with one’s physician. The MS Society developed a highly
informative pamphlet, book, and Web page on information for the newly diag-
nosed. This information has been widely distributed and is generally believed to
be very helpful, but its effectiveness has not been evaluated.

Given that the cause of MS remains unknown and the course of the illness is
maddeningly unpredictable, one should consider the possibility that no amount of
available information will satisfy. Patients will be frustrated by the lack of infor-
mation, almost by definition. At the least, the background of unpredictability of
the disease course should be considered as a potential factor in determining
optimal forms of communication about health-related information.

Patients do not generally want to learn about demyelination when they are
diagnosed.!%140 They want to learn how to live. From the patient’s point of view,
while information about disease mechanisms might satisfy intellectual curiosity,
it provides only marginally useful information for living with MS. At the time of
diagnosis, it seems only reasonable to deal first with such practical concerns.
Patients need to know the extent to which they can continue to fulfill their
responsibilities at work and home; how and whether they should alter their family
and career plans; reassess their needs, obligations, and desires; choose therapies;
and—especially in the United States where health care coverage is fraught with
uncertainty—how they are going to meet their future health care needs. Further-
more, with every change in their condition, they will have to solve each of these
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puzzles anew. Frequently, neither patients nor their doctors know where to go or
whom to ask for advice. Only by understanding the specific hurdles that people
face can initiatives be designed for improving the lives of people living today
with MS.

Parameters of Effective Communication Strategies

The desire of people with MS for more information is clearly a recurring
theme, but there are many questions to answer before this general need is trans-
lated into effective communication strategies. What sort of information do people
need most, and how is the available information most effectively shared? The
first step in addressing these questions is to identify the communication goals—
goals that might be defined somewhat differently by patients than by their physi-
cians.

Many of the published reports implicitly assume the goal of short-term pa-
tient satisfaction in their consultation with their health care providers, but there
are other goals. For example, a more ambitious goal of communicating informa-
tion about MS is to foster long-term improvements in their health, ability to
function, and psychological well-being for people with MS—in short, to facili-
tate patient adaptations to living with MS. Although this goal is not inconsistent
with immediate patient satisfaction, it is also not necessarily a consequence of
patient satisfaction with the physicians. This highlights the need to consider the
temporal aspects of communication. Long-term goals are often best served by
different approaches to communication than those that work best for short-term
goals.

Important considerations in effective health communication include who
defines the problem (or information need) and who defines the solution (what is
to be communicated and how). Identification of both problem and solutions
requires broad input—from patients and their families, as well as health care
providers (physicians, nurses, physical therapists, and psychologists). While the
perspectives of patients, physicians and other providers are likely to overlap in
many respects, each will have a greater understanding of different elements of
disease management. Ultimately, the most important outcome is improvement in
the patient’s quality of life.

An important principle that has emerged from recent advances in communi-
cation theory and practice is that communication is most effective when it is
targeted to specific populations.23? Different strategies work better for groups of
different educational, ethnic, and economic backgrounds. This is even more im-
portant for people with MS, where the sheer variety and magnitude of the mani-
festations of the illness add to the already considerable differences among healthy
populations. Another key principle of health communication is that no single
communication or form of communication will be adequate. A pamphlet mailed
to the patient or a scheduled visit with a physician will always be insufficient if it
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is the only information provided to someone with MS. Individual differences
might also be important in determining optimal communication strategies. Some
might absorb information best in group settings, whereas others might absorb
information better in a private consultation or via written, videotaped, or com-
puter material.

Other principles of effective communication stem from the specific features
of MS, particularly the unpredictability of the disease course and changing levels
of impairment. The information needs of people with MS change throughout
their illness. As these needs change, optimal communication strategies will also
likely change. For example, approaches to communication will be very different
during periods of stability when information can be considered carefully, free of
pressure to take immediate action, compared to periods of crisis when psycho-
logical stress is high and quick action is required. Examples of such periods
include exacerbations when a person’s ability to function declines, when a
caregiver is suddenly unable to meet the person’s needs and new arrangements
have to be made on short notice, or during a transition state, such as when a
person suddenly needs to use a wheelchair or scooter for the first time. (As
discussed in the section on assistive technology, information on wheelchair use is
sorely needed, but rarely easy to obtain.) Each of these difficulties brings with it
new needs for information, and there has been almost no research to identify
optimal modes of fulfilling the diverse information needs of people with MS.
Finally, for people with MS an important consideration is that their access to
information will vary, depending on their mobility (whether they can easily get to
a group meeting or clinic), as well as on economic factors (whether they can
afford a computer, internet access, scooter, or other adaptive devices).

Although there is a large body of research on optimal communication strate-
gies, empirical research on the information needs of people with MS and effec-
tive communication strategies to meet these needs are starkly lacking. Because
this is such an overarching need of people with MS, it should be an area of
emphasis in MS research. The Institute of Medicine committee did not include
the expertise to identify specific research strategies but suggests that the MS
Society consider developing a request for proposals (RFP) to assess and address
communication needs of MS patients. Ideally, the RFP would target researchers
outside the field of MS, but would request that the project be a collaborative
effort between experts in health communications and those whose research ex-
pertise includes knowledge of MS symptoms and measurement of the quality of
life of people with MS. Much of the literature on health communication focuses
on healthy populations and is unlikely to be particularly relevant to people with
MS. Although the relapsing-remitting form of MS presents the distinctive chal-
lenges posed by unpredictable impairment, many of the problems faced by people
with MS are also faced by others with other serious and chronic diseases. For
example, the research that has been done on improving approaches to imparting
the diagnoses of cancer and AIDS would likely add some insight to the commu-
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nication challenges posed by MS. The depth of knowledge and rate of progress
will improve if the research on communication is not restricted to MS but in-
cludes other relevant conditions.

At a minimum, the MS Society should work in an ongoing way with patients
to evaluate their information needs and how the information should be presented,
including who delivers it (physician, nurse, other), when (at diagnosis, follow-up,
once, several times), and how (private consultation, mailings, pamphlets in doc-
tors office, Internet chat groups, participatory group meetings).

The Information Highway

The power of computers to deliver health information continues to acceler-
ate. There is, of course, a quality problem. A recent National Research Council
report concluded that it is not adequate for health care delivery per se, but the
delivery of information is a distinctive aspect of health care, and for this, there is
a wealth of excellent and clearly presented information that should be under-
standable to any college graduate, much of it supplied by the MS Society (United
States), as well as the pharmaceutical companies that market the currently ap-
proved disesase-modifying therapies (Berlex, Biogen, Serono, and Teva Marion
Partners) and a number of research organizations. This information does not,
however, cover all aspects of MS equally well. While there is an abundance of
high-quality information about the biological aspects of the disease, as well as
descriptions of the symptoms of MS, there is comparatively little information
about specific adaptations to assist people with MS in adapting to their illness.

Of course, it is important to emphasize that this invaluable resource is not
equally available to all. Only about 40 percent of the population of the United
States and Canada were regular Internet users as of March 2000, although this
figure is steadily increasing.?!® In Europe, the figure varies from country to
country, but even in Sweden and Norway where Internet access is greatest, it is
still only about 50 percent. Low-income, rural populations, and people with no
college education have disproportionately less access to information posted on
the Internet, and different approaches to meeting their information needs should
be considered. A 1998 survey reported that 42 percent of people with MS sur-
veyed in the United States have Internet access, suggesting that their access is
somewhat greater than that of the general population.!6

HeaALtH CARE

Access to Health Care

Costs and payment policies present major barriers to obtaining mobility-
related services. Health insurers typically restrict the numbers of physical therapy
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sessions, paying exclusively to restore patients to baseline function. Insurers,
with some legitimacy, argue that financing therapy to maintain function or pre-
vent its decline could generate insatiable demand. Despite its older and disabled
population, Medicare, for example, limits coverage of interventions targeting
functional status, and payment for rehabilitation services depends on continued
functional improvements.?3 Many of these services have not yet garnered a rigorous
“evidence base,” which has seemingly become essential for insurance coverage.
Insurers often deny coverage of mobility aids. A 1990 national survey, not
specific to people with MS, found that about 2.5 million Americans needed
assistive technologies, including mobility aids, but 61.1 percent could not afford
them.'% Almost half of those using assistive devices paid for them entirely out-
of-pocket. Improving home accessibility (for example, grab bars, ramps, widened
doorways) is also expensive; 78 percent of these improvements came out-of-
pocket.'9 Insurers routinely require doctors to certify the “medical necessity” of
equipment. Despite this assurance, initial requests can be denied,®> requiring
lengthy and frustrating appeals. The experience for people with MS is unknown.
Even if coverage is approved, insurance payments may be incomplete. Med-
icare’s Supplemental Medical Insurance (Part B) covers such mobility aids, but
beneficiaries must pay 20 percent coinsurance.! Insurers sometimes deny pay-
ment for “lower-tech” equipment, arguing that the patient’s rate of functional
decline means more sophisticated, costly equipment will soon be needed,??5 for
example, they might pay for a powered wheelchair but not for a scooter. Other
payment policies affect the use of mobility aids. Medicare, for example, limits
home health services to people confined to their homes except for medical ap-
pointments.”® Medicare beneficiaries who obtain wheelchairs to leave their homes
for other purposes will lose home health services. Whether financial barriers are
impeding people with MS from obtaining assistive technologies is unknown.
Quality-of-life could be diminished by inadequate access to these devices.
Attitudes and environment present barriers, even for health care services
access. Justice Department investigations discovered persistent problems even
with physical access to health care sites.!38 Iezzoni and colleagues® found low
rates of Pap smear and mammography use among women with major mobility
impairments; the study controlled for demographic characteristics and differences
in access to health care. This fits with qualitative and anecdotal reports about
barriers to primary and preventive care for people with disabilities.!6-19-39.63,156,197.198
Toombs wrote that her primary care doctor questioned her need for bone
density screening for osteoporosis, rationalizing that wheelchair users never
fall.2!3 One internist described her private practice in an upper middle class
community, observing that although wheelchair users “probably could get into
the building they would not have been able to get into the office and, certainly,
would not have been able to get into the examining room.”* When she moved to
a Medicaid health maintenance organization (HMO), she encountered more
patients with disabilities. One of her patients, a 45-year-old woman with MS, had
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never had a Pap smear; nobody had ever offered her one. When the internist and
her assistants tried to move the patient onto the high, unadjustable examining
table, they failed. The patient’s daughter, familiar with the maneuver, transferred
her mother. The internist next ordered a mammogram, but the facility could not
serve her because she could not stand up.* Given the long lives of most people
diagnosed with MS, more research on access to preventive and screening ser-
vices, including physical access to care sites (for example, adjustable examining
tables, mammography machines) is needed.

A 1990 survey of 604 families found that almost everyone with MS had
some form of health insurance paying an average of 75 percent of the medical
bills, but 28 percent reported that the coverage was inadequate for their health
care costs.?* Failure of insurance to pay for expensive drugs was particularly
problematic, as were insurance exclusions for “preexisting” conditions. Some
respondents reported staying in unhappy marriages to retain their health insur-
ance.

Participatory Style with Physicians. The literature outside MS suggests
that patients who participate more actively in decision making about their care
may do better.23-9%-16 In one study, patients who assumed control of conversa-
tions (for example, asking more questions, attempting to direct the flow of the
discussion and their doctors’ behavior) during a baseline office visit reported
fewer days lost from work, fewer health problems, lower functional limitations
due to health, and improved health status at a follow-up visit. Patients seeking
more conversational control had, at follow-up, lower blood glucose and blood
pressure readings. Diabetes and hypertension management are, however, fairly
clear-cut. Exactly how patients’ interaction styles might affect treatment choices
and outcomes in MS needs more study.

Physicians Dealing with Emotional Distress and Psychosocial Issues.
Physicians can be trained to communicate more effectively with patients and, in
particular, to deal with areas of emotional distress.'®® Physicians who are inter-
ested in the psychosocial aspects of disease are much more likely than other
physicians to raise these issues.!'® Murray!3° observed that MS physicians often
feel uncomfortable addressing such issues as marital and personal problems;
unfortunately, they also do not refer MS patients to other clinicians for these
issues. Furthermore, communication must also address patients’ interests outside
the focus on treating the disease. Little attention has been paid to health promo-
tion activities for persons with MS to enhance their overall well-being and quality
of life, although a study of 629 women with MS found that health promotion
activities significantly improved quality of life along the spectrum of disability.!??

Paradoxically, many health care professionals are ill-equipped to instill hope
because they have a depressing view of the disease, perhaps because they often
work in hospitals where only the most ill and therapeutically resistant and com-
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plicated patients are met. Most MS units now manage a large number of patients
in an ambulatory setting, where most of the patients are getting along and the
hospital-based medical student, physician, nurse, physical therapist, or social
worker sees only the most difficult and most advanced problems in the wards.
The availability of the new disease-modifying drugs has certainly increased the
optimism of many physicians, but these drugs are still new. With time and expe-
rience, patients’ and physicians’ optimism could become more reserved or even
greater. It is too early to know. Further, the new disease-modifying drugs have
not been demonstrated to be helpful to the most ill patients.

The role of hope in patients with MS and the role of the physician in provid-
ing and supporting reasonable and appropriate hope have often been ignored.
Hope is something physicians do not often discuss. Patients often called “hope-
less” can be helped in many ways to cope with the ravages of the disease and to
see the opportunity despite the limitations they face. We cannot yet cure, but we
can help, and we can understand, and we can care.!3?

Exercise

Physical activity has long been discouraged for people with MS, in part
because they often experience fatigue and thermosensitivity, which causes their
neurological symptoms to worsen during exposure to heat.!>> Exercise can be
particularly difficult for patients with limited mobility and poor balance. Yet
many people with MS are probably less active than they could be if they were
given proper guidance and access to appropriate facilities. One study compared
the activity levels of a group of ambulatory MS patients with those of sedentary
control subjects who did not have MS. '3 (The median EDSS score of the MS
patients was 3.0 [no assistance needed to walk], with a range of 1.5 [no disability]
to 6.0 [assistance needed to walk]). When questionnaires asked them to recall
their physical activity levels, the two groups reported similar activity levels.
However, when their physical activity was measured over seven days using a
motion detection device attached to their waists, the ambulatory MS patients
were found to be significantly less active than the sedentary controls.

The benefits of exercise for people with MS are many and, conversely, lack
of activity can contribute to fatigue and weakness and is a risk factor for many
chronic diseases. Numerous studies have shown that physical activity in cancer
patients enhances well-being in terms of physical and functional status, as well as
psychological and emotional status (reviewed in 1999 by Courneya and Fried-
enreich34). Aerobic exercise training improves fitness, increases feelings of well-
being, and reduces depression and anxiety in people with MS.!5> Some aspects of
impaired muscle function observed in MS are similar to those seen in healthy
people after prolonged periods of inactivity, and deconditioning due to reduced
physical activity likely contributes to the loss of muscle function in MS.%7:143
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Exercise training might thus reduce the loss of muscle function, as well as de-
creasing fatigue.”’-143

Although exercise programs can benefit MS patients, they should be under-
taken with care and attention from exercise physiologists, physical and occupa-
tional therapists, and physicians. Different types of exercises are best for people
with different types of MS and different types of impairment (reviewed in 1999
by Petajan et al.!>). For example, patients with motor deficits need an exercise
program that takes their impairment into account. Pools are helpful because they
are safe and allow for a wider variety of exercises. They also increase body
cooling, thereby reducing the problem of thermosensitivity. In general, because
increased body temperature can block conduction in damaged nerves, exercise
programs should be designed to avoid overheating. An assessment of exercise
history, including activities of daily living, and a fitness evaluation should be
obtained prior to the initiation of an exercise program. Exercises that increase
flexibility, strength, coordination, and balance are particularly helpful. Lack of
motivation to exercise is likely, especially when a person does not feel well, and
a supportive, proactive, and pleasant exercise environment is especially impor-
tant. Although exercise training does not appear to influence relapse rates, exer-
cise programs should sometimes be modified or temporarily discontinued during
relapses.!>*

Weakness, fatigue, spasticity, and ataxia make exercise difficult for people
with MS, and even brief exercise bouts can cause symptoms to appear or in-
crease, but improvement in fitness not only can help offset these difficulties, it
can reduce fatigue and depression and improve quality-of-life.!53

Diet

All sorts of diets have been proposed to be of benefit in MS: low-saturated-
fat with high-polyunsaturated-fat diets, megavitamins, liquid diets, and sucrose-
free and gluten-free diets have all been advocated (see Appendix G).!8 However,
none of them have been rigorously tested under clinical conditions, and none
have been supported by an underlying immunological basis.””-209

The rate of MS is generally higher in countries where diets are commonly
high in animal fat, animal protein, and meat from nonmarine mammals and lower
in countries where people eat more vegetables and fish (reviewed in 1997 by
Lauer!13) 50112 Yet despite the correlations, there are many confounding vari-
ables, and none of these dietary factors have been determined to be either risk
factors or prognosticators for the disease.

Vitamin D has also been hypothesized to be related to MS.”> Since needs for
vitamin D are met through exposure to sunlight in addition to dietary intake, it
has been suggested that vitamin D levels might be a factor in the geographic
distribution of MS.*° The evidence is circumstantial, and further investigation is
needed. At least in EAE (experimental allergic encephalomyelitis) mice, exog-
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enous vitamin D can prevent disease, supporting the idea that there might be
some effect in humans, but this remains to be demonstrated.??

There are some data suggesting that large amounts of polyunsaturated omega-
3 fatty acids, which are prevalent in fish, reduce the severity of relapses and the
progress of disability in early cases (but not long-term disability) and some
indicating that reduced intake of animal fat and increased intake of vegetable fat
and seafood are beneficial. However, most of these data come from uncontrolled,
methodologically flawed studies.

There is, however, an emerging body of evidence to indicate that dietary
antigens might trigger autoimmune responses in diseases other than
MS.25:149.179.186 While this suggests a biological basis to predict an effect of
dietary antigens in MS, as yet there are no conclusive data. If dietary influences
are modest—which is highly likely considering the lack of clear-cut results to
date—or if different foods interact in their effects on MS, obtaining such data
would require an extensive clinical trial. In addition, since many patients are
taking disease-modifying drugs, it would be statistically more difficult to detect
the increased benefit of a modest improvement. Each treatment independently
introduces some random variation, meaning that a clinical trial including both
dietary changes and medication would have to be larger than a clinical trial with
only one of these variables. While a healthy balanced diet is recommended for
people with MS,!7! the evidence supporting a specific benefit from such for MS
remains inconclusive.!!3 Even if there were no specific benefit from dietary
changes, if they resulted in generally improved health or well-being of people
with MS, this would be reason alone to recommend them.

Use of Alternative Medicine

Alternative medicine refers to a mix of practices as disparate as herbal medi-
cine, therapeutic touch, imagery, and homeopathy. What unites such treatments
is that they are not widely taught in medical schools and are not generally avail-
able through physicians or hospitals. The term “complementary medicine” is
preferred by some people, because it indicates that alternative therapies can be
integrated with conventional therapies. For simplicity, the single term “alterna-
tive medicine” is used here to include all aspects of non-traditional medicine.
Despite the preferred concept of complementary medicine, the use of alternative
therapies is not fully integrated into medical treatment. Most patients who use
alternative therapies do not inform their doctors. In 1997, only 38 percent of U.S.
users of these therapies informed their physicians.*®

The distinction between alternative and conventional medicine is fluid. Over
time, an unconventional practice, such as self-hypnosis or yoga, might become
conventional and many formerly conventional treatments such as blood-letting
have fallen out of favor. One constant of alternative therapies, however, is that
they are not subject to the same regulatory protections as conventional drugs.
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They are not tested in clinical trials; manufacturer’s claims of safety and efficacy
are not reviewed by independent parties; and there is no product standardization.
For example, in an analysis of ginseng products, even though different brands
were labeled as containing equal amounts of the active ingredient, the actual
amounts varied as much as tenfold; some brands contained no ginseng at all.’

Prevalence of Use

Despite its medically uncertain status, alternative medicine is an integral part
of Western health care systems, if only because it is so widely used. A study of
the U.S. population estimated that the number of visits to alternative therapy
practitioners was 243 million more than the number of visits to all primary care
physicians.*-52 Estimates vary among countries, but independent surveys of Aus-
tralia and of North American and European countries generally report that more
than 40 percent of the general population in the countries surveyed use alternative
medicine.*®121.174 Many patients use more than one therapy at a time.!3%2!8 Preva-
lence of use varies among the population. Twenty-five to 49 year-olds are more
likely to use alternative medicine than people who are younger or older, and
African-Americans are less likely than other ethnic groups to use alternative
medicine.*’ Different surveys report different age groups as those who use alter-
native therapies most extensively.*®-134 This inconsistency might reflect interna-
tional differences, population differences in health status, or differences in the
way alternative therapies were described in survey questions.

Use of alternative therapies is not only widespread among healthy people;
once people are diagnosed with a serious illness, their use is likely to in-
crease.136:163,174.218 For example, in a study of 480 women with newly diagnosed
breast cancer, 28 percent of them began to use alternative therapies.?® On the
bright side, and unlike the general population, most of these women informed
their doctors.

People with chronic illness consult alternative care providers about three
times more often than people without chronic illness,”-!34163 and those with dis-
abilities are 50 percent more likely than the general population to use alternative
therapies.!0> Compared to people without disabilities, those with disabilities seek
alternative therapies significantly more often for treatment of pain, depression,
and anxiety.”102

Not surprisingly, the use of alternative therapies is more widespread among
MS patients than among the general population. Although estimates vary, prob-
ably three-quarters use an alternative therapy, often more than one.52141,177.191,232
(Note that some studies report visits to alternative therapy providers, whereas
others report the use of alternative therapies. In general, the number of people
who visit alternative therapy providers is about half that of those who use alterna-
tive therapies, many of whom do so without consulting an alternative therapy
provider.)
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Because MS is a long-term disease for which conventional medicine has no
cure or completely effective treatment, one might reasonably ask, “Why not try
alternative therapies?” Even though most herbal remedies have not been proven
effective, most are probably not dangerous (reviewed in Angell and Kassirer,
1998),° but there are other concerns. Because MS symptoms typically wax and
wane, false positives are particularly likely. For instance, when a symptom is
relieved after some therapeutic intervention, many patients are convinced that the
intervention was responsible, even when they know that MS symptoms can wane
with no treatment at all. In addition to the illusion of benefit when symptoms
spontaneously subside, the placebo response can give patients the illusion that
their sense of improvement is due to the specific treatment they tried, when in
fact, the placebo effect could have arisen from any treatment. If placebo effects
and illusions of benefit have no impact on the disease, they are harmless, but if
they encourage the patient to forgo effective treatments, then these effects can be
medically harmful. In addition to illusory effects, there are also medical concerns
about using unregulated products whose contents are unverified. Finally, MS
patients should be particularly cautious about substances that are relatively be-
nign in people without immune disorders but might have negative impacts on the
immune responses of MS patients.

The widespread use of alternative therapies has implications for both treat-
ment and research in MS. There are endless varieties of alternative therapies, and
it is important to know which of these are used most often and most heavily by
MS patients. The use of alternative therapies should be taken into account in all
aspects of treatment and assessment—from prescription of symptomatic treat-
ments, to research on health status and quality of life, to identifying the most
pressing health information needs of people with MS. Proven or not, alternative
therapies are a pervasive dimension of health care among people with MS.

Specific Alternative Therapies

Of all forms of alternative treatment, herbal medicine is the most common
(reference 15 in Angell and Kassirer®). Appendix G offers a critique of more than
50 alternative therapies that have been claimed to be beneficial for treating MS.
Approaches not included there are described below.

Marijuana. Many MS patients, as well as patients with spinal cord injury,
smoke marijuana to relieve spasticity. Controlled studies of the effects of mari-
juana or THC (tetrahydrocannabinol), the primary active ingredient in marijuana,
have generally been inconclusive in MS patients, but none of those studies have
included more than 13 MS patients (reviewed in 1999 by the IOM).8 These
studies neither disprove nor support claims of the therapeutic value of marijuana’s
active ingredients. Many MS patients are convinced that marijuana relieves their
spasticity and pain. One survey reported that 97 percent of MS patients reported
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using marijuana to relieve one or more of their MS symptoms, but it is important
to note that the target population of this survey was marijuana users.? The degree
to which these results apply to the general population of people with MS is
impossible to know. Further, marijuana and THC can reduce both anxiety and
pain, and this might reduce the discomfort associated with spasticity or tremor,
although with no direct effect on spasticity. Experiments in EAE mice indicate
that THC and related compounds can reduce spasticity and tremor.” As of this
writing, clinical trials testing the effects of marijuana extracts on MS patients are
being conducted in Britain. The results of these trials should help clarify the
effects of marijuana and its constituent compounds on MS symptoms.

Traditional Chinese Medicine. A variety of approaches—primarily herbal
treatments, but also acupuncture—are used in traditional Chinese medicine to
treat symptoms of MS, but their effectiveness has not been tested in rigorous
clinical trials, and their descriptions are limited to Chinese-language publica-
tions.?3* There are reports that Chinese herbal treatments can reduce the neuropa-
thology associated with EAE in guinea pigs, but these reports have to be vali-
dated through experiments published in journals that are more widely accessible
for critical review.

Hypnosis. Hypnosis has been proposed as an approach to improve muscular
control in MS patients, but at present, the committee is aware of only scattered
case reports of improvement after hypnosis.2?! As with every individual case of
improvement after some experimental treatment, there is a strong possibility that
improvement might be a placebo effect or might have occurred in the absence of
any treatment.
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Strategies for Future Research
on Disease Mechanisms

NEUROBIOLOGY

Even though the histology of multiple sclerosis (MS) was described in early
texts of neurology more than a century ago, the full repertoire of cellular players,
and their roles in the disease process (which cells are actors, and which are
victims?) are incompletely understood.

Oligodendrocytes, astrocytes, and neurons can, in a sense, all be regarded as
the “victims” in multiple sclerosis. It is clear that oligodendrocytes and the my-
elin sheaths they form are damaged, astrocytes respond by forming a glial scar,
and in some cases, axons (which are outgrowths of neurons) degenerate in MS.
Although this much is known, additional questions remain, and their answers
have important implications for therapy.

Understanding Injury of Neurons

Even the earliest descriptions of multiple sclerosis mentioned axonal degen-
eration. Recent studies, using contemporary methods such as magnetic resonance
imaging (MRI) and confocal microscopy, have more definitively demonstrated
the degeneration of axons, both within plaques in multiple sclerosis and in nor-
mal-appearing white matter in this disorder (Figure 5.1). It has been speculated
that axonal injury contributes to the development of irreversible neurologic defi-
cits as in multiple sclerosis.?3:60:6693.99 If this turns out to be true, it will be
important because the prevention of axonal loss might then prevent persistent
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FIGURE 5.1 Demyelination and axonal degeneration in multiple sclerosis.

(A) In a normal myelinated axon, the action potential (dashed arrow) travels, with high
velocity and reliability, to the postsynaptic neuron. (B) In acutely demyelinated axons,
conduction is blocked (black bar). (C) In some chronically demyelinated axons that ac-
quire a higher-than-normal density of sodium channels, conduction is restored. (D) Ax-
onal degeneration, by contrast, interrupts action potential propagation in a permanent
manner. SOURCE: Waxman, SG, 1998.9° Copyright 1998 Massachusetts Medical Soci-
ety. All rights reserved. Reprinted with permission.

disability. Synapses are not formed onto axons, so that the excitotoxic theory of
neuronal death, which almost certainly applies to diseases of gray matter such as
stroke, may not play an important role in multiple sclerosis.3°

It is not yet known whether axonal injury is a consequence of demyelination,
or the immune processes underlying demyelination, or is an independent process.
There are some results suggesting that inflammation results in axonal damage in
MS.0:93 This provides an important angle for further investigation. Cytokines are
likely candidates as mediators of inflammatory-induced axonal damage, and their
possible role in MS should be investigated. Another approach is suggested by
demonstrations that ion channels and exchangers together form a “final common
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pathway” that can be modulated by neurotransmitters and that underlies axonal
degeneration after various insults.!3-23-26.91.92 Neuroprotective interventions can
preserve axonal function and integrity after acute insult in two ways. Axons can
be protected either by agents that block or modulate the various injurious ion
fluxes that occur during this molecular death cascade or by agents that interfere
with “downstream” degenerative events, such as activation of calpains and other
destructive enzymes.2+32.92

It is well established that axonal transection can trigger dramatic changes in
the neuronal cell body, but with a few exceptions, the effects of demyelination on
the neuronal cell body have not been examined. The available evidence suggests
that demyelination may produce significant molecular changes in the neuronal
cell body, including changes in gene activation.” Since these changes are likely to
interfere with neuronal function, they should be studied.

Details of the molecular mechanisms underlying various pathological
changes in neurons in MS remain to be elucidated. Rather than reflecting a
pessimistic scenario, recognition of neuronal changes in the “demyelinating”
diseases presents new therapeutic targets and opportunities. We know a lot about
injured neurons, including injured axons, and about how to alter their behavior.
Neuronal injury in demyelinating diseases is therefore not necessarily bad news.
More information about neuronal dysfunction in MS and related disorders might
provide inroads in the search for more effective therapies that will preserve
function in people with MS.

How Oligodendrocytes and Myelin Are Injured

Demyelination is the hallmark of multiple sclerosis, and it is also known that
oligodendrocytes degenerate in this disorder. Yet we still do not understand the
primary target of MS. Is it the oligodendrocyte or the myelin sheath it forms?
Much is known about the “death cascade” in neurons, which leads from initial
insults, via a series of molecular steps, to the ultimate death of the cell. Less is
known about the degenerative cascade in oligodendrocytes. Recent evidence
suggests that excitotoxic mechanisms, possibly involving glutamate acting via
AMPA/kainate receptors, may injure oligodendrocytes (Figure 5.2).47 (The
AMPA/kainate receptor is one of several glutamate receptors in the brain; it also
binds to kainic acid and AMPA.) If the details of mechanisms that injure oligo-
dendrocytes and axons were better understood, it might be possible to protect
oligodendrocytes, or their myelin sheaths, so that they are not injured in MS.

There is also the important question of whether oligodendrocyte progenitors
(stemlike cells that can give rise to oligodendrocytes with the potential to form
new myelin) are present within the adult brain. If they are, can these cells be
awakened or activated, so that they will, in fact, form new myelin in multiple
sclerosis? Evidence from animal models indicates that it is, in fact, possible to
promote remyelination by endogenous cells by exposing oligodendrocytes to
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various factors. If this could be accomplished in humans, it might be possible to
promote recovery of function in people with MS.

Astrocytes: Glial Cells Are More than “Glue”

Astrocytes are star-shaped glial cells that do not form myelin. They have
traditionally been viewed only as “scarring” elements in multiple sclerosis. Yet
there is evidence that these cells are much more complex than this. Astrocytes are
capable of presenting antigens and promoting T-cell proliferation, which indi-
cates that they might play a role in reactivation and regulation of inflammatory
process in the brain.>!646 They may play an important role in the etiopathogen-
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FIGURE 5.2 Possible role of AMPA/kainate receptors on neurons and glia. Activation
of T lymphocytes (in this case, a T lymphocyte reactive to the brain-specific loop of the
myelin protein, PLP [proteolipid protein]), macrophages, and resident microglia at the
site of inflammation in the white matter of the central nervous system causes release of
glutamate. The increased extracellular glutamate binds to AMPA/kainate receptors on
neurons and on oligodendrocytes. This leads to increased calcium fluxes and death of
oligodendrocytes and neurons. NOTE: MHC = major histocompatibility complex.
SOURCE: Steinman L, 2000.8° Reprinted with permission.
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esis of MS. More information is needed about the degree to which astrocytes can
serve as antigen-presenting cells and, if so, about the role they play in triggering,
driving, or amplifying the immune assault on myelin in MS.

The permeability of the blood-brain barrier reflects, to a major degree, the
tightness of the junctions between endothelial cells. Astrocytes are the brain cells
that are the nearest neighbors to these cells. Astrocytes send out “feet” that cover
much of the surface of the endothelial barrier cells. While astrocytes play a role in
brain permeability, this can be modified by many other factors, including a range
of inflammatory mediators secreted by leukocytes.!83 It is important to determine
whether it is possible to modulate the leakiness of the blood vessels that occurs in
multiple sclerosis by modifying the behavior of astrocytes.

It has also been suggested that astrocytes may play a role in axonal plasticity.
Although astrocytes do not generate action potentials and have classically been
considered “nonexcitable” cells, they produce sodium channels and insert them
in their membranes.”3 These astrocytic sodium channels have physiological and
molecular properties very similar (if not identical) to those of neuronal sodium
channels.*87

The role of astrocytic sodium channels is not known. Interestingly, astro-
cytes extend finger-like processes that contact sodium channel-rich parts of the
axon membrane, for example, at the node of Ranvier. It has been speculated that
astrocytes might serve as subsidiary sites for the synthesis of sodium channels,
which they donate to nearby axons, thereby helping to restore conduction.” The
last step in this hypothetical sequence, transfer of sodium channels from astro-
cytes to axons, has not been demonstrated however. Given the critical role that
sodium channels play in restoration of conduction in demyelinated axons and the
intimate spatial relationship that develops between astrocytes and demyelinated
axons, there is a need to understand the role of astrocytic sodium channels, and
thus of astrocytes, in MS.

Mechanisms of Recovery

The nervous system exhibits a remarkable degree of plasticity, and it seems
likely that reorganization at several levels, ranging from the molecular to the
circuit level, contributes to remissions.

Neuronal Plasticity at the Molecular Level

MS is unique among diseases of the brain and spinal cord in that many
patients display remissions, in which lost functions (such as vision, ability to
walk, tactile sensory function) are regained. Gaining a fuller understanding of the
mechanisms underlying remissions is important for several reasons:

First, even if a totally effective immunotherapy were to be developed tomor-
row, so that the immune assault on the myelin could be halted, 250,000 patients
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in the United States alone would be left with multiple sclerosis, and the disease
would have left its footprints on their nervous systems, along with resultant
neurologic deficits; if remissions could be induced in these patients, this might
restore function.

Second, very few neurological diseases exhibit the degree of functional re-
covery that is seen during remissions in patients with MS. Thus, remissions might
provide a unique model that could teach us important lessons about principles
underlying recovery of function after various types of assaults on the nervous
system. Although it has been demonstrated that, in principle, remyelination of de-
nuded axons within the brain and spinal cord can promote restoration of conduction,
this does not seem to provide a basis for remission in MS. There is, in fact, very
little remyelination within the core of the plaques that characterize this disorder.

Molecular Plasticity of Demyelinated Axons

Neurons are remarkably dynamic cells, and it has recently become clear that
even in the healthy nervous system, they are constantly rebuilding and retuning
themselves, so as to meet functional needs. There is a constant background turn-
over, for example, of ion channels including sodium channels and potassium
channels. Following injury to the nervous system, the magnitude and rate of
changes in channel deployment appear to be even greater.

It is now well established that conduction block occurs in demyelinated
axons, in part, because they do not possess an adequate number of sodium chan-
nels within the internodal (previously myelinated but denuded after demyelina-
tion) part of their membranes. Following loss of the overlying myelin insulation,
electrical current is lost through this sodium channel-poor membrane, and the
density of current through sodium channel-rich parts of the axon membrane falls.
As a result, the conduction of action potentials is impaired and, in some cases,
abolished.”® It has been well demonstrated in a number of animal models that in
some chronically demyelinated axons, the denuded axon membrane, however,
can acquire a higher-than-normal number of sodium channels, which is sufficient
to support conduction.!9-20.21.29.65 Experimental methods for demonstrating this
sodium channel plasticity require access to demyelinated tissue, and to date, most
demonstrations of this phenomenon have been confined to laboratory models of
MS. It would be useful, in the future, to develop methods for “sodium channel
scanning” that might permit the visualization of sodium channel plasticity in
humans. Now that nearly a dozen different genes for sodium channels with dis-
tinct molecular structures have been cloned (eight of which are expressed in the
nervous system), there is also the opportunity to study their promoter regions and
to learn about the molecular control mechanisms that regulate their synthesis.

The edge of the demyelinated plaque is a critical zone in that events there can
also contribute to remissions. Even if an adequate density of sodium channels is
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present in a demyelinated axon, conduction from the normally myelinated region
to the demyelinated zone must traverse a critical transition region where the
geometry of the nerve fiber changes as the myelin is lost. This produces a phe-
nomenon called “impedance mismatch,” which is well-known to electrical engi-
neers who study wires that have different properties at different points along their
course. To overcome impedance mismatch, there must be a mechanism for “im-
pedance matching.” This probably occurs, in some demyelinated fibers, as a
result of the production of short myelin segments at the juncture between nor-
mally myelinated and demyelinated parts of the axon.”” This is an elegant ex-
ample of impedance matching in the biological domain, but if it does not occur,
conduction will be blocked. Thus, it is important for us to learn how the myelin-
forming cell “knows” to form a myelin sheath of the appropriate length and to be
able to control this process.

Neuroplasticity at the Cell and Systems Levels

The concept of neural plasticity is varied but usually means a change in the
neural response. This change can include either increases or decreases in neural
responsivity, due to some modification of the environment, or in the input or
output of the neurons involved. After the occurrence of lesions in the central
(CNS) or peripheral nervous system (PNS), neurons display plastic changes in
response properties that can range from subtle to dramatic. Altered neural re-
sponses can occur quickly or progress over many years. For example, after a
long-term deafferentation of the nerve supply to the upper limb (several years) or
after amputation, neurons in the primary somatosensory cortex that normally
responded to the missing arm discharge after stimulation to the face.”*77-7 This
phenomenon reflects a substantial reorganization in the response properties of
neocortical neurons distributed over many millimeters (a long distance in cortex)
and is not seen after shorter periods of deafferentation. A quicker alteration in
neural organization can be seen in patients with syndactyly.®* Before surgery to
separate their fingers, maps of primary somatosensory cortex showed an abnor-
mal organization, with the representation of all fingers focused in a restricted
cortical site. After surgery, a rapid reorganization of the finger representation
occurred so that the digits were more normally distributed across the somatosen-
sory cortex. Whether the changes after a lesion occur rapidly or over long periods
of time, neurons acquire the ability to respond to stimuli that were previously
ineffective in producing a response.

Recent evidence suggests that neural reorganization might also contribute to
recovery from MS relapses. An MRI study of a group of seven MS patients
showed that their patterns of neural activation were altered after they had recov-
ered from a single episode of optic neuritis.'%? Visual stimulation of the recovered
eye activated various areas of the brain that do not normally respond to visual
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stimulation (lateral temporal and posterior parietal cortices, thalamus, and insula-
claustrum), whereas stimulation of the unaffected eye showed normal activation
patterns.

In relation to MS, the question is, How do neurons change their responses in
the presence of lesions, and how can the potential for positive neuronal change be
harnessed to promote restorative recovery of function? Although the lesions in
MS are clearly related primarily to glial cells, it is now accepted that axonal
damage accompanies the lesions, which will impact on neural function. Pre-
sented below is a synopsis of the more commonly accepted manifestations of
neural plasticity and ideas about the mechanisms that may underlie their occur-
rence.

Changes in the Balance of Excitation and Inhibition. Neuroplastic changes
can occur within minutes or can evolve over extended periods of time, from
weeks to years. In many instances after an acute lesion, neurons at different levels
of the CNS quickly alter their responses so that cells previously responding to a
restricted region on one side of the body can expand their responsiveness dra-
matically to include input from widespread regions, including the contralateral
side.!3 One idea underlying the rapid changes is that they occur so quickly that
only an immediate alteration in the balance of excitation and inhibition can
account for the new level of activity. These changes are often referred to as an
“unmasking” of responses, due to removal of a suppression or excitation, allow-
ing a new type of activity to emerge. A delicate balance exists between excitatory
and inhibitory inputs so that if a component is removed from the equation, a new
response capability emerges rapidly. Several dramatic examples of these types of
changes appear in reports dating back decades. One classic example is a study in
which reversible blockade of the dorsal columns at a level in the spinal cord
receiving input from the leg revealed neuronal responses to stimuli of remote
parts of the body including the abdomen, which would not normally activate
these neurons. After the blockade was removed, the neural responses returned to
normal.®3 The unmasking of latent responses suggests the existence of dormant or
normally suppressed pathways that might be tapped for functional restoration.
More recent studies report that subtle and experimental alterations in the balance
of excitation and inhibition can produce changes in receptive field organization
and in motor behavior. For example, small injections of GABA, (gamma-
aminobutyric acid) agonists into motor cortex, which increase inhibition, result in
severe incoordination and deficits in motor dexterity of primates, suggesting the
necessity of proper inhibition for smooth and coordinated movements.3*

Relatively longer-term changes after cortical lesions, which reflect contin-
ued alterations in the balance of excitation and inhibition, include hyperexcitabil-
ity of neurons accompanied by enhancement of receptors known to mediate long
term excitation of a subset of glutamate receptors (NMDA [N-methyl-p-aspar-
tate] receptors), and downregulation of GABA , receptors.®® Numerous triggers
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for functional reorganizations of maps, primarily in the cerebral cortex, have also
been reported over the past several decades. Maps can be altered after minor
(practice at a skill) to major (removal of an input, such as blindness) changes in
system inputs. Over time, the altered properties of neurons continually refine to
result in neuronal representations that reflect numerous factors, including the
ensuing experiences of the patient or subject.

Changes in Synaptic Strength. At its most elemental, the concept underly-
ing altered synaptic strength is that a stimulus that previously elicited a relatively
small neuronal response, now elicits a larger response, or an even smaller re-
sponse. Several mechanisms for such a change have been proposed. One is activ-
ity dependence, in which the output of a given cell depends on both the quantity
and the quality of the input. Much of this notion stems from the pioneering work
of Hebb,3” who postulated in 1949 that synaptic strength can be increased when
neurons receive inputs that are temporally or physically correlated (reviewed in
1998 by Buonomano and Merzenich!?). Understanding the mechanisms under-
lying synaptic strength has been approached experimentally through the phenom-
ena of long-term potentiation (LTP) and long-term depression (LTD). These
processes were first identified in the hippocampus but have since been identified
in many other loci of the CNS, including the cerebral cortex (reviewed in 1999 by
Malenka and Nicoll®°). Researchers initially observed that stimulation of afferent
fibers in the hippocampus at a specific frequency resulted in a long-lasting
enhancement of postsynaptic cell activity. Similarly, LTD can be elicited by a
reversal of the neural mechanisms producing LTP. The mechanisms essential to
LTP production are too numerous to consider in depth here. Several conditions
are considered fundamental to the implementation of LTP; these include post-
synaptic activation of NMDA receptors and subsequent inflow of calcium into
the cell.

Although the experimental procedures that produce LTP may not be physi-
ological, since the stimuli used are generally of a higher frequency than that
normally active in the CNS, many researchers agree that a similar phenomenon
may produce plastic changes in neural responses. For example, rats trained in a
motor task subsequently display increased field potentials in the motor cortex,
which are reminiscent of the electrophysiological enhancements occurring in
LTP.8! In a different paradigm, cellular conditioning can be produced in visual
and auditory cortex, by pairing a given cell’s preferred stimulus with a decrease
in activity and a nonpreferred stimulus with an increase in activity by manipulat-
ing current injected into the cell. This procedure also results in a change in
synaptic strength because the conditioned cell often responds to the nonpreferred
stimulus.'?

Changes in Morphology of Neurons-Axonal Growth or Sprouting. Many
types of CNS lesions result in morphological changes, particularly axonal growth
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or sprouting. Such changes have been observed after lesions in multiple regions
and levels of the CNS, without further special treatment. The possibility of ax-
onal regrowth obviously represents a potentially important mechanism for repair
in MS. Although it has long been known that substantial morphologic reorganiza-
tions of major fiber tracts occur in young animals in response to central or
peripheral manipulations, such dramatic patterns of regrowth do not occur in
adults. For nearly half a century, however, evidence has accumulated reporting
that various levels of the adult CNS attempt self-repair, which is difficult to
correlate with changes in function (see, for example, Chambers et al.!#). More
recently, studies find that at specific levels of the nervous system, structural
changes in response to specific deprivations or lesions occur in adults, which
correspond more clearly to alterations in functional responses (see, for example,
Kossut and Juliano**). For example, the ability to display morphologic reorgani-
zation appears impossible for thalamic axons terminating within the neocortex
after a certain critical period, whereas structural reorganizations at the level of the
neocortex itself continue to occur into adulthood.” These observations encour-
aged researchers to search for properties present in young brains that allow ax-
onal growth and for properties in adult brains that inhibit axonal reorganization.
Several potential molecules and genes have been identified on both sides, and
their capacity is beginning to be exploited. For example, growth factors are
important molecules that appear to encourage axonal growth. The support of
these molecules is withdrawn as the CNS develops. More detail about this family
of neurotrophic and gliotrophic molecules is given in other sections. On the other
side, proteoglycans such as chondroitin sulfate are molecules that appear to block
axonal growth and may prevent successful attempts at reorganization.’18:27

In summary, all the manifestations of neural plasticity described above hold
the potential to be harnessed for recovery of function in diseases such as MS.
More than likely, they are interdependent, so that the long-term changes, such as
those occurring after amputation or deafferentation, may reflect sprouting or
axonal growth, whereas the more quickly occurring reorganizations may reflect
unmasking of responses due to a change in excitatory and inhibitory balance.
Furthermore, structural alterations, such as local sprouting, may result from the
changes in synaptic strength that occur during normal or repetitive stimulation.
Another point to consider is that some manifestations of plasticity may be func-
tionally maladaptive. For example, after long-term amputations the massive cor-
tical reorganization that occurs may not be helpful to function. Other types of
axonal sprouting have also been reported to result in impaired behavior.?¥ In
relation to MS, it is possible that attempts at sprouting or axonal growth may
contribute to a pattern of paresthesias or other dysesthesias that occur. On the
other hand, it is likely that the redistribution of the finger representation that
occurs after surgery to release individual digits in patients with syndactyly, will
present as a positive functional change. It is important to distinguish the mecha-
nisms responsible for alterations in functional responses and to harness their most
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useful components, whether axonal growth or modification of excitation and/or
inhibition.

IMMUNOLOGY

MS appears to result from an autoimmune attack against myelin initiated by
autoreactive T cells (see Chapter 2). However, there is no formal proof of an
immunopathogenesis of MS. The classic experiment to reproduce the disease by
transferring autoreactive T cells from affected to unaffected individuals is not
ethically permissible in humans.

There are, however, reasons to suspect that MS is not a “pure” T-cell autoim-
mune disease. In animal models, T cells are able to cause autoimmune inflamma-
tion, but they are unable by themselves to create large-scale demyelination, the
hallmark of the MS plaque.*® Demyelination, however, is produced by the addi-
tion of B-lymphocyte-derived autoantibodies, which then bind to the surface of
myelin sheaths or myelin-forming oligodendrocytes. Both T cells and B cells are
needed to produce demyelination in these animal models.

To determine how MS lesions are generated, it is essential for future research
to sort out the precise roles of T cells, B cells, their target antigens, and other
immune mechanisms. Greater understanding of immunopathology is pivotal for
identifying new molecular and cellular targets for treatment. One key question is,
Which cells are the actual pathogenic effector cells in the disease? Newly identi-
fied effector cells become candidates for immunospecific therapy.

Finally, the destruction of axons in MS lesions has gained attention, but how
this destruction occurs is unknown. It remains unclear whether axons and the
neuron cell bodies from which they extend are damaged by direct attack by CD8+
cytotoxic T cells, by other activated immune cells (microglia or macrophages),
by soluble mediators of cytotoxicity, such as those contained in cytotoxic gran-
ules (for example, perforin and granzymes), or by cytokines and neurotransmit-
ters. Axons and neuronal cell bodies can be induced to express MHC class I and
thus, in principle, could be recognized by cytotoxic T cells (CTLs). Neurons can
also be damaged by perforin released from cytotoxic T cells,3”-¢! but the potential
target autoantigen and the mode of autoimmune attack remain completely un-
known. Experimental systems for studying neuronal injury in MS will have to be
developed further to answer these questions.

Identification of Pathogenic T Cells

Studies in healthy humans and primates have shown that peripheral blood
lymphocytes normally contain numerous T-cell clones that are autoreactive to
myelin antigens.>®70.72 More importantly, two studies showed that some, but not
all, of these myelin autoreactive T cells isolated from healthy primates have the
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potential to induce experimental autoimmune encephalomyelitis (EAE) upon
transfer.31.62

As a consequence, assays must be developed for the identification and enu-
meration of pathogenic—as distinguished from merely autoreactive—T cells in
the blood of MS patients. One possible approach is the construction of “human-
ized” animal models to allow monitoring of the pathogenic potential of individual
T-cell clones. These could be transgenic rodents with a suitable complement of
human immune genes> or immunodeficient mice carrying human tissue grafts
serving as targets for potentially autoaggressive T cells. (Autoreactive T cells
recognize an autoantigen but do not necessarily attack the autoantigen-presenting
cells; an autoaggressive T cell is autoreactive, and, at the same time, will attack
the autoantigen-presenting cells.) Alternatively, tissue culture systems could be
developed to assess autoaggressive T-cell potential. Any technique that allows
the identification of pathogenic T cells would provide a surrogate marker for
assessing therapeutic efficacy.

Direct Visualization of Autoantigen-Specific T Cells

Myelin autoreactive T cells have been identified in the peripheral blood or
the cerebrospinal fluid (CSF) of MS patients using microculture techniques.’%72
These techniques allowed the isolation and characterization of T-cell clones reac-
tive against a variety of brain autoantigens. However, comparable clonal yields
were found in the blood of MS patients and healthy donors. Unfortunately, clon-
ing assays do not provide a reliable estimate of the absolute number of auto-
reactive T cells present within a particular blood sample, and they are of limited
use in estimating fluctuations of brain-specific T-cell clones in MS patients over
time.

Additional methods are required to correlate disease activity with the num-
ber of recirculating autoimmune T cells. These may include the use of recombi-
nant MHC class II proteins complexed with autoantigenic peptide epitopes. These
complexes resemble the MHC-peptide complexes formed on the surface of an
antigen-presenting cell and therefore are bound to a specific T-cell receptor.
Myelin basic protein (MBP) specific, class Il restricted CD4 T cells, for example,
bind recombinant complexes of appropriate MHC class II and peptide to their
membrane receptors, and this binding can be visualized by fluorescence staining.
The number of antigen-specific T cells can thus be quantified by cytofluorometry.

Recombinant MHC class I-peptide complexes have been used successfully
to monitor the dynamics of T cells in microbial infection.> Complexes of class II
with suitable peptide are now available.!> To be of use in MS, complexes have to
be tailored to contain both individual class II proteins (for example, those of the
DR, DQ, or DP subclasses) and autoantigenic peptides suspected to have a role in
the development of disease in a particular patient. Similar approaches, along with
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intracellular cytokine determination, ELISPOT (Enzyme-Linked ImmunoSPOT,
an assay used to enumerate individual cytokine-secreting T cells), and T-cell
receptor spectratyping technologies, will be of use in determining the number of
T cells responding to altered peptide ligands and predicting their therapeutic
effect in an individual.

Identification of Target Autoantigens

For many years, it was assumed that MBP was the dominant, if not the only,
myelin autoantigen in EAE and perhaps in MS. Later it became clear that numer-
ous other CNS proteins, myelin or nonmyelin, can serve as targets of T-cell-
mediated EAE. The ever-growing list of candidate autoantigens includes proteo-
lipid protein (PLP), heat shock proteins, myelin oligodendrocyte glycoprotein
(MOG), myelin-associated oligodendrocyte basic protein (MOBP), and S100b—
a calcium-binding protein produced by astrocytes.

However, recent evidence indicates that not all autoantigens are equal: the
antigen specificity of T cells may mediate EAE syndromes of different lesion
locations, and different degrees of inflammation and clinical severity.® For ex-
ample, T cells specific for MBP often mediate highly aggressive EAE in rodents,
with lesions dominated by activated macrophages. In contrast, MOG- and S100b-
specific T cells often induce huge infiltrates composed mainly of T cells, but with
only marginal neurological deficits.

It will be critically important, therefore, to identify all CNS autoantigens that
can act as targets in MS and then to determine if there is a dominant autoantigen
in individual patients and whether there are differences in clinical presentation
with different principal autoantigens. Different autoantigens might predominate
in different people because of individual variation in T-cell repertoire or in ge-
netic makeup, or they might vary with different stages of disease. The signifi-
cance of different CNS autoantigens is not yet known.

At present, the repertoire of strategies and technologies to determine poten-
tial target autoantigens is limited. Phage display technology refers to the insertion
of a mutation at an appropriate location within the gene of a virus, resulting in the
display of a mutation-encoded peptide on the surface of the virus.82 Large-scale
growth of the viral particle results in a library of peptides that are physically
linked to the encoded DNA, allowing for identification of a single peptide, whose
presence has been increased with the help of viral replication. Phage display
libraries have been used to directly test potentially binding target autoantigens of
B-cell-derived autoantigens.!” In the case of T cells, which recognize peptide
segments embedded in suitable MHC class I or class II products rather than
native proteins, modified approaches must be developed. One example is the
screening of large-scale libraries of synthetic peptide variants, which implies
laborious determination of T-cell responses in multiple microcultures.3® In any
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event, identification of autoantigens is crucial for designing more powerful and
specific immunomodulatory therapies.

Triggers of Autoimmune Attack

Studies of T-cell-mediated models of EAE have shown that brain-specific T
cells are able to mediate EAE only when transferred directly after activation.
However, the mechanisms that lead to the activation of an autoreactive T-cell
population can be diverse. They can include presentation and recognition of the
nominal antigen, as well as erroneous recognition of structurally similar micro-
bial protein components (“mimicry”’), microbial “superantigens,” or global T-cell
mitogens (such as phytohemogglutinin [PHA] and concanavalin A [ConAl]).!100
T-cell mitogens activate lymphocytes by binding to carbohydrate components of
T-cell receptors, which they do independently of antigens. They are thus “poly-
clonal” activators, because they activate many, if not all, T-cell clones at the same
time.

Microbial factors can be critical in triggering an autoimmune attack. Indeed,
in one model of transgenic mice with MBP-specific T-cell receptors, EAE devel-
oped only in animals exposed to a heavy microbial load, while unexposed mice
remained healthy.3* However, the further course of the autoimmune disease in-
volves regulatory controls inherent in the immune system. Evidence for self-
regulatory T cells has been identified in several transgenic EAE models. An early
study pointed to CD8+ T cells,*3 while more recent work showed that CD4+ T
cells could prevent spontaneous exacerbations of EAE.® In future MS research it
will be important to identify precisely the self-tolerogenic regulatory T cells
(especially of human equivalents), and to determine their mode of action and the
location of the regulatory interactions. Regulatory T cells, also known as “sup-
pressor cells,” downregulate ongoing immune responses against self- or foreign
antigens. Although the nature of these cells is still incompletely understood, they
are important in fine-tuning the immune response. Certain regulatory cells might
recognize peptide antigens, whereas others act independently of antigens. The
entire field of regulation and suppression is still subject to debate.

Although it is likely that downregulation of autoimmune responses takes
place in the immune tissues, the location of T-cell activation, for example by
exposure to autoantigen, is less established. The development of local lesions in
the CNS means of course that the autoantigen must be presented locally in the
CNS. However, additional events, such as export of autoantigen via macrophages
or dendritic cells warrant consideration. This possibility has recently received
further attention because of the demonstration that dendritic cells preferentially
engulf apoptotic parenchymal cells (such as oligodendrocytes), and then “home”
to immune organs where they present their antigenic load to specific T cells.?®
The expansion of target epitopes, or epitope spreading, observed in some (but not
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all) models of EAE might involve presentation of autoantigen by dendritic cells.
Thus, one hypothesis is that dendritic cells engulf apoptotic brain cells, then
migrate out of the CNS into the peripheral immune system (lymph nodes), where
they present protein components of these engulfed cells as autoantigens to spe-
cific autoreactive T cells. Such spreading of an autoimmune response might
cause a relapse or exacerbation of the clinical disease.

Clarifying the Role of B Cells and Antibodies

New emphasis is being placed on the role of B cells in MS. Upon transfer of
T cells, most animal models display the inflammatory changes seen in the active
MS plaque, but importantly, they do not exhibit large-scale demyelination. In
rodent EAE, fully demyelinating, plaque-like lesions have been created by co-
transferring autoimmune T cells along with autoantibodies bound to the surface
of myelin, or oligodendrocytes, or both. These studies heralded MOG as a promi-
nent target autoantigen for demyelinating autoantibodies (and B lymphocytes,
implicitly).*® The pathogenic role of antibodies to MOG was spotlighted by a
recent study that found MOG-specific antibodies bound to myelin debris in active
lesions in people with MS.30

These findings, along with evidence of antigen-driven clonal expansion of B
lymphocytes in the MS brain,’® urge new investigations into the physiological
and pathological roles of B cells in inflammatory demyelination. Such investiga-
tions could include suitable transgenic experimental models with demyelinating
B cells,’" the development of technologies allowing the establishment of antigen-
specific B-cell lines, and B-cell receptor grafting techniques, which have been
successfully used in studies of T lymphocytes.!® Further, these new approaches
would be of help in learning more about the role of autoantigen-presenting B cells
in inducing T cells toward a pro-inflammatory (Th1) or anti-inflammatory (Th2)
cytokine-secreting phenotype.

Neurotoxic T Cells

As discussed earlier in this chapter, axonal damage is a common feature of
the MS lesion and it appears to be responsible for brain atrophy and long-term,
irreversible neurological deficits, although the mechanisms leading to neuronal
damage are unknown. Two recent reports described a protective effect of gluta-
mate receptor antagonists in preventing destruction of myelin and axons in mouse
models of EAE.3%73 These observations are possibly related to the earlier discov-
ery that neuroreactive T cells profoundly interfere with the electrical conductance
of axons in optic nerve explant cultures, a process requiring histocompatibility
between lymphocytes and CNS tissue.!%* In addition, cytotoxic CD8* T cells are
able to kill neurons by release of perforin, possibly also a process involving
glutamate cytotoxicity.>’
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Clearly, the new field of T-cell neurotoxicity will require much attention.
The conditions of antigen presentation by neurons must be better understood, and
there are important deficits in our knowledge of the mechanisms by which T cells
mediate damage to neurons.

Importantly, it now appears that neurons are by no means just passive targets
of immune destruction. It has become apparent that neurons have an essential role
in regulating immune reactivity within the CNS. Intact neurons efficiently sup-
press the induction of immunologic molecules (MHC products, as well as hu-
moral mediators), not only in surrounding glia cells but also in the neurons
themselves. Nerve growth factor seems to be one mediator involved in this regu-
lation.%” Conversely, areas with failing neuronal function preferentially attract
immune cells and favor local inflammatory responses, as in Alzheimer’s disease
and other cases of neurodegeneration.

Research into the interactions between neurons and immune cells thus may
shed light on the generation of MS lesions and generate new therapeutic targets.

Gene Expression in MS Lesions: Microarrays and Proteomics

Thus far, most explorations of autoimmune interactions have relied either on
global, morphological descriptions of CNS lesions or on the study of isolated cell
cultures. Both approaches have quite narrow technical limits. More recently,
techniques are emerging that allow direct and detailed investigation of the cellu-
lar microenvironment in situ. They combine the advantages of in vitro and in vivo
approaches.

One example is the isolation of single cells from tissue sections followed by
exploration of the expressed genome using microarrays.>* This new technology,
also known as gene chip technology, can profile gene expression patterns for
thousands of genes simultaneously. Microarrays, especially if combined with
biological markers,?8 may lead to better understanding of cell-to-cell interactions
in MS CNS lesions. Microarrays are useful to identify and quantify genes in-
volved in a response—but the actual function of these activated genes must be
verified via functional tests.

Another emerging technology to be used in determining disease-related
changes in the CNS and immune organs comes from proteomics. In contrast to a
global genetic approach, proteomics uses microtechniques to first separate protein
units of a particular tissue (or cell populations) and then identify these molecules
by microsequencing methods. Proteomics yields information about protein con-
centrations and posttranscriptional chemical modifications, neither of which can
necessarily be predicted on the basis of mRNA expression via microarrays. Thus,
proteomic approaches are the ultimate tool to characterize the expressed gene
repertoire.
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Therapeutic Perspectives

Initial strategies to design immunotherapies were aimed at physically elimi-
nating, or functionally blocking, pathogenic T cells. One such strategy, vaccina-
tion, was tested as a possible approach to activate immunoregulatory mechanisms
that could suppress the autoimmune T-cell response. Vaccinations with inacti-
vated, “mitigated” autoreactive T-cell lines> or peptide segments representing
their antigen receptors were tested.”* There have also been attempts to “blind-
fold” pathogenic T cells, for example, by injecting either peptide antagonists that
bind to restricting MHC loci or soluble MHC class II proteins complexed with
autoantigenic peptide.

More recently, researchers have attempted to modify the pathogenic poten-
tial of autoreactive T cells by exposing them to altered peptide ligands. Under
optimal conditions, they may reeducate the T cells to produce anti-inflammatory
cytokines instead of their natural pro-inflammatory products. However, it is not
clear whether these T-cell modulatory therapies will work. Although such treat-
ments may benefit some patients, they might aggravate the disease in others. As
pointed out earlier, diagnostic tests allowing the exact monitoring of immune
status will be indispensable to safe application of these approaches.

A more radical therapy uses brain-specific T cells merely as vehicles to
transport therapeutically effective transgenes through the endothelial blood-tissue
barrier into the brain. For example, recombinant plasmid DNA and retroviruses
have been used to express genes for neurotrophins or anti-inflammatory
cytokines.*3-3%:85 This approach must be tailored for each individual patient be-
cause it requires the isolation and engineering of T-cell clones from that patient.

Cytokines in MS

Cytokines are intercellular signaling proteins produced by cells of the im-
mune system and CNS. They are involved in various aspects of disease pro-
cesses, including altering the permeability of blood-brain barrier, recruitment of
inflammatory cells, cytotoxicity, but also stimulating repair processes.

Blood-Brain Barrier Permeability

MS is characterized by significant infiltration of leukocytes into the CNS.
Normally, the CNS is protected from leukocyte infiltration by the blood-brain
barrier. This barrier consists of a layer of specialized endothelial cells, that are
interconnected by tight junctions and foot-like projections of astrocytes, and it is
responsible for the brain’s “immunoprivileged” status. Only some highly acti-
vated lymphocytes pass through the resting blood-brain barrier. Among these are
the freshly activated MBP-specific T cells that initiate the pathological processes
culminating in EAE.!0!
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After T cells reach and recognize their CNS targets, they become activated,
thereby triggering a complex series of inflammatory events that enhance the
permeability of the blood-brain barrier. The mediators of this complex process
are pro-inflammatory cytokines (for example, interleukin-1 [IL-1] and tumor
necrosis factor-o [TNF-at]) and chemokines produced and released locally within
the CNS by activated glia cells (also by endothelial cells).?® As a consequence of
their release, endothelial cells acquire a new set of cell adhesion molecules, to
which recirculating lymphocytes and monocytes adhere in order to gain access to
the CNS. One adhesion molecule is VCAM-1, which binds to the receptor, VLA-
4, that is expressed on activated lymphocytes and serves as a signal to recruit
activated lymphocytes into the brain. In EAE, the interaction between endothelial
cells and lymphocytes leads to a massive invasion of inflammatory cells into the
CNS, a process that results in a general permeabilization of the blood-brain
barrier. Leukocyte enzymes, including matrix metalloproteinases and glycosi-
dases, digest the extracellular blood-brain barrier matrix, including the basement
membrane, thereby loosening the inter-endothelial junctions.33 The critical im-
portance of adhesion molecules and chemokines has been demonstrated in animal
models in which immunization with antibodies against adhesion molecules and
chemokines prevented the onset of EAE.#! Other cytokines, such as transforming
growth factor-f3 (TGF-B) and IL-10, might be involved in reversing the process of
blood-brain barrier permeability.

It is well established that the blood-brain barrier becomes more permeable
during inflammatory attacks in MS, yet the cytokines, chemokines, and other
molecular mechanisms underlying enhanced permeability are just beginning to
be defined.?3 Greater understanding of key events that initiate blood-brain barrier
permeability and trafficking of immune cells into the CNS may lead to means for
preventing the development of MS lesions or controlling the degree of inflamma-
tion once an MS attack is in progress. Fresh experimental and clinical studies are
required to identify the best therapeutic targets.

Cell-Cell Interactions in Inflammation

In the active MS lesion, cytokines appear to be responsible for recruitment of
inflammatory cells, astrocytes, and microglia into the inflammatory process by
causing their migration, proliferation, and activation. Production of TNF-q., IL-1,
and interferon-y (IFN-y) for instance, has been implicated in the production of
EAE in rodents and in the progression of MS. Other cytokines that have been
demonstrated to be elevated in MS patients also possess anti-inflammatory prop-
erties. These include TGF-B, IL-6, IL-4 and IL-10. In EAE models, administra-
tion of IL-4, IL-10, TGF-B, or IL-13 can ameliorate clinical and histological
disease by downregulating aspects of the inflammatory response.
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Cytotoxicity

Cytokine signaling contributes to cell dysfunction and death by inducing
antibody and complement production, direct activation of cell death signaling
pathways, and induction of antigen-presenting class II MHC molecules on both
glial and inflammatory cells. Cytokine signaling also contributes to the genera-
tion of toxic intermediaries such as hydrogen peroxide and nitric oxide in mac-
rophages, glia, and astrocytes. Direct toxicity of cytokines to oligodendroglial
cells has not been convincingly demonstrated.

Induction of Restorative Processes

Paradoxically, several cytokines can also induce what can be considered
protective, restorative, or reparative processes in the brain. Several cytokines,
including IL-6, TGF-p, and ciliary neurotrophic factor (CNTF), both protect and
support the proliferation of oligodendroglia. Pro-inflammatory cytokines, such as
IL-1, perpetuate lesion production, yet they also induce the production of counter-
regulatory cytokines that dampen the immune response and stimulates the pro-
duction of neurotrophic factors. For example, TGF-f is a potent chemotactic
factor for inflammatory cells, yet it also inhibits aspects of immune function. It is
also an important differentiation factor for oligodendrocytes. It is thus vital to
understand the precise temporal patterning of cytokine release, interactions, and
responses, as well as the nature and localization of cytokine receptors and the
specificity of intracellular signaling pathways that they command. The precise
roles of various cytokine and cytokine-related molecules in dampening the in-
flammatory process and initiating restorative mechanisms in the MS plaque is a
fertile area for future research.

Cytokine Production as a Systemic Marker of Disease Activity

Cytokine levels and the production of cytokines by circulating peripheral
blood cells have reportedly been increased in MS patient sera and CSF. Increased
TNF levels have been observed in the prodromal period before an attack, but they
do not correlate with disease activity as shown by MRI. Careful, prospective
longitudinal profiling of cytokine activity in the periphery may give clues to
predict the pattern of disease activity in patients.

Cytokines and Cytokine Antagonists as Therapeutic Agents

The demonstrated utility of beta-interferon in the clinical management of
MS is presumably due to its ability to downregulate inflammatory cytokine activ-
ity and perhaps to enhance the activity of anti-inflammatory cytokines such as IL-
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10. Other anticytokine approaches have not yet proven their utility. Agents with
promising results in animal models (for example, IFN-y and anti-TNF, which are
effective in EAE models) have not been successful when tested in humans with
MS. Many cytokine-based strategies are currently under development. There are
currently no cytokine-based strategies other than the use of corticosteroids, which
appear to alter the course of individual MS attacks. In the absence of completely
effective disease course-modifying agents, the availability of anticytokine thera-
pies with the ability to interrupt the acute disease process would be desirable.

IDENTIFICATION OF INFECTIOUS AGENTS IN MS

Standard and conventional approaches to the isolation of pathogens in MS
have failed to find any consistent and convincing result. For this reason, it seems
appropriate to pursue new directions with respect to the identification of an
etiologic agent. These approaches should pursue cultivation-independent meth-
ods primarily involving the identification of genomic information relevant to the
pathogen. The methods include polymerase chain reaction (PCR), differential
sequence analysis based on subtraction or display, and sequence screening using
the host immune response. These new directions are especially attractive since
the powerful methods that will be employed in these studies have not yet been
applied to investigations of MS tissues in any concerted and organized way.

One method of differential sequence analysis, representational difference
analysis, has recently been used successfully to identify a new pathogenic herpes-
virus in Kaposi’s sarcoma. Representational difference analysis employs PCR to
amplify DNA fragments that are present in the diseased tissue, but not in healthy
tissue from the same patient. The identification of even a small amount of se-
quence information may be sufficient to characterize the agent.

In addition, it might be valuable to probe tissues for transcription expression
profiles that are associated with particular pathogens. This will involve microchip
array approaches.

The use of phage display libraries as a screen for the antigenic target of
oligoclonal immunoglobulin G (IgG) is a valuable method, however, there may
be problems interpreting these studies. The antigenic targets of the oligoclonal
IgG may be merely a result of immunodysregulation rather than relevant from an
etiological point of view.

Methods similar to those used to probe the antigenic target of oligoclonal
IgG can be used to identify the antigenic targets of T cells that are present in the
MS brain. The results are more difficult to interpret in the case of T cells than B
cells, since the antigenic targets that are identified in the case of the T-cell target
epitopes might have little sequence identity with the actual sequence of the anti-
gen within the MS brain.!% Isolation of peptides from human leukocyte antigen
(HLA) class I molecules followed by purification and Edman sequencing or mass
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spectrometry should also be valuable as a means of identifying cytolytic T-cell
epitopes. In some situations, however, the application of these techniques can be
time-consuming and problematic because of the complexity and low abundance
of the epitopes presented.

IDENTIFICATION OF DISEASE SUBTYPES

Identification of specific biologic or surrogate markers that characterize each
of the different disease subtypes will help determine whether the different disease
subtypes represent distinct entities or are, instead, a spectrum of single patho-
genic disorders. If the latter is true, it will be important to determine what modi-
fies disease expression. The identification of markers of disease phenotype would
also permit one to identify these forms prior to full clinical expression and to
determine the effectiveness of therapy.

Improved identification of different disease subtypes could be derived from
clinical observations, neuroimaging, and genetic or acquired biological markers.
The biological markers to be considered would include those related to products
of the immune system (immunological) and products of the nervous system (neu-
robiological). The latter could reflect tissue injury or repair.

Clinical Data Collections

Organized clinics focused on MS have been in existence for more than 25
years. Most have attempted to adopt standardized measures to document neuro-
logical status, clinical disease course, and occurrence of clinical relapses. Na-
tional and international clinical databases have been and continue to be devel-
oped (EDMUS in Europe, Costar in Canada). No one uniform database has been
adopted, although measures of neurological disability have become standardized.
Emerging data from these databases are providing important information on the
relation between early clinical patterns of disease and subsequent disease course.
The overall scope of existing databases in different regions of the world remains
to be documented. Comparative studies would help confirm observations already
reported and identify regional differences (see also discussion of data registries in
Chapter 6).

Neuroimaging

In the context of disease heterogeneity, one would wish to know whether
lesion frequency and topography as defined by current MRI techniques correlate
with specific clinical or pathologically defined disease phenotypes. MRI studies
indicate that single clinical episodes have markedly different prognoses with
regard to recurrent disease, depending on the presence or absence of multifocal
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lesions. Further data are needed to define the imaging correlates of either human
cases of MS or animal demyelinating models with distinct pathologies. Neuro-
imaging could facilitate the classification of patients with regard to their progno-
sis and the identification of subgroups of patients that would respond best to
different treatment strategies. If patterns of neuropathology revealed by neuro-
imaging could be linked to biochemical, immunological, or genetic markers, it
might become possible to understand the variation among patients in the clinical
course of their disease. In general, neuroimaging should play a critical role in
bridging the gap between understanding the underlying biological mechanisms of
the disease and the resulting damage to the brain and spinal cord.
New methods in neuroimaging are described in a later section.

Biological Markers

One would like to develop markers that reflect or serve as surrogates for the
actual biology of the disease process. We do not yet know what the critical
biological mediators of the disease process are. One would have to establish
whether such markers also serve as surrogates for the clinical disease course.

The interpretation of measures of biological markers during clinical trials
can be complex. One could theoretically derive the following during a clinical
trial with a new agent (Table 5.1).

Genetic Markers

Specific genetic markers are covered in greater depth in Chapter 2. Genes
related to immune function are candidate markers of disease susceptibility or
progression. Precedent exists in animals for the importance of genes regulating

TABLE 5.1 Hypothetical Results of a Clinical Trial

Clinical
Response Biological Marker Implications
Positive Correlates with One would still have to determine whether there is a true
clinical response cause-effect relation, but such a result would encourage
seeking more selective agents that act on this marker
Positive Does not correlate No conclusion is possible
with clinical
response
Negative Altered by therapy Biological marker is not central to the disease
response
Negative No change No conclusion
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blood-brain barrier permeability and antigen presentation within the CNS. In the
EAE model, disease susceptibility and disease course are highly dependent on
which mouse strain is studied.

Acquired Markers

One has to consider both what to measure and from which body compart-
ment one can obtain the necessary samples to perform the measure. The site of
injury in MS, namely the CNS tissue, is not routinely available for clinical cor-
relative-type studies. The CSF is considered to more closely reflect events that
occur in the CNS than does the peripheral blood compartment, but it is also not
readily available, especially for serial analyses.

Immunologic Markers

The most accepted postulate regarding MS pathogenesis is that the disease
process is initiated by autoreactive T cells that migrate from the systemic com-
partment into the CNS. The status of the overall immune environment may be a
critical factor in determining the extent and persistence of the initial response. As
the disease evolves, this initial immune response may expand to involve addi-
tional antigens (determinant spreading). The actual effectors of tissue injury could
involve a wide array of immune mediators derived from the adaptive (o, T cells,
antibody) and innate (macrophages, NK [natural killer] cells, y0 T cells) immune
systems.

Immunologic markers would be relevant in MS with regard to defining a
disease-related antigen, that is, identifying the presence of a T-cell or B-cell
population in MS patients that reacts with a candidate disease-relevant antigen,
and demonstrating ongoing immune activation or altered immune regulation that
contributes to autoimmunity.

T-Cell-Related Markers

The molecular events associated with antigen presentation, cell activation,
and migration have increasingly been defined. Studies of disease-specific im-
mune responses—the measurement of antigen reactive T cells—are dependent on
having a candidate disease-relevant antigen. Most studies continue to focus on
myelin antigens, although the same assay techniques could be applied to any such
candidate. These assays are considered in terms of whether they require in vitro
manipulation of the cells or whether they are based on ex vivo analysis of har-
vested cells.

In Vitro Manipulation Required. Repeated cycles of stimulation with the
selected antigen is the classic technique used to generate and determine the
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frequency of antigen-specific T cells. At issue is whether the properties of the
derived cells, such as their T-cell receptor (TCR) phenotype and cytokine pro-
duction profiles, are representative of the in vivo situation. Memory T-cell stimu-
lation assays can be done in which memory cells are enriched either by addition
of IL-7 or by preselecting cells that have undergone somatic mutation (HPRT
mutant T cells).5!

Analysis of Harvested Ex Vivo Cells. These techniques remain to be estab-
lished and standardized. Single-cell PCR techniques are used to sequence the
TCR of individual T cells and compare them to the sequence of myelin-reactive
T-cell clones derived by in vitro cell culture (as above).

Tetramer technology allows one to assess the direct binding of labeled
peptide-MHC constructs to T cells. The MHC tetramer technology is a general,
robust and extremely powerful method for the precise and rapid measurement of
T cell responses to a broad range of antigens. (MHC tetramers consist of four
complexes of an antigenic peptide, beta-2 microglobulin and a biotinylated MHC
class I molecule conjugated to streptavidin linked to a fluorescent marker, hence
the name tetramer.) The ability to link multiple MHC class I/peptide complexes
together allows for identification of specific receptor-bearing T cells by flow
cytometry. In addition, investigators can use tetramers to quickly and efficiently
purity a specific T-cell population using fluorescent activated cell sorting (FACS).

Other T-cell related markers include assays for antigen presentation, T-cell
activation, and T-cell migration.

Antigen Presentation. T-cell activation by antigen is dependent on antigen
presentation in context of MHC molecules in the presence of costimulatory mol-
ecules (CD40/CD40L; CD80:86/B27:CTLA-4) expressed on the antigen-present-
ing cell (monocytes, dendritic cells, B cells). Levels of expression of many of
these molecules are themselves subject to regulation by cytokines. MHC and
costimulatory molecules can be monitored by antibody fluorescence-activated
cell sorter (FACS) analysis techniques.

T-Cell Activation. When activated, T cells upregulate an array of surface
molecules that contribute to their capacity to proliferate (IL-2 receptor) and mi-
grate (adhesion molecules, chemokine receptors). These cell surface molecules
can be assayed by immunostaining and FACS analysis as described in the previ-
ous section.

Activated T cells increase the production of soluble molecules (cytokines)
that promote communication between cells of the immune system, between im-
mune cells and cells that form the vascular barriers, and between immune cells
and cells within specific body compartments. Families of cytokines are identified
that promote (pro-inflammatory or Th1—IFNy and TNF) or inhibit (anti-inflam-
matory or Th2—IL-4, 5, and 13) the inflammatory response. Antigen-presenting
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cells also produce cytokines that can regulate immune function (TNF, IL-10,
TGF, IL-12, IL-1).

Cytokines can be assayed in terms of either protein or mRNA by a number of
methods. The former includes the techniques of intracellular cytokine staining
(ICS) and ELISPOT. The latter involve PCR or RNA protection assays. DNA
microarray techniques, focused on the immune system, are beginning to be used
as a means to survey for a wide array of known and unknown genes. The ideal
would be to analyze immune cells directly ex vivo, but the low level of cytokines
has often required the use of in vitro activation techniques to amplify the signal.
In vitro, one can apply enzyme-linked immunosorbent assay (ELISA) measures
to the supernatant in which cells are cultured. Measures of serum cytokine levels
do not permit one to determine what cell is the source of the molecule being
measured.

Measures of cytokine levels in the CSF have been technically difficult to
perform due to the paucity of cells present in MS cases and the low levels that can
be detected in the fluid.

T-Cell Migration. This property can be assessed either in functional assays
or in terms of participating molecules. In the context of migration of lymphocytes
into the CNS, in vitro models of blood-brain barrier have been used. These
include assessment of lymphocyte adherence to isolated microvessels or migra-
tion through barriers comprised of extracellular matrix proteins or endothelial
cells. The molecular families involved in the migration process include chemo-
kines and chemokine receptors, adhesion molecules (such as integrins and selec-
tins), and proteases such as the matrix metalloproteinases that digest the extracel-
lular matrix.

There is an extensive literature indicating that the release of immunoregula-
tory molecules described above correlates with clinically or MRI-defined disease
activity in MS. There are significant differences related to disease phase (for
example, IL-12 and IFN-y levels are higher in mononuclear blood cells from
primary progressive MS patients than in those from relapsing-remitting MS pa-
tients) and disease phenotype (for example, lymphocyte migration rate and IFN-
Y production are increased in primary progressive patients with high lesion vol-
ume compared to primary progressive patients with low lesion volume).”

B-Cell-Related Markers

In terms of disease-specific immune responses, the direct approach has been
to look for the presence of antibodies in the serum or CSF that may directly
participate in the MS disease process. The search has focused largely on myelin-
directed antibodies. These can be assayed directly from serum or CSF. An alter-
native approach has been to determine whether stimulated blood or CSF-derived
cells produce such antibodies in vitro.
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There has long been recognition of the oligoclonality of the immunoglobulin
fraction of the CSF in MS (oligoclonal bands). Molecular biologic techniques
have been used to sequence the hypervariable regions of the immunoglobulin
genes expressed by B cells recovered from CSF or CNS tissues of MS cases,
usually of recent onset.”>80 These studies have shown significant restriction of
the B-cell repertoire. The search now focuses on what antigen is being recognized
by these specific immunoglobulin molecules.

More indirect evidence of antibody participation in the immune response in
MS is provided by reports of increased presence of autoantibody-producing B-
cell populations (CD5+) and by detection of immune products such as those of
the complement cascade and immune complexes that participate in antibody-
mediated immune responses.

Neurobiological Markers

These can be considered in terms of molecules produced by resident cells of
the CNS that reflect interaction with the constituents of the immune system and
in terms of molecules that reflect the tissue injury or repair process. Again, here
one faces the dilemma that CNS tissue cannot be readily sampled; thus, one is
dependent on measures of molecules that are shed from the tissues and reach
either the CSF or a systemic compartment.

CNS Immune Interaction-Related Markers. For such studies, the cell
source of the markers being measured is not always certain since, in most cases;
the molecules can be produced by both the immune system and the resident CNS
cells. The CSF would for the most part seem preferable to blood for conducting
such assays. Molecules to be measured are those with which lymphocytes inter-
act during the migration process (chemokines, adhesion molecules), those that
are expressed by resident CNS cells in their role as antigen-presenting cells, and
those that may serve as targets of immune effector mechanisms (fas, TNF receptor).

CNS Injury and Repair Markers. With the evidence that oligodendrocytes
and myelin are injured as part of the MS disease process, the CSF (+ blood) can
be assayed for the presence of products that would reflect such injury. The
presence of myelin debris and MBP can be demonstrated in the CSF when there
is active tissue destruction in MS cases. Although MBP-like material was found
in serum and urine, this material has now been identified as p-cresol sulfate.
Since myelin regeneration is now also a recognized feature of MS, the search for
molecules that are upregulated during the repair process should also be under-
taken.

With the recent emphasis on the contribution of axonal injury to neurologic
disability in MS, there is a search for axonal products that would be released

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

ateqgies for the Future

STRATEGIES FOR FUTURE RESEARCH ON DISEASE MECHANISMS 267

consequent to such injury. These would be the same candidates as those claimed
to be released in other tissue-destructive CNS disorders (for example, neurofila-
ment proteins).

The marked response of astrocytes in the MS disease process (the basis of
“sclerosis”) suggests that astrocyte-derived molecules could also be detected.

TECHNOLOGIES AND RESEARCH STRATEGIES

New Methods in MRI

Magnetic resonance imaging is a nonradioactive, noninvasive way to pro-
duce images of internal structures such as the brain. MRI has been an important
tool for studying the characteristic white matter lesions of MS.

The varying amounts of water in different structures within the brain produce
the light and dark regions of an MRI image.”! The viscosity, temperature, and
general molecular structure of a brain region also affect the MRI signal.*® Like a
photographic flash bulb, contrast agents increase this signal. Older methods used
contrast agents as general image enhancers. Now researchers can use contrast
agents to selectively enhance visualization of specific tissues or cell types. With
this technique, immune cells have been visualized as they traveled to an inflam-
mation site!% or rejection site of a transplanted organ in the rat (Chien Ho,
personal communication). Implanted stem cells or genetically altered cells might
be tracked this way, as could the immune cellular involvement in demyelination
and remyelination. In the EAE mouse model, this technique could allow re-
searchers to watch immune cells migrate to the CNS long before any obvious
damage occurs. With improved methods of targeting, they might be able to deter-
mine which immune cells lead the attack on myelin and the remyelination pro-
cess.

Improvements in MRI equipment and methodology have increased the level
of resolution of the images as well as the MRI signal-to-noise ratio. In particular,
new ways to use contrast agents have great potential for investigating the early
stages of MS.

Another new application for contrast agents uses one of two different meth-
ods to “turn on” a contrasting agent only in certain cells. Both rely on a contrast
agent, such as gadolinium, that is injected in a caged (chemically neutralized)
form into animals. Caged gadolinium cannot do its job as a contrast agent until it
is released from its chemical enclosure. In the first method, the cage is made with
a sort of hinged door that opens in response to cellular signaling molecules, such
as calcium. This method has been used in frog embryos to see cell groups with
active calcium signaling (Scott Fraser, personal communication). In the EAE
mouse, this technique might highlight cell signaling and biochemical changes
that occur in the CNS or in immune cells long before lesions are apparent.
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In the second method, an enzyme cuts open the cage and releases gado-
linium. Researchers have made frog embryos that produce the necessary enzyme
only in certain cells. When the caged gadolinium and the enzyme are in the same
cell, gadolinium is released and these cells light up on the MRI image.>? Re-
searchers can use this technique to probe when and where specific proteins are
made.

For each protein there is a piece of DNA, a gene, that is the molecular
blueprint for that protein. This blueprint includes the information that tells a cell
when it should make the protein. This information is called the promoter. Re-
searchers can take the promoter from one gene, such as the TNF-o promoter, and
hook it up to another gene, in this case the gene for the uncaging enzyme. This
engineered DNA is then put into a mouse, so that whenever a cell in that mouse
makes the TNF-o protein, it will also make the uncaging enzyme. In combination
with the caged contrast agent, MRI images from this mouse will show which cells
make TNF-o. In an EAE mouse, this technique might provide information about
which proteins are made early in diseased animals and which might have a direct
effect on lesion formation.

These new MRI techniques hold great promise for increasing our under-
standing of animal models of MS and, perhaps eventually, the disease itself.
Because they are applicable to large fields of research, such as developmental
biology and immunology, our knowledge of their advantages and limitations
should grow rapidly.

Genes and Genomics

Available data support the hypothesis that inherited susceptibility to MS
involves the interaction of different susceptibility genes, each of which individu-
ally contributes a small amount to the overall risk. Whole genome screens con-
firm the importance of the major histocompatibility complex region in chromo-
some 6p21 in conferring susceptibility to MS. Susceptibility is likely to be
mediated by the MHC class II genes themselves (DR, DQ, or both) and is most
likely related to the known function of these molecules in the normal immune
response, antigen-binding, and T-cell repertoire determination. The data also
show that although the MHC region carries significant susceptibility, much of the
genetic effect in MS remains to be explained. By analogy to emerging data on the
genetic basis of experimental autoimmune demyelination, it will be of particular
interest to identify whether some gene loci are involved in the initial pathogenic
events while others influence the development and progression of the disease.

The following genetic approaches should be pursued:

1. Groups and consortia with the appropriate experimental, clinical, and
financial resources should be supported to continue the analysis of the
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MS genome with larger DNA data sets and dense and informative genetic
markers, for example, single nucleotide polymorphisms (SNPs). In all
likelihood, the use of phenotypic and demographic variables will assume
increasing importance as stratifying elements for genetic studies of MS
and in addressing the fundamental question of genotype-phenotype cor-
relation in autoimmune demyelination. These studies will necessarily be
linked to the development of novel mathematical formulations designed
to identify modest genetic effects, as well as epistatic interactions be-
tween multiple genes and interactions between genetic, clinical, and en-
vironmental factors.

2. With the advances in deciphering the human genome code and sequences
readily available in the public domain, analysis will focus on the detailed
analysis of candidate genes, particularly genes located in chromosomal
segments linked to MS susceptibility. The problematic “case-control”
population-based studies with limited statistical power will be replaced
by the analysis of large collections of nuclear or singleton families (the
patient and the biological parents or the patient and healthy siblings)
using transmission-disequilibrium test (TDT) and Sib-TDT tests of asso-
ciation. For complex disorders such as MS, genomic analysis of multiple
candidate genes must be performed on an extremely large group of indi-
viduals if small genetic effects are to be detected. Hence, key to the
success of the proposed studies will be the availability of rapid, reliable,
non-labor-intensive methods for high-throughput polymorphism screen-
ing. The inclusion of non-Caucasian patient populations, both in their
native environment and after migration, will provide important new in-
sights and clues about MS genetic and clinical heterogeneity.

3. The critical importance of identifying rare families that might have a
monogenic variant of MS cannot be overstated; this approach has been
extraordinarily fruitful in neurodegenerative diseases such as Alzheimer’s
disease and Parkinson’s disease.

4. Continued analysis of the genes responsible for different forms of demy-
elinating disease in experimental models such as EAE and Theiler’s virus
infection is likely to identify syntenic regions in humans that may prove
fruitful in MS.

5. Studies with DNA microarrays (DNA chips) to look at the coordinated
expression, in both the CNS and the periphery, of ensembles of critical
genes encoding cytokines, adhesion molecules, metalloproteinases, mol-
ecules involved in apoptosis, and molecules participating in myelin de-
struction and repair will contribute to our understanding of how these
genes influence susceptibility and pathogenesis in MS. As gene chip
methodologies mature, there is also the opportunity to perform wider
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“whole-genome” analyses of gene expression unbiased by the selection
of known candidate genes (see Box 5.1).

6. Gender differences in genetic susceptibility to MS have been well docu-
mented. Rigorous studies assessing the potential role of genetic factors in
MS sexual dimorphism have not yet been performed. Further, reproduc-
tive history in females such as pregnancy and breastfeeding may influ-
ence disease pathogenesis. Genomic, clinical, and reproductive informa-
tion should be combined to investigate potential MS risk factors in large
groups of female patients.

BOX 5.1
Tracking Gene Activity in Disease: Microarray Technology

Scientists use genes to figure out what is going on in a cell. Genes are the
molecular master switches. The 100,000 or so human genes control everything
from how a cell grows to how it responds in times of stress and disease. In the
past, researchers have been able to study only a handful of genes at a time. (Imag-
ine trying to navigate in Boston with a road map that shows only two streets.) With
microarray technology, scientists can simultaneously keep tabs on thousands of
genes. For the first time, researchers can generate detailed genetic profiles of
cells. These profiles can give us an integrated picture of gene regulation that can
help explain susceptibility to MS and the mechanisms behind myelin destruction
and disease progression and even suggest new directions for therapy.

Genes are the functional units in genetic material, or DNA. Each gene is the
molecular blueprint for a particular protein. When a gene is turned on (or ex-
pressed), it is used as a template to make RNA. This RNA, in turn, serves as the
working copy of the blueprint, instructing the cell to build that protein.

Genes are turned on and off in different situations, and their expression pat-
terns provide important clues about what is going on in a cell, tissue, or organism.
For example, in the central nervous system of mice with experimental autoimmune
encephalomyelitis (EAE), a model for MS, there is increased expression of genes
for chemokines.#2 These are small proteins that regulate immune responses.
Chemokine expression in the CNS is just one of the many pieces of evidence
demonstrating that the immune system plays a role in EAE (and also MS). Microar-
rays measure the expression patterns of many genes simultaneously.

A microarray, as the name suggests, is a microscopic array of DNA targets.
Each target corresponds to a region of a gene. Each of the DNA targets on the
array will specifically bind (or hybridize) only to DNA with a complementary se-
quence. A robot precisely spots the DNA target onto the substrate (for example, a
glass microscope slide or membrane). Arrays can contain as many as 300,000
targets on a 1.28-cm? surface.#9 Researchers commonly use microarray technol-
ogy to compare gene expression between two samples, for example, RNA from a
brain region in an EAE mouse that is in remission versus a mouse that has re-
lapsed. In this case, researchers use each RNA sample as a template to make

continues
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complementary DNA (cDNA). Incorporated into the cDNA is a fluorescent dye.
Using a different dye for each cDNA sample (for example, a red dye for the remis-
sion sample and a green dye for the relapsed sample), researchers can visualize
the two populations simultaneously.

The combined, fluorescently labeled cDNAs bind, or hybridize, to the target
DNA on the array. Following the removal of unbound DNA, the microarray will
contain a representation of the relative amounts of RNA from the two samples.
Using a laser to excite the fluorescent dyes and a confocal microscope to read the
emitted light, researchers can measure the fluorescence at a given DNA target.
The ratio of the two fluorescent signals (for example, the amount of red versus
green fluorescence) corresponds to the relative amounts of RNA for that target in
the two samples. (Some researchers hybridize with one sample, remove the sam-
ple, and then hybridize with the second sample, or they compare side-by-side
hybridizations on two separate arrays.) It is then up to computers and ever-improv-
ing data analysis programs to process these huge amounts of data into a format
that is both meaningful and easy to understand.22,106

As with any method, it is important to understand both the strengths and the
limitations of using microarrays. This technology has given researchers a means
to monitor thousands of genes simultaneously. Yet when a scientist contemplates
a list of the hundred or so genes that are turned on or off in the relapsing EAE
mouse, it is difficult to determine which of these may be important. Also, because
sequencing projects have leapt far ahead of the actual annotation of the genome,
the function of many of these genes is unknown. Finding the truly significant re-
sults will become easier as data analysis improves and as researchers generate
and make available more experimental data about gene expression in MS.

Reproducibility is also a concern in microarray studies. RNA is notoriously un-
stable. If not handled properly, duplicate samples (even those taken from the same
batch of tissue) can vary greatly. Well-planned experiments incorporate various
controls within the hybridization. (This also allows researchers to compare data
from one experiment to the next.) Researchers also routinely confirm microarray
results with older methods that look at expression changes in one gene at a time.

Collecting the sample is itself an important issue, especially when, as in the
case of MS, researchers are analyzing human RNA. Microarrays use relatively
large amounts of RNA, and increased risk of RNA degradation is greater in post-
mortem samples than in samples collected from living tissue.!! However, ethical
considerations limit the use of fresh human tissue.

Sample homogeneity is another consideration. The brain is made up of many
cell types, each of which express different genes. For the sake of accurate com-
parisons (both within and across experiments), researchers must collect precisely
defined samples (for example, through the use of microdissection).

Finally, it is important to consider what microarrays measure. These techniques
measure only relative levels of gene expression. Moreover, turning a gene on is
just the beginning of the story. The real cellular actors are the proteins. Many
proteins, once they are built, are not active until they undergo further processing in
the cell, or their actions can change under different cellular conditions. Although
microarrays have greatly expanded our view of life in a cell, they still reveal only
part of the picture. We will have to wait for such advances as complete genome
annotation and protein arrays to capture the entire panorama.
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7. A significant number of MS patients are refractory to treatment. Genetic
polymorphisms in drug receptors, metabolizing enzymes, transporters,
and targets have been linked to interindividual differences in the efficacy
and toxicity of many medications. Studies will directly address the ques-
tion of genetic heterogeneity in MS and the response to immunotherapy
by analysis of the correlation between different genotypes and clinical
response to therapeutic modalities (‘“pharmacogenomics”).
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Future Strategies for MS Therapies

This chapter focuses on the development of therapies that can halt or slow
the disease process in multiple sclerosis (MS). Therapies for the relief of specific
symptoms are discussed in Chapter 3.

The plethora of potential therapeutic agents and the multiplicity of patterns
and stages of disease to which each might be applied will demand tailoring of
pivotal clinical trial designs to the specific clinical situation. Such tailoring will
involve trial duration, selection of outcome measures, and as a consequence,
sample size.

Modification of the course of MS presents opportunities for five types of
interventions:

1.

2.

Primary prophylaxis in at-risk individuals. These trials will be aimed at
preventing the appearance of overt disease in two populations of patients:
(1) individuals who have presented clinically with an episode of mono-
symptomatic demyelinating disease and (2) individuals known to be
genetically at risk.

Relapse prevention via immune modulation. In this category, one would
place the recent and ongoing trials of the beta-interferons—those whose
primary clinical targets were relapse rate, with secondary outcome mea-
sures of magnetic resonance imaging (MRI) progression. In these studies,
the interferons, all to a similar degree, decreased relapse rates as well as
the number of gadolinium-enhancing lesions. However, glatiramer ac-
etate reduced clinical activity to a similar degree without as profound an
effect on the MRI. Thus, different agents might produce similar clinical
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results, but with different imaging profiles because each targets a slightly
different aspect of the underlying disease pathology.

3. Relapse limiting. Current practice is to treat acute relapses with intrave-
nous methylprednisolone. However, no criteria have been adopted that
permit uniform designation of the onset and completion of a relapse. The
difficulty in this area arises from the fact that relapses can take numerous
forms, from monosymptomatic optic neuritis to acute transverse myelitis,
and so forth. Nonetheless, if treatments are to be tested for the ability to
shorten individual relapses, then criteria for determining precise clinical
onset and end of relapse episodes will be required.

4. Progression altering. To date, clinical measures of progression of dis-
ability have correlated poorly with imaging measures in MS clinical
trials. The exception appears to be the estimation of brain atrophy. Stud-
ies evaluating the effects of agents on disease progression will have to
incorporate measures of brain and spinal cord parenchymal volume as
well as more sensitive and reproducible measures of neurological func-
tion than those currently in use.

5. Neuroprotective and restorative. Chapter 5 discusses the potential of and
rationale for the use of various neuroprotective and potentially restorative
therapies for MS. Many of the current putative neuroprotective or restor-
ative agents in clinical or pre-clinical research are protein growth factors
that must somehow be delivered to the central nervous system (CNS),
either directly or across the normally restrictive blood-brain barrier. How-
ever, it should be noted that insulin-like growth factor-1 (IGF-1) appears
to cross the blood-brain barrier in certain experimental autoimmune en-
cephalomyelitis (EAE) models, so the inflammatory nature of the acute
MS lesion might permit the use of such agents in the acute setting. De-
signs for trials of neuroprotective or glioprotective agents in MS will
depend on the nature of the question being asked, as well as the specifici-
ties and properties of the agent being tested.

STRATEGIES FOR DISEASE MODIFICATION

Advances in understanding the molecular neurobiology of myelinated axons,
as described in Chapter 2, have revealed much about the contribution of impaired
impulse conduction to symptom production in MS. Nonetheless, there is much
more to learn about the mechanisms underlying demyelination and axonal injury
in MS. What are the precise molecular steps that lead from the initial immuno-
logic assault to the death of oligodendrocytes and the degeneration of axons? Are
there steps at which these cascades can be halted? It has recently been suggested
that cytokines might play a role in injuring myelinated nerve fibers in MS. More
information is needed about which cytokines are involved and which molecular
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pathways carry out their injurious actions. Cytokines and the toxic levels of nitric
oxide (NO) that they produce can be manipulated in a variety of ways and could
provide a target for therapeutic interventions in demyelinating disorders.

Immune-Based Therapy

Antigen-specific tolerance, a method of antigen-specific immunomodulation,
relies on administering an MS-related antigen in a manner that induces tolerance,
thereby reducing the immune response to that antigen. Myelin basic protein
(MBP) acts as a classical encephalitogenic autoantigen in certain EAE models,
which has raised hopes for the development of T-cell-based therapies in which
MS patients could be vaccinated with targeted portions of the MBP molecule to
induce tolerance and prevent further T-cell-mediated attack. However, as re-
viewed in the “Immunopathology” section of Chapter 2, the human response to
MBP is more complex than that in these EAE models. Indeed, MBP does not act
as a classic autoantigen in humans, and even among EAE models, it is highly
variable. Generally, it appears that the T-cell response against myelin proteins
also differs greatly between individual patients, suggesting that immune thera-
pies might have to be individually tailored for different patients.

Another concern of this approach is that the immune response to antigen
administration follows an unusual dose-response curve. Although low-dose ad-
ministration of most drugs is generally the safest course when beginning clinical
trials, low-dose administration of antigen can, in fact, sometimes induce unsafe
immune responses, whereas high doses can induce tolerance.

Vaccination

Vaccination, of course, would be an attractive therapeutic avenue. In fact,
numerous variants of vaccination have been proposed. These include vaccination
with whole myelin-specific T cells,®33 with T-cell receptor peptides,!3-107.116
DNA-encoding autoantigens, or T-cell receptor (TCR) sequences.®!!! Some of
these therapies were quite impressive in EAE models when immunization was
induced against a known target autoantigen (for example, MBP, MOG, or PLP),
but at least in the case of TCR vaccination, the therapy failed in human MS. This
is already an active area of corporate research, which has thus far has not fulfilled
our hopes. Although potentially of significant therapeutic value, the induction of
tolerance remains poorly understood, making it difficult to test clinically.

Suppressor Cells

For the most part, T cells are considered to underlie the immune-mediated
attack on myelin, but one class of T cells—suppressor cells—can suppress the
activity of pathogenic T cells and might play a protective role in MS.%7 Several
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types of cells, including CD4 minus and CD8 minus positive suppressor cells
have been shown to suppress EAE in some animal models, but the role of sup-
pressor T cells and their potential for therapeutic use in MS are far from clear.
CD25+ T cells are closest to the classic suppressor cells, but they are enigmatic
and not well characterized in terms of antigen specificity, function, and mecha-
nism of action. Their existence has been postulated on the basis of transfer and
depletion studies in vivo (Don Mason, Ethan Shevach), as in the NOD mouse
model of insulin-dependent diabetes mellitus (IDDM), in neonatal thymectomy
models of multiorgan infiltration (Sakaguchi), and also in T-cell receptor trans-
genic, “monoclonal” mice (Tonegawa; Lafaille). Evidence for a role of these
cells in CNS-specific autoimmune diseases is indirect at best.

Immunodeviation

Approach potential involves inducing immunodeviation of myelin-specific
T cells, that is, shifting the balance of production from Th1 to Th2 cells. This is
a crowded field in MS research, as in other putative autoimmune diseases. Sev-
eral private firms are investigating this strategy, and the committee feels this
approach is already receiving adequate attention and is not lacking for encourage-
ment. Further, in the pathogenesis of EAE and MS, there is no clear distinction
between “good” Th2 and “bad” Thl T cells. Both cell types might produce
pathogenic inflammation in different situations.

Genetic Engineering

Another possible innovative therapy would be to use genetically engineered
autoimmune T cells. Even though the precise pathological roles of T cells and
their autoantigens are unresolved, this line of research has generated many ap-
proved or emerging therapies. These include vaccination strategies, which use
either attenuated myelin-specific T cells®733 or peptides representing myelin-
specific T-cell receptors® as vaccines to strengthen the body’s own regulatory
responses against pathogenic T cells (reviewed in 1998 by Zhang et al.).!20 Also
under development are “altered peptide” therapies that use peptide analogues of
myelin protein segments to induce autoreactive T cells to produce protective,
rather than pathogenic, cytokine mediators.?®

Neuroprotection

Recent studies have elegantly demonstrated the loss of axons in chronic MS
lesions. As discussed elsewhere in this report, the precise mechanisms leading to
axonal degeneration in MS are at present unknown. Axons can degenerate as a
result of the loss of trophic support of their myelin sheaths. Alternatively, they
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can be victimized as “innocent bystanders” in the surrounding inflammatory
milieu. In addition to the structural loss of axons in MS lesions, axonal dysfunc-
tion and conduction block in demyelinated foci also contribute to neurological
symptoms in MS patients. Axonal loss occurs early in disease and is possibly the
major cause of irreversible neurological impairment.'% Neuroimaging studies
suggest that axonal loss begins as early as the onset of disease.

Axonal damage leads to Wallerian degeneration and the loss of neuronal cell
bodies. MRI and computed tomography (CT) scans of MS victims show evidence
of widespread atrophy. It is unclear at present whether the loss of axons leads to
neuronal cell death in MS. However, accumulated axonal loss and dysfunction,
especially in the progressive phase of the disease, underlie the progressive neuro-
degeneration seen in MS. Thus, therapeutic strategies aimed at preventing neu-
ronal damage might be a key to preventing permanent disability. There are a
variety of approaches to anti-inflammatory strategies, remyelination, and the use
of specific neuroprotective agents, and these are considered in turn below.

Anti-inflammatory Strategies

The most obvious “neuroprotective” strategy for the treatment of MS is
prevention of the inflammatory lesion that leads to demyelination and oligoden-
drocyte loss. Anti-inflammatory approaches are discussed elsewhere in this vol-
ume. However, it should be noted that in the course of inflammation, cytokines
such as tumor necrosis factor-o. (TNF-0)) and lymphotoxin are produced, and
they can be damaging to neurons and glia. Furthermore, the reactive oxygen
species, nitrous oxide and glutamate, produced by invading inflammatory cells
can be toxic to both oligodendroglia and axons that pass through regions of active
demyelination. Therapies aimed at preventing oxidative damage to neurons might,
therefore, be effective in minimizing neurological impairment during acute MS
attacks.

Remyelination

Trophic and other interactions between axons and ensheathing glial cells
contribute to the structural and functional integrity of axons. Therefore, adminis-
tration of agents that promote remyelination or ameliorate damage to myelin
should also protect neurons. Such strategies might include administration of
gliotrophic factors or transplantation of glial precursors or stem cells that repopu-
late demyelinated regions of the CNS.!12

Attempts at myelination occur in and around MS lesions.5*8592 Especially in
recent lesions, an abundance of oligodendrocytes may be found, as well as axons
with thin myelin coatings and shortened internodes. This presumably indicates de
novo myelin formation as it does in remyelination of peripheral nerves. Lassmann
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and colleagues have categorized MS lesions into five types, based on the degree
of oligodendrocyte destruction and the stage of apparent repair.>*

Having noted that attempts at myelin repair are not uncommonly found in
MS brains, it may be assumed that at some level, this phenomenon is responsible
to greater or lesser degree for the recovery of function that occurs after relapses.
Thus, the time course and the degree of recovery from individual bouts of demy-
elination give us some notion of the capacity of the CNS to repair myelin dam-
age. The obvious questions then are why remyelination and recovery are not
universal, what factors inhibit remyelination, and what therapeutic options might
exist to promote remyelination in the future?

The cell type responsible for initiating the process of remyelination in MS
plaques is at present unknown. Mature oligodendrocytes are incapable of mitosis
and migration.** However, it appears from animal models that there is a pool of
progenitor cells available that can, under appropriate circumstances and in the
absence of continued immune attack, regenerate myelinating oligodendro-
cytes.!1-28 However, it would also appear that this pool of potential oligodendro-
cyte precursors is small and rapidly depleted.®

There appear to be two potential strategies for promoting myelin replace-
ment in MS. While both are conceptually appealing, they have their potential
drawbacks as well. One strategy might be to attempt to alter the cellular environ-
ment of the CNS so that it becomes more permissive, instead of inhibitory, to
myelination by providing factors that promote the proliferation, migration, and
maturation of oligodendrocytes. Oligodendrocyte precursors appear to originate
from the O-2A precursor cell, so named because it gives rise to both oligodendro-
cytes and astrocytes.

Several protein growth factors are involved in the maturational sequence of
oligodendrocytes. Current evidence suggests that initial proliferation of oligo-
dendrocyte precursors is driven by basic fibroblast growth factor (bFGF). Plate-
let-derived growth factor (PDGF) is also involved in the growth of oligodendro-
cyte precursors, as well as in migration. The intracellular signaling pathways
activated by these growth factors include at least two members of the mitogen-
activated protein kinase (MAPK) family as well as pp70 S6 kinase.!! Activation
of cyclic AMP? or the PDGF antagonist, trapidil,3> blocks growth factor-induced
proliferation of oligodendrocyte precursors. Withdrawal of PDGF and FGF re-
sults in differentiation of oligodendrocyte precursors into mature oligodendro-
cytes. Insulin-like growth factors 1 and 2 appear to be survival factors for mature
oligodendrocytes; transforming growth factor-beta (TGFp) is also involved in the
differentiation of oligodendrocytes, as is the neurotrophic factor neurotrophin-3.

The complexity inherent in enhancing the gliogenic milieu of the CNS can
be readily appreciated. The proliferation, migration, and differentiation of pro-
genitor cells into mature, myelinating oligodendroglial cells require a precisely
timed sequence of growth signals that, for the treatment of patients, must be
delivered to multiple lesions disseminated in space and time, inherently differing

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

for the Future

FUTURE STRATEGIES FOR MS THERAPIES 283

in their states of demyelination and remyelination. Furthermore, the success of
such a strategy depends on the availability of an endogenous pool of progenitor
cells ready to be induced to divide, migrate, and mature into functional myelinat-
ing oligodendrocytes. Finally, the newly formed myelinating cells must be pro-
tected from further immune attack.

An alternative strategy might be to supply the diseased MS brain with cells
that would develop into mature oligodendrocytes, perhaps in conjunction with a
source of the requisite growth factors. Many of the same caveats apply to such
transplantation strategies as attempts to promote regeneration of endogenous
myelinating cells. In addition, the potential for both immune rejection and malig-
nant transformation of transplanted cells must be overcome.

Specific Neuroprotective Agents

Damaged neurons in the CNS attempt to repair themselves. These attempts
are usually not successful and, as indicated previously, can lead to maladaptive
effects. An important component of restoration of function, especially in a dis-
ease such as MS in which axons are damaged, must include the possibility of
axonal repair. Several conditions interfere with attempts at axonal regrowth after
lesions develop. These include the presence of a glial scar (depending on the site
of the lesion), the lack of neurotrophic factors that support growth, or the pres-
ence of inhibitory molecules that impede axonal growth. One of the more prom-
ising approaches to encourage axonal growth is the administration of growth-
supporting molecules, particularly specific growth factors.

As noted above, axonal transection in areas of demyelination can lead to
Wallerian degeneration and neuronal cell loss. Thus, agents that induce protec-
tive reactions in neurons or enhance axonal sprouting might preserve or promote
recovery of neuronal function. Application of such strategies is not, however,
without its challenges. Recent clinical trials of neurotrophic factors for the treat-
ment of amyotrophic lateral sclerosis (ALS), which is a relatively simple, mono-
phasic degenerative disorder of the motor system, have so far failed to produce
positive results. Neurotrophic factors are large protein molecules. For therapeutic
use, these complex molecules are synthesized in bacteria or cultured animal cells
from which they can be purified and then administered by injection. To the best
of our knowledge, systemically administered neurotrophic factors do not cross
the blood-brain barrier. For the treatment of MS, it would seem that they must be
administered directly into the CNS, either in soluble form via an implanted pump
or using some novel cellular means of delivery such as transformed cells or direct
gene therapy approaches. Small-molecule agonists and enhancers or inducers of
neurotrophic activity are in development.

Specificity is the final challenge of using neurotrophic factors to treat degen-
erative disorders, including MS. Many neurotrophic factors act only on certain
cell types within the CNS. For example, the receptor for nerve growth factor
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(NGF) appears localized to only basal forebrain cholinergic neurons and a few
other cell types in the brain; receptors for the related trophic factor, brain derived
neurotrophic factor (BDNF) are widespread throughout the cortex and subcorti-
cal structures. Neuronal damage in MS, however, affects axons belonging to
multiple cell types, not all of which will necessarily respond to the same neu-
rotrophic factors. In addition to having trophic actions on neurons, a number of
neurotrophic factors, including neurotrophin-3 (NT-3), ciliary neurotrophic fac-
tor, and IGF-1, exert effects on glia. Many of the “neuroprotective” agents today
are protein growth factors.

Neurotrophins. The neurotrophins are a family of related 22-kDa proteins
that are crucial for the survival and differentiation of neurons during development
and in response to injury. They include nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin 4/5
(NT-4/5).5° Originally discovered because of their ability to promote neuronal
survival in vitro, the neurotrophins have been found to participate in many aspects
of neuronal function, including plasticity, neurotransmitter synthesis and release
and regulation of cytoskeletal proteins, receptor proteins, and so forth. The speci-
ficity of action of the neurotrophins is dictated by the distribution of their recep-
tors. Neurotrophins bind to two populations of cellular receptors. The so-called
low-affinity neurotrophin receptor (p75SLNGFR) belongs to the TNF family and
binds all members of the family with varying affinities. In some systems, occu-
pancy of this receptor by a cognate ligand can prevent apoptotic cell death. The
“high-affinity” receptors for the neurotrophins belong to the Trk family of tyrosine
kinase receptors. The three members of this family TrkA, TrkB, and TrkC bind
NGF, BDNF, NT4/5, and NT-3, respectively. NT-3 is somewhat “promiscuous”
because it can bind to and signal through TrkA as well as TrkC.

Neurotrophins can be produced by inflammatory cells. Both activated lym-
phocytes? and glia*® possess neurotrophin receptors and can produce neuro-
trophins. Different cytokines stimulate different patterns of neurotrophin expres-
sion. Beta-interferon stimulates NGF production by astrocytes;!4 activated
lymphocytes and monocytes can produce BDNF.%4¢ Thus, the neurotrophins
appear to be expressed in the milieu of the MS lesion, perhaps as part of the
reparative or restorative response.

Neurotrophic factors can protect and rescue neurons in a large number of
experimental models. Of particular relevance to MS is the demonstrated ability of
BDNF and NT-3, in particular, to promote regeneration of long tracts in the
spinal cord.!!”

Neurotrophins are also involved in the development and maintenance of glia,
including oligodendroglia. NT-3 stimulates the proliferation of oligodendrocyte
progenitors in vitro, and both NT-3 and NGF enhance the survival of differenti-
ated oligodendrocytes in culture.? NGF receptors are found on mature human
oligodendrocytes.>! Intracranial injection of N'T-3 appears to cause an increase in
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the proliferation of oligodendrocyte precursors and an inhibition of proteases
involved in cell death signaling.*3

The role of the neurotrophins in demyelinating diseases is presently unclear.
Levels of NGF are increased in the CSF of MS patients,> in the optic nerve of
MS patients,”3 and in the brains of animals with EAE.”> However, it is not known
whether the increase in NGF is due to its release from inflammatory cells or
whether it is part of a protective response of the CNS. There is no information
available concerning the regulation of BDNF or NT-3 in animal or human demy-
elinating disease. Exogenous NGF can prevent autoimmune demyelination in
marmosets.!' ' Whether this is due to inhibition of the immune attack or elicita-
tion of protective responses in oligodendrocytes remains to be determined.

BDNF has been studied in clinical trials in ALS, although the initial results
suggested that the doses studied might have been too low.” Subsequent studies
are examining the safety and efficacy of BDNF administered either at systemic
doses higher than those studied in the original trial or intrathecally. These studies
are in progress at the time of this writing. Nerve growth factor and NT-3 have
both been studied in peripheral neuropathy patients, but not in CNS disorders.

Neuropoietic Cytokines. Neuropoietic cytokines are the family of neural
growth factors that act on both the nervous and the hematopoietic or immune
systems, and which include ciliary neurotrophic factor (CNTF). CNTF is further
a member of the interleukin-6 (IL-6) family of cytokines. It was originally iso-
lated from ocular tissues as a protein factor that supports the survival of ciliary
ganglion neurons in cell cultures and from the cytoplasm of myelinating Schwann
cells of peripheral nerves. It has neuroprotective properties in a number of in vitro
and in vivo systems, including models of motor neuron disease and spinal cord
injury. CNTF appears to protect oligodendrocytes from TNF-induced cell death
in vitro.21:6> CNTF has been studied in clinical trials of patients with ALS by both
subcutaneous and intrathecal routes of administration.>%3 When administered
subcutaneously, CNTF did not affect the course of disease in ALS patients, and
the stability of the pharmaceutical formulation limited its use via the intrathecal
route.

Other Growth Factors. Glial cell line-derived neurotrophic factor (GDNF)
is a member of the TGF-f family of growth factors. GDNF was originally discov-
ered based on its ability to support the survival of embryonic dopamine neurons
in tissue culture. It was subsequently discovered to have effects on several classes
of CNS neurons including corticospinal tract cells.*> GDNF has been studied in
clinical trials using intracerebroventricular administration in patients with ALS
and Parkinson’s disease. These trials were stopped due to the severe side effects
of the drug.

Insulin-like growth factor 1 (IGF-1) is a 7.65-kDa polypeptide that has mul-
tiple endocrine, metabolic, and neurotrophic actions.*? It is structurally and func-

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

ategies for the Future

286 MULTIPLE SCLEROSIS

tionally related to insulin, and its effects are mediated through a tyrosine kinase
receptor of the insulin receptor family. The activity and distribution of IGF-1 are
tightly modulated by a group of IGF-specific binding proteins. IGF-1 participates
in the development of neurons and glia, and its expression in the developing brain
correlates spatially and temporally with the onset of myelination.>® Myelin con-
tent is increased in the brains of mice that overexpress the IGF-1 gene!” and
decreased in IGF-1 knockout animals. The IGF-1 gene is induced in reactive
astrocytes by experimental demyelination*’ and in human MS lesions.3!

In vitro, IGF-1 can protect oligodendrocytes from TNF-induced injury;'!”
cellular survival under appropriate conditions can be affected by the balance
between IGF and TNF signaling due to cross-talk between postreceptor signal
transduction cascades.!% IGF-1 also modulates the activity of immune-compe-
tent cells. Several recent studies have suggested that systemically administered
IGF-1 can ameliorate EAE in animals.%0

IGF-1 has been studied in clinical trials in ALS with inconclusive results.

“Gliotrophic” Factors. Oligodendroglial precursor cells respond to several
growth factors in the course of their development. Signaling through some of
these same pathways appears to be important for remyelination and proliferation
of oligodendrocyte progenitor cells in the injured adult CNS as well. IGF-1 has
already been mentioned, but it is only one of several growth factors that are
important in oligodendroglial function. Some of these molecules can ameliorate
the course of EAE. Fibroblast growth factor-2 (FGF-2) and thyroid hormone
influence early pluripotential glial precursors to develop into oligodendrocytes.
Platelet-derived growth factor controls the migration and proliferation of later-
stage oligo precursors (see 1999 review by Rogister et al.87). Glial growth factor
2 (GGF-2; neuregulin), a member of the epidermal growth factor family, pro-
motes survival and proliferation of pre-oligodendrocytes, but prevents differen-
tiation to fully mature cells.'® GGF-2, however, has been reported to delay onset,
decrease severity, and reduce relapse rate in a murine EAE model.®’ Yet another
neurotrophic factor, ciliary neurotrophic factor (CNTF), has been shown to pro-
tect oligodendrocytes from TNF-mediated cell death.%

Augmentation of Local Mechanisms

Neurotrophic factors might be produced in the MS lesion itself. For example,
NGF is increased in inflammatory foci and in the CSF of MS patients. Interleukin-
1 can stimulate astrocytes to synthesize NGF, which is probably the mechanism
through which NGF is increased in inflammatory foci. Therapeutic enhancement
of local neurotrophic factor production is a pathway worth exploring.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/10031.html

ateqgies for the Future

FUTURE STRATEGIES FOR MS THERAPIES 287

Small Molecules

There are many small molecules that can protect neurons. These include
glutamate antagonists, neuroimmunophilins, and nitric oxide and are discussed in
turn below.

Riluzole is a putative neuroprotective agent that can modestly prolong sur-
vival in ALS7# patients. It is believed to work by blocking neuronal glutamate
release and is currently being studied in other neurodegenerative disorders, such
as Parkinson’s disease and Alzheimer’s disease.

Activated macrophages in MS lesions appear to release glutamic acid, as
well as other potentially neurotoxic molecules. Neurons possess two types of
glutamate receptors, both of which might participate in the neurotoxic effects of
glutamate: NMDA and AMPA/kainate receptors. Oligodendrocytes also carry
AMPA/kainate receptors. Recent studies have suggested that, like neurons, oli-
godendroglia might be susceptible to AMPA/kainate receptor-mediated glutamate
excitotoxicity.®® Glutamate antagonists have been found to ameliorate myelin
damage in an EAE model.’2113 AMPA antagonists are currently under study in
stroke and neurodegenerative disease trials. Exploration of AMPA antagonism in
MS is warranted as both a neuroprotective and a glioprotective strategy.

SR7657A is a small molecule that has been found to enhance and/or mimic
the effects of neurotrophins in tissue culture. It is currently being studied in ALS.
Thus far, studies of SR7657 on the course of ALS have failed to demonstrate a
statistically significant effect of the drug, as measured by the trials’ chosen end
points.

Neuroimmunophilins are cyclosporin-related molecules that inhibit the sig-
naling pathways that lead to cell death. They have been reported to protect brain
dopamine neurons from injury and are currently being tested in early-stage clini-
cal trials in Parkinson’s disease.

Nitric oxide is a small, highly reactive molecule that is normally a gas at
room temperature. It is synthesized in biological organisms where it exists as a
highly lipid-soluble, dissolved nonelectrolyte solute. NO diffuses rapidly in tis-
sues and enters into redux reactions via its unpaired electron. It is less reactive
than other free radical species. Under appropriate conditions, NO is synthesized
by one of a family of nitric oxide synthase (NOS) enzymes. It reacts with super-
oxide anion to produce peroxynitrite (ONOQO"), a highly reactive substance that
can interact with and modify proteins, lipids, and nucleic acids. NO is produced
as a neurotransmitter in certain neurons and is also produced by endothelial cells
and by active inflammatory cells.?? The inducible form of nitric oxide synthase
(iNOS) has been localized in active MS lesions in human brain specimens.!2
Selective inhibitors of both the neuronal (nNOS) and inducible (non-neuronal,
iNOS) enzymes are becoming available!® and might be another class of neuro-
protective and glioprotective agents that merit testing for their therapeutic value
in MS.
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Interrupting the Secondary Injury Cascade in Axons

Axons, like neurons, do not always die immediately after an insult. Regen-
eration ensues after a latent period of hours to days and occurs as a result of a
process of “secondary axonal injury.” Within gray matter regions of the brain and
spinal cord, “excitotoxic” mechanisms trigger this secondary injury cascade.
These excitotoxic mechanisms involve the abnormal, exaggerated activation of
excitatory postsynaptic receptors, which allow the entry of damaging amounts of
calcium into neurons, triggering a destructive cascade of damaging molecular
events.

Glutamate is the most common excitatory neurotransmitter within the CNS
and appears to play a key role in the excitotoxic process. In contrast to neuronal
cell bodies, axons do not express glutamate receptors. Therefore, excitotoxic
mechanisms would not be expected to play a major role in triggering the death of
axons in white matter. Indeed, glutamate does not injure axons within white
matter.8¢ Nonetheless, calcium-mediated axonal injury does occur in white mat-
ter.”® A wide variety of cellular insults will cause a sustained influx of sodium via
“persistent” or non-inactivating sodium channels. This influx of sodium triggers
calcium import via reverse mode operation of the Na+Ca?* exchanger.'% The
result is a surge of damaging levels of calcium inside the axon. In in vitro experi-
mental models, drugs that block the Na*+Ca%* exchanger or sodium channels can
protect axons so that they do not degenerate following injury.25:99:100 Neurotrans-
mitters and neuromodulators such as y-aminobutyric acid (GABA) and adenosine
appear to have a modulatory effect on the axonal injury cascade within white
matter, and indeed, GABA and adenosine have a neuroprotective effect in white
matter where they can preserve axonal function after various insults.?® Calcium
channels also appear to play a role in admitting injurious calcium into axons
following some injuries.?? Blocking calcium channels, as well as sodium chan-
nels, thus should be considered in the search for neuroprotective strategies that
will preserve axons in MS.

Delivering Neuroprotective Agents

The various possibilities for delivering neuroprotective agents include direct
administration either systemically or directly into the CNS, or “indirectly” via
gene therapy in which genes can be introduced that will increase the body’s
ability to produce more neuroprotective agents.

Systemic Delivery. One of the earliest events in the development of an MS
lesion is the opening of the blood-brain barrier, which might thus provide a
unique window of opportunity to deliver therapeutics to the CNS via systemic
delivery. For example, systemically delivered IGF-1 has been found to be protec-
tive in EAE models.!1* Studies in primates and in MS patients may be warranted.
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CNS delivery. Until the last decade or so, direct delivery of drugs into the
CNS was too dangerous for human use, but with the emergence of ever-smaller
implantable devices and genetically engineered cells, CNS drug delivery is in-
creasingly possible.

Many MS patients have been treated with intrathecal baclofen for spasticity
using an implanted pump. Recent clinical trials in ALS with BDNF?2 and CNTF33
have demonstrated the feasibility of this method for delivering protein therapeu-
tics to the CNS. Penetration to deep structures may be a problem. However, the
side-effect profile of intrathecal BDNF, which includes insomnia and other be-
havioral effects, suggests that active concentrations of the drug are achieved in
higher centers.%?

Studies by Gage and others have demonstrated the potential of transplanta-
tion of genetically modified cells to deliver protein trophic factors to the CNS,
with promising results. Such an approach has the advantage that multiple agents
can be delivered simultaneously through one vehicle. However, like replacement
transplantation approaches, the multifocal nature of the MS disease process could
make clinical application of this approach problematic.

Gene Therapy Approaches. The term “gene therapy” refers to the insertion
of specific genetic elements into either intact or diseased cells in the body with
the aim of either restoring lost biochemical functions or introducing a molecular
compensation for the consequences of a disease process. This may be accom-
plished by injecting either naked DNA or specially modified “vector” viruses
containing the therapeutic genes either systemically or into a restricted location in
the body. Gene therapy holds great promise for the treatment of focal or general-
ized CNS disorders. However, the plethora of protective factors that would have
to be invoked for neuroprotective gene therapy of the CNS to be feasible will
probably render this approach impractical, at least for the near future.

Summary of Neuroprotective Strategies

Axons in the MS brain exist in a threatening and destructive milieu, sur-
rounded by toxic cytokines and free radicals, and stripped of their comforting
myelin sheaths. Thus, the mechanisms by which axons are damaged in MS might
be quite similar to those postulated in other neurodegenerative diseases such as
Parkinson’s disease. In addition, oligodendroglial cells are likely susceptible to
many of the same cytotoxic mechanisms. Several potential therapeutic strategies
have been described that could be investigated as neuroprotective approaches in
MS.

The ideal neuroprotectant(s) would be able to protect, foster repair, and
promote regeneration of all the different types of cells affected in MS and would
further have a narrow enough range of function that there would be no undesir-
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able side effects. Unfortunately, this is unrealistic. Few of the agents currently
under investigation are specific enough in their action on the cells they affect to
avoid undesirable side effects.

In the future, application of neuroprotective or neurorestorative treatments is
likely to involve combinations of agents that can be tailored to the stage of the
disease. Examples of combination therapy might include the use of an anti-
cytokine agent (for example, interferon or glatiramer acetate); an antiexcitotoxic
agent, such as an AMPA antagonist (none of which have yet reached the clinic);
a mitogenic or differentiating factor for oligodendrocyte precursors, such as IGF,
NT-3, GGF-2, or a synthetic small-molecule agonist for one of these growth
factors; and an agent that promotes repair or regeneration of central axons, such
as BDNF or NT-3. Perhaps these drugs, or others like them, can be administered
as “cocktails.” More likely, strategies of alternating agents that have different, yet
complementary, activities will be adapted from those devised by oncologists.

Finally, the development of neuroprotective and glioprotective treatments
will depend on advances in protein drug delivery and high-throughput drug
screening. In addition, innovative clinical trial designs and novel outcome mea-
sures will be required to screen potential therapies in the clinic.

CNS Repair and Restoration
Strategic Questions About Remissions

The converse of the concept of relapse prevention, which has driven the most
recent round of clinical trials in MS, is the concept of active induction of remis-
sion. Remissions, in which there is restoration of neurologic function, such as
vision or the ability to walk, that had previously been lost, commonly occur in
multiple sclerosis. One potential goal of MS treatment could thus be to try to take
therapeutic advantage of the tendency of MS to naturally remit in its early stages
in the majority of patients, with the ultimate goal of inducing sustained or even
permanent improvement. This concept is not new. For many years, patients have
been treated with high-dose intravenous steroids or adrenocorticotropic hormone
(ACTH) with the goal of inducing immediate and sustained reversal of acute
relapses. The challenges facing remission induction as a therapeutic approach in
MS include the fact that some MS patients do not experience remissions and that
the transition from relapsing-remitting disease to progressive disease represents
an event in the disease course that is not fully understood.

Can we use what we know about the molecular basis for remissions in order
to induce them? This question is under study in a small number of laboratories,
but our understanding is just in its infancy. More fundamentally, however, the
question of the basis for the transition from relapsing-remitting disease to pro-
gressive MS also remains unanswered. There are several possible explanations
for why MS follows a relapsing-remitting course in some patients.
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Axons, as well as myelin and glial cells, are damaged in MS. It is currently
believed that axons within the CNS do not regenerate, or regrow, after they
degenerate consequent to injury. Thus, one scenario is that irreversible (non-
remitting) deficits in MS arise from axonal injury, as opposed to injury to myelin,
which either is fundamentally reversible or can be more readily repaired. If
axonal injury is, in fact, a basis for the acquisition of irreversible deficits, treat-
ments aimed at reversing disability will have to focus efforts on protecting axons.

A second scenario is that, for some reason, sodium channel plasticity (which
is necessary for restoration of impulse conduction in demyelinated axons) might
not occur in some demyelinated or degenerating axons. To the extent that molecu-
lar plasticity at the channel level permits regeneration of critical channels, defi-
cits might be reversible, but when channel numbers or distributions cannot be
reconstituted, conduction fails and permanent disability results. Molecular neuro-
science can teach us more about the molecular mechanisms that are responsible
for synthesis and deployment of sodium channels in myelinated and demyelinated
axons and about ways to manipulate channel distribution along the demyelinated
axon therapeutically.

A third scenario is that other mechanisms of plasticity, such as synaptic
sprouting or recruitment of previously uninvolved parts of the brain and spinal
cord, can compensate for demyelination and even axonal loss early in the disease
course, but that these processes become overwhelmed as the burden of disease
accumulates, so that they can no longer contribute to recovery. This “threshold”
model would focus attention on these mechanisms of plasticity and on strategies
for enhancing them so that they are more robust. However, there is a need for
information about these mechanisms in MS and about how they can be enhanced
or promoted.

Harnessing Endogenous Neuroplasticity Through Exercise

Several aspects of current thinking about the mechanisms that mediate neuro-
plasticity are potentially relevant to the restoration of function for people with
MS. One interesting concept is the effect of training or exercise. In accordance
with the theory that many plastic changes in the CNS are activity dependent,
increases or decreases in input to the CNS can result in reorganization of sensory
maps and changes in synaptic strength. In experimental and disease states, neu-
rons can be induced to respond to stimuli that were previously not effective in
eliciting a response. Similarly, neurons change the efficiency with which they
respond to stimuli. Several groups have demonstrated that exercise, or an en-
riched environment, can improve motor outcomes after cortical lesions.8! An
interesting therapy has been attempted in individuals with impaired limb use due
to stroke, by restricting use of the normal limb. Taub and colleagues observed
that in both primates and humans, the use of the impaired limb was improved
after limiting activity on the normal side.!0! In rats, this type of therapy results in
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adaptive changes in the motor representation in the spared cortical sites. This
overall procedure must be approached with caution, however, since restricting
use of the normal limb too quickly after a cortical lesion can also result in
persistent motor deficits; this unfortunate result is thought to be due to increases
in sensitivity to NMDA toxicity.3® Although restricting the use of a limb might
not be appropriate for people with MS, these observations suggest that achieving
a careful balance of excitation and inhibition might substantially enhance appro-
priate neural responses. It might be possible to reach this goal by appropriately
timing a combination of exercise techniques that are known to induce changes in
synaptic strength with pharmacotherapy known to alter excitation and inhibition.

Transplantation

Over several decades, the use of transplantation has emerged as a viable
technique for repair of the nervous system. Immature fetal cells are required for
transplanted cells to survive and integrate into the host nervous system. These
cells have been used in many experimental animal models, as well as in human
diseases, such as Parkinson’s disease and Huntington’s chorea. Although some of
the results have been encouraging, the use of fetal cells in human diseases is
probably not practical, in large part because of the restricted availability of fetal
tissue.

Transplantation offers the opportunity to replace defective or destroyed tis-
sue, cells, or organs with functional ones. A number of potential sources of neural
tissue exist. Allotransplantation refers to transplantation from one donor of the
same species to another of the same species. Xenotransplantation refers to trans-
plantation of tissue from one species to another. Both are being investigated as
potential therapeutic approaches to replace neural tissue destroyed by MS.

The possibility of harvesting animal cells for transplantation into humans is
an active area of research. These xenografts could provide either specific replace-
ment cells, such as cell populations that contain a specific neurotransmitter, or
immortalized cell lines, such as fibroblasts genetically engineered to produce
specific substances, including neurotrophic factors.?®

Major limitations in transplantation include the requirement for immunosup-
pressive agents to prevent graft rejection, the toxicity associated with the use of
these agents, and difficulty with control of rejection of xenografts even with
immunosuppression. Strategies to control rejection, induce tolerance, and en-
hance xenograft survival have to be developed, and the mechanisms underlying
xenoreactivity must be better defined.

Stem Cells

A mature animal originates from a single cell, which initially has the poten-
tial to produce a diverse array of tissues, organs, and cells. That original cell is
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thus pluripotent, meaning it can give rise to cells of many different types. Certain
cells retain this feature throughout the lifetime of an organism and are known
collectively as stem cells. They are currently being studied as a possible way of
replacing cells that have been destroyed by disease.

The most intensively studied stem cells are the hematopoietic stem cells
(HSCs). These stem cells produce at least 11 different cell types, or lineages,
including the immune system components (T cells, B cells, NK [natural killer]
cells, granulocytes, dendritic cells), microglia of the brain and central nervous
system, platelets, and red blood cells (Figure 6.1). Even for HSCs, the mecha-
nisms underlying their regulation, survival, maintenance of pluripotency, and cell
fate are still being worked out.

Recently, reports that stem cells from adults can differentiate into develop-
mentally unrelated cell types have offered promise that this ability could be
exploited to replace damaged or destroyed neural cells. Intrinsic and extrinsic
signals regulate stem cell fate. Although some of these mechanisms have been
identified, continuing studies will provide important information to bring this
technology closer to clinical application. What a stem cell is, what regulates self-
renewal and differentiation, the intrinsic controls of stem cell fate, the microenvi-
ronment and its role in regulation, and the control of plasticity are all important
unresolved questions.

Neural Stem Cells. Another approach to neural repair exploits the observa-
tion that the CNS appears to contain multiple cell populations that are capable of
self-replication and behave as endogenous stem cells in the adult brain.® In cer-
tain regions of the brain, these stem cells have been identified and studied for
several years, but they were thought to be restricted to repopulating a few specific
sites such as the olfactory bulb and the hippocampus.”! More recently, immature
progenitor cells with the potential to participate in neural repair have been iden-
tified throughout the forebrain. These are located in the subventricular zone, a
region close to the ependymal cells that line the ventricles. Although these cells
do not seem to engage independently in neural repair, it might be possible either
to isolate and harvest a pluripotential population of stem cells or to induce endog-
enous self-repair by administering the appropriate growth factors or other sub-
stances that will induce these cells to differentiate and repopulate lesioned sites.

Until recently, the concept of a neural stem cell was not considered because
the CNS has been regarded as a structure incapable of regeneration. However, a
number of prototype neural stem cells have been identified in brain and spinal
cord. Neural stem cells can also be derived from embryonic stem cells. Before the
full potential of neural stem cells can be realized, we must better understand what
controls their proliferation, what tissues they reside in, how the regulation of
pluripotency occurs, and how differentiation to daughter cells occurs.

More recently, attention has focused on the potential of stem cells for re-
placement and repair in the CNS. Very early during embryonic development, true
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FIGURE 6.1 Lineage of neural stem cells. In the brain, neural stem cells in the ventricu-
lar zone can divide and generate progenitors that proliferate in the subventricular layer,
then migrate throughout the brain, where they differentiate into neurons, oligodendro-
cytes, and astrocytes. Circulating marrow-derived cells can reenter the brain and migrate
into the ventricular zone, as well as differentiate into microglial cells and astrocytes.
FGF-2 denotes fibroblast growth factor 2; EGF, epithelial growth factor. Reprinted with
permission from Moore MA, 1999.75 Copyright 1999 Massachusetts Medical Society. All
rights reserved.
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“stem” or primordial cells exist. These are progenitors for all cells in the body. As
the organism develops, cells become progressively more committed to their fate
as a particular type of cell. During development, different lines of stem cells
develop, including those dedicated to the hematopoietic system that produces
cells related to blood, bone marrow, and other systems. Other lines of stem cells
develop into neurons and glial cells that populate the brain and spinal cord. There
are intermediate levels of commitment in the lineage from primordial cells to
cells committed to becoming a specific type of neuron or glial cell. Partially
committed cells can be tapped at different levels of development to be used as
stem cells to repair the nervous system. At this point, most studies investigating
neural repair have used cells that are more or less committed to differentiate into
either glia or neurons. Several reports have recently suggested, however, that
with the right culture conditions, it might be possible to obtain a pluripotent stem
cell that can differentiate into either neurally related cells or cells related to the
hematopoietic system.!?

Stem cells taken from embryonic brain are capable of extended self-renewal,
but they lose this capacity as they mature. However, the capacity for self-renewal
can be retained either by inserting immortalizing genes or by using specific
growth factors in the cell culture media that encourage cells to exit the cell cycle
and proliferate or return the cells to their immature state. Fetal cells maintained in
this way can be transplanted into the CNS where they subsequently develop into
both neurons and glial cells. Of particular relevance to MS is the transplantation
of precursor stem cells into “shiverer” mice. These mice are missing a portion of
the gene that encodes for myelin basic protein and, as a consequence, have poor
myelination. When Yandava and colleagues transplanted neural stem cells into
the brains of newborn shiverer mice, they migrated widely throughout the brain,
and many of them differentiated into oligodendrocytes, producing improved
myelination with reduced tremor in the mice.!!® It remains to be shown, however,
whether similar transplants in adult animals can produce equally beneficial ef-
fects.

Although it is well known that young brains recover from injury more easily
and respond better to treatment than adult brains, there are examples of effective
transplantation treatment in adult brains. For example, in a model of targeted
apoptosis in a specific population of neocortical cells, Snyder and colleagues®
found that precursor cells were able to selectively repopulate and form appropri-
ate connections in adult brains. They suggest that a number of factors in the
microenvironment of both the host and the transplanted cells are required for this
kind of transplant to succeed.

Cells from many different sources are being studied, including various ani-
mal models, progenitor cells from different regions of immature brain, and cell
lines of multiple lineages, including human. Stem cells can also be transfected
with viral vectors that allow the delivery of substances capable of inducing neural
repair. Various growth factors have been successfully induced in neural stem
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cells to promote repair in many lesion models. Liu and colleagues grafted cells
that were genetically modified to express the growth factor NT-3 into lesioned
spinal cords.! The transplant cells dispersed for substantial distances within the
spinal cord, differentiated into both neurons and glia (probably as a result of
environmental cues from the host), and encouraged axonal growth from host
axons. Many other studies report positive findings after delivery of growth fac-
tors into lesioned spinal cord, including functional improvements in gait.!%-63.84

Bone Marrow Transplantation. The bone marrow is the source of all stem
cells responsible for the formation of the blood or hematopoietic system (red
blood cells, platelets, immune cells, and white blood cells). Bone marrow trans-
plantation (BMT) and the HSC are associated with a number of autoimmune
diseases.!”276.79.103 Bone marrow from disease-prone donors transfers the dis-
ease process, and conversely, transplantation of bone marrow from disease-resis-
tant donors into autoimmune recipients reverses the autoimmunity.37-58.76.77 BMT
has therefore been suggested as a potential new strategy to interrupt some au-
toimmune diseases.

Animal Experiments Support a Role for HSC in Autoimmunity. Observations
that autoimmunity could be transferred through different types of stem cells in
mouse models led investigators to examine clinical correlates. In 1974, Morton
and Siegel showed that autoimmunity in New Zealand Black (NZB) mice could
be transferred by hematopoietic cells into irradiated disease-resistant recipients’¢
Conversely, BMT from disease-resistant donors prevented autoimmunity in NZB
mice, an animal model for autoimmune hemolytic anemia.?>’” Subsequently,
disease prevention was reported in two diabetes-prone animal models, the non-
obese diabetic (NOD) mouse?” and the BioBreeding (BB) rat,’® that had been
fully conditioned and transplanted with bone marrow from disease-resistant do-
nors. Mixed chimerism achieved by partial conditioning was sufficient to reverse
the autoimmunity in NOD mice and prevent the development of diabetes. Trans-
fer of autoimmunity by BMT has also occurred in other animal models, such as
the MRL/Ipr (lupus/rheumatologic disorders) mouse, BXSB mouse, and HLAB27
transgenic rat.!>40.102 Unmodified marrow was administered in the early studies,
implicating T cells within the donor inoculum as potential mediators of the effect.
Splenocytes or lymph node lymphocytes did not transfer disease, pointing to a
role for the HSC itself. When bone marrow from nude mice or bone marrow with
reduced T-cell levels from normal allogeneic donors reversed autoimmunity in
disease-prone recipients, data in support of a role for the HSC, rather than its
progeny (T cells), emerged.!3-3537.38,52,78.93,102,115 Finally, transplantation of puri-
fied HSC from NOD mice into genetically identical disease-resistant recipients
transferred the autoimmune state.?® Therefore, one can hypothesize that the im-
mune dysfunction in autoimmune diseases such as Type 1 diabetes is due to an
inherited defect of the pluripotent HSC that is also expressed in their progeny.
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van Bekkum recently suggested that autoimmune diseases should be classified as
HSC defects.!06

Bone marrow used for transplantation can be either autologous or allogeneic.
In autologous transplants, the recipient serves as his or her own donor. In alloge-
neic transplants, previously extracted marrow from a different donor provides the
stem cells for transplantation to a genetically different recipient. Both types of
bone marrow transplantation have an impact upon autoimmune diseases. Further
research is needed to understand the mechanisms by which BMT helps to rees-
tablish self-tolerance in the context of autoimmune diseases. Better understand-
ing of this process should significantly improve transplant outcomes. In addition,
support of well-developed Phase I pilot studies in which optimal information is
obtained about posttransplant outcomes and impact on disease progression should
be supported to evaluate the impact of BMT on MS.

Human Studies Involving Allogeneic Bone Marrow Transplantation. Recent
case reports have confirmed a strong association between the HSC and autoim-
munity in humans. BMT has been shown to transfer autoimmunity to disease-free
human recipients who underwent BMT to treat leukemia.’*3319 Conversely,
BMT from disease-resistant donors has reversed the autoimmune process.®® Seven
patients with rheumatoid arthritis who received an allogeneic BMT from disease-
free HLA (human leukocyte antigen) identical siblings experienced a dramatic
reduction in the severity of the disease, with complete remission in six of the
seven patients.*#1.66.88.89 Other autoimmune diseases including Crohn’s colitis,®?
psoriatic arthritis, 2 MS, and Type 1 diabetes in the honeymoon period'% have
gone into remission following allogeneic BMT for leukemia. Because life-
threatening autoimmune diseases are not controlled by conventional immuno-
suppressive therapy, BMT is currently being tested in pilot clinical trials as a
therapeutic strategy in patients with life-threatening disease. This seminal obser-
vation has opened a door for a potentially new strategy to treat autoimmune
diseases such as MS. However, a number of challenges have to be better under-
stood and refined through research in this area.

Limitations of Bone Marrow Transplantation. The four major limitations of
BMT are (1) the toxicity of the conditioning; (2) the requirement for close HLA
matching; (3) graft-versus-host disease (GVHD); and (4) failure of engraftment.
The toxicity associated with conditioning required in conventional BMT is one of
the main limitations that has prevented the widespread application of BMT to
nonmalignant diseases, including MS. In fully ablative BMT, the marrow of the
recipient is first removed and then replaced by donor marrow, resulting in a fully
allogeneic chimeric state. Fully ablative BMT carries a 10 percent mortality risk
because of the conditioning process used to make space for the new marrow to
become engrafted. If the recipient is only partially conditioned, the result is a
mixed chimeric state. The morbidity and mortality associated with partial condi-
tioning are significantly lowered. Strategies to allow engraftment with partial
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conditioning should be developed. A second major limitation of BMT is the
requirement for clone matching. Methods to eliminate this need would make
BMT more widely available. The need for clone genetic matching is due to the
fact that GVHD is directly correlated to the closeness of genetic matching be-
tween donor and recipient. A third major limitation in BMT is GVHD itself. In
GVHD, the donor immune system accompanies the HSC. The mature donor T
and B cells attack the recipient, destroying the liver, skin, and gastrointestinal
tract. Historically, strategies to remove GVHD-producing cells avoided GVHD
but resulted in high rates of failures of engraftment. Methods to engineer a BMT
that contains the essential cells but not GVHD-producing cells are needed. Re-
search to understand the mechanism of failures, engraftment, GVHD, and graft
take will allow this approach to more readily be applied clinically.

In summary, mixed chimerism might be a useful therapeutic approach for
MS in two ways: (1) to induce tolerance to neural stem cell transplants and (2) to
reverse the underlying autoimmune process. Strategies to apply BMT safely to
patients with MS may allow a novel approach for therapeutic intervention. If the
risk of the procedure is reduced to a minimum, one could envision intervening to
interrupt the autoimmune process at a much earlier time, prior to the development
of irreversible complications.

CHALLENGES IN MS CuinicAL TRIALS

The art of performing clinical trials in MS has been greatly stimulated by the
availability of disease-modifying MS drugs—glatiramer acetate and several forms
of interferon beta-1b. However, as the field has advanced, new and complex
issues have arisen. This section highlights some of these areas, but does not
attempt to address the entire universe of clinical therapeutic research in MS. Nor
does it review the individual clinical trials of therapeutic agents (for a summary
of some of these trials, see Appendix D).

The National Multiple Sclerosis Society has been highly effective in
proactively addressing many of these issues through its Advisory Committee on
Clinical Trials of New Agents in Multiple Sclerosis and its Clinical Outcomes
Assessment Task Force and Task Force on Use of MRI in MS Clinical Trials.
These efforts have resulted in (1) a set of guidelines for the conduct of clinical
investigations and (2) development of the MS Functional Composite, a brief
impairment measure for assessing patient outcomes in clinical trials. These docu-
ments have been published in respected clinical neurology journals (see Box 6.1).

The major challenges facing the researcher who plans clinical trials in any
area of medicine are the needs to:

e select promising new candidate therapies;
e reject agents that are either potentially harmful or unlikely to prove effi-
cacious, and do so at an early stage in the development process; and
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BOX 6.1
Published Guidelines for the Conduct of MS Clinical Trials

Whitaker JN, McFarland HF, Rudge P, Reingold SC. Outcomes assessment in
multiple sclerosis clinical trials: a critical analysis. Multiple Sclerosis
1995;1:37-47.

Lublin FD, Reingold SC. Defining the clinical course of multiple sclerosis: results of
an international survey. Neurology 1996;46:907-911.

Miller DH, Albert PS, Barkhof F, et al. Guidelines for the use of magnetic reso-
nance techniques in monitoring the treatment of multiple sclerosis. Ann Neu-
rol. 1996;39:6-16.

Rudick R, Antel J, Confavereux C, et al. Clinical outcomes assessment in multiple
sclerosis. Ann Neurol. 1996;40:469-479.

Whitaker JN, et al. Expanded clinical trials of treatments for multiple sclerosis. Ann
Neurol. 1996;34:755-756.

Lublin FD, Reingold SC. Guidelines for clinical trials of new therapeutic agents in
multiple sclerosis. Relations between study investigators, advisors and spon-
sors. Neurology 1997;48:572-574.

Rudick, R, Antel J, Confavreux C, et al. Recommendations from the National Mul-
tiple Sclerosis Society Clinical Outcomes Assessment Task Force. Ann Neu-
rol. 1997;42:379-382.

Lublin FD, Reingold SC. Combination therapy for treatment of multiple sclerosis.
Ann Neurol. 1998;44:7-9.

Fischer JS, Rudick RA, Cutter GR, Reingold SC. The Multiple Sclerosis Functional
Composite Measure (MSFC): an integrated approach to MS clinical outcome
assessment. Multiple Sclerosis 1999;5:244-250.

Goodkin DE, Reingold SC, Sibley W, et al. Guidelines for clinical trials of new
therapeutic agents in multiple sclerosis: reporting extended results from
Phase Il clinical trials. Ann Neurol 1999; 46;132-134.

* convincingly establish the utility, safety, and efficacy of agents that pro-
ceed through the drug development process.

Drug development in MS faces major challenges in a number of these arenas.
In addition to challenges that apply to all areas of medicine, MS presents its own
challenges. It is a heterogeneous disorder of long duration and—relative to other
disabling and life-threatening disorders such as rheumatoid arthritis, diabetes,
and cardiovascular diseasea its prevalence is low. MS is a difficult disease to
study, and the potential market for profit-dependent firms is small relative to the
investment needed to produce an approved drug.

Specific challenges to the design of MS clinical trials include the general
challenges presented by therapies that alter immune responses, therapies for which
there is so much demand that they are applied even before solid clinical data are
available; situations in which placebo controls are not appropriate, despite the
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analytic power they add to a clinical trial; and blinding designs that control for
subject and observer biases about expected outcomes. The considerable natural
variation in the manifestation of MS also complicates the design and interpreta-
tion of clinical trials. In some cases, seemingly reasonable decisions to exclude
“atypical patients” from the data analysis or about which diagnostic criteria to use
can generate spurious results.30

Need for a Standardized Testing Program

With the plethora of agents becoming available for testing in MS and four
approved drugs already on the market, efficient systems are needed to facilitate
drug development and comparisons between agents or combinations of treat-
ments. A uniform currency of clinical assessment that incorporates several types
of assessments, not all of which may be used in any given trial, is needed. An
example is the Airlie House guideline for clinical trials in amyotrophic lateral
sclerosis, which were formulated by a working group of the World Federation of
Neurology.32 The authors of this document included academic physicians, phar-
maceutical company representatives, and representatives of the Food and Drug
Administration (FDA). The Airlie House document provides a menu of evalua-
tions that form the core assessment for most modern ALS trials. The MS Society
could contribute by continuing its efforts on behalf of MS clinical trials and
convening a similar gathering to consolidate its efforts to this point and help
develop standards for future clinical trials.

An ongoing challenge will be to determine what represents a continuum of
the spectrum of disease as opposed to unique etiologic or immunopathogenic
mechanisms. This is especially complicated because human genetic variation is
SO extensive.

Translating Research Results fo Treatment Results

A critical underfunded and neglected area for MS is the application of basic
research discoveries to the bedside in clinical feasibility (Phase I) studies (see
Box 6.2). In the past, hospital centers and universities contributed funds to obtain
proof of concept in early testing. In a time of health care reform, this option is no
longer available. Funding for well-constructed, high-risk, potentially high-yield
clinical trials for exploring feasibility and proof of concept in testing new tech-
nologies discovered at an academic center should be considered.

Need for Controlled Clinical Trials

Another area of concern focuses on those therapies that, although they might
provide very real therapeutic benefit, are not being appropriately studied in con-
trolled clinical trials. Allogeneic peripheral blood stem cell therapies currently
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BOX 6.2
Clinical Trial Phases

Phase | First studies in people, to evaluate chemical action, appropriate
dosage, and safety. Usually enrolls small numbers of participants
and typically has no comparison group.

Phase Il Provides preliminary information about how well the new drug works
and generates more information about safety and benefit. Usually
includes comparison group; patients may be assigned to groups by
randomization.

Phase Il Compares intervention with the current standard or placebo to
assess dosage effects, effectiveness, and safety. Almost always
uses random allocation to assign treatment. Typically involves many
people (hundreds or thousands) but may be smaller.

Phase IV “Postmarketing surveillance” evaluates long-term safety (and some-
times effectiveness) for a given indication, usually after approval for
marketing has been granted by FDA.

fall under this category. In general, these treatments are not being developed by
large pharmaceutical companies but are most often studied in small clinical trials
under the auspices of independent researchers. These researchers have neither the
funding nor the infrastructure for large, well-controlled, multicenter trials. The
resulting publications describe only a handful of experimental patients and do not
include control groups. Of danger to the field as a whole is that if controlled,
adequately powered trials are not performed soon, the time for clinical trials may
pass; clinicians will form an opinion of the treatment based on inadequate trials.
Whether the treatment is truly beneficial or not will remain unknown.

The proper choice of control groups is an issue that affects any clinical trial
but becomes especially difficult for MS clinical trials as patients gain access to
more effective therapies. Asking individuals to forgo effective treatment is an
unacceptable option. Yet if a treatment has a modest benefit, this benefit is far
more difficult to detect when it is compared with another treatment of modest
benefits than when compared to a placebo control. As a result, clinical trials
comparing different treatments must be more elaborate; for example, they might
test more subjects or for longer periods or collect more data, and will thus be
more expensive.

Some modifications of placebo control design might provide viable alterna-
tives for MS studies. So-called add-on trials test a new treatment on top of
another beneficial treatment. For example, all patients in a clinical trial would
receive beta-interferon. On top of this, half of these patients would also receive
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some novel therapy. As long as the therapies are thought to have significantly
different mechanisms of action and toxicity, these trials are relatively straightfor-
ward.

Another option is the early-escape placebo-controlled trial, in which control
patients are withdrawn from the trial at the first sign of any exacerbation. This
technique, of course, relies on a clinically relevant and sensitive method for
measuring impairment. An alternative is the randomized withdrawal approach, in
which all patients start on a novel therapy and maintain this treatment until they
become stabilized. At this point, researchers withdraw treatment randomly from
some patients and closely monitor the clinical outcome of both groups. Again, the
early-escape approach applies to any patients who worsen in the absence of the
treatment.

Active controlled trials, in which two treatments are compared side-by-side,
can establish the efficacy of a new treatment through two methods. The first
involves demonstrating that a new treatment is more beneficial than an old one.
In studies of MS, this approach works well, although as treatments become more
and more beneficial, it will become more difficult to find a new treatment that is
superior to the old ones even though it may be an effective form of therapy.

The second method involves demonstrating the efficacy of a new drug by
showing that it is similar, but not superior, to a known effective treatment. When
such similarity is shown, the statistical confidence interval around the estimated
difference between the treatments includes the possibility that the new treatment
is somewhat inferior. In order to conclude that the new treatment retains some
efficacy, it is essential to determine that the amount of potential inferiority of the
new treatment is less than the total efficacy of the active control treatment under
the conditions studied. However, since trial conditions vary, patient populations
are heterogeneous, and data regarding active control therapies in MS are limited,
determination of the latter amount can be very difficult or impossible.

Controlling for Subjective Factors

Two critical elements of clinical trials are (1) the ability to blind both the
participants and the observers with respect to treatment so that neither are influ-
enced by their expectations of a treatment’s effect (double blinding) and (2) the
existence of unbiased, objective measurements of disease severity (objective
outcomes measures). Both elements can prove difficult in MS studies. (For a
further discussion of the latter factor, see “Outcome Measures in Clinical Trials”
below.) Many therapies cause adverse events that can unblind subjects or inves-
tigators. In the case of transplantation-based treatments, such as stem cell and
bone marrow therapies, blinding would require sham surgeries, which can be
unethical or impractical. When a study cannot be blind, it may be possible to
reduce bias by having the outcomes assessed by individuals who are blinded to
the treatment. It is also particularly desirable in incompletely blinded trials that
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observers rely on objective end points to avoid subjective bias in interpreting the
outcome of the trial.

Heterogeneous Patient Populations

The great variation in the clinical manifestations of MS presents additional
issues in the design of a well-controlled clinical trial. Although MS is inevitably
progressive, the rate and pattern of progression are highly variable from person to
person. Responsive and unresponsive patient groups, starting with similar clini-
cal or MRI deficits, have not yet been identified, although relapsing-remitting
disease (characterized by inflammatory lesions) seems more amenable to immu-
notherapy than secondary progressive MS (where progression is less related to
recurrent inflammation). However, currently used distinctions between relapsing-
remitting MS and secondary progressive MS overlap considerably and are not
necessarily the optimal distinctions for determining who is likely or unlikely to
respond to a given therapy. Identification of disease factors that determine thera-
peutic response is very important, but difficult.

Some therapies are under development to target subsets of patients based on
testing that is not standard in the clinical setting, for example, patients with a
specific T-cell receptor subtype or antigen-specific T-cell activity. Several prin-
ciples are critical in developing such targeted therapies, including the use of
validated, standardized outcome measures in the trial, well-defined criteria for
participating in a clinical trial and for defining patient subsets, storage of samples
from patients for use in validating future tests as methodologies evolve, and
finally, giving early consideration to developing a test that will be broadly avail-
able clinically should the need arise.

Response to Withdrawal of Therapy

For any therapy that modulates the immune response, time-course studies are
needed. While most MS clinical trials follow patients on a course of treatment for
one to three years, few follow these patients after they come off the treatment. For
example, could one year of beta-interferon treatment be enough to “reset” the
immune response of an individual so that he or she can then stop taking it? Might
continued therapy increase long-term toxicity while yielding no additional ben-
efit? These are important questions, yet there is little incentive for pharmaceutical
companies to study them, and physicians who have seen their patients improve
may not want to risk taking them off the therapy.

Multiple Agents

Since none of the treatments currently cure MS or halt disease progression
entirely, it is important to test multiple agents in combination. Not only are such
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trials expensive, but they also will be lengthy and require large numbers of
patients. Agents of different classes will have to be tested in sequence and in
combination. Such trials are best done when the dose range and safety profile of
each individual agent to be employed in the trial is known. The potential for
adverse drug interactions should be carefully monitored. Separate end points
might be required for each agent as appropriate to its individual pharmacological
profile. Most importantly, standardized protocols and assessments will have to be
devised and agreed upon, including Phase II studies that allow the abandonment
of ineffective combinations to avoid unnecessary time, expense, and patient ex-
posure in large, multicenter efficacy trials. At the time of this writing, there are no
published reports comparing the efficacy of multiple agents given in combination
to their efficacy when given alone. The results of several Phase I studies to test
the safety of this approach have been presented at scientific meetings, but so far,
none have been published in the peer-reviewed literature.

Assessment Instruments

The development and validation of efficient, accurate, sensitive and repro-
ducible assessment instruments is critical to the success of clinical trials. As
noted in Chapter 4, the MS Society has contributed to this area by promoting the
development of the Multiple Sclerosis Functional Composite Measure (MSFC).
The MSFC has not yet been prospectively validated in the setting of a multicenter
clinical trial. Further development of outcome measures to supplement or replace
the Expanded Disability Status Scale (EDSS; see Appendix D) are also needed.
Finally, there is a variety of MRI protocols currently available, and it is important
to determine which measures can give the most comprehensive assessment of the
degree of CNS damage in MS.

Impairment. Impairment of neurological function can be measured directly
by examination or testing of the patient. Examples of impairment assessments
include the Scripps scale, the Functional Systems grading instrument,’ and so
forth. The new MSFC is, in reality, an impairment measure, since it directly
quantitates deficits of dexterity, ambulation, and cognitive test performance.

Disability. The assessment of disability is complex in a disease as varied as
MS. The Kurtzke EDSS is the most widely used disability rating instrument, but
it has been criticized for its apparent nonlinearity and insensitivity to change (see
discussion in Chapter 4). As currently performed, it does not behave as a continu-
ous outcome measure and does not equally weigh all areas of neurological dys-
function and disability in MS. There is consensus that the EDSS can be improved
to yield a more comprehensive clinical disability measure for use in MS clinical
trials.
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Attempts have been made to apply other, standardized outcome measures
such as the Functional Impairment Measure (FIM) to the assessment of clinical
outcomes in MS. Application of these scales often suffers from their general
nature and lack of specificity for MS-related disabilities.

Clinical investigators in the fields of movement disorders and ALS have
developed disease-specific rating instruments that incorporate quantitative or
semiquantitative recording of aspects of neurological function together with ques-
tionnaire-based assessments of patients’ level of function in activities of daily
living. Multidimensional ordinal scales such as the Unified Parkinson Disease
Rating Scale (UPDRDS), the Unified Huntington Disease Rating Scale (UHDRS)
and the Amyotrophic Lateral Sclerosis Rating Scale (ALSRS) have been vali-
dated in multicenter studies and found to reflect the progression of disability as
well as demonstrating good inter- and intrarater reliability. Protocols have also
been developed for the standardized assessment of neural transplant patients. A
comparable, comprehensive rating instrument and/or protocol does not yet exist
for treatment trials in MS. Attempts to develop and validate comprehensive rat-
ing scales are under way. An intriguing pair of instruments is the Symptom
Inventory and Performance Scales.”! However, none of these instruments has yet
been tested and validated in the setting of a treatment trial.

Quality of Life. The application and validation of quality-of-life measures in
MS is an ongoing field of investigation. Generic quality-of-life measures, which
have the advantage of being able to permit comparisons of deficits and treatment
outcomes across different disease states, often suffer from “floor” effects in the
evaluation of aspects of physical functioning of neurological, including MS pa-
tients. Recently, an MS-specific quality-of-life measure (the MSQLI), has been
developed and validated under the aegis of the Consortium of Multiple Sclerosis
Centers and the National MS Society.?

Neuroimaging

The rapid advance in the development and sophistication of magnetic reso-
nance imaging techniques is detailed elsewhere in this volume. Whereas some
measures, for example gadolinium enhancement, are most sensitive to acute
blood-brain barrier breakdown and inflammation, other measures such as assess-
ments of brain volume or atrophy give a better picture of accumulated tissue loss.
The former measure correlates best with acute and even subclinical disease activ-
ity; the latter, with long-term disability. Thus, the choice of imaging paradigm for
a clinical trial should be selected based on the goals of the trial. A study of a new
cytokine-modifying agent might call for assessments of gadolinium-enhancing
lesions. A trial of a neuroprotective agent intended to slow or reverse loss of
function in patients with progressing disease might instead rely on a measure of
brain volume. Additional issues regarding the use of imaging techniques include
the timing of imaging relative to treatment administration.
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Electrophysiology

If therapies to aid in remyelination of the CNS in MS are to be developed and
tested, the efficiency of remyelination must be assessed. Recently it has been
proposed that central conduction times might be useful in this regard,”® although
the lack of positive studies makes validation of this measure in humans difficult
at present.

Outcome Measures in Clinical Trials

The past decade has featured clinical trials that have led to the first approved
therapies for MS. The initial definitive trials focused on relapsing-remitting forms
of the disease and were combined with MRI studies. One primary end point was
clinical relapse rate. Most studies have used relatively standardized definitions of
a relapse, although in some trials, efficacy was more apparent where severe
relapse rather than overall relapse rate was used as the outcome measure. The
sensitivity of MRI to identify the rate of new lesion formation, which is the
apparent counterpart to clinical relapse rate, probably makes it less imperative to
develop better definitions of relapse.

A more critical issue would seem to be the clinical measures that can be used
to assess neurologic disability. Most clinical trials are conducted over periods of
one to three years, but the current standard disability scale, the EDSS, changes
relatively little over that length of time. (See Chapter 4 for further discussion of
problems with the EDSS.) Some, but not all, clinical trials of relapsing-remitting
MS showed significant effects of interferons as measured by the EDSS disability
scale, which raises the issue of whether the “successful” trials reflected better
training of investigators in the use of these measures. An international task force
convened by the National MS Society during 1994-1997 recommended use of the
MSFC, a modified scale that incorporates measures of ambulation, upper limb
function, and cognitive functions (discussed further in Chapter 4 and Box 4.6).%0
Such measures are likely to be especially important in assessing therapies aimed
at arresting the more progressive phases of disease or at improving functional
capacity. MRI measures of tissue injury are being developed and might serve to
support clinical observations regarding disease progression. Clinical studies
aimed at functional improvement rely more on clinical measures. It seems un-
likely that dramatically improved clinical scales can be developed given the rate
of disease progression. Finally, even when the same clinical outcome measures
have been used, it is not always statistically valid to compare different clinical
trials.

Standardized measures are also needed to demonstrate the effects of clinical
therapies on quality of life. There are numerous measures that can be utilized, as
discussed in Chapter 4.
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MRI as a Surrogate Outcome Measure

The objective, sensitive, and quantitative changes measured using MRI make
it an attractive tool for measuring the outcome of new therapies. This is in distinc-
tion to clinical outcome measures that are characteristically insensitive, often
poor at reflecting disease activity, and inconsistently defined (for example, dif-
ferent studies define relapse differently). Indeed, the changes seen on MRI, used
as a secondary outcome measure a pivotal trial of interferon beta-1b, had an
important influence on the approval of this therapy in MS. In 1994, an interna-
tional group of experts convened by the MS Society concluded that MRI could
serve as a primary outcome measure in Phase II or exploratory clinical trials but
that it should be used only as a secondary outcome measure in Phase III or pivotal
trials.

The recent approval and widespread use of several partially effective thera-
pies for MS have changed the options for testing new therapies and, as a result,
interest in using MRI as an outcome measure has intensified. Large, long-term
clinical studies conducted over several years raise ethical concerns about the use
of placebo controls when approved therapies are already available. Further, the
number of untreated patients available for studies will diminish. Also, trials
comparing new treatment to active therapies will require larger sample sizes than
placebo-controlled studies and will be very expensive. Overall, the MS research
community is faced with serious difficulties in testing new and potentially effec-
tive therapies thus rendering the ability to conduct trials using small numbers of
patients over a shorter duration than previously used in MS pivotal trials of
considerable potential merit.

The following discussion of MRI as a surrogate outcome measure is based
on a workshop of an international group of MS researchers that was convened
jointly by the National Institute of Neurological Disease and Stroke (NINDS) and
the National MS Society in November 1999.70

Role of Surrogate Outcome Measures

The issue of surrogacy is complex. In general terms, a surrogate is an out-
come other than disability that can reliably predict clinical outcome. An example
is the use of blood pressure as a surrogate for heart disease. The concept of
surrogacy in MS research has often been misunderstood, and various concepts of
surrogacy exist.

Validated Surrogates. For an outcome measure to be accepted as a “vali-
dated surrogate” measure of treatment efficacy, it must meet the following crite-
ria: First, the surrogate must predict future clinical disease. Second, the effect of
treatment on clinical disease must be explained by its effect on the surrogate; the
treatment has to affect clinical outcome by working through the surrogate. Third,
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evidence must exist that treatments of various classes affect the surrogate in the
same and predictable manner.

Demonstration of a relationship between a marker and a prognostic outcome
in natural history studies is not sufficient to establish the marker as a validated
surrogate. Finally, since therapies of different classes must be shown to have a
concordant effect on the surrogate as well as on the clinical outcome, evidence
from a single class of therapy is not sufficient since other therapies could affect
the clinical and surrogate outcomes through different mechanisms.

These stringent criteria make it unlikely that single studies will be sufficient
to assess a surrogate marker. Unless treatment differences in clinical outcomes
are highly significant, single studies generally lack the precision to provide a
robust validation. Interpretation is also difficult if the treatment has multiple
mechanisms but the surrogate explores only one. Single studies are more likely to
be helpful in excluding useless surrogates than in validating good ones. Meta-
analysis of multiple, large studies allows the relationship between the surrogate
marker, clinical outcome, and treatment effect to be explored in comparative
trials in a more robust manner. Meta-analysis may define the proportion of treat-
ment effect that is explained by the surrogate marker. Collaboration and data
sharing between investigators will facilitate validation of surrogate outcome
markers.

Unvalidated Surrogates. In contrast to the criteria for a validated surrogate,
current FDA regulatory guidelines allow for the use, under some conditions, of
an unvalidated surrogate. The condition placed on the use of an unvalidated
surrogate is that the surrogate outcome must be considered reasonably likely to
predict future clinical outcome or disease activity. As discussed below, studies to
date that have examined the relationship between MRI measures of disease and
clinical disease either in cross section or as future disease have been, with one
notable exception, disappointing. Despite this, changes on MRI clearly reflect
some of the underlying pathological process in MS, implying that MRI is a
reasonable, albeit unvalidated, surrogate. However, serious mistakes have been
made in clinical medicine using unvalidated surrogates. For example, it is now
clear that CD4 counts do not necessarily predict mortality in AIDS. Thus, the use
of an unvalidated surrogate must be viewed with caution by both investigators
and regulatory authorities, who must balance the risks against the potential ben-
efits of rapid identification of effective therapies for MS.

It is also important to note that the acceptance of unvalidated surrogates by
regulatory authorities in countries other than the United States is less clearly
defined. In the European Community, MRI findings in MS trials have, thus far,
been given less consideration than in the United States. The use of a surrogate in
a clinical trial must be consistent with the guidelines of the countries in which
approval for treatment will be sought. Discussion of this issue at an international
level is imperative since most pivotal clinical trials are now international studies.
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MRI as an Unvalidated Surrogate Outcome Measure

The use of MRI data as surrogate outcome measures in pivotal trials of new
therapies in MS requires an appreciation both of what is being measured and of
the potential errors and difficulties. At present, there is insufficient evidence to
support any single MRI measure, or combination of measures, as a fully validated
surrogate. However, there is evidence to support the concept that various MRI
changes reflect changes in the underlying pathology of the disease, and conse-
quently, it has been suggested that under some conditions, MRI changes can be
appropriately used as a primary outcome measure in pivotal trials in MS. In other
words, the changes in MRI measures can appropriately serve as an unvalidated
surrogate for changes in pathology.

If MRI is used as a surrogate outcome, the following potential problems will
have to be addressed, and trial designs will have to be devised to minimize the
chance of coming to incorrect conclusions.

First, the possibility exists that clinical trials using MRI as an outcome would
be of short duration and that an effect could be identified that was temporary and
would not translate into persistent clinical effect. This criticism can be countered
by incorporating an extension phase that could be used to provide confirmatory
clinical data in those studies having a successful early MRI outcome—for ex-
ample, to include formal Phase IV components to follow-up short-term studies
using MRI outcome measures. However, in this setting, lack of comparative
control data would be a limitation.

These questions also arise with respect to the nature of MRI as a surrogate
outcome and the relationship of the effects of the interventions studied on the
appearance of MRI scans and the clinical state of the patients. First, as mentioned
above, the justification for using MRI as a surrogate will be based on the belief
that MRI reflects the pathology of the disease. Thus, a treatment could produce a
change in the pathological process but have little or no effect on clinical disease.
Second, trials using surrogate outcome measures will often be of insufficient
duration to identify adverse effects of treatment. Extension phases of short trials
using MRI as the primary outcome will also be necessary to define the safety
profile of a treatment. An additional aspect of this issue relates to defining the
risk-benefit ratio of treatments that are established as effective through the use of
surrogate MRI outcomes.

Third, a drug could act through mechanisms not easily identified by MRI,
which would result in a false-negative study. To minimize this possibility, the
decision to use MRI and the choice of imaging paradigm must be made on a case-
by-case basis, with careful thought given to the proposed mechanism of action of
the new treatment. The MRI protocol might have to be adapted to be compatible
with the proposed mechanism of action, for example, serial magnetic resonance
spectroscopy (MRS) to evaluate a neuroprotective therapy as opposed to the use
of gadolinium enhancement to monitor an anti-inflammatory or anti-cytokine
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drug effect. It might not be suitable to test some new therapies using currently
available MRI outcome measures as the primary assessment.

Fourth, it is possible that a treatment might affect MRI but not be mediated
by an action on the underlying pathology reflected by the MRI measure chosen.
For example, measures of brain atrophy are thought to reflect tissue loss and to be
sensitive to loss of myelin as well as axons. Thus, atrophy is an attractive MRI
measure to assess the ability of a therapy to reduce the rate of progression of MS.
However, changes in measures of atrophy can also occur through other mecha-
nisms. When acute inflammation subsides, there is some reduction in brain vol-
ume. Depending on the relative timing of changes in inflammation and MRI
scans, a postinflammation change in brain volume could be misinterpreted as an
increase in atrophy. Thus, attention must be given to the sensitivity and specific-
ity of the MRI measure in relationship to the experimental therapy being used.

Finally, careful thought should be given to how MRI data are used as an
outcome measure. No single MRI measure is sufficient for evaluating new thera-
pies at every stage of the disease process. Instead, a combination of MRI mea-
sures that measure different aspects of lesion development should be used. Vari-
ous MRI measures are listed in Table 6.1.

TABLE 6.1 MRI Outcomes for Clinical Trials of New Agents Aimed at
Preventing Relapses or Slowing Progression: Recommendations of the
November 1999 Workshop Convened by NINDS and the MS Society.

Type of MS
Clinically
Process Isolated Relapsing- Secondary Primary
Measured Imaging Parameter Syndrome Remitting Progressive Progressive
Inflammation T2 lesion load X X X X
Gadolinium enhancing X X X X
lesions
Tissue loss T1 hypointense lesions X X X X
(“black holes™)
Atrophy-brain volume X X X X
Spinal cord area X X
Dysfunctional MR spectroscopy X X
tissue burden/ MTR histograms X X
biochemical Diffusion imaging X X
abnormalities T2 decay analysis X X
T1 relaxation time X X
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However, many of these techniques are not well validated, and some are
difficult to standardize across centers. Further, how various MRI measures would
be used to provide a single outcome measure needs to be carefully thought
through.

In summary, measures of disease activity provide a robust reflection of the
underlying pathobiology of the disease process, and under some conditions, MRI
could represent a primary, albeit unvalidated, surrogate outcome in pivotal trials
of new therapies for MS. No MRI measure represents a validated surrogate
outcome measure using the previously defined criteria; the likelihood that MRI
reflects the underlying pathology of the disease implies that if the aim of a
treatment is to prevent damage to the brain, then MRI represents an acceptable
outcome measure.

Thus, continued follow-up of patients in studies of short duration using MRI
as the primary outcome is essential. Further, the decision to use MRI as an
outcome measure and the type of outcomes chosen should be made after consid-
ering the mechanism of action of the new therapy.

It is critical that the application of MRI as a surrogate outcome measure be
done thoughtfully. Additional information on standardization of techniques is
necessary. No single MRI measure represents an outcome measure of sufficient
predictive value or validation to be used alone. Thus, for each new therapy, the
most effective use of the various MRI measures should be carefully considered
(see Table 6.1). In general, most investigators seem to feel that multiple MRI
measures should be used. The next step in trial design will be to determine the
most appropriate use of multiple MRI outcomes to assess the effect of a new
therapy. Different MRI measures will be needed at different stages of disease,
especially in the relapsing versus progressive phases.

Finally, assessment of MRI outcomes and clinical changes obtained in previ-
ous trials must be examined in greater detail, with an emphasis on the degree to
which the effect of treatment on the clinical outcome is concordant with MRI
outcomes.

Overall, the use of MRI as a surrogate outcome measure is an attractive
possibility at a time when clinical trials using conventional clinical outcomes in
placebo-controlled studies that require large numbers of patients and a long dura-
tion are becoming increasingly problematic. However, the use of MRI as a cur-
rently unvalidated surrogate must be approached with caution and with careful
thought to the potential errors that could result as well as the possible benefits.
The MS research community must next focus on issues of trial design and stan-
dardization of imaging techniques. In planning such studies, the ultimate need to
validate the surrogate should not be forgotten.
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SHARED RESOURCES

Data Registries

International Multiple Sclerosis Trials Research and Resource Center

The approval in some countries of up to four treatments that favorably modify
the course of multiple sclerosis has created a problem for future clinical trials.
Because these agents are only modestly effective, there is a pressing need to
develop new, more effective therapies. There is general agreement that double-
blind placebo-controlled clinical trials for relapsing-remitting multiple sclerosis,
of a size and duration such as have been necessary in the past to demonstrate
effectiveness, are no longer ethically justified. Such trials can be justified in
certain small clinical subgroups of patients, but their results cannot be assumed to
apply to MS patients as a whole. A new approach is needed. In response to this
need, the International Federation of Multiple Sclerosis Societies™ proposes to set
up an International Multiple Sclerosis Trials Research and Resource Center with
the primary aim of answering two questions: (1) Is it possible to model the
“expected” clinical behavior of multiple sclerosis using clinical, laboratory, and
imaging markers of disease in order to determine that “observed behavior” in a
treatment trial suggests treatment effectiveness or futility? (2) Does any single
MRI measure, or combination of measures, of disease activity have sufficient
predictability of future clinical course to be considered a surrogate marker of
clinical disease activity?

The center is in an advanced stage of planning. It will be headed by a
statistician. Data will be entered from the placebo arms of clinical trials carried
out over the past decade, together with data from population-based epidemiologi-
cal studies. Approval in principle to provide data from these sources has already
been given. The center is intended to be an international resource. Access to the
data will be open to investigators subject to the approval of hypothesis-driven
proposals following peer review. The analyses will be carried out by the staff of
the center.

A Model for MS Research: Transplant Registries

As noted elsewhere, clinical trials using cellular transplant protocols are
often, by nature, small and institution based rather than being sponsored by
corporations and, because of the attendant risks, are often unblinded and uncon-
trolled. Support, organ