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Foreword

There is now evidence that irreversible brain damage accumulates very early in
the course of multiple sclerosis. This book reviews the main neurobiological,
magnetic resonance imaging, and clinical aspects of the early phases of the dis-
ease. Mechanisms of irreversible axonal damage and the role played by the inter-
action of glia and the axon are highlighted.

In contrast to what was believed for a long time, the sufficient availability of
oligodendrocyte precursor cells to promote remyelination in acute lesions has
now been demonstrated. For reasons not understood, this remyelination process
fails or does not start, particularly in the chronic stages of the disease.

These findings emphasize the importance of the “milieu” changes induced by
an inflammatory process in limiting remyelination. However, first indications are
that part of this inflammatory process may have a neuroprotective effect.

Pathological studies in multiple sclerosis have now clearly demonstrated that
destructive processes may be followed by recovery phases in such a way that
myelin may be morphologically and functionally reconstituted.

These findings provide the rationale for early treatment and emphasize the
importance of clinical trials in early multiple sclerosis. Early treatment is one of
the most important aspects in multiple sclerosis today.

Milan, October 2003 O.R. Hommes
G. Comi



Table of Contents

Chapter 1 - Evidence for an Early Treatment of Multiple Sclerosis
L 070) Y 1 ) R (0] (0) 17N PP 1

Chapter 2 - Inflammation, Demyelination, and Axonal Degeneraton: Three Aspects

of the Pathogenesis of Multiple Sclerosis Revealed by Campath-1H Treatment

A.]. CoLEs, M.G. WING, P. MOLYNEUX, A. PAoLILLO, C.M. DAVIE, G. HALE,

D. MILLER, H. WALDMANN, A. COMPSTON . ¢« ¢ e v v v eeveneeeneenennnnnnns 15

Chapter 3 — Genetic Regulation of Nerve Cell Death/Glial Activation and Protective
Effects of Myelin Basic Protein Autoimmune Neurotrophin Production in
Mechanically Induced Neurodegeneration

F PIEHL, O. LIDMAN, T.OLSSON ..ottt ittt i eeiinneeaann 27

Chapter 4 — Neuroprotective Treatment in Primary Progressive Multiple Sclerosis:
A Phase /11 Study with Riluzole
N. KALKERS, E BARKHOF, L. BERGERS, R. VAN SCHIJNDEL, C. POLMAN ......... 41

Chapter 5 — Neuropathology and Disease Progression in Multiple Sclerosis
C.BJARTMAR, B.D. TRAPP .+ vt it v teetiieteiie e iieeeiee e iineninnenns 49

Chapter 6 — Autoimmune Inflammation and Multiple Sclerosis
LR COHEN ittt it et et e e e 63

Chapter 7 - Early Treatment of Progression in Multiple Sclerosis
R D €0 N ) 67

Chapter 8 - Imaging for Tissue Characterization in Multiple Sclerosis and Other
White Matter Diseases
M. FILIPPL, N. DE STEFANO &« ottt i et ii ettt e e iie e eaeeenns 83



VIII Table of Contents

Chapter 9 - Monounsaturated Fatty Acids and Neuroprotection. The Results

of a Study of Cognitive Decline in Old Age. Is There a Case for this Treatment

in Multiple Sclerosis?

A. CAPURSO, E PaNzA, V. SoLFR1ZZI, C. CAPURSO, A. D’INTRONO, S. CAPURSO,
AM.COLACICCO « v vtvtetetineeteneneeeessneenensnsnsesenensnsnns 97

Chapter 10 - Neuroprotection in Acute Ischemic Stroke: Lessons for Early
Treatment in Multiple Sclerosis
J. DE KEYSER, G. RAMSARANSING, E. ZEINSTRA, N. WILCZAK . ... ...covvnnnn. 109

Chapter 11 - Soluble VCAM-1 Release Indicates Inflammatory Blood-Brain Barrier
Pathology and Further Modulates Adhesion
B.A. KALLMANN, V. HUMMEL, K.V. TOYKA, P. RIECKMANN ................. 115

Chapter 12 - Early Treatment in Multiple Sclerosis with Intravenous
Immunoglobulin: Rationale and Study Design

A. ACHIRON, Y. BARAK, M. FAIBEL, S. MIRON, I. KISHNER, M. CHEN, Y. STERN,

L SAROVA-PINHAS .. iititi it ieitntnnenenesesncneneeasncnnnns 119

Chapter 13 - Serial Magnetic Resonance Imaging in Patients with a

First Clinical Episode Suggestive of Multiple Sclerosis: Outline of a

Research Protocol

C. PozziLLl, P. PANTANO, S. D1 LEGGE, F. CARAMIA, M.C. PIATTELLA,

I. PESTALOZZA, W. NUCCIARELLI, A. PAOLILLO, L. BOZzZA0, G.L.LENZI . . ... . ... 129

Chapter 14 - T1-Hypointense Lesions (T1 Black Holes) in Mild-to-Moderate

Disability Relapsing Multiple Sclerosis

J.H. SIMON, L. JACOBS, N. SIMONIAN, AND THE MS COLLABORATIVE

RESEARCH GROUP .+ vt vvvtvnenenenesnsneenenensssonsssennnensannns 135

Chapter 15 - Acute Monosymptomatic Optic Neuritis: Potential Clues to Early
Therapy in Multiple Sclerosis
DL KAUBMAN + vttt ittteteeesnenstnoneneneneneensneneenenensns 141

Chapter 16 — Antibody Mediated Demyelination
A. VAN DER GOES, E.C.W. BRrEIJ, M. KORTEKAAS, K. HOEKSTRA, P.J.H. JONGEN,
C.D.DIJKSTRA; S AMOR &+ ot vttt eenenstetaeeenenenenasnenenesnnnns 155



Table of Contents IX

Chapter 17 - Anti-MOG Antibodies as Early Predictors for Conversion to
Relapsing-Remitting Disease Course in Patients Suggestive of Multiple Sclerosis

T. BERGER, P. RUBNER, R. EGG, E. DILITZ, D. STADLBAUER, F. DEISENHAMMER,
C.LININGTON, ML REINDL ..ottt ittt i i ens 163

Chapter 18 - Sunlight, Vitamin D, and Multiple Sclerosis
ClE HAYES ittt ittt ittt it ittt et teeeratenneenensananenennans 167

Chapter 19 - The Yin and Yang of Inflammation in Multiple Sclerosis
G. GIOVANNONI '+ttt teeeetaeeetae s eeaeeeeneeenaeennesonnenannnns 181

Chapter 20 - Management of Interferon-B1b (Betaseron) Failures in Multiple
Sclerosis with Interferon-oin3 (Alferon N)
W.A. SHEREMATA,; A. MIINAGAR vt vttt ettt eneennnenensnennenenns 191

Subjectindex . ........... ... i e 197



List of Contributors

A. Achiron

Multiple Sclerosis Center,
Sheba Medical Center,
Tel-Hashomer, Israel

S. Amor
Department of Immunobiology, BPRC,
Rijswijk, The Netherlands

F. Bagnato

Department of Neurological Sciences,
University “La Sapienza’,

Rome, Italy

Y. Barak

Multiple Sclerosis Center,
Sheba Medical Center,
Tel-Hashomer, Israel

F. Barkhof

Department of Radiology,
VU Medical Center,
Amsterdam, The Netherlands

T. Berger

Department of Neurology,
University of Innsbruck,
Innsbruck, Austria

L. Bergers

Department of Radiology,
VU Medical Center,
Amsterdam, The Netherlands

C. Bjartmar

Department of Neurosciences,
Lerner Research Institute,
Cleveland Clinic Foundation,
Cleveland, USA

L. Bozzao

Department of Neurological Sciences,
University “La Sapienza’,

Rome, Italy

E.C.W. Breij

Department of Molecular Cell Biology
and Immunology, VU Medical Centre,
Amsterdam, The Netherlands

A. Capurso

Department of Geriatrics,

Center for Aging Brain, Memory Unit,
University of Bari, Policlinico,

Bari, Italy

C. Capurso

Department of Geriatrics,

Center for Aging Brain, Memory Unit,
University of Bari, Policlinico,

Bari, Italy

S. Capurso

Department of Geriatrics,

Center for Aging Brain, Memory Unit,
University of Bari, Policlinico,

Bari, Italy



XII

List of Contributors

F. Caramia

Department of Neurological Sciences,
University “La Sapienza”,

Rome, Italy

M. Cohen

Multiple Sclerosis Center,
Sheba Medical Center,
Tel-Hashomer, Israel

LR. Cohen

Department of Immunology,
Weizmann Institut of Science,
Rehovot, Israel

e-mail: Irun.Cohen@Weizmann.ac.il

A.M. Colacicco

Department of Geriatrics,

Center for Aging Brain, Memory Unit,
University of Bari, Policlinico,

Bari, Italy

A.J. Coles

University of Cambridge Neurology
Unit, Addenbrooke’s Hospital,
Cambridge, UK

G. Comi

Multiple Sclerosis Centre,
Department of Neurology,
Scientific Institute and University,
Ospedale San Raffaele,

Milan, Italy

A. Compston

University of Cambridge Neurology
Unit, Addenbrooke’s Hospital;

MCR Cambridge, Centre for Brain Repair,
Cambridge, UK

C.M. Davie

NMR Research Unit,
Institute of Neurology,
London, UK

E. Deisenhammer
Department of Neurology,
University of Innsbruck,
Innsbruck, Austria

J. De Keyser

Department of Neurology,
Academisch Ziekenhuis Groningen,
Groningen, The Netherlands

N. De Stefano

Neurometabolic Unit,

Institute of Neurological Sciences,
University of Siena, Siena, Italy

C.D. Dijkstra

Department of Molecular Cell Biology
and Immunology,

VU Medical Centre,

Amsterdam, The Netherlands

S. Di Legge

Department of Neurological Sciences,
University “La Sapienza’,

Rome, Italy

E. Dilitz

Department of Neurology,
University of Innsbruck,
Innsbruck, Austria

A. D’Introno

Department of Geriatrics,

Center for Aging Brain, Memory Unit,
University of Bari, Policlinico,

Bari, Italy

R. Egg

Department of Neurology,
University of Innsbruck,
Innsbruck, Austria

M. Faibel

Multiple Sclerosis Center,
Sheba Medical Center,
Tel-Hashomer, Israel

M. Filippi

Neuroimaging Research Unit,
Department of Neuroscience,
Scientific Institute and University
Ospedale San Raffaele, Milan, Italy



List of Contributors

XII

G. Giovannoni

Departments of Neurochemistry
and Clinical Neurology,

Institute of Neurology,

London, UK

R.E. Gonsette
National Center for MS,
Melsbroek, Belgium

G. Hale

Therapeutic Antibody Centre,
Headington, Oxford;

Sir William Dunn School of Pathology,
Oxford, UK

C.E. Hayes

Department of Biochemistry, University
of Wisconsin-Madison, Madison,

WI, USA

K. Hoekstra

Department of Molecular Cell Biology
and Immunology,

VU Medical Centre,

Amsterdam, The Netherlands

V. Hummel

Clinical Research Unit for Multiple
Sclerosis and Neuroimmunology,
University of Wiirzburg,
Wiirzburg, Germany

L. Jacobs

Department of Radiology/MRI
University of Colorado Health Sciences
Center, Denver, CO, USA

PJ.H. Jongen
Multiple Sclerosis Centre, Nijmegen,
The Netherlands

N. Kalkers

Department of Neurology,
VU Medical Center,
Amsterdam, The Netherlands

B.A. Kallmann

Clinical Research Unit for Multiple
Sclerosis and Neuroimmunology, Julius-
Maximilians-Universitit,

Wiirzburg, Germany

D.I. Kaufman

Department of Neurology and
Ophthalmology, Michigan State University
East Lansing, MI, USA

L Kishner

Multiple Sclerosis Center,
Sheba Medical Center,
Tel-Hashomer, Israel

M. Kortekaas

Department of Molecular Cell Biology
and Immunology,

VU Medical Centre,

Amsterdam, The Netherlands

G.L. Lenzi

Department of Neurological Sciences,
University “La Sapienza’,

Rome, Italy

O. Lidman

Neuroimmunology Unit,

Department of Medicine,

Karolinska Institute, Karolinska Hospital,
Stockholm, Sweden

C. Linington

Department of Neuroimmunology,
Max-Planck-Institut for Neurobiology,
Martinsried, Germany

D. Miller

NMR Research Unit,
Institute of Neurology
London, UK

A. Minagar

MS Center, Department of Neurology,
University of Miami School of Medicine
Miami, FL, USA



XIV

List of Contributors

S. Miron

Multiple Sclerosis Center,
Sheba Medical Center,
Tel-Hashomer, Israel

L. Moiola

Multiple Sclerosis Centre,
Department of Neurology,
Scientific Institute and University
Ospedale San Raffaele,

Milan, Italy

P. Molyneux

NMR Research Unit,
Institute of Neurology,
London, UK

W. Nucciarelli

Department of Neurological Sciences,
University “La Sapienza”,

Rome, Italy

T. Olsson
Neuroimmunology Unit,
Department of Medicine,

Karolinska Institute, Karolinska Hospital,

Stockholm, Sweden

P. Pantano

Department of Neurological Sciences,
University “La Sapienza’,

Rome, Italy

E Panza

Department of Geriatrics,

Center for Aging Brain, Memory Unit,
University of Bari, Policlinico,

Bari, Italy

A. Paolillo

NMR Research Unit,

Institute of Neurology

London, UK;

Department of Neurological Sciences,
University “La Sapienza’,

Rome, Italy

M.C. Piattella

Department of Experimental Medicine,
University “La Sapienza”,

Rome, Italy

F. Piehl

Neuroimmunology Unit,
Department of Medicine,
Karolinska Institute, Karolinska Hospital,
Stockholm, Sweden

Ch. Polman

Department of Neurology,
VU Medical Center,
Amsterdam, The Netherlands

C. Pozzilli

Department of Neurological Sciences,
University “La Sapienza’,

Rome, Italy

G. Ramsaransing

Department of Neurology,
Academisch Ziekenhuis Groningen,
Groningen, The Netherlands

M. Reindl

Department of Neurology,
University of Innsbruck,
Innsbruck, Austria

P. Rieckmann

Clinical Research Unit for Multiple
Sclerosis and Neuroimmunology,
University of Wiirzburg,
Wiirzburg, Germany

P. Rubner

Department of Neurology,
University of Innsbruck,
Innsbruck, Austria

L Sarova-Pinhas
Multiple Sclerosis Center,
Sheba Medical Center,
Tel-Hashomer, Israel



List of Contributors

XV

W.A. Sheremata

MS Center, Department of Neurology,
University of Miami School of Medicine
Miami, FL, USA

J.H. Simon

Department of Radiology/MRI,
University of Colorado Health Sciences
Center, Denver, CO, USA

N. Simonian

Department of Radiology/MRI,
University of Colorado Health Sciences
Center, Denver, CO, USA

V. Solfrizzi

Department of Geriatrics,

Center for Aging Brain, Memory Unit,
University of Bari, Policlinico,

Bari, Italy

D. Stadlbauer
Department of Neurology,
University of Innsbruck,
Innsbruck, Austria

Y. Stern

Multiple Sclerosis Center,
Sheba Medical Center,
Tel-Hashomer, Israel

K.V. Toyka

Clinical Research Unit for Multiple
Sclerosis and Neuroimmunology,
University of Wiirzburg,
Wiirzburg, Germany

B.D. Trapp

Department of Neurosciences,
Lerner Research Institute,
Cleveland Clinic Foundation,
Cleveland, USA

A. van der Goes

Department of Molecular Cell Biology
and Immunology,

VU Medical Centre,

Amsterdam, The Netherlands

R. van Schijndel

Department of Clinical Physics
and Informatics,

VU Medical Center,
Amsterdam, The Netherlands

H. Waldmann
Sir William Dunn School of Pathology,
Oxford, UK

N. Wilczak

Department of Neurology,
Academisch Ziekenhuis Groningen,
Groningen, The Netherlands

M.G. Wing

University of Cambridge Neurology
Unit, Addenbrooke’s Hospital,
Cambridge, UK

E. Zeinstra

Department of Neurology,
Academisch Ziekenhuis Groningen,
Groningen, The Netherlands



Chapter 1

Evidence for an Early Treatment of Multiple Sclerosis

G. Cowmy, L. MoioLa

Introduction

Multiple sclerosis (MS) is a disease leading to a significant disability in the vast major-
ity of patients [1, 2]. The available immunomodulatory treatments are not a cure for
MS, but there is clear evidence from class I clinical trials that they significantly reduce
the disease activity and delay the increase of disability in relapsing-remitting patients
[3-10]. However, the positive effects are less clear in secondary progressive patients
[11, 12]. The different effects of immunomodulatory treatments according to the dis-
ease course is probably explained by the complex pathogenesis of MS. Indications on
the use of available therapies for MS have substantially changed in a few years, pass-
ing from a conservative [13, 14] to a more-aggressive attitude [15]. It is interesting to
note that the consensus statement of the Canadian MS Clinic Network, recently pub-
lished [15], on the use of disease modifying agents in MS, requires evidence of ongo-
ing disease activity, which can be based on clinical or magnetic resonance imaging
(MRI) data. The previous consensus of treatment [13, 14, 16, 17] required two or
more relapses in the last 2 years in order to start treatment. These changes are prob-
ably explained by the results of the new trials testing the efficacy and safety of inter-
ferons and glatiramer acetate [5-7, 10], by the experience acquired during these years,
and by the recent knowledge of the pathophysiology of the disease. The demonstra-
tion of early irreversible axonal damage is a strong argument in favor of early treat-
ment, an option that is beginning to be favored by many neurologists [18, 19].

Rationale for Early Treatment

Many factors, summarized in Table 1, support early treatment in MS. Some clin-
ical and imaging findings, observed at clinical presentation of MS, are predictive

Table 1. Rationale for an early treatment of multiple sclerosis

Reduction of disease activity in the early phases (prognostic implications)
Antigen spreading
Longitudinal changes of immunopathology
Prevention of irreversible pathological changes
Evidence of a better response to immunoactive therapies in patients with:
— less disability at treatment onset
— younger age at treatment onset
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of the evolution to clinically definite MS (CDMS) and of future disability. The
most important factors are the amount of nervous tissue affected by the disease,
and the presence of brain active lesions as revealed by MRI techniques [20-22]. In
the study performed by Filippi et al. [20] in patients with isolated syndromes, the
baseline T2 lesion load was predictive of the future disability; extension to 10
years of the same study [21] confirmed the previous results.

In the Early Treatment of Multiple Sclerosis Study (ETOMS), patients with 9
or more T2 lesions on brain MRI, had a more-frequent conversion to CDMS over
2 years than patients with 4-8 lesions (Fig. 1) [23]. Interestingly, the risk was the
same in patients with 9-25 lesions and in patients with more than 25 lesions. In
the same study, the presence of enhancing lesions on the baseline scan, which was
performed in two-thirds of patients 2-3 months after the attack onset, suggests
that the persistence of inflammatory activity is predictive of the future conver-
sion to CDMS [23].

There are at least two possible explanations for these early prognostic factors.
Some genetic factors might influence the disease evolution, for instance some
patients may accumulate lesions faster than others. This interpretation is sup-
ported by the heterogeneity of MS pathogenesis [24]. Soldestrom et al. [25] in a
follow-up study performed in optic neuritis (ON) patients found that the Dw2
phenotype was related to the development of MS. Sciacca et al. [26] found that a

1,0 ]
9'
8!
p=0.02 —— 0 to 8 lesions
ik
9 to higher
6!
Sk = = = =
0 200 400 600 800
days |

Fig. 1. Kaplan Meier lifetable analysis of the cumulative probability of clinically definite
multiple sclerosis according to the number of MRI lesions
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Fig. 2. Kaplan Meier lifetable analysis of the cumulative probability of clinically definite
multiple sclerosis according to the unifocal or multifocal presentation

more-aggressive disease course was associated with the A1/A1 genotype of the
anti-inflammatory cytokine interleukin-1 (IL-1) receptor antagonist. A second
possibility is that patients with more brain MRI lesions at onset have a longer
subclinical phase of the disease. However, this interpretation does not explain
why patients with a multifocal rather than unifocal presentation, as indicated by
clinical findings, also more frequently convert to CDMS (Fig. 2) [23]. Moreover,
it is well known that a high relapse rate in the early phases of the disease and a
short interval between first and second attack are related to a worse prognosis
[27, 28]. If a high clinical and MRI activity in the early phases results in a more-
rapid accumulation of irreversible disability, we can expect that a treatment able
to reduce disease activity in the early phases may substantially ameliorate the
long-term prognosis.

Immunological Findings

To date there is no definite evidence that immunological abnormalities observed
in early and late phases of the disease differ significantly. However, some scattered
reports support the possibility of an increased complexity over time of the
immunological derangement underlying the pathogenesis of MS. In autoimmu-
nity, regulatory cells tend to recognize more epitopes within the same antigen
and more antigens within the same organ over time during the progression of the
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disease; this process, which is called inter-/intra-epitope spreading, is a feature of
central nervous system (CNS) antigen-specific T cells from animals with experi-
mental allergic encephalomyelitis (EAE) [29]. Mice immunized with the immun-
odominant proteolipid protein (PLP) 139-151 determinant had an intra- and
intermolecular sequential determinant spreading. Interestingly, only mice with
relapsing progressive courses had the spreading of recognition to new immun-
odominant encephalitogenic determinants [29]. The same group of researchers
[30] also demonstrated that self recognition associated with the development of
MS is a process characterized by autoreactive diversity, plasticity, and instability.
However, it is not clear whether autoreactivity stabilizes with time or maintains a
high level of diversity and plasticity during the disease.

Patients with progressive MS show significantly increased interferon-y (IFN-7)
production compared with relapsing-remitting MS patients when T cells are
stimulated with anti-CD3 antibody. This increased production is IL-12 depen-
dent, and progressive MS patients show increased IL-12 production compared
with relapsing-remitting MS patients [31, 32]. These data suggest that the inflam-
matory process may have different characteristics as the disease evolves; if these
phenomena play a role in the disease evolution, an early immunomodulatory
treatment leading to downregulation of antigen-specific T cells and the selective
activation of specific cytokine networks could give better results than a delayed
treatment and maybe halt disease progression.

Pathology and Pathophysiology

There is much converging clinical, pathological, neurophysiological, and MRI
evidence that irreversible axonal damage occurs from the early phases of the dis-
ease, although the degree of damage can be quite variable from patient to patient.
Pathological observations might explain the inter-patient variability of MS
course. There are multiple pathological patterns in MS, probably due to variable
pathogenetic mechanisms [33]. However, in the same patient, at a given time, all
the lesions share the same pathological patterns [34]. Whether the same patho-
logical pattern will be persistent throughout life is still unclear; if this is the case,
then the prognosis could be determined in the early phases of the disease and
specific therapeutic strategies could be adopted.

The pathological substrates symptoms and signs in MS are demyelination and
axonal degeneration. Demyelination results in an instability of nerve conduction
and generation of ectopic impulses, responsible for some typical positive MS
symptoms, like Lhermitte sign, and negative symptoms and signs due to conduc-
tion block. Conduction block is due to segmental demyelination and the action
of toxic substances, like nitricoxide and free radicals, produced by the inflamma-
tion, which can easily gain access to axons exposed by demyelination [35].

Reversible conduction block is responsible for the transitory neurological dys-
function observed in acute bouts. It is still debatable whether a persistent con-
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duction block may also arise in the CNS, as in the peripheral nervous system, for
example in the multifocal motor conduction block neuropathy. Nevertheless it is
clear that the pathological basis for persistent neurological dysfunction in MS is
axonal damage.

In Charcot’s description in 1877 [36], the axonal pathology inside MS plaques
was considered of limited importance. This view was accepted for a long time.
Putman in 1936 [37] first claimed the importance of axonal pathology in MS. In
a post-mortem study, he found a severe axonal loss in 50% of the plaques. In con-
trast, Greenfield and King [38] in the same year reported a nearly normal axonal
density in most plaques. Some recent pathological studies have clearly demon-
strated that axonal pathology also occurs in the early phases of the disease. The
pathophysiology of axonal damage is quite complex and not fully understood. At
least three different mechanisms can be hypothesized.

Failure of Remyelination

Axonal structure is modulated by myelination. The areas of axonal loss are
greater in plaques and degenerated axons are not surrounded by myelin.
Demyelination affects the cytoskeletal structure, which impairs axonal transport
and contributes to axonal degeneration. During the early relapsing-remitting
stage of disease evolution, extensive remyelination is usually observed, which
explains the full recovery characterizing most of the bouts in this phase of the
disease [39, 40]. Remyelination depends upon the availability of olygodendro-
cytes or their progenitor cells within the lesions [41, 42]. It has been suggested
that the failure of myelin repair in late chronic lesions could be due to a depletion
of this progenitor cell pool, which is likely to occur in areas of repeated demyeli-
nating episodes [43]. Both pathological studies and MRI studies revealed that
about 30% of the active lesions are old lesions reactivated, the so-called shadow
plaques. The same findings have been clearly demonstrated in EAE. The final
result is a secondary axonal degeneration leading to a permanent neurological
dysfunction.

Early Axonal Damage

Ferguson et al. [44], using B-amyloid precursor protein, demonstrated the pres-
ence of damaged axons in both acute and active chronic MS lesions, i.e., in areas
of acute inflammation. Trapp et al. [45] in a very elegant study utilized confocal
microscopy and immunohistochemistry to demonstrate a large number of tran-
sected axons in active lesions. The frequency of terminal axonal ovoids, indicat-
ing recent axonal transection, correlated with active inflammation. Axonal dam-
age might be a consequence of the loss of myelin exposing the axon to the insult
of the products of inflammation or a humoral immune response could perhaps
contribute to the irreversible axonal damage. Raine et al. [46] very recently pro-
vided evidence that antibody to myelin oligodendrocyte glycoprotein (MOG)
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may contribute to the myelin damage. Antibodies to MOG have been shown to
be specifically bound to disintegrated myelin around axons in acute MS lesions as
well as in marmoset EAE. Moreover, we cannot exclude the pathogenetic role of
antibodies to axonal components.

Because of the redundancy characterizing the organization of the CNS and
because of the convergency/divergency of the multi-synaptic pathways, the initial
axonal loss does not produce permanent symptoms and signs. However, new
lesions affecting the same pathways or reactivation of old lesions will result in a
severe axonal loss and will determine irreversible neurological dysfunctions.

Secondary Axonal Degeneration

Trapp et al. [45] also found diffuse abnormalities in surviving axons, discontin-
uous staining of the axons, and modifications of the axonal caliber, which could
explain a shortening of the axonal life leading to a subsequent secondary degen-
eration. The authors also described the presence of terminal axonal ovoids in
the hypocellular center of chronic active lesions. This cannot be explained by a
direct inflammatory insult, but can be related to a continuous “degenerative”
process that could be the substrate of the continuous progression characterizing
the intermediate and advanced phases of the disease. The clinical observation
that in the progressive phase of the disease the spatial distribution of sensory-
motor deficits has the classical distal-proximal gradient strongly supports the
important role of secondary degenerative processes. This process becomes clin-
ically evident only when the safety factor (number of functioning axons) is
joined. Very recently, Lovas et al. [47] performed a postmortem study of the cer-
vical spinal cord in a group of patients with secondary progressive MS. They
found that axonal density was reduced both in the plaque and in the normal
appearing white matter (NAWM). At least two-thirds of the axons were lost in
inactive, chronic lesions. Moreover, axons were thinner in the plaques than in
the NAWM. The authors concluded that their observations support the concept
of slow axonal degeneration rather than acute damage as a cause of chronic dis-
ability. Similar findings (Trapp, personal communication) are consistent with
the atrophy of the cervical spinal cord demonstrated in these patients by MRI
(48, 49]. The degeneration of axons may depend on the loss of extrinsic trophic
factors provided by myelin-forming cells, as has been demonstrated in chronic
demyelinative and dysmyelinative disorders. For instance, mutations of the PLP
gene cause Pelizaeus Merzbacher disease and spastic paraplegia, characterized by
secondary axonal degeneration.

Magnetic Resonance

Some new MR techniques characterized by a better pathological specificity have
focused attention on axonal damage in MS. MR spectroscopy [50-54], magneti-
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zation transfer imaging [55-58], brain and spinal cord atrophy measures [48, 49,
59, 60], and T1 black holes [61] provided indirect evidence of axonal loss as an
early phenomenon in MS. There is a correlation between axonal loss and mag-
netic transfer ratio (MTR) both in plaques [62] and in NAWM [63]. Diffusion-
weighted imaging, MR spectroscopy, and magnetization transfer clearly demon-
strated that the normal-appearing white matter is also affected in MS, as a result
of the axonal degeneration and probably also because of small foci of inflam-
matory activity, undetected by conventional MRI techniques [52, 64].
Magnetization transfer histograms of the normal-appearing brain tissue in
patients with isolated syndromes revealed subtle changes outside visible lesions
whose severity was predictive of the future development of CDMS [65].
Ventricular enlargement is also present in these patients and predicts the future
development of CDMS [66]. Of great interest is the observation, in a post hoc
analysis of two subgroups of patients participating in the IFNfB-1la (Avonex,
Biogen) trial in relapsing-remitting MS, that during the 2nd year the brain atro-
phy progressed significantly less in the treated group then in the placebo group
[67]. A group of untreated patients, in the same trial, underwent corpus callo-
sum and third and lateral ventricles width measurements. Corpus callosum
atrophy and ventricular dilatation significantly increased during the 2-year fol-
low-up [68]. The increase of ventricular width was associated with an increase
of disability and was predicted by the baseline number of gadolinium-enhanc-
ing lesions. These two studies suggest that inflammatory activity contributes to
brain atrophy and that the reduction of disease activity reduces the progression
of brain atrophy; however, the study duration was too short to allow any definite
conclusion and the influence of other factors, like steroid treatment, must be
considered.

Previous Clinical Trials

The most-striking evidence of the positive effects of an early anti-inflammatory
treatment in MS derives from the Optic Neuritis Treatment Trial (ONTT). The
trial demonstrated that a single course of 3 days of 1 g of intravenous methyl-
prednisolone reduced by about 50% the risk at 2 years of conversion to CDMS
[69]. The beneficial effect was transitory, being lost at 5 years follow-up [70].
There are some indications that the effects of IFNB-1a (Rebif, Serono) on disease
activity may vary with the disease phase. In the PRISMS study (Prevention of
Relapses and Disability by Interferon B-1a Subcutaneously in Multiple Sclerosis)
in patients with an EDSS score <3.5 at entry, the low and the high dose of IFNj-
la reduced the clinical and MRI activity to the same extent. In patients with an
EDSS score >3.5 the proportion of patients free from exacerbation and with
inactive scans was significantly reduced in the high dose only [6]. These data sug-
gest that patients in the early phases of the disease could benefit from lower dos-
es of IENB-1a. In the same way, the trial testing glatiramer acetate in relapsing-
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remitting MS [9] showed that the therapeutic effect appeared to be most pro-
nounced in patients with the lowest EDSS score at entry.

The results of two recent double-blind placebo-controlled clinical trials
(ETOMS, Early Treatment of Multiple Sclerosis [23] and CHAMPS, Controlled
High Risk Subjects Avonex Multiple Sclerosis Prevention Study [71]) are sup-
portive of early treatment of MS.

The European ETOMS trial enrolled 308 patients with onset of first mono-
symptomatic or polysymptomatic syndromes suggestive of MS no more than 3
months before study entry and with brain MRI suggestive of MS. The patients
were randomized to receive 22 [g of IFNB-1a (Rebif, Serono) by subcutaneous
injection once a week or placebo for 2 years. The proportion of patients convert-
ing to CDMS was significantly lower for the IFNB-treated group than for the
placebo group (34% vs. 45%, p=0.047), with a 24% relative reduction of conver-
sion risk with the active treatment. The time at which 30% of patients had con-
verted to CDMS (occurrence of a second relapse) was 569 days in the IFN group
and 252 in the placebo group (p=0.034). The annual relapse rate was lower in the
IFNB group (0.33) compared with the placebo group (0.43), with a reduction of
23%. There were significantly fewer new T2 lesions in the IFNB-1a group than in
the placebo group (p<0.001). The proportion of patients without MRI activity
during the study was significantly higher in the IFNf group than in the placebo
group (16% versus 6%, p=0.005). At the end of the study, there was an increase in
T2 lesion volume of 8.8% in the placebo group compared with the baseline value,
while in the IFN group there was a decrease of 13% [23].

The American CHAMPS trial enrolled 383 patients with onset of a first mono-
symptomatic syndrome suggestive of MS no more than 2 weeks before study
entry and with a brain MRI suggestive of MS. The patients were randomized to
receive 30 Ug of IFNB-1a (Avonex, Biogen), by intramuscular injection once a
week or placebo. The proportion of patients converting to CDMS was signifi-
cantly lower for the IFNP-treated group than for the placebo group (35% vs.
50%, p=0.002). Compared with the patients in the placebo group, patients in the
IFNB-1a group had a relative reduction in the volume of brain lesions on T2-
weighted MRI scans (p<0.001), fewer new or enlarging lesions on T2-weighted
MRI scans (p<0.001), and fewer gadolinium-enhancing lesions on T1-weighted
scans (p<0.001) at 18 months [71].

The effect of IFNpB-1a treatment was slightly greater in CHAMPS than in
ETOMS. This difference may be related to differences in the dose administered
(30 ug in CHAMPS versus 22 pig in ETOMS) and in the different inclusion crite-
ria. The CHAMPS trial included monosymtpomatic patients, whereas the
ETOMS study included both monosymptomatic and polysymptomatic patients,
and the risk of conversion was about two times higher for multifocal than unifo-
cal presentation in the ETOMS study. Moreover, the delay between the onset of
the first attack and inclusion in the trial was shorter in the CHAMPS study (2
weeks) than in the ETOMS study (3 months), and this difference could lead to
subtly different populations. The median T2 lesion volume at baseline was high-
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er in the ETOMS than in the CHAMPS study, suggesting a more severe group in
the ETOMS study. The data of these two trials strongly support the idea that ear-
ly treatment could modify disease course.

Conclusions

The clinical, immunopathological, and imaging data suggest that the early treat-
ment of MS patients with immunomodulatory drugs is advantageous compared
with treatment started later in the disease course. Since disability accumulated in
the first 5 years after onset corresponds roughly to three-quarters of the disabili-
ty status after 15 years, the early reduction of relapse rate as well as of the extent
of pathological lesions should be the strategy for patients. Early treatment has a
robust rationale both in preventing irreversible changes and in reducing clinical
and MRI activities with favorable prognostic implications.

All patients with a diagnosis of definite MS who are in an active phase of the
disease are candidates for treatment. Patients with relapsing-remitting MS who
have already accumulated some degree of disability and who have evidence of
disease activity require immediate treatment. Patients with an evident benign
course or with long-standing quiescent disease should also be treated if they
experience recurrent clinical relapses. The decision is somewhat more difficult in
relapsing-remitting MS patients who do not have clinical disability but who pre-
sent a clinical relapse after a long period of clinical activity. In these cases it is
important to perform brain MRI to determine whether the treatment is required.
There are strong arguments that suggest using brain MRI in order to decide
when treatment should be started. It is at least 10 times more sensitive in reveal-
ing disease activity than clinical evaluation, the number of active lesions on MRI
is predictive of short- and long-term disease clinical activity, and every new brain
lesion can cause permanent brain damage. Moreover, the new diagnostic criteria
recently published [72], based on the repeat of MRI 3 and 6 months after the first
attack suggestive of MS, will allow us to anticipate the diagnosis of definite MS in
most patients.

There are still some concerns about the long-term advantages of the early
treatment of MS. Detractors of this strategy claim that there are no proofs that
long term disability is influenced by the positive effects of immunomodulatory
treatment on disease activity. The 4-year data of the ETOMS study, available
soon, will help to clarify these doubts.
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Chapter 2

Inflammation, Demyelination, and Axonal Degeneration:
Three Aspects of the Pathogenesis of Multiple Sclerosis Revealed
by Campath-1H Treatment

A.J. COLES, M.G. WING, P. MOLYNEUX, A. PAOLILLO, C.M. DAVIE, G. HALE, D. MILLER,
H. WALDMANN, A. COMPSTON

Introduction

It is hard to account for all the features of multiple sclerosis by episodes of
demyelination and remyelination alone: the rapidity of recovery from a relapse,
for instance, or the transition from relapsing-remitting disease to progressive
accumulation of disability. Here, we report observation from the close study of a
small number of patients treated with an experimental agent, Campath-1H, that
cast some light on these issues.

Campath-1H is a humanized monoclonal antibody that targets the CD52
antigen and causes a prolonged T lymphopenia after one pulse. The rationale
for its use in based on the finding that similar antibody treatment in mice caus-
es long-term allograft acceptance [1, 2]. Our aim was to mimic this laboratory
effect by administering Campath-1H to patients with active multiple sclerosis
and induce long-lasting tolerance to the antigen(s) driving their inflammation.
A pilot study of 7 patients had shown that Campath-1H reduces magnetic reso-
‘nance imaging (MRI) markers of cerebral inflammation for at least 6 months
[3]. We sought in the current study to establish its effect on clinical markers of
disease activity.

A surprising observation of our pilot study was that the initial dose of
Campath-1H caused a transient and often severe, but invariably reversible,
reactivation of previous neurologial relapses that lasted for a few hours. We
subsequently established that Campath-1H induced a coincident rise in serum
tumor necrosis factor (TNF)-o and interferon (IFN)-y [4]. Since TNF-o medi-
ates the systemic first-dose effect of OKT3, an anti-CD3 monoclonal antibody
[5], we investigated the contribution of TNF-a to the first-dose effect of
Campath-1H by in vivo TNF-a neutralization. These results have been report-
ed elsewhere in part [6].

Materials and Methods

Patients and Treatment

Patients were initially selected for treatment if they had clinically definite sec-
ondary progressive multiple sclerosis, historical evidence for a sustained deteri-
oration in disability of a least one point in the Kurtzke expandend disability sta-
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tus scale (EDSS) [7] over the preceding year, and at least one new enhancing
lesion on a series of 4-monthly gadolinium-enhanced magnetic resonance
scans. Of 130 patients screened, 50 fulfilled these clinical criteria, of whom 37
entered screening and 33 met the MRI entry criterion. Of these, 4 patients opt-
ed to be open controls for the study and underwent the same follow-up and
imaging schedule. Of the 29 treated patients, 1 was treated but later lost to fol-
low-up and has therefore been excluded from the analysis. The remaining 28
patients were reviewed every 3 months and assessed by the same investigator on
each occasion (A.J.C.); their mean age was 38.4 years, mean disease duration
12.5 years, and mean EDSS at entry was 5.4. The trial protocol was approved by
the Local Research Ethics Committee (LREC 92/49). Radiological markers of
tissue destruction were available in 27 patients.

All 29 patients received Campath-1H. On the grounds that an additional CD4
blockade might promote tolerance induction, 14 patients were also randomized
subsequently to receive a humanized non-depleting anti-CD4 antibody
(Therapeutic Antibody Centre, Oxford). These two treatment groups were fur-
ther divided into three arms, based on pre-treatment of the first dose of
Campath-1H, one cohort received nothing; the second was pre-treated with
methylprednisolone and the third was given a soluble TNF-a. receptor (a fusion
protein of the two TNF-a receptor domains and a human IgG1 constant region,
Therapeutic Antibody Centre, Oxford) before the initial dose of Campath-1H.
There were therefore six different treatment schedules too which patients were
randomized, with 5 patients in each group (except the cohort receiving soluble
TNF-o receptor and anti-CD4, in which there were only 4). Each patient was
given a total of 100 mg Campath-1H over 5 consecutive days, as a daily 20-mg
infusion lasting 4 h. A total of 200 mg of anti-CD4 antibody was given over the
subsequent 5 days in 14 patients. Pre-treatment in each group was either with
methylprednisolone (500 mg), soluble TNF-o receptor (4 mg), or nothing, giv-
en 30 min before the first dose of Campath-1H.

TNF-ccassays

Two ELISAs were used to discriminate between free and bound TNF-o. A com-
mercial ELISIA (R&D) detected both free and bound TNF-o, whereas free
TNF-o only was detected as follows (data not shown). MicroELISA plates
(Dynatech M129B, 96 wells) were coated with anti-human TNF-o antibody
(prepared from the 2-179-E11 hybridomas, 1 mg/ml in carbonate-bicarbonate
buffer, pH 9.6) and the TNF-a captured from sera samples was reacted with
polyclonal goat anti-TNF-o (R&D, 1/500), then anti-goat IgG antibody conju-
gated with alkaline phosphatase (Sigma, 2 mg/ml) and p-nitrophenol phos-
phate (Sigma, 1 mg/ml in diethanolamine buffer, pH 9.8), and the optical den-
sity read at 405 nm in an automated reader (Bio-Rad 3550). Standard curves
were constructed using logit-log transformations and levels of sensitivity deter-
mined as the lowest cytokine concentration at which the 95% confidence levels
lay above the background optical density, which was 30-60 pg/ml. Bioactive
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TNEF-o was measurd by the cytotoxic effect of serum (at 1:20) on the L929 cell
line [8, 9]. There was a considerable srum effect that disallowed absolute esti-
mations of bioactive TNF-ot concentrations; the results are shown as the counts
per minute of incorporated *H for sera taken at different times after Campath-
1H, expressed as a percentage of the counts per minute induced by the pre-
treatment serum sample. Thus, a fall in the percentage represents an increase in
bioactive TNF-o..

Magnetic Resonance Imaging

Scans were performed on a 1.5 system (Signa, GE Medical Systems, Milwaukee,
USA) according to a standard protocol [3]. Patients had four scans monthly
prior to treatment, then a further six scans monthly immediately after treat-
ment. No imaging was performed between months 6 and 12 after Campath-
1H; then patients had seven scans from months 12 to 18. The number of
gadolinium DTPA-enhancing lesions demonstrated on the first scan was
recorded and the definition of disease activity confined to new enhancing
lesions appearing on subsequent investigations. Persistent enhancement in
areas that had been active on the previous scan was not counted as a new
lesion. For statistical analysis, the study period was divided into five blocks of
three informative scans (pre-treatment and months 1-3, 4-6, 13-15, and 16-18
after treatment) and the total number of new enhancing lesions in these blocks
was calculated for each patient. To compare activity in patients before and after
treatment, we performed a two-tailed signed rank sum test on the logarithm of
the ratio between the treatment and baseline blocks.

Brain volume was also derived from MRI. Having ensured acceptable repo-
sitioning between images, four contiguous slices from each scan were com-
pared by an established technique [10] and an estimate of the brain volume
derived. Changes in cerebral volume between scans were accepted as significant
if they fell outside the 95% confidence limits for measurement variation.
Wilcoxon matched pairs signed ranks were used for comparing volumes
between groups and the Friedman test was used to compare cerebral volumes
at different time points.

MRI spectroscopy was performed in patients from a volume of normal-
appearing periventricular parietal white matter, ranging in size from 3.5 to 8
ml. This was compared with a voxel in the same region in an identical number
of age-matched controls. Water-suppressed 'H spectra were obtained using a
90°-180°-180° sequence for volume selection and spectroscopic acquisition
parameters of TE 30 ms, TR 3,000 ms, with 192 averages collected in 10 min
using an eight-step phase cycle. Spectra were anlyzed using the LC Model
method, which analyzes the in vivo spectrum as a linear combination of a basis
set of complete model spectra of metabolite solutions in the frequency domain
in vitro and allows distinction between the N-acetyl aspartate and N-acetyl
aspartyl glutamate components to the N-acetyl-derived spectra. Spearman’s
rank correlation test was used to test the data.
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Results
TNF-0. Does not Mediate the First-Dose Effect of Campath-1H

The first dose of Campath-1H induced a syndrome of urticaria, pyrexia, and
rigors. The neurological exacerbations experienced by patients lasted a few
hours, were fully reversible, and consisted either of an exacerbation of existing
deficits or the reawakening of previously experienced symptoms that may have
been quiescent for several years. The neurological exacerbations induced by
Campath-1H were not due to de novo inflammation, as there was no change
in gadolinium enhancement on MRI before and during the first dose of
Campath-1H in two patients pretreated with soluble TNF-a receptor (data
not shown).

We randomized patients to receive an infusion either of methylprednisolone
(500 mg), soluble TNF-a. receptor (4 mg), or no additional therapy before the
first dose of Campath-1H, in order to determine the contribution of TNF-a to
the transient neurological deterioration seen with the first dose of Campath-1H.
Corticosteroids and soluble TNF-o receptor each abolished the rise in free
serum TNF-o induced by Campath-1H, but only corticosteroids abolished the
systemic response and the neurological deterioration [6].

Inflammation and Demyelination Cause Relapses

Mechanisms underlying the expression of novel symptomatology in multiple
sclerosis appear to differ from those that lead to return of previously experi-
enced symptoms. Defining relapse as the appearance of any symptom or sign,
including the exacerbation of pre-existing manifestations, for 24 h or more [11],
yielded a total of 9 episodes in the treated group over the 3 months prior to
treatment and 15 in the subsequent 18 months. This represents a significant
reduction in the annualized relapse rate from 1.24 to 0.34 relapses per patients
per year. However, all events experienced by patients beyond the first 2 months
after Campath-1H consisted of a transient worsening of pre-existing symptoms
or signs, lasting no more that 3 days; no treated patient experienced a new clin-
ical manifestation of multiple sclerosis during the follow-up period (Fig. 1a). As
expected, the untreated controls had continued relapses.

The most-sensitive marker of cerebral inflammation in multiple sclerosis is
the number of gadolinium-enhaning lesions on MRI. Patients had monthly
scans for 3 months before and 6 months after Campath-1H, followed by a further
series of monthly scans at months 12-18 after treatment to assess the duration
of effect. Compared with the 3-month period before Campath-1H, the number
of enhancing magnetic resonance lesions was suppressed throughout the 18-
month follow-up period in all the treated patients: by 72% in the first 3 months
after treatment, by 90% between months 3 and 6, by 66% over months 12-15,
and by 71% in the final 3 months (Fig. 1b, p<0.001). None of the treatments for
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the first-dose effect nor anti-CD4 antibody treatment had any effect on this sup-
pression of new lesions. This trend was observed in every patient, but 1 patient
weights the absolute mean value of new enhancing lesions per scan with ten
times more active disease before and after treatment.

Clinical Progression and Axonal Degeneration

Defining progression of disability as an increase in the EDSS of 1 point over 3
months (or 0.5 points when the EDSS is greater than 5.5), 15 of 28 patients
deteriorated in the 18 months after treatment (Fig. 2a). Therefore, some patients
continued to acquire disability, not by the accumulation of new lesions, but by
progression of existing deficit. The 13 patients with progressive disability had a
smaller mean brain volume before treatment (Fig. 2b, p=0.05) and a signifi-
cantly higher rate of volume loss compared with those with stable disability
(6.7 ml/year compared with —0.7 ml/year; p=0.009). This was shown to be due
to axonal degeneration by MRI spectroscopy for N-acetyl aspartate [6]. This
group of patients with progresssive disability had a higher MRI inflammatory
load before treatment with Campath-1H (p<0.001) compared with those with
stable disability. Although there was a small, but significant, difference in
inflammatory load for the subsequent 18 months between patients with stable
or progressive disability, the reduction in inflammation by Campath-1H was
equivalent between the two groups of patients (Fig. 2c).

No clinical parameter before treatment discriminated patients who subse-
quently developed progressive cerebral atrophy; neither did treatment of the
first-dose effect, nor the addition of monoclonal anti-CD4 antibody, influence
clinical progression or cerebral atrophy after treatment with Campath-1H.

Discussion

The rapidity of recovery, at least in part, from a relapse of multiple sclerosis
suggests that part of the deficit may be physiological rather than structural.
Indeed, evidence already exists for a direct role of inflammation in symptom
production; visual evoked potentials in acute optic neuritis are both reduced in
amplitude and increased in latency, indicating conduction block and demyeli-
nation, and there is gadolinium enhancement on MRI, implying active inflam-
mation; after enhancement ceases, the amplitude of visual evoked potentials
returns to normal, suggesting restoration of conduction but the latency of the
visual evoked potential remains delayed, implying persistent demyelination
[12]. The first-dose effect of Campath-1H, in which we observed a transient
reversal of previous or current symptoms due to conduction block coincident
with a rise in serum cytokines [4], allows for the mechanisms underlying this
effect to be probed. We have excluded free TNF-a as the mediator of the first-
dose effect; recent experimental studies implicate nitric oxide as a potential
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cause [13]. Whatever its identity, it seems reasonable to suggest that it is
induced by inflammation, as well as by lymphocyte depletion following
Campath-1H. Thus the mechanism of acute relapse in multiple sclerosis may
include fully reversible physiological conduction block caused by mediators of
inflammation as well as demyelination.

The radiological data suggest that new gadolinium-enhancing MRI lesion
formation is profoundly reduced by a single 5-day pulse of Campath-1H at 3-6
months after treatment and remains significantly suppressed for at least 18
months, to similar levels as seen in patients treated continuously with IFN-f
[14-16]. Although this study was only poorly controlled, comparison with a
natural history study of the rate of new lesion formation in untreated patients
with secondary progressive multiple sclerosis [17] leaves little doubt that the
extent of suppression of new enhancing lesions after Campath-1H is a real
treatment effect and not simply regression to mean. Gadolinium enhancement
in MRI of the brain has been shown experimentally [18], in one human post-
mortem study [19] and in a recent pathological study [20], to be associated
with inflammation. Taken with the clinical evidence that new neurological sites
are not involved after treatment, this supports the current consensus that
inflammation, and thereby demyelination, are the pathological mechanisms
underlying neurological relapses in multiple sclerosis.

Despite the substantial reduction of MRI disease activity and abolition of
new clinical relapses, half of our patients continued to experience deterioration
is disability after Campath-1H. Those who deteriorated clinically after
Campath-1H had a significantly greater pre-treatment inflammatory load,
measured by MRI; they had smaller cerebral volume, and clinical progression
correlated significantly with additional cerebral atrophy. Similar progressive
cerebral atrophy has been noted in some [21], but not all [22], studies of
relapsing-remitting patients treated with IFN-P. This suggests dissociation
between the mechanisms underlying cerebral atrophy and gadolinium
enhancement. Our work, reported elsewhere [6], suggests that this cerebral
atrophy is due to axonal degeneration.

From a therapeutic perspective, it is critical to know whether inflammation
precedes, and conditions, subsequent axonal degeneration or if the two
processes arise at the same time and proceed independently. In other words, is
multiple sclerosis an inflammatory disease with secondary neurodegeneration
or is it a primary degenerative disease with additional inflammation? Our study
supports the former view, since patients with a high inflammatory load were
more likely to subsequently experience axonal degeneration.

Several potential mechanisms can be offered for the progression of axonal
degeneration in the absence of active inflammation. It may be a delayed expre-
sion of axonal damage sustained during the acute inflammatory phase [23, 24].
Alternatively it may be a consequence of immune deviation towards the Th2
phenotype induced by Campath-1H, as evidenced by downregulation of the
expression of IFN-y by peripheral blood mononuclear cells for at least 12
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months, a progressive increase in B cell numbers, and autoimmune hyperthy-
roidism in one-third of patients treated for multiple sclerosis [25]. As part of
this apparent promotion of antibody mediated autoimmunity, anti-neuronal
antibodies may have developed, but we found none (data not shown). Lastly,
axonal degeneration may be a consequence of demyelination, either through
loss of trophic support from the oligodendrocyte [26-28] or secondary to
altered electrical conduction [29].

We conclude that inflammation may cause symptoms of multiple sclerosis
through demyelination, but also by directly blocking conduction. Clinical pro-
gression and brain atrophy are due to axon degeneration; this may continue in
the absence of active inflammation, but is conditioned by the amount of prior
disease activity. The implication of this analysis, derived from clinical and radi-
ological observations of our patients treated using Campath-1H, supported by
observations gathered from a range of pathological and experimental studies, is
that anti-inflammatory therapies will best prevent the progression of disability
if given early in the course of multiple sclerosis and before the cascade of events
that leads to axon degeneration has been irretrievably established.
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Chapter 3

Genetic Regulation of Nerve Cell Death/Glial Activation and
Protective Effects of Myelin Basic Protein Autoimmune
Neurotrophin Production in Mechanically Induced
Neurodegeneration

F. PIEHL, O. LiIDMAN, T. OLSSON

Genetics of Multiple Sclerosis and Experimental Autoimmune
Encephalomyelitis

The critical pathogenic steps leading to clinical multiple sclerosis (MS) are gen-
erally believed to be regulated by several different genes, with five to ten genes
theoretically having a major impact on disease susceptibility [1-3]. This is sup-
ported by epidemiological data demonstrating a considerable lowering of con-
cordance rates from monozygotic to dizygotic twins [4]. It has been known for
approximately 30 years that certain haplotypes of the HLA gene region predis-
pose for MS. In particular, individuals carrying HLA DR2 (DRB1*1501-
DRB5*0101-DQA1*0102-DQB1*0602) are at higher risk. HLA DR3 provides
some risk increase, while in certain populations DR4 may be important [5, 6].
So far the HLA complex remains the only well-established genome region
known to influence MS [4, 7-9], in spite of the fact that estimations of the rel-
ative genetic risk conveyed by the HLA complex alone vary between 5% and
60% [7, 10, 11]. Notably, no single HLA type seems to exclude MS. It is there-
fore clear that as yet unidentified genes residing outside the HLA must also be
of importance for disease susceptibility in MS.

The HLA system can be described as a cluster of many genes regulating
immunity. Since the genes within the major histocompatibility complex
(MHC) are in strong linkage disequilibrium, i.e., they are inherited en bloc with
a much lower degree of recombination than in other parts of the genome, it is
very difficult to genetically dissect the effect of the HLA on MS. In the rat,
whose MHC is termed RT1, MHC regulation of experimental autoimmune
encephalomyelitis (EAE) has mostly been described as all-or-none phe-
nomenum, as would be the case if it mainly determined the ability of presenta-
tion of a certain peptide autoantigen. However, recent studies employing
inbred rat strains in which the entire genome is kept constant with exception
for the MHC demonstrate that the MHC seems to regulate the degree of dis-
ease susceptibility and different features of the disease phenotype in a more-
complex way, for example by regulating the ease with which an environmental
factor triggers disease [12]. By using rat strains with MHC recombinations it
has been possible to map a major determinant of the MHC influence in partic-
ular EAE models to the class II region, which suggests that polymorphisms in B
or D molecules (corresponding to the human DQ and DR molecules, respec-
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tively) are of importance in regulating the encephalitogenicity of the autoanti-
genic immune response. However, the existence of regulatory influences from
the class I and III regions also became clear from these studies. It is more diffi-
cult to speculate about the exact nature of this influence without further study
characterization, but genes with important immunoregulatory roles, such as
the pro-inflammatory cytokine tumor necrosis factor-o (TNF-al), non-classical
class I molecules, and myelin oligodendrocyte glycoprotein (MOG), are obvi-
ous candidates.

Linkage studies in the human suggest that non-HLA genes also regulate
disease susceptibility. Current data indicate that many genes are involved, but
that each gene contributes to only a small degree, thus making traditional
linkage studies in a genetically heterogeneous MS group extremely cumber-
some [13]. However, the notion of important regulatory effects of non-
HLA/MHC genes is strongly supported by genetic studies in rodents, in which
genetic heterogeneity can be reduced and variation in environmental influ-
ences minimized. During the last four years several studies describing non-
MHC gene effects on various EAE phenotypes in the rat have been published
[12, 14-19]. More than 10 different genetic loci influencing EAE phenotypes
have currently been described in mice [20-23]. In most cases these genomic
regions include hundreds of genes, of which the vast majority have not been
cloned or functionally characterized. It is therefore still premature to specu-
late about possible candidate genes. Nonetheless, it is noteworthy that some
genetic regions co-localize with regions known to regulate other autoimmune
diseases, such as diabetes and arthritis, whereas others, at least for now, are
selective for neuroinflammation [17, 24, 25]. The existence of loci co-localiz-
ing with other autoimmune diseases suggests the involvement of genes that
affect common mechanisms in inflammatory regulation, such as expression of
particular cytokines or chemokines with important roles in inflammation,
e.g. interleukin-2 (IL-2) [26].

Conversely, it is also possible that disease-regulating genes are target specif-
ic. For MS/EAE, such central nervous system (CNS)-specific mechanisms could
hypothetically involve particular aspects of the reactivity of microglia or astro-
cytes, local cytokine or chemokine production, or even neuronal vulnerability.
These target-specific susceptibility features may also be an explanation for the
poor correlation between magnetic resonance imaging and neurological
deficits in MS [27], suggesting inter-individual differences in neuronal vulner-
ability in inflammatory conditions. An intriguing aspect of this is that such
mechanisms could be involved in all CNS disorders with inflammatory compo-
nents, such as neurodegenerative and cerebrovascular diseases. Evidence for the
existence of this type of genetic influence on regulation of CNS-specific
inflammatory features has been obtained in various experimental settings
using different inbred rat strains, and includes the expression of MHC mole-
cules on microglia [28], TNF-a expression in astrocytes [29], and adhesion
molecule expression on brain endothelia [30-32]. In addition, differences in
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microglia and macrophage activation and T lymphocyte recruitment between
one inbred (LEW) and one outbred (SD) rat strain in a spinal cord contusion
model have been described [33].

Genetics of Target Tissue Vulnerability

With this background we wanted to explore whether there are genetically
determined differences in local glial reactivity and neuronal degeneration that
could have an impact on susceptibility for neuroinflammation. This question is
difficult to address in the EAE model, however, since it is impossible to dissoci-
ate genetic effects on the activation and recruitment of immune cells from
those that specifically act on the inflammatory responsiveness of the target tis-
sue. Instead we have tried to resolve this issue by using a nerve lesion paradigm.
Peripheral nerve transections are accompanied by a retrograde reaction that
involves morphological and metabolic changes in axotomized nerve cell bodies
[34, 35], as well as several features that are shared with autoimmune or infec-
tious conditions, such as activation of surrounding glia and upregulation of
MHC antigens [36-38]. In contrast to more severe or disruptive events imposed
on the CNS, the blood brain barrier is only partially compromised and there is
a very sparse recruitment of bloodborne cells. By employing a particular nerve
lesion model consisting of avulsions of lumbar ventral roots, which leads to a
loss of a majority of the lesioned motoneurons [39, 40], it is possible to study
the neuroinflammatory response in the context of a neurodegenerative process.
This aspect is particularly interesting because of the current interest in mecha-
nisms leading to axonal damage and neurodegeneration in MS. It is also impor-
tant to note that this type of reaction does not rely on the recognition of spe-
cific antigens or other mechanisms that require active involvement of blood-
borne cells, since experimental depletion of T cells does not influence the
response [41].

In an initial experiment we examined the ventral root avulsion (VRA)
response in the two inbred rat strains DA and ACI, which have similar MHC
haplotypes (RT1.AV1), but which differ considerably in their susceptibility to
EAE [12, 14, 42]. Our results demonstrate that VRA in the DA strain results in
a stronger microglial activation, cytokine induction, and a greater degree of
motoneuron loss compared with ACI [41]. In contrast, there were no dis-
cernible differences between two DA strains with different MHC (RT1.H and
RT1.AV1), suggesting that these strain differences are due to a non-MHC gene
effect. The inheritance pattern for susceptibility to neuronal loss and glial
MHC class II expression after VRA was examined in a limited intercross
experiment between ACI and DA [41]. Nerve cell survival ratios and MHC
class IT expression displayed a similar pattern, with the FIXACI and F1xDA
groups mounting an intermediate response compared with the two parental
strains. The continuous distribution pattern of neuronal loss and inflammato-



30 F. Piehl et al.

Table 1. The response to ventral root avulsion (VRA) and susceptibility to experi-
mental autoimmune encephalomyelitis (EAE) in different inbred rat strains present-
ed as an arbitrary scale ranging from low degree/less susceptible (+) to high
degree/highly susceptible (+++). Strains that are not susceptible at all have the desig-
nation (-). Glial activation was determined at 1 week after the nerve injury, before
significant nerve cell loss had occurred, while the degree of nerve cell death was deter-
mined at 3 weeks after the nerve injury. It is apparent that, apart from a correlation
between the intensity of the glial activation preceding the neuronal loss, there is also
some degree of correlation between susceptibility for EAE and local inflammatory
activation after VRA, with the only exception being the E3 strain. However, the E3
strain notably displayed the lowest degree of upregulation of MHC class II among the
examined strains (MBP myelin basic protein, MOG myelin oligodendrocyte glycopro-
tein, n.d. not determined)

Spinal cord lesion, ventral root avulsion EAE susceptibility
Rat strain Nerve cell Glial MHC class II MBP MOG

death activation expression on

microglia

DA(RT1.AV1) +++ +++ +++ +++ +++
E3(RT1.U) +++ ++ (+) - n.d.
BN(RT1.N) ++ ++ ++(+) - ++
LEW(RT1.AV1) ++ ++ ++ +++ +++
LEW(RT1.N) ++ ++ ++ - +++
ACI(RT1.AV1) + + + + -
PVG(RT1.AV1) + + + + +

ry response within the FIXACI and F1xXDA groups suggests that there is more
than one gene conferring susceptibility for both variables after nerve root
avulsion.

A comprehensive study comprising six different inbred rat strains
[BN(RT1.N), DA(RT1.AV1), E3(RT1.U), LEW(RT1.AV1), LEW(RT1.N) and
PVG(RT1.AV1)] confirmed the observation that the VRA response is geneti-
cally regulated (Table 1) [43]. Apart from neuronal loss, several different
parameters related to inflammatory activation were assessed, including
expression of glial acidic fibrillary protein (activation marker for astrocytes),
microglia response factor-1 (activation marker for microglia), complement 3
(expressed in various glial subtypes upon inflammatory activation), MHC
class II, and the pro-inflammatory cytokines IL-1B, TNF-0., and interferon-y
(IFN-y). Interestingly, this revealed that each strain demonstrated a strain-
specific pattern in the degree of increase of the different parameters. The DA
strain consistently ranked very high in the different inflammatory parameters,
whereas PVG ranked low. The LEW strains displayed intermediate responses
together with BN and E3. However, the latter two strains also displayed addi-
tional and strain-specific features. Thus there was an almost-complete lack of
injury induced MHC class II expression in the E3 strain and a high expression
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of IL-1PB in the BN strain, which was several times higher than in the other
strains. Interestingly, the extent of neuronal loss was also genetically regulat-
ed, ranging from 21% to 43%. Again, phenotypic differences between strains
seem to be mainly regulated by non-MHC genes, since LEW strains with dif-
ferent MHC haplotypes had a similar degree of inflammation, whereas the
PVG and DA strain, which share the same MHC haplotype, presented the
largest differences. These results clearly demonstrate that there are consider-
able phenotypic differences in the inflammatory response to mechanical CNS
injury, that these seem to be regulated mainly by non-MHC genes, and that
different aspects of the inflammatory response are regulated by independent
mechanisms.

In EAE models the LEW strain is susceptible, DA rat is very susceptible, BN
is susceptible using some protocols, and ACI, E3 and PVG are more or less
resistant (Table 1). It is therefore of interest to note that there is some degree
of correlation between susceptibility for EAE and local inflammatory activa-
tion after VRA, with the only exception being the E3 strain. However, whereas
the E3 strain demonstrates a robust increase in several inflammatory parame-
ters and a high degree of nerve cell loss, almost no surface expression of MHC
class IT can be detected. A poor capability of antigen presentation in the target
tissue may thus be of importance for the resistance to EAE in this particular
strain.

Taken together these data strongly encourage further studies of genetically
regulated CNS-specific antigen-independent susceptibility factors for neuroin-
flammatory disease. This can be achieved with the same genetic approach used in
polygenic diseases such as EAE, namely linkage analysis in an F2 cohort. Two
inbred strains that display phenotypic differences are bred to produce heterozy-
gous F1 animals. The F1 rats are then brother-sister mated to produce a F2 pop-
ulation, where each individual will carry a mix of the two parental genomes. By
careful phenotyping of each rat in the F2 generation, different phenotypic char-
acteristics can be linked to specific genomic regions using microsatellite markers.
In practice, a whole-genome search for susceptibility loci for a complex disease
requires at least 200 F2 animals [44, 45].

Another approach to identify candidate genes is to analyze gene expression
using techniques for differential display (reverse transcription-polymerase chain
reaction), in order to detect RNA messages that are differentially regulated.
Recent technical advances involving the use of gene chip technology allow stud-
ies in which levels of several thousand RNA messages can be simultaneously
compared [46]. Both these approaches are very laborious, and a combination of
the two may be needed to succeed in identifying the responsible genes. However,
the perspective of pinpointing genes critically regulating glial reactivity, glial
MHC expression and, even more so, mechanisms involved in nerve cell death
certainly encourages further efforts in this direction. A hypothetical model for
how different types of genes with impact on MS susceptibility may functionally
interact is presented in Fig. 1.
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Fig. 1. Hypothetical model for how susceptibility genes for multiple sclerosis/experi-
mental autoimmune encephalomyelitis (MS/EAE) can be categorized into different
spheres depending on their function. Thus genes belonging to more than one of these
groups may be needed for the development of clinical disease. The specific set of
genes and from which spheres they are derived may also explain the large variability
in symptoms and disease progression between different individuals suffering from MS

Trophic Interactions Between the Nervous and Immune Systems

One of the hallmarks of MS pathology is the accumulation of inflammatory cell
infiltrates in the CNS parenchyma, and it is now widely accepted that leukocytes,
and in particular CD4+ T cells, orchestrate the inflammatory assault directed to
myelin sheaths. However, the role leukocytes may play in the progression of nerve
cell damage and ultimately nerve cell death that accompanies white matter destruc-
tion remains unclear. The priority for resolving this question has increased consid-
erably, since recent studies provide firm evidence that the degree of axonal destruc-
tion in MS plaques is a major correlate for permanent clinical disability [47-50]. It
has generally been assumed to date that infiltration by activated leukocytes in the
CNS and the ensuing inflammation have deleterious consequences for delicate
neuronal networks, even if the exact mechanisms have remained unknown. In sup-
port of this notion, several studies have demonstrated that the highest degree of
axonal damage occurs during the acute formation of plaques and that neuronal
loss accompanies EAE [51-53]. So what is the role of leukocytes in these neurode-
generative processes? Experiments involving transfer of myelin protein-reactive
and activated CD4+ T cells to naive recipients causes clinical EAE with typical
histopathological damage to white matter tracts, which demonstrates their instru-
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mental role in initiating disease [54, 55]. However, it is equally important to con-
sider that autoimmune T cells can also be innocuous, as there are numerous exam-
ples of myelin peptide-reactive T cells that do not transfer disease. MS patients have
increased numbers of myelin antigen-reactive T cells [56, 57], but of equal impor-
tance is that myelin protein-reactive T cells can also be cloned from healthy indi-
viduals and expand upon non-specific insults to the nervous system, such as viral
infections [58], stroke [59], and peripheral nerve trauma [60, 61].

One of the most important biological questions in neuroimmunology that
remains to be resolved is what are the characteristics that make an autoimmune T
cell encephalitogenic. Activated T cells infiltrating the CNS during inflammatory
relapses in MS or EAE are known to express high levels of the two pro-inflammato-
ry cytokines IFN-y and TNF-q, and a large body of evidence links these substances
to processes that are known to be harmful to neurons. For example, the production
of cell toxic compounds such as glutamate agonists [62, 63] and nitric oxide [64-67]
is upregulated in microglia and astrocytes. There are also data suggesting that pro-
inflammatory cytokines could have direct toxic effects on neurons [68, 69].

Paradoxically, a recent report demonstrated expression of the neuronal growth fac-
tor brain-derived neurotrophic factor (BDNF) in CNS infiltrating leukocytes in MS
autopsy material [70]. BDNF belongs to the nerve growth factor (NGF) family of neu-
ronal growth factors, which is also called the neurotrophin family. These factors are
extremely important for the regulation of neuronal survival during development, but
are also known to reduce neuronal loss or atrophy after axonal lesions in the adult [71-
73]. Intriguingly, the expression of another neurotrophin family member, neu-
rotrophin-3 (NT-3), together with BDNF was reported in human leukocyte popula-
tions [74]. With this as a background we wanted to explore whether CNS infiltrating
leukocytes could enhance the survival of axotomized CNS neurons. For this purpose
we used the VRA lesion paradigm alone or in combination with EAE induced by
immunization with an encephalitogenic myelin basic protein peptide. Survival of
motoneurons was assessed both during the peak of the disease and in the remission
phase in two different rat strains. At all time points and in both strains the combina-
tion of VRA and EAE increased survival (50%-120%) compared with VRA alone [69].
As expected, very high levels of the pro-inflammatory cytokines IFN-y and TNF-o.
were detected during the peak of the disease. More surprisingly, levels of BDNF and
NT-3 were also highly induced in EAE animals. Characterization of neurotrophin
expression in various leukocyte populations infiltrating the CNS demonstrated that
levels of the substances were highly expressed in T cells and natural killer cells [69].
Although several mechanisms may be involved in the death of motoneurons in the
VRA model, the fact that administration of BDNF strongly enhances neuronal sur-
vival after VRA [71, 75] demonstrates that deprivation of neuronal growth factors is
one of the major determinants of cell death in this injury model. Furthermore, com-
bined treatment of embryonic motoneuron cultures with IFN-y or TNF-ot and neu-
rotrophins attenuated the death of cultured neurons treated with cytokines alone [69].

The notion that CNS infiltrating leukocytes are capable of supporting lesioned
nerve cells is further supported by the observation that transfer of myelin autoreac-
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tive T cell lines to animals subjected to an optic nerve crush rescues a proportion of
the lesioned retinal ganglion cells [76]. In fact, an overt immune reaction against
CNS antigens may not be needed at all, since the loss of motoneurons after facial
nerve transection in scid mice lacking functional T and B cells is aggravated com-
pared with wildtype controls, an effect that can be blocked by reconstituting scid
mice with wild type splenocytes [77]. Taken together, these results suggest that
leukocytes recruited to the CNS may protect neurons from various harmful medi-
ators generated by inflammatory processes in the CNS, and that the protective effect
is mediated by the release of several different neurotrophic molecules (Fig. 2).

Fig. 2. Unilateral avulsion of ventral roots (VRA) leads to a retrograde reaction consisting
of activation of surrounding glia and the subsequent death of a large proportion of the
axotomized motoneurons (A, B). C The generation of neurotoxic compounds such as glu-
tamate agonists, cytokines, and free radicals by the inflammatory reaction is likely to have
negative consequences for the survival of lesioned neurons. D When VRA is combined
with EAE the release of pro-inflammatory cytokines and chemokines from infiltrating
leukocytes causes increased activation of resident glia and recruitment of macrophages
(M®). This results in increased levels of neurotoxic substances (illustrated by a thicker
arrow in D). In spite of this, both the degree of degeneration and atrophy of axotomized
neurons are reduced (illustrated by a less atrophic nerve cell in D). Concomitant with the
release of cytokines, infiltrating leukocytes, including encephalitogenic and bystander
recruited T cells, as well as natural killer (NK) cells, express several neurotrophic factors,
such as brain-derived neurohoptic factor (BDNF) and neurotrophin-3 (NT-3)
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In some conditions, such as cerebrovascular diseases or mechanical nerve
injuries, the influx of leukocytes (some of which may be CNS antigen reactive) at
the site of the lesion may therefore be important for limiting the degree of neu-
ronal loss. However, in MS/EAE the fact that leukocytes produce neurotrophic
factors is even more intriguing, as there is evidence that these types of factors
have immunomodulatory roles, for example by changing the cytokine profile of
T helper cells, and that exogenous administration of NGF protects against EAE
[78]. Future studies are therefore required to explore the possibility that neu-
rotrophins may be used as therapeutic agents in MS or if it is possible to direct
the functional characteristics of a T cell response from encephalitogenicity
towards neuroprotection.

Acknowledgements. We thank Associate Professor Robert A. Harris for expert advice.
This work was supported by Ake Wibergs, Magn Bergvalls, and Tore Nilsons stiftelse,
NHR and the Swedish Medical Research Council, and the EU Biomed 2 Program (con-
tract no. BMH4-97-202).

References

1. Risch N (1990) Linkage strategies for genetically complex traits. I. Multilocus models.
Am ] Hum Genet 46:222-228

2. Risch N (1990) Linkage strategies for genetically complex traits. II. The power of
affected relative pairs. Am J Hum Genet 46:229-241

3. Risch N (1990) Linkage strategies for genetically complex traits. III. The effect of
marker polymorphism on analysis of affected relative pairs [published erratum
appears in Am ] Hum Genet 1992 51:673-675]. Am ] Hum Genet 46:242-253

4. Ebers GC, Bulman DE, Sadovnick AD et al (1986) A population-based study of mul-
tiple sclerosis in twins. N Engl ] Med 315:1638-1642

5. Masterman T, Ligers A, Olsson T, Andersson M, Olerup O, Hillert J (2000) HLA-DR15
is associated with lower age at onset in multiple sclerosis. Ann Neurol 48:211-219

6. Marrosu MG, Murru MR, Costa G, Murru R, Muntoni F, Cucca F (1998) DRBI1-
DQA1-DQBI loci and multiple sclerosis predisposition in the Sardinian population.
Hum Mol Genet 7:1235-1237

7. Olerup O, Hillert J (1991) HLA class 1I-associated genetic susceptibility in multiple
sclerosis: a critical evaluation. Tissue Antigens 38:1-15

8. Sawcer S, Jones H, Feakes R, Gray ], Smaldon N, Chataway J, Robertson N, Clayton D,
Goodfellow P, Compston A (1996) A genome screen in multiple sclerosis reveals sus-
ceptibility loci on chromosome 6p21 and 17q22. Nat Genet 13:464-468

9. Haines JL, Ter-Minassian M, Bazyk A et al (1996) A complete genomic screen for
multiple sclerosis underscores a role for the major histocompatability complex.
The Multiple Sclerosis Genetics Group. Nat Genet 13:469-471

10. Ebers GC, Sadovnick AD (1994) The role of genetic factors in multiple sclerosis sus-
ceptibility. ] Neuroimmunol 54:1-17
11. Haines JL, Terwedow HA, Burgess K, Pericak-Vance MA, Rimmler JB, Martin

ER, Oksenberg JR, Lincoln R, Zhang DY, Banatao DR, Gatto N, Goodkin DE,
Hauser SL (1998) Linkage of the MHC to familial multiple sclerosis suggests
genetic heterogeneity. The Multiple Sclerosis Genetics Group. Hum Mol Genet
7:1229-1234



36

F. Piehl et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

Weissert R, Wallstrom E, Storch M, Steffer] A, Lorentzen J, Lassmann H, Linington C,
Olsson T (1998) MHC haplotype-dependent regulation of MOG-induced EAE in
rats. J Clin Invest 102:1265-1273

Chataway J, Feakes R, Coraddu F, Gray ], Deans J, Fraser M, Robertson N, Broadley S,
Jones H, Clayton D, Goodfellow P, Sawcer S, Compston A (1998) The genetics of
multiple sclerosis: principles, background and updated results of the United
Kingdom systematic genome screen. Brain 121:1869-1887

Lorentzen JC, Andersson M, Issazadeh S, Dahlman I, Luthman H, Weissert R, Olsson
T (1997) Genetic analysis of inflammation, cytokine mRNA expression and disease
course of relapsing experimental autoimmune encephalomyelitis in DA rats. J
Neuroimmunol 80:31-37

Kjellén P, Issazadeh S, Olsson T, Holmdahl R (1998) Genetic influence on disease
course and cytokine response in relapsing experimental allergic encephalomyelitis.
Int Immunol 10:333-340

Roth MP, Viratelle C, Dolbois L, Delverdier M, Borot N, Pelletier L, Druet P, Clanet
M, Coppin H (1999) A genome-wide search identifies two susceptibility loci for
experimental autoimmune encephalomyelitis on rat chromosomes 4 and 10. ]
Immunol 162:1917-1922

Dahlman I, Lorentzen J, de Graaf K, Stefferl A, Linington C, Luthman H, Olsson T
(1998) Quantitative trait loci disposing for both experimental arthritis and
encephalomyelitis in the DA rat; impact on severity of myelin oligodendrocyte glyco-
protein-induced experimental autoimmune encephalomyelitis and antibody isotype
pattern. Eur ] Immunol 28:2188-2196

Dahlman I, Wallstrom E, Weissert R, Storch M, Kornek B, Jacobsson L, Linington C,
Luthman H, Lassmann H, Olsson T (1999) Linkage analysis of myelin oligodendro-
cyte glycoprotein-induced experimental autoimmune encephalomyelitis in the rat
identifies a locus controlling demyelination on chromosome 18. Hum Mol Genet
8:2183-2190

Dahlman I, Jacobsson L, Lorentzen JC, Glaser A, Luthman H, Olsson T (1999) A
genome wide linkage analysis of chronic relapsing experimental autoimmune
encephalomyelitis in the rat identifies a major susceptibility locus on chromosome 9.
J Immunol 162:2581-2588

Baker D, Butler D, Scallon BJ, O’Neill JK, Turk JL, Feldmann M (1994) Control of
established experimental allergic encephalomyelitis by inhibition of tumor necrosis
factor (TNF) activity within the central nervous system using monoclonal antibodies
and TNF receptor-immunoglobulin fusion proteins. Eur ] Immunol 24:2040-2048
Sundvall M, Jirholt J, Yang H, Jansson L, Engstrom A, Pettersson U, Holmdahl R
(1995) Identification of murine loci associated with susceptibility to chronic experi-
mental autoimmune encephalomyelitis. Nature Gen. 10:313-317

Encinas ], Lees M, Sobel R, Symonowicz C, Greer J, Shovlin CL, Weiner H, Seidman
C, Seidman J, Kuchroo V (1996) Genetic analysis of susceptibility to experimental
autoimmune encephalomyelitis in a cross between SJL/J and B10.S mice. ] Immunol
157:2186-2192

Butterfield R], Sudweeks JD, Blankenhorn EP, Korngold R, Marini JC, Todd JA, Roper
R]J, Teuscher C (1998) New genetic loci that control susceptibility and symptoms of
experimental allergic encephalomyelitis in inbred mice. ] Immunol 161:1860-1867
Becker KG, Simon RM, Bailey-Wilson JE, Freidlin B, Biddison WE, McFarland HF,
Trent JM (1998) Clustering of non-major histocompatibility complex susceptibil-
ity candidate loci in human autoimmune diseases. Proc Natl Acad Sci USA
95:9979-9984

Vyse TJ, Todd JA (1996) Genetic analysis of autoimmune disease. Cell 85:311-318
Encinas JA, Wicker LS, Peterson LB, Mukasa A, Teuscher C, Sobel R, Weiner HL,
Seidman CE, Seidman ]G, Kuchroo VK (1999) QTL influencing autoimmune dia-



Genetic Regulation of Neurodegeneration and Glial Activation 37

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

betes and encephalomyelitis map to a 0.15-cM region containing I12 (letter). Nat
Genet 21:158-160

van Walderveen MA, Barkhof F, Hommes OR, Polman CH, Tobi H, Frequin ST, Valk
J (1995) Correlating MRI and clinical disease activity in multiple sclerosis: relevance
of hypointense lesions on short-TR/short-TE (T1-weighted) spin-echo images.
Neurology 45:1684-1690

Sedgwick JD, Schwender S, Gregersen R, Dorries R, ter Meulen V (1993) Resident
macrophages (ramified microglia) of the adult brown Norway rat central nervous
system are constitutively major histocompatibility complex class II positive. ] Exp
Med 177:1145-1152

Chung 1Y, Norris JG, Benveniste EN (1991) Differential tumor necrosis factor alpha
expression by astrocytes from experimental allergic encephalomyelitis-susceptible
and -resistant rat strains. ] Exp Med 173:801-811

Linke A, Male D (1994) Strain-specific variation in constitutive and inducible expres-
sion of MHC class I, class I and ICAM-1 on rat cerebral endothelium. Immunology
82:88-94

Linke T, Greenwood ], Campbell I, Luthert P, Male DK (1998) Strain specific varia-
tion in IFN-gamma inducible lymphocyte adhesion to rat brain endothelial cells. ]
Neuroimmunol 91:28-32

Linke AT, Antonopoulos M, Davies DH, Male DK (2000) Strain specific variation in
cytokine regulated ICAM-1 expression by rat brain-endothelial cells. ] Neuro-
immunol 104:10-14

Popovich PG, Wei P, Stokes BT (1997) Cellular inflammatory response after spinal
cord injury in Sprague-Dawley and Lewis rats. ] Comp Neurol 377:443-464
Kreutzberg GW, Graeber MB, Streit W] (1989) Neuron-glial relationship during
regeneration of motorneurons. Metab Brain Dis 4:81-85

Aldskogius H, Svensson M (1993) Neuronal and glial responses to axon injury. In:
Malhotra SK (ed) Advances in structural biology. JAI Press, Greenwich, Connecticut,
pp 191-223.

Maehlen J, Schroder H, Klareskog L, Olsson T, Kristensson K (1988) Axotomy
induces MHC class I antigen expression on rat nerve cells. Neurosci Lett 92:8-13
Olsson T, Kristensson K, Ljungdahl A, Maehlen J, Holmdahl R, Klareskog L (1989)
Gamma-interferon-like immunoreactivity in axotomized rat motor neurons. ]
Neurosci 9:3870-3875

Streit W], Graeber MB, Kreutzberg GW (1989) Expression of Ia antigen on perivas-
cular and microglial cells after sublethal and lethal motor neuron injury. Exp Neurol
105:115-126

Koliatsos VE, Price WL, Pardo CA, Price DL (1994) Ventral root avulsion: an experi-
mental model of death of adult motor neurons. ] Comp Neurol 342:35-44

Piehl F, Tabar G, Cullheim S (1995) Expression of NMDA receptor mRNAs in rat
motoneurons is down-regulated after axotomy. Eur J Neurosci 7:2101-2110

Piehl F, Lundberg C, Khademi M, Dahlman I, Lorentzen J, Olsson T (1999) Non-
MHC gene regulation of nerve root injury-induced spinal cord inflammation and
neuron death. ] Neuroimmunol 101:87-97

Lorentzen JC, Issazadeh S, Storch M, Mustafa MI, Lassman H, Linington C, Klareskog
L, Olsson T (1995) Protracted, relapsing and demyelinating experimental autoim-
mune encephalomyelitis in DA rats immunized with syngeneic spinal cord and
incomplete Freund’s adjuvant. ] Neuroimmunol 63:193-205

Lundberg C, Lidman O, Holmdahl R, Olsson T, Piehl F (2001) Neurodegeneration
and glial activation patterns after mechanical nerve injury are differentially regulat-
ed by non-MHC genes in congenic inbred rat strains. ] Comp Neurol 431:75-87
Serikawa T, Kuramoto T, Hilbert P et al (1992) Rat gene mapping using PCR-ana-
lyzed microsatellites. Genetics 131:701-721



38

F. Piehl et al.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Olsson T, Dahlman I, Wallstrom E, Weissert R, Piehl F (2000) Genetics of rat neu-
roinflammation. ] Neuroimmunol 107:191-200

Duggan DJ, Bittner M, Chen Y, Meltzer P, Trent JM (1999) Expression profiling using
cDNA microarrays. Nat Genet 21:10-14

Davie CA, Barker GJ, Webb S, Tofts PS, Thompson AJ, Harding AE, McDonald W1,
Miller DH (1995) Persistent functional deficit in multiple sclerosis and autosomal
dominant cerebellar ataxia is associated with axon loss [published erratum appears in
Brain 1996 119:1415]. Brain 118:1583-1592

De Stefano N, Matthews PM, Fu L, Narayanan S, Stanley J, Francis GS, Antel JP,
Arnold DL (1998) Axonal damage correlates with disability in patients with relaps-
ing-remitting multiple sclerosis. Results of a longitudinal magnetic resonance spec-
troscopy study. Brain 121:1469-1477

Lee MA, Blamire AM, Pendlebury S, Ho KH, Mills KR, Styles P, Palace J, Matthews
PM (2000) Axonal injury or loss in the internal capsule and motor impairment in
multiple sclerosis. Arch Neurol 57:65-70

Reddy H, Narayanan S, Matthews PM, Hoge RD, Pike GB, Duquette P, Antel J, Arnold
DL (2000) Relating axonal injury to functional recovery in MS. Neurology 54:236-239
Ferguson B, Matyszak MK, Esiri MM, Perry VH (1997) Axonal damage in acute mul-
tiple sclerosis lesions. Brain 120:393-399

Trapp B, Peterson J, Ransohoff R, Rudick R, Merk S, Be L (1998) Axonal transection
in the lesions of multiple sclerosis. N Engl ] Med 338:278-285

Smith T, Groom A, Zhu B, Turski L (2000) Autoimmune encephalomyelitis amelio-
rated by AMPA antagonists. Nat Med 6:62-66

Ben-Nun A, Wekerle H, Cohen IR (1981) The rapid isolation of clonable antigen-spe-
cific T lymphocyte lines capable of mediating autoimmune encephalomyelitis. Eur J
Immunol 11:195-199

Pettinelli CB, McFarlin DE (1981) Adoptive transfer of experimental allergic
encephalomyelitis in SJL/J mice after in vitro activation of lymph node cells by
myelin basic protein: requirement for Lyt 1+ 2— T lymphocytes. ] Immunol
127:1420-1423

Olsson T, Zhi WW, Hojeberg B, Kostulas V, Jiang YP, Anderson G, Ekre HP, Link H
(1990) Autoreactive T lymphocytes in multiple sclerosis determined by antigen-
induced secretion of interferon-gamma. J Clin Invest 86:981-985

Zhang J, Medaer R, Stinissen P, Hafler D, Raus J (1993) MHC-restricted depletion of
human myelin basic protein-reactive T cells by T cell vaccination. Science 261:1451-1454
Miller SD, Vanderlugt CL, Begolka WS, Pao W, Yauch RL, Neville KL, Katz-Levy Y,
Carrizosa A, Kim BS (1997) Persistent infection with Theiler’s virus leads to CNS
autoimmunity via epitope spreading. Nat Med 3:1133-1136

Wang W, Olsson T, Kostulas V, Hojeberg B, Ekre H, Link H (1992) Myelin antigen
reactive T cells in cerebrovascular diseases. Clin Exp Immunol 88:157-162

Olsson T, Diener P, Ljungdahl A, Hojeberg B, van der Meide P, Kristensson K (1992)
Facial nerve transection causes expansion of myelin autoreactive T cells in regional
lymph nodes and T cell homing to the facial nucleus. Autoimmunity 13:117-126
Olsson T, Sun JB, Solders G, Xiao BG, Hojeberg B, Ekre HP, Link H (1993)
Autoreactive T and B cell responses to myelin antigens after diagnostic sural nerve
biopsy. ] Neurol Sci 117:130-139

Piani D, Spranger M, Frei K, Schaffner A, Fontana A (1992) Macrophage-induced
cytotoxicity of N-methyl-D-aspartate receptor positive neurons involves excitatory
amino acids rather than reactive oxygen intermediates and cytokines. Eur ] Immunol
22:2429-2436

Giulian D, Corpuz M, Chapman S, Mansouri M, Robertson C (1993) Reactive
mononuclear phagocytes release neurotoxins after ischemic and traumatic injury to
the central nervous system. ] Neurosci Res 36:681-693



Genetic Regulation of Neurodegeneration and Glial Activation 39

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Chao C, Hu S, Molitor T, Shaskan E, Peterson P (1992) Activated microglia mediate
neuronal cell injury via a nitric oxide mechanism. ] Immunol 149:2736-2741

Chao CC, Hu S, Ehrlich L, Peterson PK (1995) Interleukin-1 and tumor necrosis fac-
tor-alpha synergistically mediate neurotoxicity: involvement of nitric oxide and of N-
methyl-D-aspartate receptors. Brain Behav Immun 9:355-365

Lee SC, Dickson DW, Liu W, Brosnan CF (1993) Induction of nitric oxide synthase
activity in human astrocytes by interleukin-1 beta and interferon-gamma. ]
Neuroimmunol 46:19-24

Merrill JE, Ignarro LJ, Sherman MP, Melinek J, Lane TE (1993) Microglial cell
cytotoxicity of oligodendrocytes is mediated through nitric oxide. ] Immunol
151:2132-2141

Talley AK, Dewhurst S, Perry SW, Dollard SC, Gummuluru S, Fine SM, New D,
Epstein LG, Gendelman HE, Gelbard HA (1995) Tumor necrosis factor alpha-
induced apoptosis in human neuronal cells: protection by the antioxidant N-acetyl-
cysteine and the genes bcl-2 and crmA. Mol Cell Biol 15:2359-2366

Hammarberg H, Lidman O, Lundberg C, Eltayeb SY, Gielen AW, Muhallab S,
Svenningsson A, Linda H, van der Meide PH, Cullheim S, Olsson T, Piehl F (2000)
Neuroprotection by encephalomyelitis: rescue of mechanically injured neurons and
neurotrophin production by CNS-infiltrating T and natural killer cells. ] Neurosci
20:5283-5291

Kerschensteiner M, Gallmeier E, Behrens L, Leal VV, Misgeld T, Klinkert WE, Kolbeck
R, Hoppe E, Oropeza-Wekerle RL, Bartke I, Stadelmann C, Lassmann H, Wekerle H,
Hohlfeld R (1999) Activated human T cells, B cells, and monocytes produce brain-
derived neurotrophic factor in vitro and in inflammatory brain lesions: a neuropro-
tective role of inflammation? ] Exp Med 189:865-870

Kishino A, Ishige Y, Tatsuno T, Nakayama C, Noguchi H (1997) BDNF prevents and
reverses adult rat motor neuron degeneration and induces axonal outgrowth. Exp
Neurol 144:273-286

Kobayashi NR, Fan DP, Giehl KM, Bedard AM, Wiegand SJ, Tetzlaff W (1997) BDNF
and NT-4/5 prevent atrophy of rat rubrospinal neurons after cervical axotomy, stim-
ulate GAP-43 and Talphal-tubulin mRNA expression, and promote axonal regenera-
tion. ] Neurosci 17:9583-9595

Hammond EN, Tetzlaff W, Mestres P, Giehl KM (1999) BDNE, but not NT-3, pro-
motes long-term survival of axotomized adult rat corticospinal neurons in vivo.
Neuroreport 10:2671-2675

Besser M, Wank R (1999) Cutting edge: clonally restricted production of the neu-
rotrophins brain-derived neurotrophic factor and neurotrophin-3 mRNA by human
immune cells and Th1/Th2-polarized expression of their receptors. ] Immunol
162:6303-6306

Novikov L, Novikova L, Kellerth JO (1995) Brain-derived neurotrophic factor pro-
motes survival and blocks nitric oxide synthase expression in adult rat spinal
motoneurons after ventral root avulsion. Neurosci Lett 200:45-48

Moalem G, Leibowitz-Amit R, Yoles E, Mor F, Cohen I, Schwartz M (1999) Autoim-
mune T cells protect neurons from secondary degeneration after central nervous sys-
tem axotomy. Nat Med 5:49-55

Serpe C, Kohm A, Huppenbauer C, Sanders V, Jones K (1999) Exacerbation of facial
motoneuron loss after facial nerve transection in severe combined immunodeficient
(scid) mice. ] Neurosci 19:RC7

Villoslada P, Hauser SL, Bartke I, Unger ], Heald N, Rosenberg D, Cheung SW,
Mobley WG, Fisher S, Genain CP (2000) Human nerve growth factor protects com-
mon marmosets against autoimmune encephalomyelitis by switching the balance of
T helper cell type 1 and 2 cytokines within the central nervous system. ] Exp Med
191:1799-1806



Chapter 4

Neuroprotective Treatment in Primary Progressive Multiple
Sclerosis: a Phase /1l Study with Riluzole

N. KALKERS, F. BARKHOF, L. BERGERS, R. VAN SCHIJNDEL, C. POLMAN

Introduction

Most currently available treatments for multiple sclerosis (MS), in particular cor-
ticosteroids and interferon B, especially address the inflammatory component of
the disease. Their main clinical impact is on relapses whereas an effect on per-
manent disability so far has been less well established. This might be explained by
observations, especially from magnetic resonance imaging (MRI) studies, that
the correlation of inflammation with disease progression and development of
disability is poor [1].

Recent evidence suggests that axonal loss may occur more early in the dis-
ease course of MS than previously anticipated; most likely it is the pathological
correlate of irreversible neurological impairment. Ferguson et al. [2] found
large numbers of damaged axons in acute lesions and at the border of chronic
active lesions, but not in chronic lesions. Trapp et al. [3] observed abundant
axonal transection in active and chronic active lesions from patients whose
clinical disease duration ranged from weeks to 27 years. Magnetic resonance
spectroscopy studies measuring N-acetylaspartate, a marker of axonal damage,
suggest that axonal damage or loss occurs both in lesions and in normal-
appearing white matter, and that it begins in the early stages of MS and may
contribute to chronic disability [4-6]. These observations support the pursuit
of neuroprotective therapeutic strategies in MS, as recommended in authorita-
tive editorials [7, 8].

Here we present the results of a pilot study investigating the effects of the
neuroprotective agent riluzole in primary progressive (PP) MS patients. This
group of MS patients shows less inflammatory activity, a reason why they are
typically excluded from clinical trials. Riluzole is an approved treatment for
amyotrophic lateral sclerosis (ALS); it has been shown to provide a greater prob-
ability of survival in patients suffering from this disease [9]. The drug appears to
act through inhibition of glutamate transmission in the central nervous system
(CNS). Glutamate acts as an excitotoxin, participating in the process of neu-
ronal damage.

Recent MRI studies suggest that T1-hypointense lesions (‘black holes’) and
atrophy of brain and spinal cord are imaging correlates of axonal loss [10]. A
number of groups have also reported that atrophy develops early in the disease
course and correlates more strongly with clinical progression than other MRI
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changes like T2-lesions or gadolinium enhancement [11-16]. These measure-
ments have therefore been proposed as potentially suitable outcome parame-
ters for the evaluation of therapeutic efficacy in PPMS, and were used in this
study [17].

Patients and Methods

Patients

The study patients, all of whom were aged between 18 and 70 years, had PPMS
with documented progression during the 24 months before inclusion. Kurtzke’s
Expanded Disability Status Scale (EDSS) scores were between 3.0 (inclusive) and
7.5 (inclusive) [18]. Recipients of immunomodulatory drugs and patients with
other medical or systemic diseases that might interfere with assessment of dis-
ability were excluded. Women of childbearing potential who were pregnant,
nursing, or not using adequate birth control measures were also excluded.

Design

The study was approved by the hospital ethics committee and after providing
informed consent, 16 patients were selected from a natural history cohort of
PPMS. The study duration was 24 months. During the first 12 months no spe-
cific treatment was given and during the second 12 months all patients were
treated with riluzole (2 X 50 mg daily). At entry into the trial, demographic
data were obtained, a full history taken, and a neurological examination per-
formed. Patients underwent further examinations after 6, 12, 18, and 24
months. At each visit, extensive MRI investigations and a short physical exam-
ination were performed, and EDSS scores were obtained at 0, 12, and 24
months. MRI included magnetization prepared rapid acquisition gradient echo
(MPRAGE) imaging at all visits, and T1- and T2-weighted sequences at 0, 12
and 24 months. Images were obtained at 1.0 T (Magnetom Impact, Siemens,
Erlangen, Germany). All adverse events were documented; laboratory investi-
gation included serum transaminases (monthly for 3 months and every 3
months thereafter) and hematology (complete blood count and differential
every 6 months) after the start of treatment.

Analysis
The efficacy of riluzole was assessed by comparing mean change for spinal cord
measurement and median changes for T1 and T2 lesion load measurements dur-
ing the first 12 months of the study (without treatment) with those in the second
12 months (during treatment). The advantage of this analysis for a small pilot
study is that it excludes inter-patient variability as an important confounding
factor.

The primary outcome criterion selected was the change in spinal cord cross-
sectional area between the 1-year periods. To obtain this information, a series of
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ten contiguous 3-mm axial slices from the MPRAGE data set were reformatted
perpendicular to the cord above the center of the C2-C3 disc. A blinded observ-
er reformatted all slices twice (Radworks 4.0, Applicare Medical Imaging, Alphen
ad Rijn, The Netherlands) and scored the spinal cord area (in mm?), with a
homemade semi-automated, local thresholding, seed-growing method. The coef-
ficient of variation for this method in our hands was 1.3%. The mean of these
two measurements was used for further analysis. Scans were analyzed serially,
although in a randomized and blinded fashion. Secondary outcome criteria
defined were the total unenhanced T1 lesion volume (‘black holes’), the total T2
lesion volume, and the number of gadolinium-enhancing lesions on brain MRI,
as well as the EDSS.

Safety data were evaluated for all patients treated, efficacy data only for those
patients who continued treatment for at least 3 months, for which we used all
available data.

Statistics

Mean and median results were calculated, as well as median increase per year
of all evaluable scans, expressed as percentages. Student’s ¢-test for normally
distributed data (MPRAGE and EDSS) and Wilcoxon test for non-parametric
data (T1 and T2 lesion load, gadolinium-enhancing lesions) were used to eval-
uate the difference between the year without treatment and the year on treat-
ment.

Results

Patient demographics and clinical data are presented in Table 1.

Two patients discontinued treatment because of side effects (1 patient after
about 1 month because of headache, 1 patient after 2 months because of increase
in spasticity, reduction in muscle strength, and fatigue). Five patients needed
intermittent reduction in dosage of study drug (3 because of reduced muscle
strength, increase in spasticity, and balance disorders causing mobility problems,
2 because of sensory disturbances and increased fatigue). In 14 patients who took
medication for over 3 months, medically severe adverse effects were not
observed.

Table 1. Demographic and clinical data [medians (range)]

Number Sex Age (years) Duration of EDSS
(F:M) symptoms (years) t=0

16 9:7 51.5 (30-66) 9.5 (2.9-32.3) 6.0 (3.5-7.5)
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Table 2. Results on primary and secondary magnetic resonance imaging (MRI) outcome
parameters

MRI parameter Baseline 1-year 2-year Change Change
during during
1st year® 2nd year®
(without (with
treatment) treatment)
Spinal cord area® 66.7 65.4 65.2 —2.0% -0.2%
(9.1)
T1 lesion load® 271 403 369 +15% +6%
(0-7,032) (0-9,393) (129-9,243)
T2 lesion load® 2,160 3,343 4,206 +7.0% +10%

(513-3,2892) (540-28,008) (600-28,800)

2 Mean, mm? (SD)
b Median, mm? (range)
¢ Median change of all evaluable scans

For MPRAGE analysis we had to exclude 1 patient, first because of missing
baseline data (due to a wrong scan protocol) and secondly because of insufficient
quality of follow-up scans (due to technical problems). For the remaining 13
patients (65 scans), an additional 5 scans could not be quantified for the prima-
ry outcome criterion due to technical problems or poor quality of scans (diffi-
culty in adhering to extensive MRI protocol; movement artefacts). For quantifi-
cation of T1- and T2- weighted imaging, 2 baseline scans were missing (1 due to
a wrong scan protocol and 1 due to technical problems). Table 2 presents the
mean spinal cord area at all time points, analyzed including all available data for
all patients. There is a reduction of mean spinal cord area in the 1st year (2%)
and a trend for stabilization in the 2nd year (0.2%, Fig. 1); this trend, however,
was not statistically significant. The secondary outcome parameters, T1 and T2
lesion loads, both increased during the study (Table 2). Whereas the increase in
T2 lesion load was essentially the same or even tended to accelerate during the 1st
and 2nd year (increase of 7% and 10%, respectively), there was a trend, although
not statistically significant, for the increase in T1 lesion load to be reduced dur-
ing the 2nd year of the study (15 versus 6%, respectively). The median number of
gadolinium lesions was 0 at all time points. The median EDSS changed in the 1st
year of the study from 6.0 to 6.5; the median EDSS remained 6.5 at 24 months.

Discussion

The results from this pilot study, as far as we know the first of neuroprotective
treatment in MS, suggest an effect on MRI parameters of axonal loss during 12
months of treatment with riluzole, although this effect did not reach levels of sta-
tistical significance.
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Fig. 1. Spinal cord area (mean, mm?) months 0 - 12 without treatment and months 12 -
24 with treatment

Spinal cord atrophy is a relatively new outcome parameter in MS clinical tri-
als. It has been validated by studies that have shown a good correlation between
spinal cord atrophy and disability in MS [11, 15] and by a longitudinal study that
showed that it was possible to measure changes in cord cross-sectional area over
time, especially in patients with PPMS [17]. In this last study the reduction in
cord size was about 5% over a 1-year period in PPMS patients, which seems to be
somewhat larger than the 2% we observed during the 1 year of our study. Since
the techniques applied in both studies are very similar, we assume that this dif-
ference can be accounted for by differences in patient selection. Based on a com-
parison of these studies it probably is safe to conclude that the difference in
development of atrophy that was observed between the 1st and the 2nd year in
our study was not due to an excessive change during the 1st year. We also found
a dissociation of the effects of riluzole on T1 and T2 lesion load. There was a clear
trend for reduced increase of T1 lesion load during treatment (median increase
of 15 % in 1st and 6% in 2nd year of study) in the absence of a reduced increase
in T2 lesion load (median increase 7% in 1st and 10% in 2nd year). Whereas T2
lesion load is non-specific and reflects the total lesion load in MS, recent studies,
applying both pathological examination of autopsy and biopsy material as well as
in vivo magnetic resonance spectroscopy, have clearly shown that hypointense
areas on T1-weighted imaging strongly correlate with the destructive character of
lesions, more specifically axonal loss [5, 10, 19, 20]. Remarkably, another recent-
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ly published study, applying novel MRI techniques in monitoring the effect of
treatment on the pathological process in MS, found the same dissociation,
although in the opposite direction. Treatment with the lymphocyte-depleting
humanized monoclonal antibody Campath 1H strongly reduced the number of
new inflammatory lesions, although it had no effect on progression of atrophy
and T1 lesion load [21, 22].

A recent study discusses the application of glutamate receptor blockade in an
animal model of MS. Reduction of axonal damage was shown in experimental
allergic encephalomyelitis, using the AMPA/ainate antagonist NBQX [23]. NBQX
blocks the excitatory glutamate receptor of the oligodendrocytes and thereby, like
riluzole, modulates glutaminergic transmission. Our observations are in line
with the hypothesis that riluzole does not affect new lesion genesis, but as a neu-
roprotective agent does have an impact on subsequent lesion development,
resulting in reduced axonal loss. It suggests an effect on MRI parameters of axon-
al loss, and provides the first human correlate of the observations by Pitt et al.
[23], that glutamate excitotoxicity contributes to lesion development in demyeli-
nating disease and therefore should be considered as an important therapeutic
target. Of course our study does not allow an in-depth assessment of the poten-
tial value of riluzole in MS. Given the small sample size and the short duration of
this study, as well as the possibility of ‘regression to the mean, we recommend
that additional data be obtained in a large placebo-controlled trial using a paral-
lel-group design. The MRI characteristics observed in our study suggest that neu-
roprotective agents could be used for combination therapy with anti-inflamma-
tory agents in MS.
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Chapter 5

Neuropathology and Disease Progression in Multiple Sclerosis

C. BJARTMAR, B.D. TRAPP

Introduction

The histopathology of multiple sclerosis (MS) is characterized by focal inflam-
mation, demyelination, loss of oligodendrocytes, reactive astrogliosis, and
axonal pathology. Of these hallmarks, myelin loss has attracted most interest,
and MS research has historically focused on mechanisms associated with
inflammatory demyelination and remyelination. Although the neuropathology
of MS is primarily demyelinating, a number of reports describe axonal injury
in the disease [1-9]. In fact, axonal pathology in MS lesions was described
more than a century ago [10]. Charcot (1868), for example, discussed MS
lesions in terms of demyelination and astrogliosis, but he also mentioned
axonal loss [11]. Current data on axonal pathology in MS have been provided
through a variety of approaches, including magnetic resonance imaging (MRI)
[7, 12-14], magnetic resonance spectroscopy (MRS) (2, 3, 5, 15] and morpho-
logical analysis of brain sections [4, 9]. Immunohistochemical studies have
recently emphasized the correlation between inflammation and axonal damage
during the early stages of MS [4, 9]. In addition, long-term axonal pathology
has been described in a number of myelin protein gene knockout and trans-
genic mice models [6, 8, 16], as well as in chronic MS patients [17, 18], indi-
cating that lack of myelin-related molecules can result in axonal pathology.
Together, these data suggest that cumulative axonal degeneration constitutes a
significant pathogenic component of MS, and indicate that loss of axons may
be a main determinant of the progressive neurological disability seen in these
patients [1, 3, 5, 6, 8, 17].

Axonal Injury During Early Stages of MS

Axonal transection occurs in cerebral MS lesions undergoing inflammatory
demyelination [4, 9]. Ferguson et al. [9] demonstrated axonal amyloid precursor
protein (APP) in active lesions and at the border of chronic active lesions.
Accumulation of APP is considered a marker for axonal dysfunction and injury,
since it is detected immunohistochemically only in axons with impaired axonal
transport [19]. Many APP-immunoreactive structures resembled axonal ovoids,
characteristic of newly transected axons. These results suggested axonal dysfunc-
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tion within inflammatory MS lesions and indicated that many of these axons
were undergoing transection.

These findings were confirmed and extended by a morphological investigation
on lesions from MS brains with various degree of inflammation and disease
durations from 2 weeks to 27 years [4]. Axonal ovoids were identified through
three-dimensional confocal microscopy as terminal ends of transected axons
immunostained for non-phosphorylated neurofilaments. The density of tran-
sected axons was over 11,000 mm? in active lesions and over 3,000 mm? at the
edge of chronic active lesions. The core of chronic active lesions contained on
average 875 transected axons per mm?®. In contrast, less than 1 axonal ovoid was
detected per mm?® in control white matter. Together, these data demonstrate a
positive correlation between axonal transection and degree of inflammation in
cerebral MS lesions undergoing demyelination. The presence of terminal ends in
patients with short disease duration suggests that axonal transection begins at an
early stage of MS [4].

The pathophysiology of axonal damage during early stages of MS is
unknown, and we can only speculate on possible mechanisms. Since the
extent of axonal damage in active MS lesions correlates with the inflammato-
ry activity of the lesions [4, 9], axonal injury could be associated with the
inflammation per se (Fig. 1). Inflammatory substances such as proteolytic

Fig. 1. Axonal transection during inflammatory
demyelination (A) causes irreversible loss of neu-
ronal function, denervation of target cells, and
induces formation of terminal axonal ovoids. The
distal axonal segment undergoes Wallerian degen-
eration (B) and retrograde neuronal Wallerian
degeneration (C) may occur. During early stages
of multiple sclerosis (MS), the CNS compensates
for loss of axons. From [74]
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enzymes, cytokines, oxidative products, and free radicals produced by acti-
vated immune and glial cells are potential mediators of such damage [20]. It
is also possible that increased extracellular pressure caused by inflammatory
edema can injure axons, particularly in the spinal cord where the space for
tissue expansion is more limited than in the brain. Finally, since interactions
between multiple genes most likely influence the outcome of MS in individ-
ual patients [21-23], it is possible that genes involved in axonal responses to
inflammation and demyelination influence the extent of axonal damage and
loss in MS [23-25].

Cumulative Axonal Loss in Long-Term MS

The presence of early axonal transection in MS, in the absence of obvious pro-
gressive disability between relapses, raises questions regarding the extent of
long-term axonal loss during chronic disease. In order to quantify total axonal
loss in MS lesions, an axonal sampling protocol that accounts for both tissue
atrophy and reduced axonal density was developed using spinal cord cross sec-
tions [17]. Using this protocol, total axonal loss was quantified in 10 chronic
inactive lesions from five MS patients with significant functional impairment
(EDSS 27.5) and long disease duration. The lesions contained an average 68%
(45%-84%) loss of axons compared with controls. These results demonstrate
that axonal loss constitutes a significant part of the long-term pathology that
develops in many chronic MS lesions (Fig. 2). Given the severe permanent neu-

Fig. 2. Loss of axons in the spinal cord of a paralyzed patient with MS for 22 years.
Neurofilament staining demonstrates axonal density in control (A) and in a demyelinated
area in the gracile fasciculus of MS cervical spinal cord (B). This chronic inactive lesion
exhibits severe axonal loss. Scale bar = 25 um. From [6]
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rological disability of the examined patients, the data also support axonal
degeneration as the main cause of irreversible neurological disability in non-
ambulatory MS patients. Average axonal density (number of axons per unit
area) in these lesions was decreased by 58%. A similar reduction in axonal den-
sity, 61%, was recently reported in spinal cord lesions from patients with sec-
ondary progressive MS (SPMS) [18].

The extent of axonal loss in severely disabled patients with long disease
duration, often without signs of inflammatory activity at later stages of dis-
ease, suggests that mechanisms other than inflammatory demyelination con-
tribute to axonal transection in chronic MS lesions [17, 18]. A number of
genes coding for myelin related proteins such as MAG, PLP, PMP22, PO and
connexin 32, contribute to the long-term viability of axons [26-30]. For exam-
ple, late-onset axonal pathology such as atrophy or swelling, cytoskeleton
alterations, organelle accumulation and degeneration was reported in mice
lacking MAG [28] and PLP [29]. The axonal pathology in these mice was
accompanied by progressive clinical disability, including impaired gait,
tremor, and spasticity. Hence, chronically demyelinated axons may undergo
degeneration due to lack of trophic support from myelin or oligodendrocytes
(Fig. 3) [6, 8, 16].

Fig. 3. Long-term axonal degeneration as a conse-
quence of chronic demyelination (A). Myelin-
derived factors have a trophic effect on axons. The
lack of trophic support may cause axonal transec-
tion and Wallerian degeneration distally (B) or ret-
rograde neuronal death (C). This mechanism of
axonal loss may cause progressive functional
decline during secondary progressive MS when
inflammatory activity is reduced. From [74]
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Axonal Degeneration in Non-Lesion MS White Matter

Transected central nervous system (CNS) axons will undergo relatively rapid
Wallerian degeneration distal to the site of transection. In contrast, CNS myelin
can persist for a long time after proximal fiber transection. Histologically, such
remaining myelin sheaths will form empty tubes, or later degenerating ovoids.
The white matter, however, may appear normal on conventional MRI. Recently,
a number of postmortem studies have addressed the extent of axonal loss
quantitatively in normal-appearing white matter. Lovas et al. [18] examined
axonal density in lesions and in normal-appearing white matter from the cer-
vical spinal cord of patients with SPMS. The decrease in axonal density in nor-
mal-appearing white matter was as much as 57%. Ganter et al. [31] reported
reductions in axonal density of 19%-42% in the lateral corticospinal tract of
MS patients with lower limb weakness. A study that accounted for both
changes in tissue volume and decreased axonal density examined total axonal
loss in MS patients with disease duration between 5 and 34 years and various
degrees of functional impairment [32]. The average axonal loss in normal-
appearing corpus callosum of these patients was 53%. Since the reduction in
axonal density in the same material was only 34%, the data demonstrate that
measures of both tissue volume and axonal density are necessary to determine
total axonal loss. Together, these studies suggest that normal-appearing white
matter, as seen on MRI scans or after immunohistochemistry for myelin, might
contain considerable axonal loss, especially in chronic patients with long dis-
ease duration.

Neurodegeneration and Tissue Atrophy

Several MRI studies have suggested a correlation between clinical disability
and atrophy of the cerebellum [12], spinal cord [13], and cerebral tissue [14]
in MS. The correlation between atrophy and progressive functional impair-
ment has been interpreted as a reflection of axonal loss. Since measurements
of CNS atrophy may be used as a surrogate marker for disease progression in
these patients, such correlation has significant clinical interest. It is generally
accepted that total brain lesion volume, as measured on T2-weighted MRI
scans, has low pathological specificity and poor correlation with clinical dis-
ability [33]. Motor performance has a relatively high impact on measurements
of clinical disability in MS, such as EDSS. The spinal cord is therefore consid-
ered a suitable model to study the relationship between tissue atrophy and
clinical progression. A number of reports indicate that spinal cord atrophy, as
revealed by MRI, can correlate with clinical disability in MS [13, 34, 35]. In
SPMS patients, cervical spinal cord atrophy averages 25%-30% [13, 17]. Spinal
cord atrophy generally appears to be more pronounced in the cervical than in
the lumbar cord [34].
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The periventricular white matter is frequently affected by MS lesions, which
might explain the progressive enlargement of lateral ventricles observed in
many MS patients [8, 36, 37]. The degree of cerebral atrophy correlates with the
degree of functional decline [14] and begins at an early stage of MS. In a group
of relapsing-remitting MS (RRMS) patients with mild-to-moderate disability
followed over 2 years, brain atrophy increased yearly [37, 38]. The course of
brain atrophy appears to be influenced by general inflammatory disease activi-
ty, as indicated by the occurrence of gadolinium-enhanced lesions in these
brains. A new sensitive measure of whole-brain atrophy was applied to this
population of relapsing patients [38]. The brain parenchymal fraction (BPF),
which constitutes the ratio of brain parenchyma to the total volume within the
brain surface contour, was highly reproducible, thus allowing precise compari-
son of individual brain volumes. The BPF declined at a highly significant rate
and was significantly reduced compared with age- and sex-matched control
individuals during each of 2 years follow-up of these patients.

Axonal loss is a plausible contributor to atrophy in MS, although demyelina-
tion and reduced axon diameter may also decrease tissue volume [33].
However, many chronic MS lesions develop prominent astrogliosis [1, 17]. To
what extent astrogliosis in MS lesions affects tissue atrophy remains to be
determined. In chronic MS patients, the proportion of white to gray matter in
spinal cord sections remained similar to controls, in spite of reduced cross-sec-
tional area [17]. These results suggest that atrophy of MS spinal cords affects
both gray and white matter equally. Neuronal degeneration caused by gray
matter lesions might result in gray matter atrophy [36, 39, 40]. In addition,
axonal transection in white matter might cause retrograde degeneration of gray
matter neurons [8].

N-acetyl Aspartate as a Marker for Axonal Injury in MS

The role of axonal injury in MS suggests that non-invasive monitoring could be
usetul for the study of disease progression as well as evaluation of ongoing
therapy in these patients. Although a correlation between axon loss and
hypointensity in T1-weighted images has been suggested in MS [7, 41], MRI
generally lacks pathological specificity, as many factors can influence image
contrast [5, 42]. Measurements of N-acetyl aspartate (NAA) levels by proton
MRS is therefore a valuable tool for non-invasive in vivo monitoring of disease
progression in general and axonal pathology in particular.

NAA is the second most-abundant amino acid in the adult CNS after gluta-
mate, and is localized primarily in neurons and neuronal processes [43-45].
After synthesis in mitochondria from L-apartate and acetyl-CoA, NAA is trans-
ported to the cytoplasm where it is present in high concentrations [46, 47]. The
function of NAA is unknown, although participation in protein synthesis,
osmotic regulation, myelination, and metabolism of neurotransmitters such as
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aspartate and N-acetyl-glutamate has been suggested (43, 48-50]. Decreased
levels of NAA, as measured by MRS, have been demonstrated in a number of
neurodegenerative disorders, including MS [5, 51, 52]. In acute stages of MS,
reduced NAA is partly reversible, restricted to lesion area, and correlates with
reversible functional impairment [2, 15, 53, 54]. In chronic stages of MS,
reduced NAA is also detected in normal-appearing white matter, suggesting
axonal damage or Wallerian degeneration outside MS lesions [5, 55, 56]. In
addition, NAA levels correlate with disability over time in patients with MS [2,
5, 56]. Recently, Lee et al. [57] investigated the relationship between tract-spe-
cific NAA reductions and motor impairment in MS patients by measuring
NAA levels and central motor conduction times in normal-appearing capsula
interna bilaterally. The data show side-to-side correlations between levels of
NAA, conduction times, and motor impairment, indicating that MRS mea-
sured axonal pathology in non-lesion white matter is a precise determinant of
disease progression in MS [57]. In SPMS spinal cords, average NAA levels were
significantly decreased by 53% and 55% at cervical and lumbar levels, respec-
tively, as determined by high-performance liquid chromatography (HPLC)
[17]. Since these patients were severely disabled (EDSS 2> 7.5), the data indicate
that reduced NAA levels in chronic MS can reflect irreversible functional
impairment.

Reduced NAA levels in MS could reflect reversible neuronal/axonal damage
due to inflammatory demyelination, altered neuronal/axonal metabolism relat-
ed to activity, axonal atrophy, or axonal loss [2, 5, 15, 58]. To differentiate these
mechanisms, spinal cord NAA, measured by postmortem HPLC, was correlat-
ed with axonal loss, as determined by immunohistochemistry in MS lesions,
MS non-lesions, and control white matter (Fig. 4A-F) [17]. Both total axonal
volume and tissue concentration of NAA was significantly reduced in the
chronic inactive lesions. The average decrease in axonal density of 62% in these
lesions demonstrates that reduced NAA levels correlate with substantial axonal
loss. These data support axonal loss as a major cause of reduced NAA levels in
chronic stages of MS. In order to investigate whether axonal loss is the only
contributor to decreased levels of NAA in chronic MS spinal cords, NAA per
axonal volume was calculated (Fig. 4G) [17]. Compared with myelinated axons
in control white matter, average NAA per axonal volume was reduced in myeli-
nated axons in MS non-lesion white matter by 30% (p=0.05), and in demyeli-
nated axons in MS lesions by 42% (p=0.01). These data indicate that NAA
metabolism is related to neuronal activity in a tract. Since these MS patients
were non-ambulatory, the 30% reduction of NAA in normal-appearing myeli-
nated axons supports reduced NAA in the absence of demyelination in axons
functionally impaired due to paralysis. Acute deafferentation in the CNS caus-
es trans-synaptic decreases of NAA levels without ultrastructural abnormali-
ties, indicating that denervation and/or impaired function reduces neuronal
NAA [59]. Hence, denervation of a neuron due to damage of afferent axons, for
example in remote lesions, may cause altered NAA levels. Demyelinated axons
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Fig. 4. Correlation between loss of axons and levels of N-acetyl aspartate (NAA) in MS
spinal cord white matter. Axonal volume and density was determined in neurofilament-
stained cryostat sections and NAA levels were determined by high-performance liquid
chromatography (HPLC) in adjacent sections. Top panel, representative micrographs
showing axons in control white matter (A), MS white matter without lesion (B), and in an
MS lesion (C). Scale bars = 40 pum. Lower panel, HPLC chromatograms (D, E, F) from tis-
sue sections adjacent to those immunostained in (A), (B) and (C), respectively. Levels of
NAA per axonal volume in myelinated and demyelinated axons in control and MS sam-
ples (G). Average NAA per axonal volume was significantly reduced in MS non-lesion
white matter samples (30%, p=0.05) and in samples from chronic MS lesions (42%,
p=0.01). From [17]

contained 42% less NAA than myelinated axons in control spinal cords.
Demyelination and remyelination influence axonal neurofilament phoshpory-
lation dynamically by regulating kinase and phosphatase activity locally [60]. It
is possible that local axonal enzymes involved in NAA metabolism are affected
by the state of myelination in a similar manner. Finally, since NAA is synthe-
sized in mitochondria [46, 47], changes in NAA could reflect mitochondrial
dysfunction [61]. For example, local inflammation may indirectly influence
mitochondrial function. In acute EAE, an animal model of MS characterized by
inflammation and demyelination, mitochondrial dysfunction and reduced
NAA has been reported in the absence of neuronal loss [61-63].

Neurological Disability and Axonal Pathology

The data discussed in this review suggest that axonal injury begins at the onset of
MS, and that cumulative axonal loss provides the pathological substrate for per-
manent disability in affected patients. However, since the CNS has a remarkable
ability to compensate for neuronal loss, axonal injury and degeneration may
remain subclinical for many years [1, 8, 64]. Interestingly, an average axonal loss
of 64% was observed in MS lesions from individuals without clinical impairment
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[65]. The lack of neurological symptoms was suggested to reflect lesion site, neu-
ronal redundancy, moderate total axon loss, and remyelination.

Episodes of reversible clinical symptoms during RRMS are primarily associat-
ed with acute inflammatory lesions in articulate parts of the CNS. It is believed
that four mechanisms contribute to clinical remission: resolution of the inflam-
mation, redistribution of axolemmal sodium channels, remyelination, and adap-
tive cortical changes [1]. A recent combined functional MRI and MRS study of
RRMS patients without overt permanent functional disability demonstrated a
fivefold increase in sensorimotor cortex activation after simple hand movements
when compared with control individuals [66]. These results suggest that com-
pensatory cortical changes, possibly involving reorganization of functional path-
ways, may contribute to maintained motor function after axonal damage during
early MS.

Since demyelinated axons can regain their ability to conduct impulses after
axolemmal remodeling [67, 68], it is unlikely that demyelination is the only cause
of chronic disability in MS [5, 6, 8]. The magnitude of axonal loss in chronic
spinal cord lesions from severely disabled patients, and the reduction of NAA lev-
els in MS tissue with time, support the hypothesis that the transition from RRMS
to SPMS occurs when a threshold of neuronal or axonal loss is reached [1, 8, 17,
18, 69, 70]. The time at which a patient develops permanent disability, SPMS,
varies between individuals, and probably reflects a number of factors, such as
location of lesions, disease activity, medication, and various aspects of genetic
susceptibility. An epidemiological study by Confavreaux et al. [71] showed that
although the time from disease onset to EDSS score 4 varied between 1 and 33
years, the time course from EDSS score 4 to EDSS score 7 was similar among the
1,844 MS patients included in the study. These data support the hypothesis that
many MS patients eventually enter a final common pathway of progressive CNS
degeneration once a clinical threshold is reached. Hence, the extent of inflamma-
tory demyelination may influence the time course to EDSS score 4. However,
since the subsequent progression to EDSS score 7 continued in the absence of
inflammatory lesions, it is possible that preprogrammed neurodegeneration is a
factor behind the functional decline experienced by most SPMS patients [1, 23].

The concept of MS as an inflammatory neurodegenerative disease has
important implications regarding treatment strategies. Since lesions can out-
number clinical relapses by as much as 10:1 [72], continuous inflammation
may cause considerable tissue damage in the absence of obvious clinical mani-
festations. Anti-inflammatory and immunomodulatory treatment might there-
fore also provide indirect neuroprotection. A number of drugs with a docu-
mented effect during RRMS are now available, for example interferon B and
glatiramer acetate [23, 73]. Disease-modifying therapy should be used early
and continuously in order to prevent and delay accumulating axonal degenera-
tion, and thereby prevent and delay development of permanent functional dis-
ability [64]. SPMS is characterized by decreasing response to anti-inflammato-
ry treatment, and satisfactory therapies for progressive MS are currently lack-
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ing. Since chronic demyelinated axons might undergo degeneration due to lack
of trophic support provided by myelin, promotion of remyelination by endoge-
nous oligodendrocytes, or transplantation of myelinating cells, could be feasi-
ble future treatment strategies for chronic stages of MS. The role of cumulative
axonal degeneration in the development of permanent disability in MS also
suggests that neuroprotective therapies should be added to the anti-inflamma-
tory and immunomodulatory treatments presently used for MS patients. The
development of neuroprotective drugs that apply to MS should therefore be a
priority for MS research.

Acknowledgments. This work was supported by NIH grants NS35058, NS38667 and b;r
a pilot study grant (B.D.T.) and a postdoctoral fellowship (C.B.) from the National
Multiple Sclerosis Society. The authors thank Dr. Grahame Kidd for assistance with the
illustrations.

References

1. Bjartmar C, Trapp BD (2001) Axonal and neuronal degeneration in multiple sclero-
sis: mechanisms and functional consequences. Curr Opin Neurol 14:271-278
2. Arnold DL et al (1994) Use of proton magnetic resonance spectroscopy for monitor-
ing disease progression in multiple sclerosis. Ann Neurol 36:76-82
3. De Stefano N et al (1998) Axonal damage correlates with disability in patients with
relapsing-remitting multiple sclerosis. Results of a longitudinal magnetic resonance
spectroscopy study. Brain 121:1469-1477
4. Trapp BD et al (1998) Axonal transection in the lesions of multiple sclerosis. N Engl
] Med 338:278-285
5. Matthews PM et al (1998) Putting magnetic resonance spectroscopy studies in con-
text: axonal damage and disability in multiple sclerosis. Semin Neurol 18:327-336
6. Bjartmar C, Yin X, Trapp BD (1999) Axonal pathology in myelin disorders. ]
Neurocytol 28:383-395
7. van Waesberghe JHTM et al (1999) Axonal loss in multiple sclerosis lesions: magnetic
resonance imaging insights into substrates of disability. Ann Neurol 46:747-754
8. Trapp BD, Ransohoff RM, Fisher E, Rudick RA (1999) Neurodegeneration in multi-
ple sclerosis: relationship to neurological disability. Neuroscientist 5:48-57
9. Ferguson B, Matyszak MK, Esiri MM, Perry VH (1997) Axonal damage in acute mul-
tiple sclerosis lesions. Brain 120:393-399
10. Kornek B, Lassman H (1999) Axonal pathology in multiple sclerosis. A historical
note. Brain Pathol 9:651-656
11. Charcot M (1868) Histologie de le sclerose en plaques. Gazette Hopitaux 141:554-558
12. Davie CA et al (1995) Persistent functional deficit in multiple sclerosis and autosomal
dominant cerebellar ataxia is associated with axon loss. Brain 118:1583-1592
13. Losseff NA et al (1996) Spinal cord atrophy and disability in multiple sclerosis. A new
reproducible and sensitive MRI method with potential to monitor disease progres-
sion. Brain 119:701-708
14. Losseff NA et al (1996) Progressive cerebral atrophy in multiple sclerosis. A serial
MRI study. Brain 119:2009-2019
15. Narayana PA, Doyle TJ, Dejian L, Wolinsky JS (1998) Serial proton magnetic reso-
nance spectroscopic imaging, contrast-enhanced magnetic resonance imaging, and
quantitative lesion volumetry in multiple sclerosis. Ann Neurol 43:56-71



Neuropathology and Disease Progression in Multiple Sclerosis 59

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Scherer S (1999) Axonal pathology in demyelinating diseases. Ann Neurol 45:6-7
Bjartmar C et al (2000) Neurological disability correlates with spinal cord axonal loss
and reduced N-acetyl-aspartate in chronic multiple sclerosis patients. Ann Neurol
48:893-901

Lovas G et al (2000) Axonal changes in chronic demyelinated cervical spinal cord
plaques. Brain 123:308-317

Koo EH et al (1990) Precursor of amyloid protein in Alzheimer disease undergoes
fast anterograde axonal transport. Proc Nat Acad Sci USA 87:1561-1565

Hohlfeld R (1997) Biotechnological agents for the immunotherapy of multiple scle-
rosis. Principles, problems and perspectives. Brain 120:865-916

Bell JI, Lathrop GM (1996) Multiple loci for multiple sclerosis. Nature Genet
13:377-378

Ebers GC, Dyment DA (1998) Genetics of multiple sclerosis. Semin Neurol
18:295-299

Noseworthy JH, Luccinetti C, Rodriquez M, Weinshenker BG (2000) Multiple sclero-
sis. N Engl ] Med 343:938-952

Rivera-Quinones C et al (1998) Absence of neurological deficits following extensive
demyelination in a class I-deficient murine model of multiple sclerosis. Nat Med
4:187-193

Njenga MK et al (1999) Absence of spontaneous central nervous system remyelina-
tion in class II-deficient mice infected with Theiler’s virus. ] Neuropathol Exp Neurol
58:78-91

Giese KP et al (1992) Mouse PO gene disruption leads to hypomyelination, abnormal
expression of recognition molecules, and degeneration of myelin and axons. Cell
71:565-576

Anzini P et al (1997) Structural abnormalities and deficient maintenance of periph-
eral nerve myelin in mice lacking the gap junction protein connexin 32. ] Neurosci
17:4545-4551

Yin X et al (1998) Myelin-associated glycoprotein is a myelin signal that modulates
the caliber of myelinated axons. ] Neurosci 18:1953-1962

Griffiths I et al (1998) Axonal swellings and degeneration in mice lacking the major
proteolipid of myelin. Science 280:1610-1613

Sahenk Z, Chen L, Mendell JR (1999) Effects of PMP22 duplication and deletions on
the axonal cytoskeleton. Ann Neurol 45:16-24

Ganter P, Prince C, Esiri MM (1999) Spinal cord axonal loss in multiple sclerosis: a
post-mortem study. Neuropathol Appl Neurobiol 25:459-467

Evangelou N et al (2000) Quantitative pathological evidence for axonal loss in nor-
mal appearing white matter in multiple sclerosis. Ann Neurol 47:391-395

Stevenson VL, Miller DH (1999) Magnetic resonance imaging in the monitoring of
disease progression in multiple sclerosis. Multiple Sclerosis 5:268-272

Kidd D et al (1993) Spinal cord MRI using multi-array coils and fast spin echo. II.
Findings in multiple sclerosis. Neurology 43:2632-2637

Filippi M et al (1997) A longitudinal magnetic resonance imaging study of the cervi-
cal cord in multiple sclerosis. ] Neuroimaging 7:78-80

Brownell B, Hughes JT (1962) The distribution of plaques in the cerebrum in multi-
ple sclerosis. ] Neurol Neurosurg Psychiatry 25:315-320

Simon JH et al (1999) A longitudinal study of brain atrophy in relapsing multiple
sclerosis. Neurology 53:139-148

Rudick RA et al (1999) Use of the brain parenchymal fraction to measure whole brain
atrophy in relapsing-remitting MS. Multiple Sclerosis Collaborative Research Group.
Neurology 53:1698-1704

Lumsden CE (1970) The neuropathology of multiple sclerosis. In: Vinken PJ, Bruyn GW
(eds) Handbook of clinical neurology, vol 9. North-Holland, Amsterdam, pp 217-309



60

C. Bjartmar, B.D. Trapp

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kidd D et al (1999) Cortical lesions in multiple sclerosis. Brain 122:17-26

van Walderveen MAA et al (1998) Histopathologic correlate of hypointense lesions
on T1-weighted spin-echo MRI in multiple sclerosis. Neurology 50:1282-1288
Briick W et al (1997) Inflammatory central nervous system demyelination: correla-
tion of magnetic resonance imaging findings with lesion pathology. Ann Neurol
42:783-793

Baslow MH (2000) Functions of N-acetyl-L-aspartate and N-acetyl-L-aspartylgluta-
mate in the vertebrate brain: role in glial cell-specific signaling. ] Neurochem 75:453-
459

Moffett JR, Namboodiri MAA, Cangro CB, Neale JH (1991) Immunohistochemical
localization of N-acetylaspartate in rat brain. Neuroreport 2:131-134

Simmons ML, Frondoza CG, Coyle JT (1991) Immunocytochemical localization of
N-acetyl-aspartate with monoclonal antibodies. Neuroscience 45:37-45

Patel TB, Clark JB (1979) Synthesis of N-acetyl-L-aspartate by rat brain mitochondria
and involvement in mitochondrial/cytosolic carbon transport. Biochem J 184:539-546
Truckenmiller ME, Namboodiri MAA, Brownstein MJ, Neale JH (1985) N-acetyla-
tion of L-aspartate in the nervous system: differential distribution of a specific
enzyme. ] Neurochem 45:1658-1662

Clarke DD et al (1975) A relationship of N-acetylaspartate biosynthesis to neuronal
protein synthesis. ] Neurochem 24:479-485

Cangro CB et al (1987) Immunohistochemistry and biosynthesis of N-acetylas-
partylglutamate in spinal sensory ganglia. ] Neurochem 49:1579-1588

Lee JH, Arcinue E, Ross BD (1994) Brief report: organic osmolytes in the brain of an
infant with hypernatremia. N Engl ] Med 331:439-442

Graham GD et al (1992) Proton magnetic resonance spectroscopy of cerebral lactate
and other metabolites in stroke patients. Stroke 23:333-340

Pioro E, Antel JP, Cashman NR, Arnold DL (1994) Detection of cortical neuron loss
in motor neuron disease by proton magnetic resonance spectroscopic imaging in
vivo. Neurology 44:1933-1938

Davie CA et al (1994) Serial proton magnetic resonance spectroscopy in acute multi-
ple sclerosis lesions. Brain 117:49-58

Matthews PM et al (1996) Assessment of lesion pathology in multiple sclerosis using
quantitative MRI morphometry and magnetic resonance spectroscopy. Brain
119:715-722

Narayanan S et al (1997) Imaging of axonal damage in multiple sclerosis: spatial dis-
tribution of magnetic resonance imaging lesions. Ann Neurol 41:385-391

Fu L et al (1998) Imaging axonal damage of normal-appearing white matter in mul-
tiple sclerosis. Brain 121:103-113

Lee MA et al (2000) Axonal injury or loss in the internal capsule and motor impair-
ment in multiple sclerosis. Arch Neurol 57:65-70

De Stefano N, Matthews PM, Arnold DL (1995) Reversible decreases in N-acetylas-
partate after acute brain injury. Magn Reson Med 34:721-727

Rango M et al (1995) Central nervous system trans-synaptic effects of acute axonal
injury: a 'H magnetic resonance spectroscopy study. Magn Reson Med 33:595-600
de Waegh SM, Lee VM-Y, Brady ST (1992) Local modulation of neurofilament phos-
phorylation, axonal caliber, and slow axonal transport by myelinating Schwann cells.
Cell 68:451-463

Clark JB (1998) N-Acetyl aspartate: a marker for neuronal loss or mitochondrial dys-
function. Dev Neurosci 20:271-276

Saragea M et al (1965) Biochemical changes occurring in animals with experimental
allergic encephalomyelitis. Med Pharmacol Exp 13:74-80

Brenner RE et al (1993) The proton NMR spectrum in acute EAE: the significance of
the change in the Cho:Cr ratio. Magn Reson Med 29:737-745



Neuropathology and Disease Progression in Multiple Sclerosis 61

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Rudick RA, Goodman A, Herndon RM, Panitch HS (1999) Selecting relapsing remit-
ting multiple sclerosis patients for treatment: the case for early treatment. ]
Neuroimmunol 98:22-28

Mews I et al (1998) Oligodendrocyte and axon pathology in clinically silent multiple
sclerosis lesions. Multiple Sclerosis 4:55-62

Reddy H et al (2000) Evidence for adaptive functional changes in the cerebral cortex
with axonal injury from multiple sclerosis. Brain 123:2314-2320

Foster RE, Whalen CC, Waxman SG (1980) Reorganization of the axon membrane in
demyelinated peripheral nerve fibers: morphological evidence. Science 210:661-663
Felts PA, Baker TA, Smith KJ (1997) Conduction in segmentally demyelinated mam-
malian central axons. ] Neurosci 17:7267-7277

Waxman SG (1998) Demyelinating diseases — new pathological insights, new thera-
peutic targets. N Engl ] Med 338:223-225

Gonen O et al (2000) Total brain N-acetylaspartate. A new measure of disease load in
MS. Neurology 54:15-19

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

McFarland HF et al (1992) Using gadolinium-enhanced magnetic resonance imaging
lesions to monitor disease activity in multiple sclerosis. Ann Neurol 32:758-766
Rudick RA et al (1997) Management of multiple sclerosis. N Engl ] Med 337:1604-
1611

Trapp BD, Ransohoff R, Rudick R (1999) Axonal pathology in multiple sclerosis: rela-
tionship to neurologic disability. Curr Opin Neurol 12:295-302



Chapter 6

Autoimmune Inflammation and Multiple Sclerosis

L.R. COHEN

Inflammation and Multiple Sclerosis

The term inflammation was first used as a gross description of the redness of the
skin observed at sites of injury. Later it was discovered that the redness was the
natural result of blood vessel physiology. Now we know that the blood vessels are
only one of the many factors involved in inflammation, a process in which
immune cells of various types and their molecular products interact with signal
molecules produced by the injured tissue.

There are different ways to view the roles of inflammation, depending much
on the aspect of your view. Lord Florey quotes Ebert who proposed that “inflam-
mation is a process that begins following a sublethal injury to tissue and ends
with complete healing” [1]. Florey invoked Ebert to stress the idea that “inflam-
mation is a process and not a state. The inflamed area undergoes continuous
change.” Inflammation, in Florey’s view, is a process that is initiated by injury and
aims at healing. What then is the role of inflammation in multiple sclerosis (MS),
particularly the inflammation caused by autoimmunity?

Healing is not the traditional role assigned to inflammation in MS. On the
contrary, inflammation is seen as the cause of MS; autoimmunity to myelin trig-
gers aberrant inflammation, and this inflammation injures the white matter of
the central nervous system (CNS) producing MS. Inflammation, even physiolog-
ical inflammation, triggers the death of cells and the remodeling of tissue [2].
Cell death and scar formation is decidedly not good for the CNS; indeed,
immune privilege may have evolved to isolate the CNS from inflammation of any
kind [3]. Inflammation in the CNS, even if bent on healing, may complicate
rather than cure disease. Is inflammation then the pathogenic culprit in MS, or
could it be a physiological healer of MS?

We are now beginning to appreciate the molecular complexity of inflamma-
tion and its spectrum of manifestations; inflammation activates genes and
makes some cells die, some cells move, and some cells proliferate and differenti-
ate [2]. Inflammation remodels connective tissue and triggers angiogenesis and
vascular adjustment. Inflammation can be critical in inducing tissue regenera-
tion; activated macrophages can even trigger regeneration of the injured CNS
(4]. Inflammation, then, is not of one type; inflammation is a manifold agent for
body maintenance. If this is really the case, we ought to consider the possibility
that some of the inflammatory manifestations of MS are reparative, and not all
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bad. The problem, of course, is to sort out the good from the bad. In either case,
blind immunosuppression is likely to disable the good along with the bad.

Autoimmunity and MS

Autoimmunity refers to a process in which the antigen receptors of lymphocytes
are capable of recognizing antigens in the individual’s healthy tissues [2]. Because
autoimmunity requires antigen receptors, the phenomenon of autoimmunity is a
property of the adaptive arm of the immune system. Inflammation, however, is the
outcome of the activation of both the innate and adaptive arms of the immune sys-
tem; the cytokines and other molecules that orchestrate inflammation are pro-
duced both by the adaptive T cells and B cells and by the innate leukocytes [5]. The
role of autoimmunity in MS is thus related to the role of inflammation in MS.

Autoimmunity used to be equated with disease; it was inconceivable that
healthy individuals might harbor autoimmune lymphocytes in their immune
systems [6]. The immune system was viewed as a defense system only; a sys-
tem that attacked whatever molecules it might be able to recognize. Such a sys-
tem could only live in peace with the body if the system were purged of anti-
gen receptors capable of self-recognition. Autoimmune disease, therefore, was
imagined to erupt whenever an autoimmune lymphocyte accidentally
appeared. Autoimmunity could never be up to any good.

This classic concept of autoimmunity is logical, but it does not comply with
the facts; autoimmune B cells are common in every body housing an adaptive
immune system [7, 8], yet most bodies show no evidence of autoimmune disease.
Moreover, the activation of autoimmune T cells can contribute to maintenance
of the body. My colleagues and I have shown that lines and clones of T cells reac-
tive to myelin can cause the MS-like disease — experimental autoimmune
encephalomelitis [9]. However, these same T cells were found to mediate neuro-
protection when applied to the models of CNS white matter injury developed by
Schwartz and colleagues [10-12]. Inflammatory processes involving autoimmune
T cells, like those mediated by innate leukocytes [4], can promote healing [10,
11]. Moreover, autoimmune T cells that recognize myelin seem to be activated as
a matter of course in CNS injury [13]. Thus we return to the questions of cause
and effect; is the activation of autoimmunity observed in MS a result of the dis-
ease, or is activated autoimmunity the cause of disease?

Causality and MS

The problem with the cause-and-effect questions is that neither inflammation
nor autoimmunity are intrinsically good or bad; the outcomes of inflamma-
tion and of autoimmunity depend on the circumstances. Sometimes these
processes are beneficial and sometimes they are detrimental. So we cannot
reduce MS to CNS white matter autoimmune inflammation. MS emerges from
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inappropriate interactions, not from faulty parts [2]. MS is a basket of reac-
tion patterns; similar reaction patterns may be triggered off by different fac-
tors, such as viral infections, traumatic injury, stress, and so forth.
Autoimmunity to myelin is built into the normal immune system physiologi-
cally; myelin autoimmunity is a part of the immunological homunculus (8, 14,
15]. The disease erupts when the autoimmune process is unleashed, by what-
ever insult, and when the process gets stuck in a mode of recurrent or chronic
activation.

Treatment for MS

MS is a complex disease because both the brain and the immune system are com-
plex systems. Indeed, inflammation and autoimmunity are complex manifesta-
tions of the immune system. So how are we to deal with MS? Ideally, it is usually
more efficient and less costly in side-effects to go with nature, than against
nature. If autoimmune inflammation has the capacity to heal, as well as harm, it
might be useful to enlist the immune system itself to regulate the type, timing,
site, and strength of inflammation that takes place in the patient. B-interferon is
a modulator of immune inflammation and Copaxone also exerts multiple effects
on the autoimmune response. T-cell vaccination was thought to work primarily
by inducing anti-idiotypic regulation, but now we are discovering that T-cell vac-
cination actually affects the nature of the cytokines generated by the autoim-
mune response [16, 17 18, 19]. T-cell vaccination, thus, influences the nature of
autoimmune inflammation.

Modulation of autoimmune inflammation, by whatever means, is likely to be
more successful if it is instituted as early as possible in the course of the disease,
before detrimental feed-back loops become entrenched. Moreover, we need con-
venient methods to monitor the state of the immune system and its response to
treatment. Each patient, because of individual genetics and individual immune
history, is likely to need different forms of treatment, doses, and dose scheduling
to obtain an optimal therapeutic effect. The new bioinformatics might be
deployed to stage the immune system and its response to therapy in MS and in
other autoimmune diseases [2].
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Chapter7

Early Treatment of Progression in Multiple Sclerosis

R.E. GONSETTE

Introduction

Progression is a clinical concept linked to a gradual, irreversible increase in dis-
ability that correlates with the transition from the relapsing-remitting (RR) to
the progressive stages. It is becoming increasingly clear that progressive multiple
sclerosis (MS) is associated with axonal loss and that axonal damage occurs early
during RRMS. Disease progression thus develops well in advance of clinical pro-
gression and remains subclinical because, due to compensatory mechanisms,
impairment does not interfere with daily living activities at that stage.

These new emerging concepts about MS pathogenesis imply that therapeu-
tic approaches to delay progression should be started as soon as possible after
MS onset. This paper will concern potential intervention during the early
stages of MS, either to delay the transition from the RR phase to the progressive
phase or to block frequent severe relapses leading to the early development of
disability.

Prevention of Early Progression Due to Inflammatory and Oxidative
Mechanisms

Pathomechanisms of Early Lesions

Immune-mediated mechanisms leading to early myelin destruction are well
known [1]: striping by macrophages, vesicular disruption mediated by antibody
dependent cytotoxicity, attachment of microglia to myelin internodes, reaction
with opsonized myelin through Fc and complement receptors, as well as produc-
tion of various myelinolytic factors [cytokines, reactive nitrogen species (RNS),
reactive oxygen species (ROS), and other free radicals].

The mechanisms mediating axonal damage are less clear [2]. There is no evi-
dence so far that axons can be directly destroyed by the immune system, like in
acute motor axonal neuropathy. Early axonal damage seems the result of a two-step
mechanism: first, axonal demyelination caused by immune-mediated inflamma-
tion; second, destruction of demyelinated axons by toxic mediators released by
macrophages and activated microglia in the inflammatory environment. It appears
that, in addition to proteolytic enzymes, lesions of demyelinated axons result for
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the most part from non-specific oxidative products [3] and that this process may
continue even after inflammatory reactions have subsided. It has been demonstrat-
ed that axonal conduction can be blocked reversibly by nitric oxide (NOe) [4],
specifically in axons displaying evidence of demyelination, whereas normal axons
usually remain unaffected. Moreover, after exposure to higher concentrations, this
blocking effect becomes persistent, even if NOe is removed [5].

During the early stage of the disease, oligodendrocytes do not seem the pri-
mary target of the inflammatory response, except in acute cases. However,
repeated destruction of oligodendrocytes even by low levels of oxidative toxicity
[6-8] will lead progressively to the deletion not only of oligodendrocytes but also
of mature progenitor cells.

Mickel [9] suggested in 1975 that myelin degradation might be the result of
lipid peroxidation mediated by lipid peroxides arising from the gastrointestinal
tract, but the role of these non-specific toxic factors in MS pathology was under-
estimated until recently. There is converging evidence today that demyelination
and axonal loss involve both immune-mediated inflammatory and oxidative
mechanisms, and that therapeutic efforts should target both of them.

Oxidative Mechanisms Possibly Involved in MS

Free hydroxyl radical (OHe) is the ROS of primary concern. The mean substrate
for OHe production is hydrogen peroxide (H,0O,). In addition to NOe and
superoxide (O,"), activation of macrophages produces H,0,. Both O, and NOe
release iron from ferritin [10] (an iron storage protein present in various cell
types, including macrophages), which in turn catalyzes the decay of H,0, to
OHe [11]. It is noteworthy that iron is also abundant in myelin and that myelin
degradation releases H,O,, the required substrate for OHe formation [12].
However, mammalian cells are equipped with high concentrations of antioxi-
dant enzymes [particularly superoxide dismutase (SOD)] capable of quenching
OHe effectively [11], and the role of OHe in MS pathology appears therefore
limited.

RNS seem to play a major role in toxic oxidative mechanisms. Under phys-
iological conditions, the free radical NOe is produced by the interaction of
constitutive nitric oxide synthase (cNOS) with L-arginine and mediates a vari-
ety of normal biological functions, such as immunoregulation of inflammato-
ry reactions, downregulation of tumor necrosis factor-o. (TNF-a.) production,
MHC II expression on macrophages, induction of apoptosis in specific CD4
cells, and inhibition of antigen presentation as well as leukocyte adhesion and
migration [13-16]. During inflammatory reactions, however, exposure of
macrophages to interferon-y (IFN-y) and TNF-a leads to the activation of the
inducible form of NOS (iNOS) [17] and, subsequently, to the production in
close vicinity and for extended periods of high levels of NOe and superoxide
(O,7). These two molecules interact at a rate three times faster than the rate at
which SOD scavenges O, to form peroxynitrite (ONOO") in large amounts, a
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very potent oxidant. The role of NOe in MS is thus complex, and it is very
likely that its derivatives, particularly ONOO", are definitely more toxic than
NOe itself.

What makes ONOQO™ particularly toxic is its remarkable stability as an anion
at alkaline pH, allowing a greater opportunity to diffuse through a cell to find a
target [16]. At acid pH, peroxynitrite, which is not a free radical, is protonated to
form peroxinitrous acid and is catalyzed by transition metals to generate OHe
and nitronium anion (NO,*) that produces nitrophenols and nitrotyrosine
(NT). Although ONOO~ may also decay into OHe, its own oxidizing effects
appear more damaging because they occur much faster than OHe formation. As
a result, the RNS pathway is likely the most important for free radical toxicity in
MS and ONOO" is definitely the most-toxic molecule.

Oxidative Toxicity in MS

Since the first publication [9], several investigations have been performed to elu-
cidate the role of oxidative mechanisms in MS and in its animal model, experi-
mental allergic encephalomyelitis (EAE). An increased oxidative metabolism in
serum or in blood cells from MS patients was first reported [18, 19]. It was sug-
gested that monocytes, stimulated by IFN-y, had a crucial role [20], and this was
confirmed later [12].

An increased production of H,0, and O, by stimulated monocytes from MS
patients was demonstrated [21], and elevated serum lipid peroxidation products
were found in rapidly progressive MS [22]. This was not observed in a further
study that reported an enhanced generation of O, during relapses [23]. More
recently, one paper excepted [24], several publications demonstrated significant-
ly elevated serum levels of NO, and NO, in MS compared with other neurologi-
cal diseases [25]. Serial determinations revealed that this elevation correlates with
a relapsing course [26, 27].

Several other converging observations are also strongly suggestive of an
increased oxidative metabolism in MS patients: raised NT serum levels [28],
immune response of MS patients to nitroso-amino acid conjugates [29], con-
sumption of non-enzymatic antioxidants during relapses [30], and a higher con-
centration of the reduced form of sulfydryl groups of glutathione [31].

Increased lipid peroxidation products in the cerebrospinal fluid (CSF) of MS
patients was reported in 1985 [32], but the demonstration of a highly significant
increase of NO, and/or NO; content in CSF provided for the first evidence of
abnormal NOe production in the central nervous system (CNS) of MS patients
[26, 33]. Those levels are markedly elevated during exacerbations and are effec-
tively suppressed with intravenous methylprednisolone [34]. Recent studies
report that NO, but not NO; is elevated in MS [35], whereas increased CSF lev-
els of these two molecules are questioned in some papers [36, 37]. [soprostane, a
marker of oxidative stress in vivo, is definitely higher in MS patients and lowered
by steroid treatment [38].
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It was first suggested in pathological studies [39] that the increase in uric acid
(which is considered as a marker for free radical activity) concomitant with a
decrease in glutathione (the main water-soluble antioxidant) in plaques com-
pared with surrounding white matter reflected abnormal oxidative mechanisms
in MS patients.

The first direct demonstration of NOS in regions of MS brains undergoing
active demyelination was in 1994 [14, 40] with immunocytochemical techniques
localizing NADPH-diaphorase activity. NOS was colocalized with astrocyte
staining. However, NADPH does not distinguish between cNOS and iNOS.
Further studies with specific anti-INOS and anti-cNOS antibodies [41, 42] con-
firmed an increased production of iNOS in acute but not in chronic plaques.
Constitutive NOS was colocalized with astrocyte and endothelial cell staining,
whereas iNOS was colocalized with microglia and macrophages.

Nitrotyrosine, a product of the nitration of thyrosine by ONOO", is used as a
specific and stable marker of this oxidant and confirms the generation of
ONOO- in actively demyelinating lesions [43]. Other techniques have also
demonstrated oxidative damage in MS brains: increased DNA oxidation [44] and
infrared spectroscopy showing lipid and protein oxidation in active lesion sites
[45]. Importantly, all studies show that the presence of RNS and/or ROS is close-
ly associated with acute inflammatory lesions, and is rarely observed in chronic
inactive plaques [41-43, 46].

Experimental Prevention of Oxidative Toxicity

Experiments in EAE animal models have been conducted to elucidate the mech-
anisms of oxidative toxicity and to evaluate the effects of several compounds
potentially useful for reducing myelin and axonal damage in MS patients. It was
demonstrated in acute EAE that NOe plays a role as a source for ONOO~ forma-
tion, but that the latter is definitely the most-important effector molecule in tis-
sue damage. ONOO™ activity, as reflected by the presence of NT, is colocalized in
microglia/macrophages (which confirms the important role of these cells) and
correlates with the onset of progressive clinical symptoms [47]. Upregulation of
iNOS mRNA has been demonstrated in CNS of mice with EAE [48].

The first reported attempt to reduce the ROS toxicity in EAE used an iron-
chelating agent, desferoxamine B mesylate (Desferal). Administration via an
osmotic pump implanted subcutaneously prevented actively but not passively
induced EAE in rats, and suppressed both the severity and duration of disease
when administered after onset of clinical signs [49]. This protective effect may
result from the removal of loosely bound iron supposed to play a role in lym-
phocyte recirculation and homing. A more-likely mechanism would be the
chelation of free iron catalyzing the production of OHe from H,0, and O, in
activated macrophages. Administration of EUK-8, a synthetic compound dis-
playing both SOD and catalase activities, resulted in marked amelioration of
EAE disease [50].
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Prevention of EAE by targeting RNS was first reported using aminoguanidine
as a selective but weak inhibitor of iNOS, and was found effective to delay EAE
onset and to lower the mean clinical score [51]. Pathological studies revealed a
marked reduction in demyelination and axonal destruction with high doses.
These beneficial effects were confirmed using the same experimental protocol
[52]. In contrast, another study testing four L-arginine analogue iNOS inhibitors
did not show any beneficial effect. Methodological differences may explain this
disparity [53].

To interfere with nitrogen products involved at different steps in the RNS
pathway, three compounds were tested in acute EAE [54]: tricyclodecan-9-yl-
xanthogenate was used as an inhibitor of iNOS induction, a carboxylated
derivative of 2-phenyl-tetramethylimidazoline oxyl-oxide as a NOe scavenger,
and trihydroxypurine (uric acid) as a scavenger of ONOO™. All tested mole-
cules proved to be effective, but a complete protection was obtained with uric
acid only.

A further study [55] focused on uric acid efficacy administered after onset of
symptoms and in chronic EAE. Uric acid treatment initiated 12 days after immu-
nization provides a dramatic improvement in animals already deteriorating.
Discontinuation of the treatment leads to a reactivation of the disease after 4
days. Given the rapid metabolism of uric acid, the best clinical outcomes were
obtained with four daily doses. In IFN-y R KO mice with a severe progressive dis-
ease, four daily doses beginning 19 days after immunization delayed the onset
and reduced the severity of clinical signs.

Prevention of Oxidative Stress in MS

The first clinical trial to reverse oxidative mechanisms in MS patients used
antioxidant supplementation (selenium). The biochemical abnormalities reflect-
ing an increased oxidative metabolism were reversed, but clinical effects were not
reported [19]. In 1989, a trial with an iron chelating agent (Desferal) in 12 sec-
ondary progressive MS patients with a severe disability found that it was well tol-
erated, but no long-term clinical benefit was reported [56].

Given the significant therapeutic value of uric acid in EAE, it was suggested
that this molecule might play a role in MS [55]. Significantly lower serum levels
of uric acid were found in MS patients and it was hypothesized that they reflect-
ed an inadequate protection against ONOO™ damage associated with MS acute
progression. Interestingly, an epidemiological study revealed that the prevalence
of MS is markedly lower than expected in patients with gout (expected 0.03/10,
observed 0.002/10°).

Hyperuricemia was observed in MS patients after administration of isopri-
nosine, an immunoregulator with the potential to restore deficient immuno-
suppressive functions. Isoprinosine is a molecular complex of inosine and the
p-acetaminobenzoic acid salt of N,N-dimethylamino-2-propanol (Pranobex)
in a 1:3 molar ratio. Results from clinical studies in immunodeficient patients
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[57] show that the major excretion product of isoprinosine is uric acid, which
accounts for 30%-70% of the administered inosine. Administration of inopri-
nosine produces an elevation in serum uric acid levels that is definitely more
marked in males than in females. In spite of levels that could be considered
hyperuricemic, no pathological signs or symptoms were noted and the good
tolerance and safety of isoprinosine was confirmed after administration for
several years.

Several open clinical trials with isoprinosine were conducted in MS patients
with conflicting results [58-63]. Methodological bias makes it difficult to evalu-
ate a potential benefit. There were major differences between dosages, treatment
regimens, patient selection and number, follow-up, etc...

More recently two placebo-controlled trials have been reported. In the study
of Milligan et al. [64], 52 patients with RR and relapsing-progressing (RP) MS
received isoprinosine or placebo for 2 years following a single, pulsed, intra-
venous administration of methylprednisolone. Due to a randomization error,
more patients in the treated (17/25) than in the placebo group (9/17) had RRMS.
However, both groups had a low disability level (mean EDSS RR 2.2, RP 3.6) and
the relapse rate was quite similar. Comparing all patients receiving isoprinosine
or placebo, no benefit was demonstrated on the relapse rate, but a definite trend
in favor of isoprinosine was found concerning the percentage of patients with
progression, as reflected by EDSS and ambulation index increase (isoprinosine
21%, placebo 48%). This trend was even more pronounced in RP patients (iso-
prinosine 14%, placebo 61%).

The Isoprinosine European Study, presented at the 9th ECTRIMS Congress
[65], was a randomized, double-blind, placebo-controlled trial including
97 patients with RRMS (mean annual relapse rate, treated 1.70 + 0.4, placebo
1.65 *+ 0.4; mean EDSS, treated 3.14 + 1.56, placebo 2.91 * 1.50). After 2 years,
no significant benefit on the relapse rate or on the mean EDSS was observed, but
the treatment failure (TF) (EDSS = 1 confirmed at 3 months) revealed a signifi-
cant benefit in the isoprinosine group: TF isoprinosine 17.65% versus TF place-
bo 39.16% (log rank test p=0.04). This difference between the two groups is
mainly due to a better response in female patients [TF isoprinosine 15.15% ver-
sus TF placebo 37.98% (p=0.07)] compared with male patients: TF isoprinosine
22.22% versus placebo 41.48% (p=0.33)]. However, given the small number of
patients in both subgroups, this benefit is not statistically significant.

This disparity between therapeutic responses correlated with sex differences in
mean serum uric acid levels not only at baseline (males 4.35 + 1.07 mg/d],
females 3.48 + 0.99 mg/dl) but also after administration of isoprinosine (males
6.18 + 1.58 mg/dl, females 4.00 + 1.14 mg/dl).

Differences in the metabolism of uric acid between male and female popula-
tions have been reported. In healthy people, the mean serum uric acid level is
lower in females than in males [66], and after administration of inosine, serum
uric acid is significantly lower in females, suggesting a different metabolism of
uric acid in women [57, 67].



Early Treatment of Progression in Multiple Sclerosis 73

Attention has recently focused on the potential role of uric acid in MS. Lower
serum uric acid levels were found in relapsing versus stable patients, and a
decrease in these levels during relapses was demonstrated with serial analyses
[68]. Lower serum uric acid levels have been reported in type 1 diabetic patients,
another autoimmune disease [69]. A significant increase in serum uric acid levels
was observed after administration of glatiramer acetate in MS patients, but not
after IFNB-1a treatment, suggesting that uric acid production might be one of
the mechanisms of action of glatiramer acetate [70].

Oxidative Mechanisms as a Therapeutic Target in MS

Oxidative mechanisms certainly play a role in MS and experimental as well as
pathological observations of MS plaques demonstrate that oxidative toxicity is
definitely more involved in active than in chronic MS lesions. Consequently,
patients with a RRMS would likely benefit the most from antioxidant therapy.

ROS, and particularly OHe, do not seem to play a major role in MS patho-
physiology, but RNS are definitely of major concern. The basic reaction occurs
between NOe and O,", forming ONOO™ that decomposes into nitrate (an inert
product) and into reactive intermediates mediating oxidative (proteins, lipids,
and nucleic acid) as well as nitration and nitrosation reactions.

A first therapeutic approach would be the control of ONOO- formation with
NOe, O,7, or iNOS-specific scavengers or inhibitors. Most results in EAE are con-
flicting and demonstrate a moderate efficacy only. Interestingly, in recent experi-
ments, neither NOe nor O, alone induced lipid peroxidation, which was actual-
ly inhibited by NOe. ONOO~ formation seems thus required for myelin-lipid
peroxidation [71].

A second approach is a direct reaction with ONOO", blocking its further
degradation or leading to non-toxic products. In recent years, numerous scav-
engers have been found effective to protect in a catalytic fashion against ONOO~
toxicity in vitro: uric acid [72], tirilazad mesylate [73], several antibiotics [74],
ergothioneine [75], 21-aminosteroids [76], L-ascorbic acid [77], melatonin [78],
selenoproteins (Ebselen) [79-81], tellurides [82], natural sulfur compound
(AECK) [83], mercaptoethylguanidine [84, 85], metalloporphyrins [86, 87],
hydroxycinnamate [88], glutathione peroxidase [89], and N-acetylcysteine [90].

ONOO" can also elicit both apoptosis and necrosi in cell culture. Prevention
has been demonstrated with an inhibitor (INH2BP) of a nuclear enzyme (poly-
ADP-ribose) [91, 92], with a new derivative of vitamin C and E (EPC-K1) [93],
with nerve growth factor [94], with cycloheximide (Deprenyl) [95], and by
blocking exocytosis with tetanus toxin or botulism neurotoxin C [96].

A third avenue would be the use of scavengers of secondary oxidants formed
by ONOO". So far only bilirubin [97] and aminoguanidine [98] have been
reported to be effective, apparently by this mechanism. It is noteworthy that sev-
eral recent publications demonstrate the inhibitory effects of IFN-f on two
oxidative mechanisms: iNOS [99, 100] and ROS production [101].
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Uric Acid: a Potential Antioxidant to Delay Progression in RRMS?

Among several molecules tested in EAE, uric acid seems the most efficient [55].
Uric acid is a well-known natural antioxidant operating by different mecha-
nisms: suppression of accumulation of H,0, and ONOO-, stabilization of intra-
cellular calcium homeostasis, and preservation of mitochondrial function [102].
Its efficacy is clearly dose dependent [103, 104].

Oral administration of uric acid to MS patients does not raise serum levels,
probably due to its destruction by gut microbial flora [105]. Inosine, a naturally
occurring substance found in the metabolic pathway of purines, is rapidly
catabolyzed and its major excretion product is uric acid. Inosine has been used pre
heavy training by athletes. Its daily administration (5-6 g) did not improve aero-
bic performances, but was well tolerated despite a significant hyperuricemia
[106]. Interestingly, inosine has been found to be effective recently to prevent
astroglial injuries in vitro during combined O, glucose deprivation [107], to pro-
tect against neuronal necrosis observed under experimental hypoxic conditions
[108], to promote axon outgrowth in vitro and in vivo after corticospinal tract
transection [109, 110], and to inhibit inflammatory cytokine production [111].

It has been shown recently [105] that daily oral administration of inosine to
MS patients leads to elevated serum uric acid levels (approximately 7-8 g/dl).
This hyperuricemia was maintained for 1 year without any adverse reaction. In
the European Isoprinosine Study, the mean serum uric acid level was increased
from 3.70 + 1.17 g/dl to 5.11 + 1.59 g/dl (p = 0.005).

Since demyelination and axonal loss involve the cooperation of both immune-
mediated inflammatory mechanisms and oxidative mechanisms, new therapeutic
efforts associating an anti-inflammatory drug (IFN-) and an antioxidative mol-
ecule (inosine, an inexpensive and non-toxic natural metabolite) appear war-
ranted. This combined therapy might delay the transition from the RR to the
progressive phase more efficiently than with IFNs alone.

Treatment of Early Disability Due to Frequent and Disabling Relapses

During the RR phase, some patients experience severe and frequent relapses, accu-
mulating neurological sequelae and leading to an early development of disability.
Mitoxantrone (MX) is a broad immunosuppressor with an impact not only on the
cellular components but mainly on the humoral components of the immune sys-
tem. It inhibits antibody production by B cells and blocks demyelinating activity of
macrophages [112]. Given the crucial role of macrophages in MS pathogenesis, as
well as their close interaction with oxidative mechanisms, it was likely that a drug
specifically inhibiting their activity would have a beneficial effect on disease pro-
gression [113]. It was soon observed that MX also had a potent anti-inflammatory
activity demonstrated by the rapid abrogation of gadolinium (Gd)-enhancing
lesions in treated patients [114, 115]. The study of Edan et al. [116] demonstrated
that intensive immunotherapy with MX is able to block the dramatic evolution in
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most patients. The clinical characteristics of those patients are a young age (30 + 10
years), a short duration of disease (6 + 4 years), and a low EDSS (4 + 1). They expe-
rience at least two relapses per year without complete recovery, leading to a rapid
progression of the disease, as reflected by an increase of > 2 points on the EDSS
scale over 1 year. Magnetic resonance imaging (MRI) demonstrates numerous Gd-
enhancing lesions, indicating major focal inflammatory reactions.

Several arguments suggest that to obtain an early and durable benefit a treat-
ment combining an induction phase followed by a maintenance phase would be
the most-appropriate regimen. The rationale for an induction phase relies on the
presence of very active inflammatory reactions in those patients and the need to
rapidly control the disease progression. A recent study with cyclophosphamide
[117] demonstrates that the best benefit is obtained after a short-term intensive
induction phase followed by 2-monthly administration, compared with boosters
given straight-away every 2 months. In addition, the rationale for a preliminary
induction phase is supported by MRI demonstrating that eradication of Gd-
enhancing lesions with monthly administration occurs after 2 months [116], and
after 6 months only with quarterly administration [115].

The most-effective dose for MX administration seems to be 12 mg/m?. Given
the frequent dosage adjustments, the cumulative dose over 2 years treatment
would be about 100 mg/m?, definitely within the safety limits for cardiotoxicity
(recommended maximum cumulative dose 120 mg/m?).

Conclusions

Current data concerning the role of oxidative mechanisms during the RR phase,
animal experiments, and preliminary clinical trials suggest that a combined ther-
apy with anti-inflammatory drugs (IFN-B) and antioxidants (uric acid) might
delay the transition to the progressive phase more efficiently than anti-inflam-
matory drugs alone.

The protocol of a clinical trial (Association of Inosine and Interferon-f in
Relapsing-Remitting Multiple Sclerosis, ASIIMS study) is underway. In patients
with RRMS with an acute progression leading to the development of an early dis-
ability, a proper administration of MX has proven able to abrogate associated
acute inflammatory processes and stabilize most patients. A treatment period of
2 years combining an induction and a maintenance phase seems the most-appro-
priate regimen.
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Chapter 8

Imaging for Tissue Characterization in Multiple Sclerosis and
Other White Matter Diseases

M. FiLippi, N. DE STEFANO

Introduction

In white matter diseases (WMD), conventional magnetic resonance imaging
(MRI) has proved to be sensitive for detecting lesions and their changes over
time. However, conventional MRI is not able to characterize and quantify the tis-
sue damage within and outside these lesions. Other quantitative MR techniques
have the potential to overcome such limitation. Among these techniques, MR
spectroscopy (MRS), magnetization transfer imaging (MTI), and diffusion-
weighted imaging (DWI) have been most extensively applied to the assessment of
WMD. The present review will summarize the major contributions of these three
MR techniques to the understanding of the evolution of WMD, with a special
focus on multiple sclerosis (MS). The application of MR techniques to the study
of MS has indeed dramatically changed our understanding of how MS causes
irreversible deficits and can serve as a useful model to be applied to other WMD.

Magnetic Resonance Spectroscopy

MRS techniques can complement conventional MRI in the assessment of
patients with WMD by defining simultaneously several chemical correlates of the
pathological changes occurring within and outside T2-visible lesions. Water-sup-
pressed, proton MR spectra of normal human brain at long echo times reveal
four major resonances: one at 3.2 ppm from tetramethylamines [mainly from
choline-containing phospholipids (Cho)], one at 3.0 ppm from creatine and
phosphocreatine (Cr), one at 2.0 ppm from N-acetyl groups [mainly N-acetyl
aspartate (NAA)], and one at 1.3 ppm from the methyl resonance of lactate
(Lac). Although more technically demanding, additional metabolites [including
lipids and myo-inositol (mI)] can be detected in WMD using short echo time
measurements.

Proton MRS of acute MS lesions at both short and long echo times reveals
increases in Cho and Lac resonance intensities from the early phases of the
pathological process [1, 2]. Changes in the resonance intensity of Cho result
mainly from increases in the steady-state levels of phosphocholine and glycerol
phosphocholine, both membrane phospholipids that are released during active



84 M. Filippi, N. De Stefano

myelin breakdown. Increases in Lac are likely to reflect the metabolism of inflam-
matory cells. In large, acute demyelinating lesions, decreases of Cr can also be
seen [2]. Short echo time spectra give evidence for transient increases in visible
lipids, released during myelin breakdown, and ml [1, 3]. All these changes are
usually followed by a decrease in NAA. Since NAA is a metabolite detected only
in neurons and their processes in normal mature brains, the decrease in NAA is
presumably secondary to axonal dysfunction. After the acute phase and over a
period of days to weeks, there is a progressive reduction of raised Lac resonance
intensities to normal levels. Resonance intensities of Cr also return to normal
within a few days. Cho, lipid, and mI resonance intensities return to normal over
months. The signal intensity of NAA may remain decreased or show partial
recovery, starting soon after the acute phase and lasting for several months [1, 4,
5]. Recovery of NAA may be related to resolution of edema, increases in the
diameter of previously shrunk axons secondary to remyelination, and clearance
of inflammatory factors and reversible metabolic changes in neurons. Although
similar decreases in NAA are found in acute enhancing lesions of patients with
benign and secondary progressive MS (SPMS), chronic lesions from patients
with benign MS have much higher NAA levels than the chronic lesions from
SPMS patients, suggesting a greater recovery of NAA in acute lesions from less-
disabled MS patients [6]. Since in acute MS lesions gadolinium enhancement
usually ceases by 2 months, the metabolic changes shown by MRS techniques can
reveal on-going pathology relevant for determining the clinical manifestations of
the disease, but which would otherwise go undetected. Interestingly, a recent
study detected elevated lipid peaks also in regions of normal-appearing white
matter (NAWM). In some of these regions, this MRS abnormality preceded new
MS lesion formation [3].

Since changes in axonal viability may be important determinants of function-
al impairment in MS, one of the major contributions of MRS to the understand-
ing of MS is likely to be the quantification of axonal pathology, by measuring
NAA levels in lesions and NAWM. The importance of axonal damage in deter-
mining clinical deficits in MS has been shown by several authors [4, 5-7]. The
most-elegant study is by Davie et al. [8], who found reduced cerebellar NAA lev-
els in patients with MS and cerebellar ataxia, similar to that present in those with
autosomal dominant spinocerebellar degeneration. The levels of cerebellar NAA
were normal in non-ataxic MS patients. The magnitude of the generalized
decrease in brain NAA can be estimated using a single large voxel centered on the
corpus callosum. Decreased NAA levels are found in patients with established
MS from the early phases of the disease [4, 5]. Although the extent of the
decrease in NAA per unit lesion volume is greater in SPMS than in relapsing-
remitting MS (RRMS), the rate of NAA change with time is faster in RRMS than
in SPMS [9]. Strong inverse correlations between NAA and disability levels have
been found in patients with isolated acute demyelinating lesions [2] and in
patients with RRMS [10]. A weaker, but significant correlation has also been
found in patients with SPMS [10].
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Decreases in NAA are not restricted to T2-visible lesions, but occur also in the
NAWM adjacent to or distant from them [11]. This is consistent with post-
mortem studies showing axonal loss in the NAWM of MS patients [11].
Anterograde and retrograde degeneration of axons traversing large lesions
appears to be the most-likely pathological substrate, at least in patients with high
lesion loads. The role of this factor in determining MRS changes in NAWM is
supported by the recent finding [12] of dramatic, but reversible changes of NAA
in the NAWM of the hemisphere contralateral to solitary acute MS lesions.
However, small focal abnormalities independent from larger T2-visible lesions
can also contribute to NAA decreases in NAWM. This seems to be the case for
patients with primary progressive MS (PPMS), who have markedly reduced NAA
levels in the NAWM despite the paucity of T2 abnormalities [13]. Recently, it has
been shown that NAWM from SPMS patients has on average 8.2% lower NAA
levels than NAWM from RRMS [14]. However, in RRMS patients a progressive
reduction of NAWM NAA is detectable over time, and this decrease correlates
strongly with accumulation of disability [14].

Proton MRS has also been used to assess brain pathology in patients with
WMD other than MS. Brain WMD are secondary to a variety of pathological
processes and are associated with many different myelin abnormalities. This
heterogeneity may render the diagnostic work-up particularly challenging.
Although the vast majority of the MRI and MRS changes dectected in WMD
are not disease specific, the complementary information from the two tech-
niques can significantly increase the diagnostic confidence [15]. For instance,
in Canavan’s disease the deficiency of the enzyme aspartoacylase results in
abnormally high levels of brain NAA [16]. Leukoencephalopathy with vanish-
ing WM can be differentiated from leukoencephalopathy with swelling by the
abnormally high Lac and glucose resonance intensities found only in the for-
mer condition [17]. Brain metabolic changes seen in patients with Alzheimer
disease (decreases in NAA and increases in mI and Cho) and vascular demen-
tia (decreases in NAA) are usually not detected in mentally normal elderly sub-
jects with leukoaraiosis [18]. MRS has also been used to increase the under-
standing of WMD evolution. In leukoencephalopathies, Cho, ml, and mobile
lipid increases are usually seen during the early process of myelin breakdown
and are interpreted as indices of active demyelination [19-21]. In slowly pro-
gressive disorders, such as many leukodystrophies, where the loss of myelin is
very slow and released membrane phospholipids do not accumulate, such MRS
changes are not seen [19, 20, 22, 23]. This is not the case for adrenoleukodys-
trophy, in which long-term increases in Cho are probably due to a high mem-
brane turnover [22]. Decrease in Cho secondary to hypomyelination or vacuo-
lar myelinopathy can be detected in Canavan’s disease or mitochondrial disor-
ders, respectively [15]. In patients with both hereditary and acquired leukoen-
cephalopaties, a common MRS finding is represented by the decrease in brain
NAA, which is evident both in lesions and NAWM [15, 24]. As in MS, in this
heterogeneous group of disorders, NAA levels correlate well with neurological
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impairment, suggesting that axonal damage represents one of the substrates of
functional impairment in several WMD.

Magnetization Transfer Imaging

MTI is based on the interactions between protons in a relatively free environ-
ment and those where motion is restricted. In the central nervous system (CNS),
these two states correspond to the protons in tissue water, and in the macromol-
ecules of myelin and other cell membranes. Off-resonance irradiation is applied,
which saturates the magnetization of the less-mobile protons, but this is trans-
ferred to the mobile protons, thus reducing the signal intensity from the observ-
able magnetization. The degree of signal loss depends on the density of the
macromolecules in a given tissue. Thus, a low MT ratio (MTR) indicates a
reduced capacity of the macromolecules in CNS tissue to exchange magnetiza-
tion with the surrounding water molecules, reflecting damage to myelin or to the
axonal membrane. There are several lines of evidence to suggest that a marked
reduction of MTR values in MS lesions indicates severe tissue damage [25]. The
most-compelling evidence comes from a recent post-mortem study showing
strong correlations of MTR values from MS lesions and NAWM with the per-
centage of residual axons and the degree of demyelination [26].

Using MTI and variable frequencies of scanning, several authors have investi-
gated the structural changes of new enhancing MS lesions for periods of time
ranging from 3 to 36 months [25]. The results of all these studies consistently
show that, on average, MTR drops dramatically when the lesions start to enhance
and may show a partial or complete recovery in the subsequent one to six months.
The relatively good preservation of axons that is usual in acute MS lesions, and the
rapid and marked increase of the MTR, suggest demyelination and remyelination
as the most-likely pathological mechanisms underlying these short-term MTR
changes. Nevertheless, edema and its subsequent resolution may also give rise to
the observed pattern of MTR behavior, due to the diluting effect of extra tissue
water. However, it seems unlikely that edema alone is sufficient to explain these
findings, since previous studies [27, 28] showed that edema in the absence of
demyelination results in only modest MTR reductions. MTI studies of individual
enhancing lesions also confirmed that the pathological nature of such lesions and
the severity of the associated changes in the inflammed tissue may vary consider-
ably [29-31]. These changes seem to be related to the severity [32] and duration
[33] of the opening of the blood-brain barrier.

These results suggest that the balance between damaging and reparative mech-
anisms may be highly variable from the early phases of MS lesion formation.
Different proportions of lesions with different degrees of structural changes may,
therefore, contribute to the evolution of the disease. At present, however, there
are few data supporting this concept. A recent 3-year follow-up study [34]
showed that newly formed lesions from patients with SPMS have lower MTR and
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present a more-severe MTR reduction during the follow-up than those from
patients with less-disabling RRMS. Consistent with MRS findings, MTR reduc-
tions can be detected in the NAWM before lesion formation [35]. Edema, marked
astrocytic proliferation, perivascular inflammation, and demyelination may all
account for an increased amount of unbound water in the NAWM [11] and, as a
consequence, determine MTR changes.

Consistent with their pathological heterogeneity, established MS lesions have a
wide range of MTR values [27, 36]. A lower MTR has been reported in
hypointense lesions than in lesions that are isointense to NAWM on T1-weight-
ed scans [30, 37], and MTR has been inversely correlated with the degree of
hypointensity [30]. In a longitudinal study with monthly MTI and T1-weighted
scans, van Waesberghe et al. [37] found that MS lesions that changed from
hypointense to isointense when gadolinium enhancement ceased, also had a sig-
nificant MTR increase, whereas a strongly decreased MTR at the time of initial
enhancement was predictive of a persistent T1-weighted hypointensity and low-
er MTR after 6 months. Decreased MTR has also been found for NAWM from
MS [38, 39], even in the absence of T2-visible lesions [40]. These changes are
more pronounced in NAWM areas adjacent to focal T2-weighted MS lesions [38,
39], particularly in SPMS patients [38].

MTI can also be used to assess global MS lesion burden by means of MTR his-
togram analysis [41]. This is a highly automated technique able to provide sever-
al metrics reflecting both macro- and microscopic MS pathology in the whole
brain or in selected regions. MTR histogram measures can distinguish MS
patients from healthy controls [25, 41, 42]. MS patients typically have lower aver-
age MTR, histogram peak height and position than normal subjects. However,
MTR histogram parameters can be different in the various clinical forms of MS
[42]. Patients with clinically isolated syndromes (CIS) suggestive of MS have
MTR histogram-derived metrics similar to those from healthy controls, whereas
PPMS patients have significantly lower histogram peak height with normal peak
position and only slightly reduced average MTR. RRMS patients have lower aver-
age MTR and peak height than benign MS, whose histograms are similar to those
of healthy subjects. Patients with SPMS had the lowest MTR histogram metrics.
On the basis of these results, it can be concluded that MTR histogram-derived
measures can provide insights into the pathogenesis of the different MS pheno-
types. For instance, the reported findings suggest that, in PPMS, a subtle but
widespread damage of the NAWM seems to be the major contributor to the neu-
rological impairment. Other studies have found that MTR histogram metrics are
also well correlated with the presence of neuropsychological impairment in MS
patients [43, 44], and that MTR histogram parameters from the cerebellum and
brainstem of MS patients are significantly associated with impairment in these
functional systems [45].

Macroscopic lesions segmented on T2-weighted images can be superimposed
onto the co-registered MTR maps and the areas corresponding to the segmented
lesions can be nulled out, thus obtaining MTR maps of normal-appearing brain
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tissue (NABT). A recent study [46] using such an approach demonstrated that
NABT-MTR histogram measures are different in the different MS clinical pheno-
types and that changes in the NABT are only partially correlated with the extent
of macroscopic lesions and the severity of intrinsic lesion damage, thus suggest-
ing that NABT changes do not only reflect wallerian degeneration of axons tra-
versing large focal abnormalities. Using a multivariate analysis of several MRI
and MTI variables, Filippi et al. [47] found that average NABT-MTR was the only
factor significantly associated with cognitive impairment in MS patients.

Recently, it has been shown that it is possible to acquire MT images of the cer-
vical cord of good quality [48]. Using cervical cord MT histogram analysis, it has
been reported that, in MS patients, MTR histogram measures correlate well with
locomotor disability [49] and do not differ from those obtained in patients with
Devic’s neuromyelitis optica (DNO) [50].

MTT has also been used to assess the tissue damage within and outside T2-vis-
ible lesions of many WMD. MTR values for MS lesions visible on T2-weighted
scans are significantly lower than those of lesions from elderly patients [51], or
from patients with migraine [52], small-vessel disease [36], HIV encephalitis
[53], CNS tuberculosis [54], systemic lupus erythematosus (SLE) [55, 56], or
other systemic autoimmune diseases (including Wegener granulomatosis, Behget
disease, and APLAS) [56]. Moderately reduced MTR has also been found in white
matter hyperintensities of patients with vascular dementia [57] and in the corti-
co-spinal tract of patients with amyotrophic lateral sclerosis [58]. Markedly
decreased MTR values have been found in lesions from patients with progressive
multifocal leukoencephalopathy (PML) [53], central pontine myelinolysis [59],
or cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) [60]. Regardless of the average lesion MTR val-
ues found in these WMD, the lesions of MS tend to have a greater variability in
their MTR values, possibly as a consequence of their temporal heterogeneity.
MTR changes in the NAWM have been found in patients with neurological SLE
[56], CADASIL [60], PML [53], HIV encephalitis [53] and head trauma [61], but
not in the other WMD, including patients with DNO [50]. Although MTR
changes in T2-visible lesions and NAWM are not disease specific, they may give
important diagnostic information. For example, in patients with AIDS, MTI
improves the differentiation between PML and HIV-associated white matter
lesions [53, 62]. The absence of MTR changes in NAWM from patients with
migraine and multiple T2 lesions reasonably excludes the presence of MS [52].
The absence of MTR changes in NAWM in patients with optic neuropathy and
myelopathy increases the confidence in making a diagnosis of DNO [50].

Diffusion-Weighted Imaging

Diffusion is the random translational motion of molecules in a fluid system. In
the brain, diffusion is influenced by the microstructural components of tissue,
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including cell membranes and organelles. The diffusion coefficient of biological
tissues (which can be measured in vivo by MRI) is, therefore, lower than the dif-
fusion coefficient in free water [63], and, for this reason, is named apparent dif-
fusion coefficient (ADC). Pathological processes that modify tissue integrity, thus
resulting in a loss of “restricting” barriers, can determine an increase of the ADC.
Since some cellular structures are aligned on the scale of an image pixel, the mea-
surement of diffusion is also dependent on the direction in which diffusion is
measured. As a consequence, diffusion measurements can give information
about the size, shape, and orientation of tissues [64]. A measure of diffusion that
is independent of the orientation of structures is provided by the mean diffusiv-
ity, D, the average of the ADCs measured in three orthogonal directions. A full
characterization of diffusion can be obtained in terms of a tensor [65], a 3x3
matrix which accounts for the correlation existing between molecular displace-
ment along orthogonal directions. From the tensor, it is possible to derive D,
equal to one-third of its trace, and some other dimensionless indexes of
anisotropy. One of the most used is the fractional anisotropy (FA) [66].

DWT has proved to be of great clinical utility in the assessment of patients with
cerebral ischemia. Using DWI, it is possible to identify the location and the extent
of the ischemic event earlier and more precisely than using conventional scan-
ning. ADC decreases within a few minutes after cessation of blood flow, while it
appears to return to normal and, then, to overshoot after a few days [67-70]. The
reduction of ADC soon after an ischemic event may be the result of water mov-
ing from the extracellular to the intracellular space, which is a more-restricted
environment. Since the ADC reduction of the injured brain tissue is closely cor-
related with the temporal development of infarction and the degree of ischemic
injury, the onset of the ischemic event can be estimated [71]. Experiments with
reversible ischemic models have also shown that the ADC reduction during
ischemia can be reversed after reperfusion. This suggests that DWI has the poten-
tial for identifying areas of compromised but recoverable tissue and for monitor-
ing treatment efficacy [72].

The pathological elements of MS alter the permeability or geometry of struc-
tural barriers to water diffusion in the brain. The application of DWI techniques
to MS is, therefore, appealing in the sense that they can provide a quantitative
estimate of the degree of tissue damage and might increase the understanding of
the mechanisms leading to irreversible disability. In experimental allergic
encephalomyelitis, an animal model of MS, DWI signal intensity increased before
any detectable change on T2-weighted scans [73] and increased ADC was seen in
lesions [73], with a relatively preserved diffusion anisotropy in chronic compared
with acute lesions [74]. The first report of water diffusion in MS showed that MS
lesions had increased ADC values compared with NAWM [75]. The highest ADC
were found in lesions less than 3 months old [75]. A subsequent study [76], with
more-stable diffusion measurements, confirmed the preliminary results and
demonstrated that NAWM of MS patients had higher ADC values than white
matter from controls. However, these studies suffered from motion artefact, lim-
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ited brain coverage, and the application of diffusion gradients in a single direc-
tion. Nevertheless, their results were confirmed by a later study [77], which used
a volume-selective technique that allowed relatively rapid ADC measurements in
three orthogonal directions without major motion artefact. This study [77] also
detected similar ADC in lesions from SPMS and benign MS. A more-recent study
(78] used a navigator echo strategy to correct for motion artefact in a spin-echo
diffusion sequence and cover larger portions of the brain than previous studies
[75-77]. Again, previous results were confirmed and a significantly increased D
was found in T1-hypointense compared with T1-isointense lesions, and in non-
enhancing compared with enhancing lesions [78].

Many of the problems of these studies [75-78] can be addressed by the use of
echo-planar imaging (EPI), which is less prone to motion and permits greater
brain coverage, with more diffusion gradient directions, in a given time. Recent
studies [79-81] used such an approach and achieved the following results. D val-
ues of NAWM from MS patients are diffusely lower than the corresponding D val-
ues of white matter from controls; T2-visible lesions have lower D values than
NAWM; hypointense T1 lesions have the lowest D values. Conflicting results have
been obtained when comparing enhancing and non-enhancing lesions. One
study [79] confirmed that enhancing lesions have higher D values and another
[81], which assessed more patients, did not find any significant difference
between the two lesion groups. FA has also been found to be reduced within and
outside T2-visible lesions [79, 82]. Among lesions, FA was lower in enhancing
than non-enhancing lesions [79]. All these data suggest a diffuse loss of structur-
al barriers to water molecular motion in NAWM from MS patients. As expected,
the loss of structural barriers is even greater in macroscopic lesions and its mag-
nitude seems to be correlated with the intrinsic tissue damage. Since “inflamma-
tory” changes and gliosis could potentially restrict water molecular motion,
myelin and axonal loss are the most-likely contributors to the increased b and
decreased FA in MS NAWM and lesions. The correlation between the average b
values in the lesions and NAWM has been investigated in one study and found
not to be significant [80]. This again suggests that subtle NAWM changes are not
merely the result of wallerian degeneration of axons traversing larger lesions.
Recent work detected D and MTR changes in the gray matter of MS patients [83].

As for MT, the analysis of diffusion changes can also be performed on a more-
global basis using D histograms [80]. MS patients have significantly higher aver-
age D and lower histogram peak height than normals. Histogram broadening,
and the consequent decrease of peak height, shows that fewer pixels in patients’
brain have normal D values. The magnitude of the correlation between MTR and
D has also been investigated [80]. In MS lesions, a strong inverse correlation
between average MTR and D was found [80]. However, this correlation was not
found when considering NAWM-ROI and the brain by means of histograms
[80]. The lack of correlation between MTR and b in the brain tissue might be the
result of the complex relationship between destructive and reparative mecha-
nisms occurring in the NAWM and their variable effects on MTR and D values.
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Although challenging, diffusion has also been studied in the optic nerve of MS
patients [84]. Increased ADC has been found in the affected optic nerves [84].

While DWT has been extensively used to investigate acute stroke and is starting
to be used to assess tissue damage in MS, its application in other WMD is still
marginal. A study of diffusion characteristics in patients affected by leukoaraiosis
[85] demonstrated an increased D and reduced FA in the damaged tissue. An ele-
vation in the D and a reduction in the FA has also been shown in the posterior
limb of the internal capsule in patients with ALS [86].

Conclusions

Conventional MRI has markedly increased our ability to detect the macroscopic
abnormalities of the brain and spinal cord associated with WMD. New quantitative
MR approaches with increased sensitivity to subtle NAWM changes and increased
specificity to the heterogeneous pathological substrates of WMD lesions may pro-
vide information complementary to conventional MRI. MTI and DWI have the
potential to provide relevant information on the structural changes occurring
within and outside T2-visible lesions. MRS could add information on the bio-
chemical nature of such changes. Their extensive application should improve the
understanding of the mechanisms leading to irreversible disability and help in the
diagnostic work-up of many WMD), as is already the case for MS. Multiparametric
MRI studies are now warranted to better define the nature of the pathological
damage in individual pathological conditions, and, hopefully, to evaluate the effi-
cacy of experimental treatment in preventing the formation of “disabling” lesions.
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Monounsaturated Fatty Acids and Neuroprotection. The Results
of a Study of Cognitive Decline in Old Age. Is There a Case for this
Treatment in Multiple Sclerosis?
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Introduction

Different diagnostic criteria have been proposed to distinguish individuals
with mild cognitive disorders associated with aging. One of the best estab-
lished of these classifications is age-associated memory impairment (AAMI)
[1], but it is generally non-progressive and is thus more likely to be a phe-
nomenon of normal aging [2, 3]. The terms “age-related cognitive decline”
(ARCD) and “aging-associated cognitive decline” have been proposed recent-
ly [4, 5] to indicate an objective decline in cognitive functioning associated
with the aging process but within normal limits given the person’s age.
Whether ARCD is an expression of a normal aging process, represents a dis-
tinct clinical entity, or is a continuum with dementia is still difficult to estab-
lish [2, 6]. Recent results from longitudinal studies suggest that the subgroup
at high risk for developing dementia may be identified by using a more-
detailed procedure for the assessment of cognitive decline than those listed in
the AAMI criteria. A high incidence (45%) of dementia was found in indi-
viduals aged >75 years who were diagnosed as having “minimal dementia” by
the CAMDEX interview [7]. Furthermore, in another study 48% of patients
with isolated memory loss of unknown cause developed dementia within 3.7
years [8].

The causes of ARCD are unknown, but some studies have suggested that it
may be prevented [9]. Cardiovascular and other chronic diseases [10, 11],
hypertension [12], diabetes mellitus [13], depression [14], and a low level of
physical activity have been identified as risk factors for ARCD [15]. In contrast,
a high socioeconomic status, a flexible personality in middle age, and mainte-
nance of vision and hearing have been identified as factors protective against
ARCD [16].

The role of the diet in ARCD has not been extensively investigated.
Deficiencies of micronutrients (B, B,, B¢, B;,, C vitamins, and folate) have
been frequently described in elderly people and significantly associated with
cognitive impairment [17, 18]. However, very few data are available on the
role of macronutrient intake in ARCD [19]. In a recent study, we investigated
the relationships between dietary macronutrient intakes and age-related
changes in cognitive functions [20-22]. The subjects of this study take part in
a larger study, the “Italian Longitudinal Study on Aging” (ILSA), promoted by
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the Italian National Research Council (CNR) Targeted Project on Aging [23].
This was an Italian multicenter, population-based cohort study, with both
survey and prospective components, designed to evaluate age-related dis-
eases, as well as physiological and functional changes of cardiovascular,
endocrine, metabolic, and nervous systems in the aging process. A sample of
5,632 subjects aged 65-84 years, living at home or institutionalized, was ran-
domly selected from the electoral rolls of eight municipalities [Genoa,
Segrate (Milan), Selvazzano-Rubano (Padua), Impruneta (Florence), Fermo
(Ascoli-Piceno), Naples, Casamassima (Bari), and Catania] after stratification
for age and gender. The data of this study have been obtained during the
prevalence survey study carried out in Casamassima (Bari, Southern Italy)
between March 1992 and June 1993 (prevalence day 1 March, 1992). Of 704
randomized elderly subjects, 404 (57.4%) agreed to participate, and the study
population consisted of 278 non-demented elderly subjects, living at home,
who performed both the neuropsychological evaluation and the dietary
assessment. Criteria for study entry included no known diagnoses of brain
tumor, cerebrovascular malformations, psychosis, epilepsy, multiple sclerosis
(MS), stage III syphilis, Parkinson’s disease, stroke (atherothrombotic, hem-
orrhagic brain infarction, or transient ischemic attack), and dementia.
Furthermore, no severe functional limitations and no treatment with any
drug that could interfere with the parameters of the study protocol were
allowed.

Mini Mental State Examination (MMSE) was used to evaluate global cogni-
tive functions (orientation in space and time, concentration and attention span,
immediate and delayed verbal memory, constructive praxis, and language) [24].
Episodic memory was explored with Babcock Story Recall Test (BSRT) (score
ranging from 0 to 16) [25, 26]. This test measures, with a 21-unit story, imme-
diate and delayed recall, and their sum. Selective attention was assessed by Digit
Cancellation Test (DCT) (score ranging from 0 to 60) [25]. The food intake was
assessed with a 77-item semi-quantitative food frequency questionnaire, which
had been previously validated. Dietary variables estimated were: energy, total
lipids, saturated fatty acids (SFA), monounsaturated fatty acids (MUFA),
polyunsaturated fatty acids (PUFA), carbohydrates, proteins, alcohol, total,
insoluble, and soluble fibers, cellulose, and non-cellulosic polysaccharides.
Height and weight were measured for each participant: vertical stature was mea-
sured to the nearest 0.01 m with a stadiometer, weight was measured to the
nearest 0.1 kg with an electronic balance, and body mass index (BMI) (= kg/m?)
was calculated.

Spearman’s non-parametric correlation was performed to evaluate the rela-
tionships between cognitive and nutritional variables. Subsequently, a multivari-
ate logistic regression model was used to evaluate any significant change in odds
ratios of cognitive impairment for macronutrient intakes (Table 1). These rela-
tionships were controlled for covariates that could be effective modifiers, and/or
confounders, such as age, gender, education, and BMI.
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Table 1. Change in odds ratio of cognitive decline, Mini Mental State Examination <24
(MMSE) for monounsaturated acid (MUFA) energy intake controlling for education and
age, the Italian Longitudinal Study on Aging-Casamassima, First prevalence Survey, 1992-
1993 (modified from [21]) (CI confidence interval)

MUFA intake MUFA adjusting MUFA adjusting
(kJ/day) for education for education and age

Odds ratio 95% CI Odds ratio 95% CI
<800 33 8.2-133 37.5 9 - 156
801-1200 14.9 6.2 -35.8 16.9 6.7 - 42.7
1201-1600 6.7 3.7-12 7.6 3.9-14.6
1601-2000 3 1.3-6.7 3.4 14-8
2001-2400 1.3 04 -4.9 1.5 0.4-5.8
2401-2800 0.6 0.1-45 0.69 0.1-45
MUFA and ARCD

In this study, neuropsychological test scores and macronutrient intakes appeared
mutually independent, except for MUFA intakes, which were significantly associ-
ated with an improvement in odds ratio of global cognitive functions and selec-
tive attention. Furthermore, the effect of education on the odds of having cogni-
tive impairment decreases exponentially with MUFA energy intake. These find-
ings appear to be consistent with other studies; they indicate an association
between dietary intake and cognitive function. In a recent longitudinal study of a
well-nourished and cognitively unimpaired elderly community residents, a sig-
nificant association between protein intake and cognitive performance was
found [27]. In another study, a significant association between functional vari-
ables (i.e., activities of daily living) and alcohol intake was found, likely in rela-
tion to the better health status of moderate alcohol consumers [28]. Finally, in a
recent study, non-institutionalized elderly subjects with the best performance in
cognitive tests had lower intake of MUFAs, SFAs, and cholesterol, and higher
intakes of total food, fruit, carbohydrate, thiamine, folate, and vitamin C [29].
These apparently conflicting results could be partially due to some methodolog-
ical differences in food frequency questionnaires and selection of participants,
which was not performed randomly, but within three elderly persons’ clubs.
Due to the dietary pattern of our population, the typical Mediterranean diet,
and to the rural setting of the study (Casamassima), the mean consumption of
olive oil was particularly high: 46 g/day (12.6 range 113.1 g/day). MUFA energy
intake was 17.6%, 85% of which was derived from olive oil. The positive effect of
dietary habits on cognitive functioning of healthy elderly subjects could be due in
part to the antioxidant components of olive oil, i.e., tocopherols and polyphe-
nols. Some pathological conditions, which can be triggered by an uncontrolled



100 A. Capurso et al.

production of free radicals, could probably be prevented or retarded with high
intakes of dietary antioxidants (i.e., vitamins A, E, C, and carotenes). These might
yield beneficial effects on frontal/subcortical brain systems, with enhancement of
cognitive functions (increased performance on memory tasks) [30-32]. However,
the antioxidant effect of dietary macronutrients could not exert under every cir-
cumstance a protective effect on age-related changes in cognitive functions. In a
Japanese study [16], a high dietary intake of antioxidant compounds was signifi-
cantly associated with Alzheimer’s disease and ARCD.

High MUFA intake per se could suggest preservation of cognitive functions in
healthy elderly people. This effect could be related to the role of fatty acids in
maintaining the structural integrity of neuronal membranes. A recent study on
fatty acid composition of neuronal membranes demonstrated an increase in
MUFA content and a decrease in PUFA content with advancing age [33]. It seems
that during the aging process there is an increasing demand for unsaturated fat-
ty acids. In lymphocytic and macrophage-like cells, an increase of A° desaturase
activity, which converts stearic acid to oleic acid and increases the degree of dif-
ferentiation of cells, has been observed [34]. These findings are consistent with
another recent study in which high PUFA intake was positively associated with
cognitive impairment, while high fish consumption tended to be inversely asso-
ciated with cognitive impairment [35].

Supplementation of PUFA in MS

Our data have demonstrated that high intakes of MUFA in elderly people are
associated with better performances in cognitive function tests, so we postulated
that ARCD in the elderly should be slowed down by high intakes of unsaturated
fatty acids, particularly monounsaturated oleic acid. Whether MUFA are protec-
tive in other neuropathological contexts needs to be demonstrated.

MS is a major demyelinating disease characterized by destruction of myelin
and marked alteration of myelin lipids. The pathogenesis of MS is largely
unknown. However, diet, particularly dietary fatty acids, have been demonstrat-
ed to influence the course of MS. In 1950, Swank [36] suggested that consump-
tion of saturated animal fat was directly related to the incidence of MS.
Furthermore, the incidence of MS was higher in the inland dairy eating popula-
tions of Norway than in the coastal fish-eating populations [37]. Statistical analy-
sis of similar data from many geographic areas supported these findings [38, 39].

The myelin sheath of nerves is composed predominantly of lipids, and a lipid
imbalance involving the essential fatty acids could affect cell fluidity, myelination,
and synthesis of prostaglandins or other immunoregulatory compounds [40]. It
was also suggested that animal fats could result in platelet aggregation with sub-
sequent small vessel occlusion, which might cause perivascular plaques [37].
Finally, the effects of dietary fats could be related to the fact that fatty acid com-
ponents of brain phospholipids can be extensively modulated by dietary lipids
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[41]. In particular, the PUFA content of neuronal cell membrane can be exten-
sively changed by diet, so modifying the membrane fluidity and functions [42].
Furthermore, relative deficiencies in PUFA have been found in the brain and
serum of MS patients [40]. A diet low in SFA and high in unsaturated fatty acids,
with a supplement of fish oil, has been associated with decreased neurological
disability in MS patients [37, 43]. Although this study was uncontrolled, it sug-
gested that SFA are associated with clinical worsening, while unsaturated fatty
acids are associated with clinical improvement of MS.

A double-blind trial, supplementing with linoleic acid a group of 87 MS
patients who were not in relapse and with a disability score between 0 and 6
(according the Kurtzke Disability Scale) found no statistically significant differ-
ences after 28 months in the disability scale or in the relapse rate between the
groups treated with linoleic acid and with placebo [44]. In contrast, there was a
difference regarding severity and frequency of clinical relapses, which were
greater for the patients who took the placebo. Subsequent studies on the thera-
peutic use of PUFA in MS have not always shown positive effects on the course of
disease. This can be attributed mostly to the different criteria of patient selection
(some with the remitting form of the disease, others with the progressive form)
and to the different disability rating of patients at the beginning of the study [45,
46]. The studies were not long enough to show real modifications in the clinical
course. However, variations in biochemical or immunological indicators of dis-
ease activity might show earlier modifications of the disease course. The n-3 and
n-6 PUFA series could have different effects at the membrane level, on platelet
activity and immune function, because they are precursors of prostaglandin
classes of different and sometimes antagonistic activity [47].

The geographic pattern of MS has attracted considerable attention in recent
decades, and it has been hypothesized and substantiated that the prevalence of
MS increases with increasing distance from the equator, both north and south
[48]. In a recent study, a significant, positive, and independent correlation of MS
mortality with SFA, animal fat, animal minus fish fat, and latitude was found
[49]. These results suggested that dietary fat could be involved in the incidence of
or mortality from MS, and that both nutritional factors and latitude seem to be
independently related to MS mortality.

Relationship of Dietary Fatty Acids and Inmune-Mediated Inflammatory
Mechanisms in MS

MS appears to be related to immune-mediated inflammatory mechanisms, ini-
tiated by CD40-CD40L interaction. CD40 is a phosphorylated 49-kDa glyco-
protein expressed on a variety of cells, including B and T lymphocytes, mono-
cytic lineage cells (monocytes, macrophages, and microglial cells), endothelial
cells and others, that shares significant homology with the receptors for tumor
necrosis factor -0 (TNF-a.), and is designated as a member of the nerve growth
factor receptor superfamily [50]. CD40L is a 30 to 33-kDa cell surface glyco-
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protein belonging to the TNF family of cytokines. The legation of CD40L
secreted by activated T cells to CD40 surface glycoprotein initiates immune-
mediated inflammatory mechanisms. Activated T-helper cells expressing
CDA40L surface protein have been demonstrated in MS patient brain sections
and not in normal controls. In experimentally induced allergic encephalo-
myelitis in mice, the onset of illness was completely prevented by treatment
with anti-CD40L monoclonal antibody, and the administration of monoclonal
antibody after disease onset led to dramatic disease reduction [51]. The pres-
ence of T-helper cells expressing CD40L in brain tissue of MS patients suggests
that blocking or modulation of CD40-CD40L-mediated cellular interaction
may be a method for treating active MS.

The relationship of dietary components with inflammatory mechanisms
could be due to the modulating effect of dietary fatty acids on the immune-
mediated inflammatory process. Nutrition has been demonstrated to play an
important role in modulation of an animal’s immune system. Important correla-
tions have been found between deficiencies of nutrients (protein, energy intake,
fat-soluble vitamin A, D and E, B complex vitamins, vitamin C, and the minerals
selenium, iron, zinc, and copper) and immune dysfunction [52]. In this context,
some nutrients may influence the production and activity of pro-inflammatory
cytokines. Lipids, in particular, have been demonstrated to have a large potential
for modulating cytokine biology. MUFA have been demonstrated to decrease tis-
sue responsiveness to cytokines; n-6 PUFA enhance interleukin (IL)-1 produc-
tion, while n-3 PUFA have the opposite effect. In particular, IL-1 and IL-6 pro-
duction is positively related to dietary intake of linoleic acid; also leukotriene B,
production is positively related to dietary linoleic acid intake [53].

High dietary MUFA intake in middle-aged males has been demonstrated to
decrease significantly the expression of intercellular adhesion molecule-1
(ICAM1) by peripheral blood mononuclear cells [54]. MUFA and dietary olive
oil have also been found to reduce by 40% vascular cell adhesion molecule-1
(VCAM1) expression by endothelial cells, so reducing the potential recruitment
of mononuclear inflammatory cells [55-57].

The observed effects could be related to the capacity of alimentary fats to alter
the biological membrane phospholipid composition. The cell membrane PUFA
content influences membrane functions, and consequently the activity of mem-
brane-associated functional proteins (transporters, receptors, enzymes) and the
production of signaling molecules from oxygenated linoleic and o.-linolenic acid
derivatives [42]. Consequently, the binding of cytokines to receptors and the G-
protein activity could also be modified.

ApoE Genotype and MS

The presence of the apolipoprotein E (apoE) 4 appears to play an important role
in the onset and progression of MS, although it is not associated with a higher risk
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of developing the disease itself [58]. ApoE is the only serum apolipoprotein pre-
sent in the extravascular fluid of the brain [59]. It is contained in HDL1-like par-
ticles, is the major lipid carrier protein in the brain, and plays an important role in
lipid transport in the central nervous system (CNS) [60]. A tandem dimer repeat
peptide of apoE induces neuronal endocytosis via a receptor-associated protein-
sensitive pathway [61]. ApoE is the ligand of lipoproteins to the main lipoprotein
receptor in nervous system, the LRP receptor (LDL-receptor related protein) [62,
63]. This receptor, which is a member of the LDL receptor family, is also expressed
in a wide set of cells including hepatocytes, macrophages, smooth muscle cells,
and neurons of the CNS [63]. The most-relevant function of LRP is lipoprotein
endocytosis, but it also helps in regulating urokinase receptor expression on the
cell surface, and helps the binding of o.,-macroglobulin-proteinase complexes, the
clearance of these complexes and of the cytokines associated with complexes [64].
ApoE expression is increased in regenerating neural tissue. ApoE €4 allele is asso-
ciated with impaired neuronal repair. Since repair is essential to restore the CNS
function following MS relapses, the apoE genotype modulates the clinical pro-
gression of the disease. The estimated frequency of €4 in normal, middle-aged
populations ranges from 0.14 to 0.27 in northern regions of Europe and from 0.10
to 0.12 in southern countries [65, 66]. In our recent study, the apoE allele fre-
quencies observed in late-onset Alzheimer’s disease (LOAD) patients, healthy cen-
tenarians, and middle-aged subjects are consistent with similar data of other
Italian studies [64], but differ from those of other European populations, particu-
larly for the €4 allele frequency, which appears to be underexpressed in our sam-
ple [66]. Our study provides a novel finding that the apoE €4 allele frequency
decreases according to a geographic trend from northern to southern Europe in
two highly selected populations, i.e., LOAD patients and centenarians. Also the
MS mortality has a north to south decreasing trend in Europe, while the unsatu-
rated/saturated fatty acid ratio has an opposite trend [49], suggesting that envi-
ronmental and genetic factors might synergistically contribute to the decreased
MS mortality in southern European regions.

In conclusion, dietary unsaturated fatty acids appear to slow the decline of
cognitive functions in the elderly. Whether unsaturated fatty acids could exert
beneficial effects in demyelinating illness, i.e., MS, cannot be excluded. We must
consider that in our study only very high intakes of MUFA , i.e., 2,400-2,800
kJ/day, corresponding to about 80 g/day of MUFA and 110 g/die of olive oil, were
associated with preservation of cognitive functions. Furthermore, the daily intake
of extra-virgin olive oil as the only alimentary fat also included the anti oxidants
naturally occurring in olive oil, i.e., tocopherol and polyphenols (25 mg/dl and
30-90 mg/dl, respectively). The concomitant intake of enough antioxidants to
protect unsaturated fatty acids from oxidation could have had a role in the pro-
tective effects of olive oil. Moreover, unsaturated fatty acids modify membrane
fluidity, and consequently the activity of membrane functions such as enzymes,
receptors, and ion channels. Finally, MUFA have been demonstrated to influence
tissue inflammatory mechanisms, decreasing tissue responsiveness to inflamma-
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tory cytokines and reducing the expression of the adhesion molecules VCAM1
and ICAM1 from mononuclear and endothelial cells, respectively.
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Chapter 10

Neuroprotection in Acute Ischemic Stroke: Lessons for Early
Treatment in Multiple Sclerosis

J. DE KEYSER, G. RAMSARANSING, E. ZEINSTRA, N. WILCZAK

Rationale for Neuroprotective Therapy in Acute Ischemic Stroke

A target for treatment of acute ischemic stroke is the penumbra, a territory of
critically reduced blood flow between the core zone of an evolving infarction
and the still sufficiently perfused brain. Unless there is early reperfusion of the
ischemic area, neurons in the penumbra are destined to die in the ensuing hours
to days, due to a cascade of biochemical events, the so-called ischemic cascade
[1, 2]. Key steps in this cascade are uncontrolled depolarizations of neurons,
build-up of extracellular glutamate, intracellular calcium overload, formation of
nitric oxide and free radicals, and inflammation. Some forms of cell death in the
ischemic penumbra also involve apoptosis [1, 2]. Studies in patients using
positron emission tomography, combined perfusion and diffusion magnetic res-
onance imaging (MRI), and MR spectroscopy indicate that the penumbra in
humans may remain viable for several (up to 48) hours after stroke onset [3-6].

Rationale for Neuroprotective Therapy in Multiple Sclerosis

One of the principal targets in multiple sclerosis (MS) is the oligodendrocyte.
Axonal loss is also an important feature, and is considered to be the major patho-
logical process responsible for irreversible neurological disability in patients with
MS. It is thought to arise from injury secondary to inflammatory responses and
demyelination {7, 8]. However, other yet unknown mechanisms may contribute,
because the axonal damage is also present in normal-appearing white matter
(part of which may represent downstream damage of axons traversing through
remote demyelinated lesions) and appears to start in the early stages of the dis-
ease [9]. It is clear that protective therapies should focus on both neurons and
oligodendrocytes. Studies in MS patients and animal models of MS suggest that
toxic effects on these cells may be caused by proinflammatory cytokines (such as
tumor necrosis factor-o.) and interferon y [10], an excessive release of excitatory
amino acids (particularly glutamate) [11,12], and the formation of nitric oxide
and free radicals [13-15]. Similar to ischemic stroke, the expression of apoptosis-
associated proteins also contributes to cell death in MS [16]. Thus, there are
many similarities in the biochemical events that lead to cell damage in both acute
ischemic stroke and MS.
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Why Were the Trials with Neuroprotective Drugs Negative in Ischemic

Stroke?

Table 1 shows neuroprotective compounds that have been studied in clinical tri-
als in patients with acute ischemic stroke. Although all these compounds
showed neuroprotective properties in animal models of stroke, and results of
small phase II trials were encouraging, confirmatory trials in larger study popu-
lations failed to show a clear benefit. Several aspects should be considered to

explain these failures.

Table 1. List of neuroprotective drugs studied in clinical trials in acute ischemic stroke

Neuroprotective compound Mechanism of action

Status

Nimodipine
Flunarizine
Selfotel

Aptiganel (cerestat)

Eliprodil
Clomethiazole

Lubeluzole
Tirilazad
Ebselen

Fosphenytoin
Ganglioside GM1

Citicoline
Piracetam
Enlimomab
GV150526
Magnesium sulfate
BMS-204352

Bay x 3702
ZK-200775

Nalmefene
Hu23F2G

Trafermin

Calcium antagonist
Calcium antagonist
NMDA antagonist

NMDA antagonist

Polyamine-site blocker

GABA-A receptor
enhancing drug

NO antagonist, sodium
channel blocker

Free radical scavenger

Free radical scavenger

Sodium channel antagonist

Membrane constituent

Membrane constituent

Elevates cAMP levels and
acts at the cell membrane

Murine antibody to
endothelial adhesion
molecule I

Glycine site antagonist

Blocks glutamate activity
at the NMDA receptor

Potassium channel opener

5HT1A agonist

AMPA antagonist

Kappa opioid antagonist

Monoclonal antibody
against neutrophil
CD11/CD18 cell adhesion
molecule

Basic fibroblast growth
factor

Abandoned (lack of efficacy)
Abandoned (lack of efficacy)
Abandoned (unfavorable
risk-benefit ratio)
Abandoned (unfavorable
risk-benefit ratio)
Abandoned (lack of efficacy)
Abandoned (lack of efficacy)

Abandoned (lack of efficacy)

Abandoned (lack of efficacy)

Unknown

Abandoned (lack of efficacy)

Abandoned (lack of efficacy
and presumed risk of
Guillain Barré syndrome)

Abandoned (lack of efficacy)

Abandoned (lack of efficacy)

Abandoned (unfavorable
risk-benefit ratio)

Abandoned (lack of efficacy)
Ongoing

Halted (lack of efficacy)

Ongoing

Abandoned (unfavorable
risk-benefit ratio)

Stopped (reason uncertain)

Stopped (lack of efficacy)

Stopped
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First, there is the heterogeneity of the study population. Large cortical infarc-
tions and lacunar infarction are usually grouped together, although they have a
completely different prognosis [17]. Some patients have a clinically significant
penumbra, whereas others have such a poor collateral circulation that there is lit-
tle or no penumbra to be salvaged [18]. Thus, it is hardly surprising that no ben-
efit is demonstrable when an operation designed to correct a particular patho-
physiological disturbance is performed in a group of patients in which many do
not have that disturbance.

Second, although the penumbra in humans may exist for a substantially
longer period than in rodents, post hoc analyses of a number of trials suggested
possible benefit in subgroups of patients treated within a shorter therapeutic
time window than defined in the protocol. Typical examples are nimodipine
[19], piracetam [20], and ebselen [21]. It is obvious from animal studies that the
sooner the neuroprotective drug is given the better the outcome. A therapeutic
effect may have been missed in studies allowing a long inclusion time.

Third, dosages of neuroprotective drugs that reduce infarct size in animals are
usually associated with adverse effects, which may limit tolerable doses and pro-
hibit their clinical use. Some side effects may even override the putative beneficial
effect of a neuroprotective drug. Examples are the detrimental hemodynamic
consequences of intravenous nimodipine [22] and an inflammatory reaction,
causing fever, associated with the administration of enlimomab (a murine mon-
oclonal antibody against ICAM-1) [23]. In some instances suboptimal doses
were used because too much weight was given to safety aspects. This may account
for the failure of lubeluzole and tirilazad, and contribute to the failure of NMDA
antagonists. Normally, the action of a neuroprotective compound is dose related.
Therefore it is hard to believe that a dose of 500 mg citicoline would be neuro-
protective when a dose of 1,000 mg showed no effect [24]. Another problem is
that fear of side effects may shorten the duration of treatment to levels that are
insufficient for protecting the penumbra. For example, because of its sedative
effects, clomethiazole was administered for only 24 h [25], and because of their
psychomimetic effects NMDA antagonists were given as a single bolus, whereas it
has been demonstrated that excitatory amino acids in the ischemic area may
remain grossly elevated for at least 6 days after stroke onset [26].

Fourth, it is naive to think that stroke can be treated effectively just by the
administration of a single drug. Optimal stroke unit care, where patients are
treated by a multidisciplinary stroke team to prevent both the early and late com-
plications of stroke [27], has been neglected in most neuroprotective trials. Many
centers that participated in the trials did not have a stroke unit, which represent
a good standard care. Another aspect is that in animal studies other factors,
which may affect the extent of ischemic brain damage, such as blood pressure,
body temperature, glucose concentration, and oxygenation, are all carefully con-
trolled during the laboratory experiments. Although we know that drops in
blood pressure, cardiac arrhythmias, hyperglycemia, hypoxia, and increased body
temperature may aggravate cerebral damage [28], and may override any benefi-
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cial effect of neuroprotective agents [29], the management of these variables has
been neglected in all stroke trials with neuroprotective agents conducted to date.

Lessons to be Learnt

The main lesson that has been learnt from clinical trials with neuroprotective
drugs in acute ischemic stroke is that adequate pilot studies are essential before
embarking on expensive and large-scale pivotal trials. Phase III trials should only
be started after the time window, dosage, and duration of therapy that are likely
to give a positive result, together with an acceptable safety profile, have been
clearly established. In order to obtain information in small sample sizes of
patients it is now possible to invoke combined diffusion-weighted and perfusion
MRI as a surrogate parameter, to measure an effect on the penumbra [30].

Neuroprotective drugs should be administered as long as the ischemic cascade
in the penumbra occurs, and this may be as long as 6 days. The dosage or duration
of treatment should not be reduced below the therapeutic threshold in order to
avoid side effects. Either the side effects should be acceptable, or adequate measures
taken to control them, or further clinical development should be abandoned. More
homogeneous sampling of patients may be accomplished by limiting selection of
those with lesions of a certain location and size, and those with a perfusion/diffu-
sion MR mismatch, indicating the existence of a salvageable penumbra.

Neuroprotective agents mainly target a specific pathway of the ischemic cas-
cade. Because animal studies suggest that therapies using a combination of neu-
roprotective compounds interfering with different neurotoxic pathways have
synergistic effects, treatment consisting of a carefully selected combination of
neuroprotective drugs should be explored [2]. In other life-threatening condi-
tions, such a cancer and AIDS, combination therapies are well accepted.

Implications for MS

In MS there is considerable theoretical and experimental support for the use of
classical neuroprotective compounds similar to those used in stroke. These drugs
may reduce the loss of oligodendrocytes, as well as diminish axonal damage. In
order to achieve the best results, treatment should be implemented early in the
course of the disease. The same general methodological principles mentioned for
stroke also apply for clinical trials in patients with MS. In addition, there will be
an important issue of long-term safety and efficacy of these drugs. In this respect,
one can already predict that classical NMDA- and AMPA-type glutamate antago-
nists, although promising in animal models, will not find a place in the treatment
of patients with MS [11, 12].

There are still many unanswered questions about the pathogenesis of MS. For
example, it is still unclear whether axonal loss is exclusively related to demyelina-
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tion, or whether there is a separate unrelated neurodegenerative process. A better
understanding of the pathophysiological mechanisms is crucial to guide early
neuroprotective management of MS, which may in the future consist of MS sub-
type-specific combinations of anti-inflammatory and neuroprotective drugs.
Fortunately, we can use appropriate surrogate markers, such as the measurement
of brain parenchymal fraction or total brain N-acetyl aspartate [31, 32], which
may allow testing of several combinations in relatively small numbers of selected
patients.
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Chapter 11

Soluble VCAM-1 Release Indicates Inflammatory Blood-Brain
Barrier Pathology and Further Modulates Adhesion

B.A. KALLMANN, V. HUMMEL, K.V. TOYKA, P. RIECKMANN

Cellular adhesion molecules, like VCAM-1 and ICAM-1, and their counter-recep-
tors are involved in the adhesion of lymphocytes to endothelial cells in areas of
inflammation. They are also a prerequisite for the transmigration process of
immune cells into the inflamed tissue, e.g., across the blood-brain barrier (BBB)
during inflammatory central nervous system (CNS) diseases [1]. Adhesion mol-
ecules can be induced by proinflammatory cytokines, like tumor necrosis factor-
o (TNF-a), on various cell types, e.g., endothelial cells, macrophages, and lym-
phocytes [2].

In multiple sclerosis (MS), elevated levels of soluble VCAM-1 (sVCAM-1) in
the serum, as well as an increased cerebrospinal fluid/serum ratio, positively cor-
related with disease activity and with the number and size of gadolinium-
enhancing lesions on magnetic resonance imaging. These are therefore proposed
as indicators of a pathologically alterated BBB [3]. On the other hand, MS
patients who benefit from treatment with interferon-f (IFN-B) exhibit increased
sVCAM-1 levels [4].

To further investigate these apparent contradictions, we examined cultures of
human cerebral endothelial cells (HCEC) and peripheral blood mononuclear
cells (PBMC) under inflammatory conditions and compared their ability for cel-
lular VCAM-1 expression and sVCAM-1 release. After stimulation with TNFo
(1-10 ng/ml), VCAM-1 was expressed in a time- and dose-dependent manner on
HCEC. After 72 h of culture, the number of VCAM-1-positive cells was increased
from 39.8% without stimulation to 96.8% after addition of 10 ng/ml TNFc.
TNFo-induced cellular VCAM-1 expression on HCEC peaked at 72 h of incuba-
tion, while sSVCAM-1 release increased significantly after 144 h of incubation,
when cellular expression had already declined. Consecutive release of sVCAM-1
might indicate shedding of sVCAM-1 from the cellular surface. No induction of
VCAM-1 or release of sVCAM-1 was found under the same conditions in PBMC.
Cerebral endothelial cells are therefore a likely source for sVCAM-1 in inflamma-
tory diseases of the CNS [5].

Co-treatment of HCEC with TNFo and IFNP was performed to investigate the
effect of IFNP on VCAM-1 expression and release during inflammatory process-
es. IFNP (8-80 U/ml) did not induce cellular VCAM-1 on HCEC or release of its
soluble form. Interestingly, co-treatment of HCEC with IFN further significant-
ly increased TNFa-induced release of sVCAM-1 in a time- and dose-dependent
manner, while cellular VCAM-1 expression remained unchanged.
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Furthermore, we established an assay to investigate the role of cellular and
sVCAM-1 for adhesion in HCEC. Adhesion of PBMC to HCEC could be signifi-
cantly blocked by treating HCEC with monoclonal antibodies to VCAM-1 to a
greater extent than after incubation with antibodies to ICAM-1. Pre-treatment of
PBMC with recombinant sVCAM-1 at a concentration from 5 to 100 ng/ml,
which is in the range of sVCAM-1 serum levels found in MS patients under IFNf3
treatment, completely blocked adhesion of PBMC to HCEC under normal and
inflammatory conditions [5].

Directly affecting the inflamed areas at the BBB by increasing sVCAM-1
release from cerebral endothelial cells in MS patients might be a mechanism by
which IFN treatment exerts its immunomodulatory effects via reducing adhe-
sion and further transmigration of lymphocytes. Furthermore, a dual role is pro-
posed for TNFa. (Fig. 1), first inducing VCAM-1 expression and cellular infiltra-

cerebral
endothelial cell

e

cerebral
endothelial ce

et © N

Fig. 1. Induced by inflammatory stimuli (e.g. TNFau), release of several chemokines (1)
and expression of adhesion molecules (AM, e.g., VCAM-1) (2) on cerebral endothelial
cells (HCEC) enhances the accumulation of a larger inflammatory infiltrate of mononu-
clear cells (Mo). Furthermore, matrixmetalloproteases (MMPs) (3) will be released by
mononuclear cells (Mo) and HCEC causing opening and breakdown of the blood brain
barrier (BBB). This is supposed to be the first proinflammatory part of the immune cas-
cade leading to accumulation of activated immune cells beyond the BBB inducing local
demyelination and axonal damage. Secreted MMPs will then enhance shedding and
release of the membrane-bound adhesion molecules (e.g., soluble VCAM-1, sol. AM),
introducing the second, down-regulatory (anti-inflammatory) phase by diminishing and
further blocking adhesion of inflammatory cells (4)
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tion into the CNS, secondary, enhancing release of sVCAM-1, thereby blocking
further adhesion and downregulating immune activity.

Furthermore, HCEC were found to constitutively express matrix metallopro-
teases (MMP-2, MMP-3). Treatment by TNFa. further upregulated MMP expres-
sion and release of MMP-3 into culture supernatants. By using the MMP
inhibitor Marimastat, TNFo-induced release of sVCAM-1 was partially blocked,
indicating active involvement of matrix metalloproteinases in the shedding of
soluble adhesion molecules at the BBB [6] (Fig. 1).

Taken together, elevated levels of sVCAM-1 in the sera of MS patients may
reflect two sides of the inflammatory process: on one hand as an indicator of dis-
ease activity during relapses, on the other as part of the initiated feedback down-
regulation of the inflammatory response induced by TNFa itself, and further
enhanced by treatment with IEN. The involvement of MMPs in the shedding of
soluble adhesion molecules should be considered carefully in the context of new
treatment approaches in MS using MMP inhibitors.
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Chapter 12

Early Treatment in Multiple Sclerosis with Intravenous
Immunoglobulin: Rationale and Study Design

A. ACHIRON, Y. BARAK, M. FAIBEL, S. MIRON, I. KISHNER, M. CHEN, Y. STERN, . SAROVA-PINHAS

“.. as the physicians say it happens in hectic fever, that in the beginning of the
malady it is easy to cure but difficult to detect, but in the course of time, not
having been either detected or treated in the beginning, it becomes easy to detect
but difficult to cure”

Niccolo Machiavelli, The Prince (1640)

Introduction

Multiple sclerosis (MS) is a chronic debilitating disease that will cause signif-
icant disability to the majority of patients overtime [1]. Previous studies of
the natural course of the disease showed that disability will accumulate in
more that 90% of patients and additional relapses may result in significant
handicap [2]. Assessment of patients with a diagnosis of probable MS with
positive brain magnetic resonance imaging (MRI) demonstrated that the risk
of relapsing within 1 year is 57.6% [3]. Treating patients early means treating
patients with less disability. We describe the rationale for early treatment in
patients with the first episode of neurological symptomatology suggestive of
clinically probable MS, and the design of a randomized, double-blind, place-
bo-controlled trial of early treatment with intravenous immunoglobulin
(IVIg, Omrix, Israel) in these patients. The primary objective of this study
was to investigate the efficacy of IVIg treatment, administered at 0.4 g/kg per
day for 5 consecutive days, as a loading dose, and 0.4 g/kg per day every 6
weeks thereafter as a booster dose, for a 1-year period, on the risk of patients
with clinically probable MS and positive brain MRI to convert to clinically
definite MS.

Early Treatment in MS - Is It Justified?
Clinical Data - Rate of Progression to Definite MS
The availability of safe and partially effective disease-modifying therapies [4-7]

necessitates a change in our perspective as neurologists monitoring patients with
relapsing remitting MS. It is therefore of utmost importance to make the diagno-
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sis of MS as soon as possible, in order to be able to initiate therapy early in the
course of disease.

The diagnosis of MS became easier in the last decade with the use of new
neuroimaging techniques. The diagnosis of the disease is clinically determined,
based on evidence for lesions disseminated over time and space. Using paraclin-
ical tests, such as MRI of the brain and spinal cord and evoked responses, the
diagnosis can be reached with the onset of the first neurological symptomatol-
ogy. Once a diagnosis is established, patients should be informed, so that they
will be prepared to discuss available treatment options [8]. In continuing this
dialogue and making the decision which patients should be treated, risk factors
associated with poor prognosis should be considered, as well as disease burden
measured by brain MRI, although many of the predictors are not available at
disease onset [9].

Several recent clinical trials have shown that new drug therapies can change the
disease course, reduce the relapse rate, slow the progression to disability, and thus
favorably affect/alter the pathological disease activity in MS [10]. The results of the
Optic Neuritis Treatment Trials suggest that administration of a therapy immedi-
ately after the first attack may delay the occurrence of subsequent signs and/or
symptoms and the conversion to clinically definite MS [11]. Other clinical trials in
MS also indicate that better results are obtained in patients treated in the early
phase of the disease [12-14]. Recently, the effect of early treatment with interferon
beta-1-a on the rate of conversion from probable to clinically definite disease was
evaluated in two large studies: the CHAMPS and ETOMS. Both studies demon-
strated significant beneficial effect of early treatment on disease course. The results
strongly support the case for early treatment, showing significant reduction in the
conversion to definite MS in treated patients [15, 16].

Prospective Predictors of Conversion to Definite MS

In a recent study [3], we assessed the predictive value of different demographic
and clinical variables in identifying the risk for MS patients with clinically prob-
able diagnosis to develop definite disease. We analyzed the rate of progression to
clinically definite MS in patients with the first neurological episode suggestive of
MS who had a positive brain MRI compatible with the diagnosis of demyelinat-
ing disease.

We identified variables predictive of rapid progression (within 1 year) to
definite MS, and found that 57.6% of patients with clinically probable MS and
positive brain MRI experienced an additional relapse within 1 year. Motor
involvement at onset was the only clinical parameter associated with rapid
conversion to a definite diagnosis. Survival curves demonstrated that poly-
symptomatic involvement and a higher EDSS score at presentation correlated
with rapid progression to definite diagnosis. In a similar study [2] of 224
patients at their first diagnosis of MS, a greater number of functional systems
involved at onset, as well as higher residual deficits in pyramidal, visual,
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sphincteric, and cerebellar systems, were predictive of a poor outcome. In the
relapsing-remitting subgroup, a longer first inter-attack interval was associat-
ed with a better prognosis. The presence of oligoclonal banding in the cere-
brospinal fluid and a brain MRI ‘strongly suggestive’ or ‘suggestive’ of MS in
the early phases of the disease were associated with a higher probability of a
worse outcome.

These clinical studies suggest that the clinical activity of the disease during the
early stage is strongly predictive of the subsequent evolution. As the majority of
patients with probable MS and positive brain MRI will progress to clinically def-
inite MS rapidly, and as there are only a few variables at onset to predict this
rapid conversion, we suggest that all patients be treated early. To further evaluate
this reccommendation, we have designed the Early Treatment IVIg Trial (ET-IVIg
trial) to investigate whether early treatment is clinically justified.

Immunological Evidence - Epitope Spreading

Epitope spreading is a B7-1-dependent process that plays a major pathological
role in the progression of MS, and follows a hierarchical order associated with the
relative encephalitogenic dominance of the myelin epitopes [17]. As a result of
myelin damage and disruption of the blood-brain barrier during acute disease, T
cells specific for endogenous epitopes on the same and/or different myelin pro-
teins are primed and expand either in the periphery or locally in the central ner-
vous system. These secondary T cells initiate an additional round of myelin
destruction, leading to a clinical relapse by production of additional pro-inflam-
matory cytokines, similar to the bystander demyelination operative during acute
disease [18]. It has been reported in both experimental autoimmune
encephalomyelitis (EAE) and MS that primary proliferative autoreactivity is
associated with the onset of clinical disease. The emergence of sustained sec-
ondary autoreactivity to spreading determinants is consistently associated with
disease progression in both EAE and MS. Chronic progression of EAE and MS
involves a shifting of autoreactivity from primary initiating self-determinants to
defined cascades of secondary determinants that sustain the self-recognition
process during disease progression [19]. Thus, therapeutic intervention early in
MS, immediately after the onset of the autoimmune process, may be of particu-
lar importance in patients with the first episode of a demyelinating syndrome at
high risk for progressing to definite MS, as it may inhibit epitope spreading and
thus disease progression.

MRI Data - T1 Black Holes

It has been shown by using MRI and magnetization transfer techniques that in
addition to demyelination, hypointense lesions on T1-weighted images (‘black
holes’) relate to axonal loss. Axonal loss can occur substantially in MS, and
appears early in the course of disease [20]. Moreover, even the normal-appearing
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white matter shows definite abnormalities with quantifiable MRI techniques.
Dynamic observations demonstrate that a decrease in the concentration of N-
acetyl aspartate, decreased magnetization transfer values and prolonged T1 relax-
ation time values correlate directly with axonal changes, as well as clinical dis-
ability [21-23]. In addition, the finding that patients with relapsing-remitting MS
have measurable amounts of whole-brain atrophy that worsens yearly, in most
cases without clinical manifestations [24], further emphasizes the need for early
treatment of MS. Early treatment may limit damage to central nervous system
axons or salvage injured axons and prevent the development of irreversible dam-
age or destruction of brain parenchyma.

Cognitive Impairment

Cognitive impairment and its progression in MS have received an important
place in neurological research in the last decade. Cognitive impairment in
probable MS had been sparsely described. Memory loss was reported to be
prevalent and associated with axonal loss and brain atrophy early in the disease
course [25].

We have recently evaluated the frequency of cognitive impairment in 67
patients with probable MS, tested within a mean of one month from onset of
neurological symptomatology [26]. Cognitive impairment was demonstrated in
53.7% of patients. Verbal abilities and attention span were most frequently affect-
ed. These findings suggest that between the first and second relapse, there is in
fact a critical period within with pathological processes involved in cognitive
impairment are not dormant, and further support the need to intervene at the
earliest opportunity.

Pathological Evidence

Remyelination

Pathological studies in MS demonstrate that early demyelination can influence
not only the subsequent damage, but also the potential recovery by the process of
remyelination. The extent of remyelination correlates with the presence of oligo-
dendrocytes in the lesions. Although no reliable data are available at present on
the frequency of remyelination in different forms of MS, most studies agree that
remyelination is especially prominent at the early stages of the disease, whereas it
is sparse after several years of disease [27].

Early Axonal Loss

Pathologically, MS is characterized by inflammation. An influx of mononuclear
cells occurs through a disrupted blood-brain barrier, and the secretion of a vari-
ety of inflammatory cytokines from glial cells leads to loss of myelin, disruption
of oligodendrocyte integrity, and axonal loss. Transected axons are common in
MS lesions, and axonal loss plays a significant role in the irreversible neurologi-
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cal decline of the disease [28, 29]. The decision to treat MS early should take
into account these pathological events, as they affect progressive neural atrophy.

To conclude, the combined clinical and biological observations summarized
so far suggest that immune abnormalities in MS can be corrected more easily
during the first stages of the disease, and thus early treatments may be more
effective. As immunotherapy for MS is gaining acceptance by favorably affecting
the disease course, patients at an earlier stage of their disease should be treated.

It seemed to us justified to evaluate whether a treatment with an effective and
well-tolerated drug can retard the long-term disability and improve the quality of
life of patients who present with clinical signs and paraclinical tests that put them
at high risk of developing MS.

Early Treatment with IVig Following the First Attack of MS -
a Double-Blind, Placebo-Controlled Randomized Trial

Is IVig Treatment the Best Choice?

In designing the study and upon making a decision which drug should be used in
treating patients with an early diagnosis of probable MS, we concluded that treat-
ment with IVIg is the best choice according to the following data/criteria:

1. Efficacy. 1VIg treatment has been shown to be effective in relapsing remitting
MS patients by reducing the relapse rate, suppressing accumulating clinical
disability, and decreasing the number of gadolinium (Gd)-enhancing lesions
on brain MRI [30-32].

2. Safety. Treatment was safe without significant side-effects. A dosage of 0.4
g/kg body weight resulted in a favorable adverse events profile [33].

3. Pregnancy and lactation. The fact that IVIg can be safely administered during
pregnancy and lactation was of utmost importance in our decision to select
this drug. As the majority of patients with MS are female, and since the disease
usually appears at a young age when they are interested in having children, a
treatment that does not have to be discontinued before and during pregnancy
has a major advantage [34, 35].

4. Easy administration, good patient compliance. IVIg is easily administered and
probably the reason for the high rate of patient compliance is related to the
relatively long periods between the IVIg boosters (6 weeks), when patients are
free from medications.

Four double-blind trials in relapsing-remitting MS have demonstrated that
IVIg reduces relapse rate and number of gadolinium enhancing lesions, and in
this respect seems comparable to established therapies, i.e. interferon-beta and
glatiramer acetate. Due to the relatively small sample size of the said studies, a
meta-analysis was recently undertaken demonstrating a significant beneficial
effect on the annual relapse relapse rate (effect size — 0.5; p = 0,00003), as well as
on the proportion of relapse-free patients and progression to disability [36].
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Study Period - 1 Year

Designing the study we decided to build its statistical power on a 1-year duration.
This was based on our previous estimate that 57.6% of patients will have an addi-
tional attack within 1 year. Although this was a relatively high percentage, more
than 40% of patients that will be treated early will not have an additional relapse.
Restricting the study period to 1 year will enable us to treat them for a relatively
short time.

Study Aims

The primary outcome measures include (1) the number of patients that
will experience a second relapse within 1 year (will early treatment with IVIg pre-
vent a second relapse?) and (2) time to reach a diagnosis of definite MS (will ear-
ly treatment with IVIg delay the time to develop a second relapse?).

The secondary outcome measures evaluate the effect of early treatment with
IVIg on: (1) MRI disease burden, (2) neurological disability (EDSS) and (3) cog-
nitive function.

Treatment

Patients will be randomly assigned to IVIg treatment group or placebo. IVIg
(Omr-IgG-am, Omrix, Israel) will be administered at a dose of 0.4 g/kg per
day for 5 consecutive days (loading dose) and additional booster doses of
0.4 g/kg per day, once every 6 weeks, for a period of 1 year. Patients ran-
domized to the placebo group will receive IV 0.9% saline in identical time
schedules.

Brain MRI will be performed at study onset and at the end of the trial using
a 2T MRI machine (Elscint, Israel). Data acquisition will be carried out using
T2, T1, and PD pulse sequences, with Gd injection, at 3-mm slice thickness,
without gap.

Statistical Calculations

The total number of patients to be enrolled in the study was calculated as 87 sub-
jects. This estimated sample size was derived from the primary endpoint, defined
as the difference in second attack prevalence between study groups, taking into
consideration that equal number of patients will be enrolled for each. The fol-
lowing assumptions were used: (1) estimated risk for a second attack as 50%; (2)
estimated treatment effect for reducing second relapse as 30%; (3) type I and
type 11 errors for the estimation of sample size as 5% and 20%, respectively; (4)
estimated drop-out rate as 3%-10%.
The study design is depicted in Fig. 1.
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91 patients
CPMS C2
CPMS (3

3-10% drop-out -

42 patients 42 patients
IVig Tx Placebo Tx
2nd Attack No Attack 2nd Attack No Attack
| | | I
14 patients 28 patients 21 patients 21 patients

Fig. 1. Study design. CPMS, clinically probable multiple sclerosis

Inclusion Criteria

Inclusion criteria are: (1) age 15-50 years; (2) 3 months within the acute onset
of neurological symptoms suggestive of the first attack of MS; (3) diagnosis of
CPMS C2 (1 attack, 2 clinical evidences) or CPMS C3 (1 attack, 1 clinical evi-
dence, 1 paraclinical evidence) [37]; (4) a clear regression of the neurological
symptoms after the first attack, excluding a primary-progressive course; (5) pos-
itive brain MRI according to Fazekas criteria [38] with at least four focal lesions
involving the white matter or three lesions if one is periventricular (=3 mm in
diameter, each); (6) signed written informed consent.

Exclusion Criteria

Exclusion criteria are: (1) IgA deficiency; (2) known allergic reactions to blood
products or IVIg; (3) blood tests suggestive of collagen diseases; (4) known aller-
gic reactions to MRI contrast media.

The study is scheduled to be completed and analyzed by the end of 2003.

Conclusions

The availability of safe and effective disease-modifying therapies for MS patients,
together with the immunological and pathological changes that occur early in
the disease course, call for a modification in the treatment of patients presenting
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with the first symptomatology suggestive of MS. In deciding whom to treat,
when to start treatment, and what drug to choose, it is important to consider
information on disease activity acquired from clinical and MRI findings and to
refer to clinical trials assessing the effect of treatment during the early phase of
the disease.
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Chapter 13

Serial Magnetic Resonance Imaging in Patients with a First
Clinical Episode Suggestive of Multiple Sclerosis:
Outline of a Research Protocol
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Introduction

The application of magnetic resonance imaging (MRI) in multiple sclerosis (MS)
has provided powerful insights into the evolution of the disease process over
time. MRI has an established role in the diagnosis and has also been used to
investigate the natural course of the disease and to monitor treatment effects in
clinical trials [1].

In patients with clinically isolated syndrome (CIS) suggestive of MS, brain
MRI revealed multifocal white matter abnormalities indistinguishable from MS
in 50%-80% [2-5]. Previous studies have shown that such lesions at presenta-
tion can predict the risk of progression to clinically definite MS (CDMS) in the
next 1-5 years [6-8]. The results of a 10-year clinical follow-up study showed
that the progression to CDMS occurred in 83% of CIS patients with an abnor-
mal brain MRI and in 11% of those with normal MRI [9]. Furthermore, the
lesion load detected by T2-weighted brain MRI images at the earliest clinical
stage is strongly predictive of clinical course and level of disability 10 years lat-
er [10]. The presence of gadolinium (Gd) enhancement at baseline in patients
with CIS is also one of the most-predictive features of the early development of
MS [5, 11].

The role of serial MRI studies in assessing the natural history of the disease
and the outcome of clinical trials in relapsing-remitting (RR) MS patients was
first suggested by the Bethesda group [12]. In follow-up studies performed with
monthly Gd-enhanced MRI, 75% of mild RRMS patients showed more than one
new enhancing lesion per month, thus indicating that the disease is active even in
the clinically silent phase of the illness. Furthermore, it was also found that the
frequency of the lesions was not constant and there was marked fluctuation in
lesion number from month to month.

In a recent meta-analysis of longitudinal MRI studies performed on both
RR and secondary progressive (SP) MS patients, the relapse rate in the 1st
year was predicted by the mean number of Gd-enhancing lesions in monthly
scans during the first 6 months. The best predictor for relapse rate in the sub-
sequent Ist and 2nd year was the variation of lesion counts in the first 6-
monthly scans [13].

Little is known about the natural history of disease activity in CIS patients
measured by serial MRI scans. A prospective study based on serial T2-weighted
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and Gd-enhanced MRI at 2-month intervals for 12-15 months has been per-
formed in seven patients with CIS [14]. Although based on a small sample, this
study suggested that the presence of enhancing lesions was potentially an impor-
tant prognostic measure in these patients.

Objectives

The primary aim of this research protocol is to investigate the dynamics of dis-
ease activity in a in cohort of patients with CIS and baseline MRI strongly sug-
gestive of MS.

Longitudinal monthly Gd-enhanced MRI performed in MS patients, either in
studies on natural history or in the placebo group of clinical trials, showed that MRI
activity was slightly lower in SP than RRMS [13]. Whether MRI activity in the ear-
ly phase of the disease is similar to, lower or higher than in CDMS is not well known.

In this serial MRI study we also investigate the evolution of brain volume
changes, the outcome of new enhancing lesions to hypointense T1 lesions, and
the water diffusion changes in the lesions and in the normal-appearing white
matter (NAWM). These more-sophisticated MRI measures have the potential to
detect more-specific pathological changes than conventional techniques but have
not been explored to date in patients with CIS [1].

Furthermore, we would like to determine whether serial MRI scans may have
a useful role in predicting the subsequent clinical and MRI disease activity. This
information may have relevance in establishing the proper time to start a preven-
tive treatment. Treatment has frequently been withheld from patients who do not
meet the criteria of CDMS. The results of two recent multicenter trials (CHAMPS
and ETOMS), however, demonstrated that a treatment with disease-modifying
agents initiated at the time of the first demyelinating event delays the development
of the second clinical event [15, 16]. Therefore, it should be useful to identify
patients at high risk for MS who are appropriate candidates for an early treatment.

MRI criteria showing a high positive predictive value for the development of
CDMS include the presence of enhancing lesions at baseline and both new T2
lesions and new enhancing lesions at an MRI follow-up performed 3 months lat-
er, indicating dissemination in space and time [5]. However, further elements
should be considered in order to build a model that can better predict the con-
version to CDMS. These elements may include the best timing at which MRI
should be repeated after the clinical onset, and the number, location and type of
new lesions at follow-up.

Trial Design and Study Population

The trial is a longitudinal 36-month study on 60 consecutive CIS patients
referred to the MS Center of the University of Rome “La Sapienza”. All patients
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are followed for the first 6 consecutive months after enrolment in the study with
monthly Gd-enhanced brain MRI, standard neurological examination and dis-
ability assessment by the Expanded Disability Status Scale (EDSS) [17].
Standardized brain MRI and neurological examination are then performed at
12, 18, 24, and 36 months from the inclusion in patients who do not develop
CDMS during the study. In patients who develop a second clinical relapse, the
study ends at the time of the relapse, when a preventive treatment with disease-
modifying agents is planned. Serial blood samples are also obtained at each
study visit.

Inclusion criteria are a single clinical episode suggestive of MS and a brain
MRI showing at least three typical white matter lesions according to the criteria
of Fazekas et al. [18]. The first acute demyelinating event can involve the motor,
sensory, visual, and the brainstem/cerebellum system. Patients with a plurisymp-
tomatic onset suggesting a multifocal involvement of the central nervous system
are also included.

Other inclusion criteria are age between 18 and 50 years (the upper limit set
to reduce the likelihood of age-related non-specific abnormalities in the MRI
data), no steroid-treated relapses for at least 60 days before entry in to the study
(this delay may result in an underdetection of Gd-enhancing lesions at baseline
scan but at the same time an interval of 2 months should minimize the effect of
steroids on Gd enhancement), and written informed consent to participate in
the study.

Clinical and MRI Assessment

Conversion to CDMS is defined as the occurrence of an additional relapse, dis-
seminated in time and space, with clinical evidence on neurological examination
of the new lesion. Relapses are defined according to the criteria set by Poser et al.
[19]. EDSS ratings are performed by two well-trained neurologists (S.D.L., EB.)
who are not involved in any other aspect of the trial but in neurological exami-
nations.

MRI is performed with a 1.5-T magnet (Philips Gyroscan NT 15). For all
conventional brain imaging the field of view (FOV) is 24 0 cm; matrix 256 X
256, and number of excitations (NSA) 2. Proton density and T2-weighted con-
ventional spin-echo (CSE) images (TR=2,000 ms, TE=20/90 ms), fluid-attenu-
ated inversion-recovery (FLAIR) images (TR=6,000 ms, TE=150 ms), and T1-
weighted spin echo imaging (TR=550 ms, TE=12 ms) are acquired in the axial
plane with 5-mm contiguous slices. The T1-weighted enhanced images of the
brain are obtained before and after injection of an intravenous bolus of 0.3
mmol/kg Gd-DTPA [20]. Diffusion-weighted (DWI) images are acquired using
a multi-slice, single-shot spin-echo EPI sequence. Time acquisition is 36 s. The
following parameters are used: TR=6,000, TE=34, flip angle=90, EPI factor=63,
bmax=1,000, three orthogonal directions=PMS, slices=20, slice thickness=5
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mm, slice gap=0 mm, image matrix=128x128, and FOV=240 mm. Apparent
diffusion coefficient (ADC) maps are then calculated on the isotropic DWI
images (trace).

MRI Analysis

Lesions are counted and marked on the hard copies of each scan by an experi-
enced radiologist (M.C.P.). The following MRI measures will be taken into
account for the analysis:

Number of newly “active lesions” as seen on T2-weighted and Gd-enhanced
monthly brain MRI and display one of the following features:

— new Gd-DTPA enhancement on T1-weighted scan

— non-enhancing on T1-weighted scan but new on T2-weighted scan

— non-enhancing on T1-weighted scan but showing new enlargement on T2-
weighted scan.

Number of “active scans” (i.e., containing at least one new “active lesion”).

Number of “active patients” (i.e., patients with “active scans”).

Total number of persistent “active lesions” as seen on T2-weighted and Gd-
enhanced monthly brain MRIL

Number of lesions on T2-weighted scans, on enhanced and unenhanced T1-
weighted scans at entry and at 6, 12, 18, 24, and 36 months.

Number of new or enlarging lesions as seen on T2-weighted scans. Number of
active T2-weighted scans (i.e., containing new or enlarged lesions).

Total lesion volume (TLV) and infratentorial lesion volume (ILV) on unen-
hanced and enhanced T1, T2-weighted, and FLAIR weighted scans measured at
each scan by a semiautomated contouring program (DispImage, D. Plummer,
UCL Hospitals Trust).

The presence of lesions in five prespecified regions of the brain is recorded: (1)
infratentorial lesions, (2) periventricular lesions, (3) subcortical/cortical (at the
gray matter junction) lesions, (4) discrete (neither periventricular nor
cortical/subcortical), and (5) lesions in the corpus callosum.

Quantification of MRI brain volume is assessed using dedicated software for a
brain parenchyma segmentation, based on signal intensity tresholding. The mea-
surement is performed at entry and at 6, 12, 18, 24, and 36 months.

ADC values are calculated in both lesions and NAWM and ADC changes are
evaluated over time.
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Chapter 14

T1-Hypointense Lesions (T1 Black Holes) in Mild-to-Moderate
Disability Relapsing Multiple Sclerosis

J.H. SIMON, L. JACOBS, N. SIMONIAN, AND THE MS COLLABORATIVE RESEARCH GROUP

Introduction

T1-hypointense lesions (T1-black holes) in multiple sclerosis (MS) are areas of
relatively severe central nervous system (CNS) damage compared with the more
non-specific T2-hyperintense lesions, which show greater signal intensity than
normal brain on T2-weighted magnetic resonance imaging (MRI). The T1-
hypointense lesions are areas of axonal loss, as well as matrix disruption [1,2]. T1-
hypointense lesions are moderately correlated with focal reduction in the magne-
tization transfer index [3, 4] and reduced N-acetylaspartate (NAA) [2]. T1-
hypointense lesions appear to evolve from only a subset of prior enhancing MS
lesions. Recent studies have suggested that an increase in T1-hypointense lesions
is more strongly correlated with progression of disability in secondary progressive
MS than T2-hyperintense lesions [5, 6]. For these reasons, the T1-hypointense
lesions are considered to be potential independent markers of the MS disease
process compared with the conventional MR measures of subclinical disease — the
T2-lesions, and markers of inflammation, the enhancing lesions [7, 8]. Here we
summarize the analyses of T1-black holes from the MS Collaborative Research
Group Trial of interferon B-1a, which provided an opportunity to determine the
natural history of T1-black holes in relatively early MS, in patients with only mild-
to-moderate disability, and to evaluate the potential of T1-black holes as a mea-
sure of treatment efficacy. Details of this work have been published previously [9].

Patients and Methods

Patients

Patients were from the Phase III Multiple Sclerosis Collaborative Research Group
(MSCRG) trial of interferon B-1a (Avonex) [10]. Patients were randomized to
receive either placebo or 30 pg (6 million IU) of interferon B-la (Avonex,
Biogen) once weekly by intramuscular injection. The mean age of the T1-
hypointense lesion study group was 36.3 years (SD 6.9), the expanded disability
status scale (EDSS) range for entry was 1.0 to 3.5, with a mean of 2.3 (SD 0.8),
and the mean duration of disease was 6 years (SD 5.2).
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MR Imaging

The analyses were based on a subset of the full study population [9] and includ-
ed 160 baseline (80 placebo, 80 interferon B-1a-treated patients) and 160 2-year
MR studies. T1-hypointense lesions were determined by predefined criteria [9],
including sharply demarcated regions that did not correspond to enhancing areas
on T1-weighted images, to enrich for chronic T1-hypointense lesions. The T2-
lesion volume at entry was a median of 12.1 ml (mean 14.9 ml, SD 15.3 ml, range
0.1-104 ml); 54% of the patients had one or more enhancing lesions at baseline.
Methods for analyses of T2-hyperintense lesions and atrophy have been reported
previously [9, 11, 12].

Results
Baseline Results

There were no significant differences in the treatment groups for any of the
baseline clinical or MRI characteristics. The median T1-hypointense lesion vol-
ume was 0.64 ml (mean 1.5 ml, SD 2.0 ml, range 0-12.4 ml). There was a strong
correlation at baseline between T1-hypointense lesion volume and T2-hyperin-
tense lesion volume (r = 0.8, p <0.001). Significant correlations were seen
between T1-hypointense lesions and ventricle and corpus callosum atrophy
measures (Il = 0.34-0.46, p < 0.0010), and for T1- hypointense lesions and
enhancing lesion volume at baseline (r = 0.25, p = 0.001). The correlation
between EDSS and T1-hypointense lesions was 0.22 (p = 0.005), nearly identi-
cal to the correlation between EDSS and T2-hyperintense lesion volume
reported previously from this trial (r = 0.22, p = 0.005) [11]. There was no cor-
relation between the ratio of T1 to T2 lesion volume (T1/T2) and EDSS or dis-
ease duration.

On-Trial Results

A small correlation was observed between the actual and percentage 2-year
change in T1-hypointense lesions and change in EDSS at 2 years (r = 0.28-
0.29, p = 0.012). A modest correlation was noted for T1-hypointense lesions
and the cumulative number of relapses (r = 0.34, p = 0.002). Moderate corre-
lations (r 2> 0.36 , p < 0.002) were seen on trial between change in T1-lesion
volume and enhancing lesions, new and enlarging T2-hyperintense lesions,
and for change in T2-hyperintense lesion volume and change in third ventri-
cle width (r = 0.36, p = 0.002).

In the placebo arm, for patients with enhancing lesions at baseline (GD+) ,
there was a 34% 2-year increment in T1-hypointense lesion volume (p = 0.002),
which was fourfold greater than for placebo patients without enhancing lesions
at baseline (GD-), whose increase as a subgroup was not significant.
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Treatment Group Analyses

For the placebo patients, the median increment in T1-hypointense lesions was
0.125 ml over 2 years. This 29.1% increase from baseline was significant (p <
0.001). The 11.8 % median increase over 2 years for the interferon B-1a-treated
patients was only 0.04 ml, which was not a significant change. Although sugges-
tive of a treatment effect, the treatment group differences at 2 years did not reach
statistical significance (p = 0.065). For both the GD+ and GD- groups, the
increase in T1-hypointense lesions was smaller with treatment. In the interferon
B-1a-treated groups, no significant baseline increment in T1-lesion volume was
detected in either the GD+ or GD- groups.

Discussion

There are several results from this study. First, we find that T1-hypointense
lesions are found in the majority of patients (95%) with only mild-to-moderate
disability relapsing MS, and in many cases involve a large volume of white mat-
ter. There is a progressive increase in these T1-hypointense lesions over a 2-year
study interval. There are indications that treatment has a favorable influence in
slowing the accumulation of these relatively destructive lesions, both in the full
study group, as well as in the patients with the most-active disease defined by
enhancing lesions.

We have found some correlation between disability and T1-hypointense
lesions, and change in disability and T1-hypointense lesion volume over 2 years.
Although these correlations are only weak, the on-trial 2-year changes are
stronger than for T2-hyperintense lesion change and EDSS. The relatively poor
correlation overall between the MR marker and the clinical expression is no
longer unexpected — the MR measures are biological markers and measures of
pathophysiology, while the clinical measures (relapse and disability), are highly
dependent on a complex interaction of anatomical location, lesion severity, and
possibly neuronal pathway redundancy and plasticity. The correlation between
T1-hypointense lesions and other measures of tissue damage, such as atrophy
and the relationship to prior enhancing lesions, suggests that the T1-black holes
are important biological markers of the destructive MS process, which is largely
subclinical in the early stages of the disease.

Compared with the T1-hypointense lesion burden in these relapsing MS
patients, patients in the earliest stages of demyelinating disease, such as those in
the CHAMPS trial with a first (monosymptomatic) neurological event and a
positive MRI, have a far smaller, although not insignificant, prevalence of T1-
hypointense lesions. T1-hypointense lesions occur in about 50% of these
patients, and the overall volume of these lesions is considerably smaller [13].

Immunomodulatory therapy with 30 g of interferon 3-1a (Avonex), admin-
istered once weekly, retards the development of T1-hypointense lesions, propor-
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tionate to or exceeding that seen in the same trial for T2-hyperintense lesion vol-
ume, new and enlarging T2-hyperintense lesions, and enhancing lesions [10, 11].
This suggests that with a more-optimal sample size T1-hypointense may be a
robust and important outcome measure. Treatment with interferon -1a appears
to impede the development of both T1-hypointense and T2-hyperintense
lesions. In theory these MR-based displays of pathophysiology may be uncou-
pled, such that treatment might decrease the non-specific T2-hyperintense
lesions, yet might not retard the more-damaging effects of MS, as indicated by
T1-hypointense lesions. This does not appear to be the case in this trial.

Finally, although an over-simplification, these data lend further support to the
existence of two patients groups, a fast-track or aggressive group with greater risk
for damage over an interval of years and a slower track, relatively less-active MS
patient group [9, 11, 12]. These groups can be identified, albeit imperfectly, by a
single enhanced MRI study. The patients with enhancing lesions would be
expected to be at greatest risk for future disease, which may remain largely sub-
clinical over short intervals. However, more-aggressive monitoring and treatment
may be indicated to preclude further impairment, or possibly entry into the pro-
gressive stages of MS. Treatment group comparisons for the enhancing and non-
enhancing populations suggest that treatment brings the most-active disease
patients to the range of MR outcomes observed in patients with less-active dis-
ease, who showed less change over the study interval. These generalizations
regarding activity trends are based on population studies, and should not be
extrapolated to the individual patient.
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Chapter 15

Acute Monosymptomatic Optic Neuritis: Potential Clues to Early
Therapy in Multiple Sclerosis

D.I. KAUFMAN

Introduction

The optic nerve is a 50 mm by 4.5 mm white matter tract of the central ner-
vous system (CNS). Its physiology and response to therapy can be precisely
quantified by a number of common, easily available, neuro-ophthalmological
techniques. Detection of an early, subtle, optic neuropathy is relatively easy
compared with many of the difficult-to-document sensory or even motor
complaints in early multiple sclerosis (MS).

Optic neuritis (ON) is an inflammatory disorder of the optic nerve. Although
ON can occasionally be associated with a variety of systemic or ocular disorders,
most cases are idiopathic or associated with MS. ON is the most-common acute
optic neuropathy in adults under the age of 46 years. Among high-risk popula-
tions for MS, the frequency of ON is similar, about 3 per 100,000 population per
year, whereas in other areas the frequency is about 1 per 100,000 population per
year [1-13].

Acute ON often presents as an isolated clinical event without contributory
systemic abnormalities (monosymptomatic ON). Clinical symptoms include
periocular pain, abnormal visual acuity and fields, reduced color vision, afferent
pupillary defect, and abnormal visual evoked potentials. The fundus may
appear entirely normal or demonstrate edema of the optic nerve head (papilli-
tis) [12-18] (Table 1).

Table 1. Features of typical acute monosymptomatic optic neuritis

Visual symptoms of recent onset
Progressive loss of vision over several days
Periocular pain particularly with eye movement
Abnormal visual acuity
Abnormal color vision
Abnormal visual field, consistent with optic neuropathy
Afferent pupillary defect in the eye with the abnormal function
Fundoscopy demonstrates optic disc edema (due to papillitis) or a normal optic
nerve without atrophy
9. Age in the later teens to mid forties
10. No evidence of a contributory systemic illness associated with optic neuropathy with
the exception of multiple sclerosis
11. No history of a previous optic neuritis or other optic neuropathy

PN LN
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Magnetic resonance imaging (MRI) white matter abnormalities identical to
those seen in MS are found in up to 50%-70% of monosymptomatic ON cases
[19-23]. The visual deficit of ON may worsen over 1 or 2 weeks and usually
begins improving over the next month. Lack of improvement in visual function
by 30 days is unusual. However, most patients have at least some residual visual
function deficit, even if visual acuity improves to 20/20 [1-18]. Differential diag-
nosis includes compressive, ischemic, hereditary, toxic, or other inflammatory
optic neuropathies (e.g., sarcoid). However, these conditions usually do not
exhibit the same clinical pattern (Table 1) or rate of recovery as monosympto-
matic ON [1-13].

Use of steroids in acute monosymptomatic ON has been well researched.
There are various dosages that have been investigated with various routes of
adminstration. These will be outlined below. In addition, use of higher-dose
intravenous methylprednisolone (1 g daily for 3 days) at the onset of acute
monosymptomatic ON and other similar demyelinating events followed by
interferon  1-a (IFN B 1-a) versus placebo has also been evaluated in clinical
studies, and will be discussed below.

Literature Review

Treatment of monosymptomatic ON has included oral, retrobulbar, and intra-
venous steroids, immunoglobulin, and acupuncture [24-78]. Although there are
multiple studies investigating therapy in ON, most have limitations based on
design flaws or recruitment of insufficient numbers of patients. The Optic Neuritis
Treatment Trial (ONTT) study group has published several papers on various
aspects of this National Eye Institute-sponsored, multi-center study [11, 12, 61-81].
The ONTT enrolled 457 patients with acute ON, aged 18-46 years, and followed
them for 6 months or longer [61]. The study then followed 388 ON patients (with
no prior history of MS) for 5 years [79, 81]. The data revealed that oral prednisone
at 1 mg/kg per day (previously the most-common method of treating ON) was no
longer an appropriate therapy because it did not increase the level of visual recov-
ery nor did it increase the speed of recovery compared with placebo [61, 62]. In
addition, prednisone increased the recurrence rate of ON [61, 63, 64, 83-87].

All ONTT patients were randomized into three treatment groups: (1) oral
prednisone alone (1 mg/kg per day) for 14 days (oral treatment group), (2) intra-
venous methylprednisolone sodium succinate 250 mg four times per day for 3
days in a hospital, followed by oral prednisone (1 mg/kg per day) for 11 days as
an outpatient [intravenous treatment group (IVMP)], or (3) oral placebo for 14
days (placebo group). A placebo intravenous group was not included because
study organizers could not justify, ethically or financially, hospitalizing patients
for 3 days of sham intravenous therapy [67, 81].

MRI was performed in nearly all patients at study entry. Lumbar puncture was
optional and performed in 133 of 457 (29.1%) of the cohort. Visual evoked
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potentials (VEP) were not included. All patients were treated within 8 days of
symptom onset. The study was designed to determine speed and level of recovery
and complications of therapy. Visual acuity, visual fields, contrast sensitivity, and
color vision were measured at study entry and at seven follow-up visits during
the first 6 months, at 1 year, and then annually for 5 years [67, 81].

Of the 457 patients 2 were eventually discovered to have compression as the
etiology of the ON. The intravenous treatment group started to recover vision
sooner than did the other two groups. By 30 days after study entry, differences
between groups in vision were minimal. At 6 months there were no significant
differences in visual acuity in the three treatment groups [61]. After 12 months of
follow-up, visual acuity in the eye with ON at entry was better than 20/20 in 69%
and 20/200 or worse in only 3% [72]. The only predictor of a poor visual out-
come was poor visual acuity at study entry. Of 160 eyes starting at 20/200 or
worse, only 8 (5%) were still 20/200 or worse at 6 months [12, 61, 69].

Recurrent ON was greater in the group treated with oral prednisone alone
than in the other two groups [61, 63, 64]. This finding was not without contro-
versy [83-87]. However, by year 2, 30% of patients in the with oral treatment
group experienced at least one new attack of ON in either eye compared with
16% in the placebo group and 13% in the intravenous treatment group [61, 73,
77]. This difference continued throughout the 5-year follow-up period (41%
recurrences in the prednisone treatment group and 25% in the intravenous and
placebo groups) and remained highly statistically significant (p=0.004) for pred-
nisone compared with placebo [80, 82].

In the 388 patients without a history of probable or definite MS at entry, brain
MRI was the most-powerful predictor of the development of clinically definite
MS (CDMS) within the subsequent 5 years of follow-up (Tables 2, 3 and 4) [20,
80]. Among patients with a normal MRI (n=202), the probability of developing
CDMS within 5 years was 16%; among patients with one or two signal abnormal-
ities (n=61), 37% developed CDMS and among patients with three or more white
matter lesions (n=89), 51% [20, 80].

Soderstrom’s group, in 1998, published a study of 147 patients with ON using
MRI, cerebral spinal fluid (CSF), and HLA findings to determine the prognosis
for MS; 116 had MRI, 146 had HLA analysis, and 143 had a lumbar puncture.
These authors noted that the presence of three or more white matter lesions on
MRI and the presence of oligoclonal bands in the CSF were strongly associated
with the development of MS (p<0.001). Of 41 ON patients with oligoclonal IgG
bands in the CSE, 20 had no lesions on brain MRI. Of these 20 patients, 5 went
on to develop MS, even in a relatively short follow-up period [60]. In the ONTT,
the predictive value of oligoclonal bands was assessed in 76 patients at 5 years
and found to be very highly associated with the development of MS (p=0.02).
However, the ONTT results suggested that CSF analysis is only useful in the risk
assessment when brain MRI is normal [21].

Independent of brain MRI and CSF analysis, in the ONTT population of
patients previous non-specific neurological symptoms were also predictive of the
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Table 2. Cumulative probability of patients with clinically definite multiple sclerosis after
specific time intervals by treatment group [74]

Treatment group

IV methylpred Prednisone Placebo
Time after entry (n=133) (n=129) (n=126)
6 months 3% 7% 7%
1 year 6% 10% 13%
2 years 8% 16% 18%
3 years 18% 25% 21%
4 years 25% 28% 26%
5 years 27% 32% 31%
Relative risk (95% CI) p palue
2 years
IV vs. placebo 0.34 (0.16-0.74) p =0.006
Prednisone vs. placebo 0.90 (0.48-1.71) p=0.75
5 years
IV vs. placebo 0.81 (0.50-1.30) p=0.38
Prednisone vs. placebo 1.05 (0.67-1.65) p=0.85

2 excludes patients with probable or definite multiple sclerosis at time of study entry

1V, intravenous therapy with methylprednisolone, 250 mg every 6 h for 3 days followed by pred-
nisone

Prednisone, oral prednisone therapy 1 mg/kg per day for II days followed by a 4-day taper

Table 3. Cumulative probability of clinically definite multiple sclerosis after specific time
intervals according to baseline magnetic resonance imaging (MRI)? [74]

Baseline MRI
Normal® 1-2 abnormal 3 or more
signals abnormal signals
Time after entry (n=202) (n=60) (n=89)
6 months 1% 7% 17%
1 year 3% - 14% 25%
2 years 5% 20% 31%
3 years 9% 27% 45%
4 years 14% 31% 50%
5 years 16% 37% 51%

Rate ratios and 95% confidence intervals (CI) for development of clinically definite mul-
tiple sclerosis by 2 years are:

Rate ratio (95% CI) p palue

Normal vs. 1-2 abnormal signals 2.61 (1.48-4.60) p = 0.0009
Normal vs. >2 abnormal signals 4.44 (2.79-7.09) p=0.0001

2 excludes patients with probable or definite multiple sclerosis at time of study entry
b includes patients with non-specific MRI changes
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Table 4. Cumulative probability of developing clinically definite multiple sclerosis within
2 years of study entry according to treatment group and baseline MRI [51]*

Baseline IV methylprednisolone Placebo Prenisone
brain MRI (n=119) (n=113) (n=119)
Normal+ 3 3 8

1-2 signal abnormalities 15 22 23

>3 signal abnormalities 16 39 38

+ Includes non-specific changes
2 The numbers are too small to give rate ratios, confidence intervals, and p values

development of CDMS. Lack of pain, the presence of severe optic disc swelling
and mild visual acuity loss were features of the ON associated with a low risk of
CDMS at 5 years in patients with no brain MRI lesions and no history of neuro-
logical symptoms or ON in the fellow eye. Age and gender were not of prognos-
tic value. Patients with severe disc swelling, especially if associated with hemor-
rhages or a macular star, had no progression to CDMS over 5 years [80-82].

The intravenous treatment part of the ONTT was single masked [73]. It is
doubtful that neurologists examining patients months or years after therapy,
using a detailed and standardized protocol, would be biased in reporting
attacks of demyelination in the IVMP group or any of the three treatment
[78]. Furthermore, all forms were reviewed in a masked, independent fashion
by an authority in MS [78]. The ONTT noted IVMP was associated with a
reduced risk of developing CDMS in patients with an abnormal brain MRI at
study entry for 2 years compared with the two other groups [73, 80]. The
therapeutic effect of IVMP was no longer significant by the 3rd year of follow-
up [77, 80]. Among those with a normal MRI, the 2-year rate of MS was so
low that a benefit from intravenous treatment could not be established
(Tables 2-4).

Herishanu’s study in 1989 suggested ON conversion to MS was greater with
the use of IVMP. However, this group evaluated a total of 26 patients divided into
three groups with either no therapy, prednisone, or IVMP. In addition to the very
low numbers for each group under analysis, the study was retrospective and the
patients were not randomized [40].

Seven other ON treatment trials using corticosteroids were identified [30-33,
39, 56-59]. All were prospective, randomized, and placebo controlled.
Regrettably, the small sample size in each of these studies limited their individual
power to detect a clinically important treatment trend [88]. However, taken
together there are some important findings. In 1969, Rawson et al. [30, 31] sug-
gested speed of recovery was faster in patients receiving adrenocorticotropic hor-
mone over placebo. Both this study and Bowden’s demonstrated that acuity was
the same at 12 months. Retrobulbar triamcinolone increased speed of recovery,
but provided no improvement over placebo at 12 months [33].



146 D.I. Kaufman

Two other placebo-controlled studies used IVMP. Kapoor et al. [56] in 1998
showed there was no effect on the final visual outcome in 66 individuals with ON
lesions involving the optic canal. In 1999, Wakakura et al. [13, 58] evaluated 66
patients with 500 mg of IVMP or placebo. They concluded this therapy improved
the speed of recovery, but at 1 year was no better than placebo. Two oral methyl-
prednisolone studies were reported; the Tubingen study testing 50 patients [57]
and the Sellebjerg group testing 60 patients [59]. These studies used 100 mg and
500 mg oral methylprednisolone, respectively, for several days. In both there was
increased speed of visual recovery, but no long-term improvement over placebo.
The Sellebjerg study reported there was no increase in recurrence of ON at 1 year
using oral methylprednisolone, an important finding given the ONTT results
using lower-dose oral prednisone [61]. However, Sellebjerg’s article also stated:
“The number of patients is too low to rule out an effect on subsequent disease
activity” [59].

Other publications include reports from the early 1950s dealing with gluco-
corticoid treatment of ON [24, 27]. These studies used a variety of different
strategies. All had serious methodology flaws, especially related to very low
patient numbers, retrospective analysis, no randomization, or total lack of
placebo control [88]. In a 1988 publication, Spoor and Rockwell [41] showed a
very rapid recovery of vision in his 12 patients given 1 or 2 g of IVMP, some
within 24 h. Unfortunately this study was neither randomized or placebo con-
trolled [41]. A study by Alejandro et al. [55] in 1994 looked at 8 patients given
IVMP versus 8 given oral prednisone and found no difference between groups.
Other similar small studies evaluating ON are available [24, 27-29, 34, 35, 40-42,
44, 53-55].

In 1996, Biogen initiated a trial to determine if using Avonex in individuals at
high risk for developing MS could delay the development of CDMS. The study
included 383 individuals at 50 clinical centers in the United States and Canada.

Individuals in this study experienced a single, isolated neurological event, like
ON, suggesting demyelination, and had multiple clinically “silent” MRI lesions
(and thus were at high risk for developing CDMS). The aim of the study was to
determine if using Avonex early in demyelinating disease could delay the devel-
opment of a second objective clinical sign of demyelinating disease (which would
imply CDMS) and to determine if treatment would have an impact on MRI-
detected brain lesions. The CHAMPS Study (Controlled High-Risk Subjects
Avonex MS Prevention Study) was designed to take place over 5 years (including
enrollment and 3 years of treatment) and included 383 individuals at 50 clinical
centers in the United States and Canada.

Men and women between 18 and 50 years of age with a single clinical event
within the past 2 weeks suggesting demyelination in the CNS and who had mul-
tiple MRI-detected brain lesions were included. Upon enrollment, all partici-
pants received a course of intravenous and oral steroid treatment, similar to the
ONTT protocol. Then, subjects began weekly intramuscular injections of Avonex
or placebo. Participants underwent neurological examinations and MRI brain
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scans every 6 months. The onset and timing of any new neurological demyeli-
nating events were tracked, as were adverse events and side effetcs.

Avonex caused a statistically significant delay of onset of CDMS compared
with the placebo-treated group (0.56, 95% confidence interval 0.38-0.81,
p=0.002). In addition, over the first 3 years of the study, MRI findings showed
that the treatment group had a significantly lower increase in the volume of brain
lesions, as well as fewer new and enhancing lesions (p<0.001).

The CHAMPS Study indicates that once-weekly treatment with intramuscular
injections of Avonex is beneficial in patients with a first presentation of demyeli-
nating disease who are deemed to be at high risk for developing CDMS. While
treatment did not prevent MS, the data suggest that the rate of development of
clinically definite disease is significantly reduced. These data also indicate the
benefit of obtaining MRI scans of the brain at the time of a first demyelinating
event to help evaluate the possible risk for developing clinically definite disease.
The study did not provide information on the longer-term benefits of early treat-
ment with Avonex on relapse rate or disease disability [89].

In addition to CHAMPS, a similar study was organized around the same
time to evaluate (22 pg) interferon B 1-a (Rebif) given subcutaneously (SC)
versus placebo once weekly. This was called the Early Treatment of Multiple
Sclerosis or ETOMS study [90]. The protocol for inclusion and outcome were
similar to CHAMPS. Conversion from monosymptomatic events to CDMS was
reduced by 24%. This is an interesting finding in that the ETOMS protocol was
developed before additional clinical evidence became available that the effects
of this drug given SC are dose dependent. The low dose used effectively in
ETOMS for monosymptomatic events was actually shown not to be effective
when used with relapsing disease (OWIMS and PRISMS Study) [91, 92]. This
implies that early MS may respond in a different fashion to the relapsing-remit-
ting type of MS.

Unfortunately, use of serial IVMP was not part of the CHAMPS or ETOMS
study research design. The value of longitudinal use (perhaps monthly or quar-
terly) of larger-dose steroids in reducing long-term disability in very early MS
is an interesting clinical research question that has yet to be answered.
Regrettably, no well-designed properly powered study has appeared in the liter-
ature to document the value of longitudinally administered corticosteroid giv-
en either alone or with ABC anti-MS drugs on the reduction in disability in MS
patients long term.

Discussion

Overall, the literature almost uniformly agrees that the prognosis for visual
recovery in untreated ON is good. About 70% of patients recover to better than
20/20 and very few are left with poor vision. Typical cases show some improve-
ment within 30 days [12, 13, 61, 81]. In evaluating the effect of steroids on ON or
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its conversion to MS, most reports have flawed design [88]. The portion of the
ONTT dealing with prednisone versus placebo is a well designed study [61]
(Tables 2-4). Treatment of acute monosymptomatic ON with oral prednisone in
1 mg/kg per day doses clearly confers no treatment benefit over placebo [61]. It
also appears to be associated with a doubling of the recurrence rate of ON in
either eye [61, 80], an important observation. Although this phenomena remains
unexplained and controversial to some [63, 64, 83-87], it has lead directly to our
recommendation that prednisone alone is of no value for treatment of ON and
should be avoided in typical cases [62].

The portion of the ONTT dealing with methylprednisolone was single
masked. This part of the ONTT, along with other relevant ON studies, has been
used for additional recommendations. IVMP (and apparently oral methylpred-
nisolone) speeds visual recovery, although within 1 year acuity is the same as in
placebo-treated patients, according to five separate studies [56-59, 61, 82].

An important observation was that one 3-day dosage of IVMP appeared to
reduce the risk of further demyelinating attacks for 2 years [73]. At the end of this
time any protective effect is no longer present [80]. IVMP should be considered if
the potential risks to the patient are outweighed by their requirements to have
accelerated visual recovery. If MRI demonstrates three or more signal abnormali-
ties consistent with demyelination, there appears to be a reduction of demyelinat-
ing attacks over the next 2 years when using this treatment strategy [73, 76, 80].

In patients without a diagnosis of CDMS, MRI should be considered to assess
the 5-year prognosis for developing MS [19, 20, 80] and to eliminate other caus-
es of optic neuropathy [12, 19, 23, 61]. In patients with normal MRI, a lumbar
puncture can occasionally assist in determining prognosis for developing MS [21,
60]. Although forgoing the MRI, lumbar puncture and treatment are all viable
practice alternatives. Given the results of the CHAMP study, MRI to help direct
potential use of interferon 3-1-a seems reasonable [89].

Chest X-ray, blood tests, and lumbar puncture are not necessary in evaluating
patients with typical clinical features of ON [61, 78]. However, these tests may be
appropriate for patients who are about to undergo glucocorticoid therapy that
could complicate or unmask an unrecognized condition.

Several management issues for acute ON still lack evidence for specific recom-
mendations. It is unclear whether treatment is beneficial in patients whose symp-
tom duration is longer than 8 days. In addition, it is unclear whether larger dos-
es of oral prednisone or methylprednisolone would be as beneficial as IVMP
therapy. Other unanswered questions include whether a single-dose regimen of 1
g IVMP for 3 days would be as beneficial as 250 mg every 6 h for 3 days and
whether oral prednisone following IVMP is needed.

The optic nerve is a highly measurable CNS white matter tract, and there are
numerous methods to completely quantify in very precise detail the level of dis-
ability affecting the optic nerve. ON appears to be a forme fruste of MS based on
epidemiological, HLA typing, MRI, and CSF data. This provides an excellent
opportunity to use acute monosymptomatic ON as a simple and highly measur-
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able model for therapeutic strategies in acute demyelination. The available ON
literature therefore leads to some very important questions germane to the treat-
ment of MS.

An important question to determine scientifically is if the increased ON
recurrence rate associated with oral prednisone would also apply to other types
of MS. As we have pointed out earlier, there is very similar epidemiology and
pathophysiology between ON and MS. A June 2000 American Academy of
Neurology practice parameter now defines it as a standard that lower-dose oral
prednisone should not be used in ON [92]. Furthermore, we doubt that any
institutional review board would or could allow an oral low-dose prednisone
versus placebo trial to occur in patients with early MS based on the ONTT
results in ON. Therefore, scientifically determining the actual risk versus benefit
of sequential lower-dose prednisone in early MS to lower long-term disability is
a mute issue.

Perhaps the most-important question to determine in long-term steroid use
and MS is whether 1 g daily for 3 days of IVMP (ONTT dosages) or higher oral
dosages given periodically (perhaps every 3 months or even more often) will
improve long-term prognosis more than IV placebo in patients with the acute
onset of MS. Further research into these and other questions raised by the acute
monosymptomatic ON literature could help answer very important issues relat-
ed to early MS and reduction of long-term disability.
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Chapter 16

Antibody Mediated Demyelination*

A. VAN DER GOES, E.C.W. Brelj, M. KORTEKAAS, K. HOEKSTRA, P.J.H. JONGEN,
C.D. DIJKSTRA, S. AMOR

Introduction

Intrathecal oligoclonal IgG antibodies (Abs) are present in more than 90% of
multiple sclerosis (MS) patients and the presence of such Abs serves as a labo-
ratory marker supporting the diagnosis of this disease. The intrathecal IgG
fractions contain Abs with many different specificities, including myelin-spe-
cific Abs. Reports on anti-myelin Abs in cerebrospinal (CSF) and sera are con-
troversial [1-7]. Several reports describe the presence of anti-myelin Ab in
serum and CSF, whereas others find anti-myelin Abs only in the CSE, and yet
others report that anti-myelin Abs are absent in MS patients. However, B lym-
phocytes specific for, and plasma cells secreting Abs to myelin basic protein
(MBP), myelin-associated glycoprotein (MAG), myelin oligodendrocyte glyco-
protein (MOG), and proteolipid protein (PLP) are consistently detected in the
central nervous system (CNS) of MS patients [8-11]. Such cells are even found
in the CSF in the absence of anti-myelin Abs, suggesting that antibodies rapid-
ly bind to target structures, such as the corresponding auto-antigens or to Fc-
receptors, and therefore become undetectable [8, 9]. In organotypic, myelinat-
ed cultures of CNS tissue, sera of MS patients promoted myelin breakdown
[12]. Similar results were obtained using rabbit anti-galactocerebroside (GalC)
sera and anti-whole myelin sera [13, 14]. Genain et al. [15] identified auto-
antibodies against MOG within acute MS lesions, where they were associated
with damaged myelin membranes, and within macrophages ingesting myelin
[15]. Lassmann et al. [16] described abundant deposition of immunoglobulins
in a subclass of active MS.

Anti-myelin Abs may not only damage myelin directly, but also contribute to
demyelination by opsonizing myelin sheats, resulting in complement deposition
and Fc receptor-mediated phagocytosis by macrophages. Although the signifi-
cance of anti-myelin Abs in MS has yet to be established, in vitro studies and
studies in experimental animals suggest that auto-antibodies directed against
myelin components may play a critical pathogenic role in the disease by aug-
menting demyelination.

* This work has already been partially published in ] Neuroimmunol 1999, 101:61-67
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Anti-Myelin Antibodies in Experimental Allergic Encephalomyelitis

In the experimental autoimmune model of MS, experimental allergic encephalo-
myelitis (EAE), increased levels of Ab directed to PLP, GalC and MOG can be
detected in the chronic (relapsing) demyelinating phase of the disease [17, 18].
Autoaggressive T cells initiate EAE, and many studies demonstrate that in addi-
tion to this cellular immunity, antibody responses are crucial for the development
of demyelination. Injection of sera from animals with chronic EAE into the CSF
of normal animals induces demyelination [19]. Whether antigen specificity plays
a role in the myelin damage caused by Ab responses is not completely clear. Sera
of animals with EAE only induce myelin damage in vitro following immunization
with whole myelin and not with MBP alone [14]. Likewise, demyelination is only
observed in animals with EAE following immunization with both MBP and
GALC, and not with MBP alone [20]. Both studies indicate that for demyelina-
tion-promoting Abs, MBP may not be the major target antigen.

Other myelin antigens, particularly those present on the surface of the myelin
sheath, may be important targets in antibody mediated demyelination and in the
disease process. This may explain why an antibody directed to MOG, which is
exclusively expressed in the CNS on the surface of myelin, augments the severity
and duration of clinical signs and induces the formation of large demyelinated
plaques within the CNS [21, 22]. It was shown that of a panel of anti-myelin Abs,
the anti-MOG mAb Z12 induced the most severe demyelination in rats [23] and
the most-severe clinical signs and demyelination in mice [17]. MOGZ12, a
mouse IgG2a mADb, had the highest complement-fixing ability [23]. Treatment of
mice with CVF partly abolished the MOGZ12 enhancement of the clinical signs
[17], suggesting a role for complement in myelin damage [24, 25].

In summary, anti-myelin Abs can induce demyelination in vitro and do augment
experimental clinical disease, but they do so to a variable extent. Understanding
how such Abs exert their effects and which properties determine their disease-pro-
ducing effects will be relevant to understanding the development of demyelination
in MS. For this reason, we investigated the properties of a panel of anti-myelin Abs
with respect to myelin phagocytosis [26].

The Role of Anti-MOG mAbs on the Phagocytosis of Myelin by
Macrophages in Vitro

A panel of mAbs, raised against the minor myelin component MOG [26] was test-
ed for ability to bind whole myelin. Myelin-binding capacities of anti-MOG clones
Y1,Y4,Y6,Y7,Y9,Y10,Y11, and Z12 are depicted in Fig. 1. The strongest binding of
mAD with myelin was observed with the mAb MOGZ12, while the mAb MOG Y1,
MOGY4, MOGY10, and MOGY11 bound to mice myelin to a somewhat lesser
extent. MOGY7 and MOGY9 showed only weak binding and MOGY6 was not able
to bind myelin. The differences in binding were not related to the isotype of the Ab.

Subsequently, phagocytosis of Ab-treated myelin by murine macrophages was
determined in vitro using a quantitative flow cytometric assay. Purified murine
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Fig. 1. Incubation of mouse myelin with monoclonal antibody (mAb) against myelin
oligodendrocyte glycoprotein (MOG). The binding is visualized by incubating the mAb-
myelin with fluorescent-labeled conjugates. The fluorescence intensity of the myelin was
measured using FACScan flow cytometry. Both methods and data have been published
previously [26]. The data are presented as the geo-mean of fluorescence of one represen-
tative experiment (n=4)

Fig. 2. Phagocytosis of mouse myelin, which was pre-incubated with anti-MOG mAb, by
J774.2 cells. Both methods and data have been published previously [26]. Data are pre-
sented as the mean percentage of binding and uptake of the fluorescent myelin+tSEM of
five experiments. *p < 0.05

myelin labeled with Dil was incubated with anti-MOG mAb. Compared with
untreated myelin, pretreatment with myelin-specific mAbs modified the degree
of phagocytosis (Fig. 2). The efficiency of myelin opsonization was related to the
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isotype of antibody, the epitope recognized, and the ability of the mAbs to fix
complement. The greatest degree of opsonization of myelin was observed with
the mAb MOG Z12 that has previously been shown to enhance clinical signs and
demyelination in EAE. In contrast to MOGZ12, an IgG2a mAb, the opsonizing
effect of MOGY10 (IgG1) was less. This is in agreement with the observation that
MOG Y10 did not enhance clinical disease or demyelination in the mouse EAE
model. The different effects of the Abs may be dependent on the affinity for
myelin and the ability of these mAbs to fix complement. Indeed Piddlesden et al.
[23] demonstrated that while all the anti-MOG mAbs are capable of fixing com-
plement, MOGZ12 is able to fix complement much more efficiently than any of
the IgG1 mAbs. Our data reveal that mAbs that are most effective in promoting
EAE show the highest rate of binding to myelin and the greatest enhancement of
myelin phagocytosis in vitro [26].

Because of the ability of Fcy receptors (FcyR) to induce inflammation upon Ab
binding, these receptors may be involved in Ab-mediated demyelination.
Furthermore, given the ability of Abs to fix complement, complement receptors
may also play a role in Ab-mediated demyelination. Depending on the involve-
ment of subclasses of complement receptor and FcyR in Ab-mediated demyeli-
nation, the disease outcome may differ. Thus, the determination of the subclass-
es of complement and FcyR that are involved in Ab-mediated demyelination
should be performed. Interestingly, studies in FcyR knockout mice suggest an
important role for both stimulatory and inhibitory Fcy receptors in EAE [27, 28].

Anti-Myelin Auto-Abs in CSF of MS Patients

The use of the in vitro myelin phagocytosis assay offers possibilities for the analy-
sis of the opsonizing capacities of anti-myelin auto-Abs in CSF of MS patients.
Such studies may give an indication as to the extent of Ab-mediated demyelina-
tion in MS patients, and thus provide a helpful tool to classify subtypes of MS.
Such classification could be relevant for the development of specific therapeutic
strategies for this heterogeneous disease.

In a pilot study we have used fluorescence-activated cell sorting (FACS) analy-
sis to investigate whether CSF samples of MS patients contain anti-myelin auto-
Abs (Fig. 3). Our results demonstrate that FACS analysis of human myelin incu-
bated with CSF and a fluorescent conjugate can be used to detect anti-myelin
auto-Abs in the CSF of MS patients. The advantage of this method above those
that test the presence of Abs against selected myelin proteins (e.g. MBP, MAG,
MOG, and PLP) is that Abs against unknown or unexpected myelin antigens may
also be detected. By testing anti-myelin-positive CSF samples in a phagocytosis
assay it can be determined whether the anti-myelin auto-Abs that are present in
the CSF of MS patients are also capable of increasing myelin phagocytosis. Such
functional analysis of large numbers of CSF samples and correlation with clinical
disease type will reveal implications for the clinical situation.
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Fig.3. Cerebrospinal fluid (CSF) of 10 multiple sclerosis patients (CSF 1 to CSF 10) and
10 control patients (CSF 11 to CSF 20) were used. Myelin isolated from normal human
white matter was incubated with CSE. After an overnight incubation at 4°C, the non-
bound Abs were washed away and the myelin was incubated with fluorescent-labeled con-
jugate (goat anti-humanlgG-phycoerythrin). After an incubation of 1 h, the non-bound
conjugate was washed away and the fluorescence intensity of the myelin was measured
using a FACScan flow cytometer. The data are presented as the geo-mean of fluorescence
of one representative experiment (n=3). The CSF showed varying degrees of binding. The
maximum binding was observed with CSF 5 and CSF 9, while CSF 3, 4, and 6 bound to
human myelin to a lesser extent. In contrast, CSF 1, 2, 7, 8, and 10 showed a binding to
myelin which was comparable to the 10 control CSF samples (CSF 11 to CSF 20)

Conclusions and Perspectives

This short review on the role of Abs in demyelination shows that there are
indications that Abs may influence the course of the disease. Tools are avail-
able to detect anti-myelin Abs in CSF or blood of MS patients and to esti-
mate the capacity of these antibodies to enhance demyelination in vitro. The
question arises whether the presence of demyelination-promoting Abs in
CSF or serum of MS patients can be correlated with specific clinical features.
Further research should be performed to investigate whether the presence of
such Abs could serve as a tool to diagnose clinical subtypes of MS. This may
be relevant to the development of specific therapeutic strategies for this het-
erogeneous disease. These issues are currently being addressed in our
department.
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Chapter 17

Anti-MOG Antibodies as Early Predictors for Conversion to
Relapsing-Remitting Disease Course in Patients Suggestive
of Multiple Sclerosis

T. BERGER, P. RUBNER, R. EGG, E. DILITZ, D. STADLBAUER, F. DEISENHAMMER, C. LININGTON,
M. REINDL

Introduction

Multiple sclerosis (MS) is the most common neurological disease in young
adults, with the potential for subsequent chronic functional impairment and dis-
ability. MS exhibits not only heterogeneous clinical manifestations and disease
courses but also heterogeneous neuropathological features. Recently, different
neuropathological subtypes were defined, one characterized by features of anti-
body mediated immunopathogenesis [1]. A potential target antigen for autoreac-
tive antibodies might be the central nervous system (CNS) specific myelin oligo-
dendrocyte glycoprotein (MOG), which is exclusively localized on the surface of
myelin sheaths and oligodendrocytes.

Most recently we demonstrated that a substantial subgroup of MS patients
mounts a persistent autoantibody response to the extracellular immunoglobu-
lin-domain of MOG in cerebrospinal fluid (CSF) and serum [2]. These anti-
MOG antibodies are present early in MS, whereas frequencies of antibodies
against other myelin antigens, e.g., myelin basic protein (MBP), are low in early
MS and increase during disease progression in relapsing-remitting and chronic
progressive MS, suggesting that anti-MBP antibodies accumulate over time.

In general, the individual MS course is unpredictable at onset and requires dis-
semination in time as well as observation/monitoring over a long period. In
patients with the very first symptoms of multiple sclerosis (MSRO), the uncertain-
ty of prediction and prognosis causes uncertainty regarding the timing of treat-
ment initiation. Although results of early treatment trials (ETOMS, CHAMPS) will
be presented soon, initiation of immunomodulatory therapies requires a second
MS relapse presently.

Therefore we were interested whether the presence of anti-MOG antibodies in
patients with suspected MS predicts the disease course, namely the time interval
to the second disease relapse and therefore conversion to definite relapsing-
remitting MS.

Patients and Methods

Inclusion Criteria
— Patients with first acute neurological symptoms and signs suggestive of MS
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— Positive magnetic resonance imaging (MRI) scan characterized by typical dis-
seminated white matter lesions

— Positive oligoclonal bands in CSF

— Follow-up period of clinical monitoring for acute relapses >12 months

Exclusion Criteria

— Patients with a previous history of any kind of neurological symptoms or signs

— Patients with monotopic clinical symptoms or MRI lesions, e.g., optic neuritis
or transverse myelitis without disseminated white matter lesions in MRI or
positive oligoclonal bands

— Patients with clinical, laboratory, MRI, or CSF features suggestive for any oth-
er differential diagnosis than MS

— Patients receiving any immunosuppressive or immunomodulatory treatment
during either diagnostic serum/CSF sampling at disease onset (e.g., high-dose
methylprednisolone) or clinical follow-up period until the second MS relapse

— Follow-up period of clinical monitoring for acute relapses < 12 months

— Patients with primary progressive MS (defined at month 12)

Ninety-seven patients were enrolled in this study. Neurological examinations,
including repeated rigorous interviews upon any event suggestive for an acute
relapse or disease progression, were performed every 3-6 months. Twenty-four
patients had to be excluded because they did not meet the criteria of at least 12
months of clinical follow-up on 29 February 2000. Anti-MOG and anti-MBP
antibodies were measured in our laboratory as described previously [2].

For statistical analysis (means, standard deviations) and significance of group
differences (Mann-Whitney U tests, t-tests) the SPSS statistical analysis program
(SPSS) was used. P-values <0.05 were considered as statistically significant.

Results

Results are shown in Table 1 and Fig. 1.

Table 1. Mean duration (months) from first to second multiple sclerosis relapse in
patients with or without antibodies against myelin oligoderdrocyte glycoprotein (MOG)
and myelin basic (MBP)

Antibodies Patients Sex Age at disease Months to Mean SD
(n=73) (F:M) onset (years) 2ndrelapse (months) (months)
MOG-/MBP- 21 (29%) 1.6:1 32.8 606 28.9% ** 10.7
MOG+/MBP- 39 (53%) 2.9:1 31.1 420 10.7* 7.6
MOG+/MBP+ 13 (18%) 3.3:1 29.3 95 7.3%* 4.8

* p<0.001, ** p<0.001



Anti-MOG Antibodies Predict Conversion to RRMS 165

Fig. 1. Time (months) from first to second multiple sclerosis relapse in patients with or
without antibodies against myelin oligodendrocyte glycoprotein (MOG) and myelin basic
protein (MBP). Lines within each box represent median values, the extremes of each box
indicate the 25th and 75th percentiles, the error bars show the 10th and 90th percentiles
and the circles indicate the outliers

Discussion

We demonstrated for the first time that in MSRO patients the detection of anti-
bodies against MOG and MBP predicts conversion to definite relapsing-remit-
ting MS. MSRO patients are a very special population of suggested MS patients,
where neurological symptoms and signs, MRI examinations, and CSF investiga-
tions suggest the first attack of MS. However, in general, no clinical, radiological,
or immunological parameter allows prediction of an anticipated relapsing-remit-
ting disease course. In addition, definite diagnosis and therefore treatment initi-
ation, requires observation over time, namely occurrence of a second acute MS
relapse.

Our study demonstrates that MSRO patients with antibodies against MOG
and MOG/MBP, respectively, have a high risk of developing a second acute
relapse within 7-10 months. Thus, our study further supports the concept that a
subgroup of patients should receive early treatment to prevent definite conver-
sion to relapsing-remitting MS at the earliest possible time.

Acknowledgements. This study was supported by a research grant from the Austrian
Federal Ministery of Science.
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Chapter 18

Sunlight, Vitamin D, and Multiple Sclerosis

C.E. Haves

Environmental Risk Factors and Multiple Sclerosis

The biological mechanisms leading to multiple sclerosis (MS) are uncertain, but
both genetic and environmental factors contribute to establishment and progres-
sion of the disease [1]. Compared with unrelated individuals, biological first-
degree relatives of MS patients show a 20- to 40-fold increased risk of disease,
and this increased risk is attributable to genetic factors, rather than a transmissi-
ble agent [2]. However, 70% of monozygotic twin pairs are discordant for MS,
indicating that inheriting MS susceptibility genes is not sufficient for disease
development [3]. Thus, MS development requires exposure to one or more envi-
ronmental risk factors. This suggests that MS may be preventable if these risk fac-
tors can be identified and avoided.

MS prevalence shows a striking geographic distribution that strongly suggests
an environmental risk factor. The disease prevalence increases with increasing
latitude in both hemispheres, from a low of 1-2 cases per 10° population near the
equator, to a high of >200 cases per 10° population at latitudes >50° [4]. Of all
the latitude-linked variables examined, the most-significant inverse correlation
with MS prevalence was average annual sunshine (r = -0,80), implying that sun-
light might be protective in MS [4]. A recent large and thorough epidemiological
study found that individuals exposed to the highest levels of residential and occu-
pational sunlight had a significantly lower risk of mortality from MS (odds ratio
0.24) and higher risk of mortality from melanoma (odds ratio 1.38) than those
with the least sunlight exposure [5].

Separating genetic and environmental influences is difficult in epidemio-
logical studies. However, studies involving genetically similar populations have
reinforced the possibility that sunlight may be protective in MS. For example,
in the United States, the lower mortality risk from MS among individuals
exposed to residential and occupational sunlight was independent of country
of origin, age, sex, race, or socioeconomic status [5]. In Switzerland, low-alti-
tude districts (<1,000 m) had high MS rates, whereas high-altitude districts
(22,000 m) had low MS rates, despite the relative genetic similarity of the two
populations [6]. These results may reflect increased solar radiation intensity
with increasing altitude, and also the fact that particles in the polluted air that
collects in the industrial valleys filter out the ultraviolet (UV) portion of the
spectrum.
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Importantly, immigrants displayed the MS risk of their new homeland, rein-
forcing the conclusion that the latitude gradient of MS risk reflects environmen-
tal rather than genetic variables [7]. For example, Irish immigrants to Hobart,
Australia (42.8°S) had an MS prevalence about five-fold higher than Irish immi-
grants to Queensland, Australia (25.1°S), similar to native-born Australians,
regardless of age at migration [8]. These conclusions are consistent with a large
number of previous migration studies [7].

Together, these geographic, climatological, and epidemiological studies sug-
gest that low exposure to sunlight may be a significant environmental risk factor
for MS, and further, that sunlight may be beneficial in those with a genetic risk of
MS at all ages, not just in childhood and early adulthood. The strong inverse cor-
relation between MS prevalence and sunlight exposure led to the hypothesis that
vitamin D may be a natural inhibitor of MS [9-11].

Sunlight, Vitamin D, and MS

The vitamin D endocrine system is exquisitely responsive to sunlight. Vitamin
D is sometimes called the sunshine vitamin, but in fact, it is the precursor of a
secosteroid hormone, not a “vital amine” as the early twentieth century
nomenclature might suggest [12]. All vertebrates, including humans, obtain
their vitamin D requirement mainly from a chemical reaction in skin that is
exposed to sunlight [13]. It is exceptionally difficult to obtain adequate vita-
min D solely from the diet [12]. Sunlight catalyzes previtamin D, synthesis in
skin [14]. The energy of the UV-B photons that penetrate the epidermis is
absorbed by 7-dehydrocholesterol, rupturing the 9-10 carbon-carbon bond,
and yielding an unstable intermediate, previtamin D;. This compound spon-
taneously isomerizes to vitamin D;. Vitamin Dj is transported from the skin to
the liver bound to the serum vitamin D binding protein. In hepatocytes, C-25
hydroxylation produces the major circulating form of vitamin D, 25-hydrox-
yvitamin D; [25-(OH)-D;]. In the kidney, a highly regulated C-1 hydroxyla-
tion produces a biologically active hormone, 1,25-dihydroxyvitamin D5 [1,25-
(OH),-D,] [15, 16].

Latitude and season affect the intensity of solar radiation reaching the earth’s
surface, and therefore the rate of vitamin D synthesis [17]. In winter and at high
latitudes, sunlight strikes the earth at an oblique angle, and filters through a great
stratospheric distance that decreases the UV-B radiation. In Boston,
Massachusetts (42°N), there was insufficient sunlight to support vitamin D syn-
thesis from November through February. Further north in Edmonton, Canada
(52°N), vitamin D synthesis stopped from October through March. In Los
Angeles, California (34°N), vitamin D synthesis occurred year round.
Consequently, people living at northerly or southerly latitudes, who do not eat
vitamin D-rich foods or supplements, are at a significant risk of becoming vita-
min D deficient during the winter.
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Genetic and Biological Evidence Correlating Vitamin D and MS Inhibition

Evidence consistent with the hypothesis that vitamin D may be a natural
inhibitor of MS also derives from genetic studies, human biological investiga-
tions, and animal experiments. The secosteroid hormone mediates its activities
primarily through a nuclear vitamin D hormone receptor (VDR). The VDR reg-
ulates the transcription of particular genes, mainly through a vitamin D-respon-
sive element in the promoter region [18, 19]. We hypothesized that mutations in
the genes involved in vitamin D metabolism and function might be associated
with MS susceptibility, but we found no correlation between MS and genetic
markers at the Chromosome (Chr) 12ql4 VDR locus, the Chr 12ql3 gene
encoding the 25-hydroxyvitamin D, 1-a-hydroxylase, or the Chr 4q12 Gclocus
encoding the vitamin D binding protein in Canadian families [20]. In Iceland,
the Gc-If allele was associated with MS [21]. Moreover, in Japan, the VDR gene
b allele (presence of a Bsm I restriction endonuclease site) was over-represented
in MS patients (p=0.0138) [22]. This result was confirmed using a second VDR
genetic marker, and an association between this VDR allele and the HLA
DPBI1*0501 allele was observed in the MS patients [23]. This association is sig-
nificant, in that the HLA DP gene may be involved in autoantigen presentation
to T lymphocytes, and the VDR gene may regulate T cell responsiveness to
autoantigens [24].

Nutritional studies have provided some data consistent with the vitamin D
and MS hypothesis. Fish oil is a rich vitamin D source, and there is limited evi-
dence that diets rich in fish may lower the incidence and/or severity of MS.
Coastal Norway had lower MS prevalence rates than inland Norway [25]. The
coastal Norwegians consumed about 1,300 IU of vitamin D3 daily, about
three-fold higher than individuals living inland [9]. Furthermore, in a small,
uncontrolled, non-blinded clinical trial, MS patients ingesting cod liver oil (20
g/day, 5,000 IU/day of vitamin D), along with calcium and magnesium sup-
plements, had lower exacerbation rates [26]. Another uncontrolled, non-
blinded trial reported that MS patients counseled to consume fish (8
times/day) and fish oil (0.9 g/day) had fewer exacerbations and lower disabil-
ity scores than prior to the diet change [27]. Other nutritional changes were
made, and serum vitamin D measurements were not recorded, so the inter-
pretation of these results is uncertain. Despite the methodological shortcom-
ings in these two small fish oil trials, when the results are taken in the context
of the other evidence, they contribute to the theory that vitamin D may be a
natural inhibitor of MS.

Additional evidence comes from the data indicating that MS patients exhib-
it long-term vitamin D deficiency, as characterized by low bone mass and high
fracture rates. The best indicator of near-term vitamin D nutrition is serum 25-
(OH)-Dj, which was less than adequate (<50 nmol/l) in 69% of MS patients
(28, 29]. Compared with their age- and gender-matched healthy peers, the MS
patients had significantly reduced bone mass, which is indicative of long-term
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vitamin D malnutrition [28]. Finally, MS patients lost bone mass at a three- to
seven-fold higher rate and experienced fractures at a ten-fold higher rate than
their peers [28]. These findings indicate that significant vitamin D deficiency of
some duration exists in most MS patients.

Critically important evidence for a connection between sunlight, vitamin D,
and MS comes from studies on seasonal variations in the disease. Disease onset
and exacerbations frequently occurred in the spring [30-33]. Studies on the
seasonal fluctuations of gadolinium-enhancing, magnetic resonance imaging
(MRI) lesions in MS patients [34] and serum 25-(OH)Dj; levels [35] found that
brain lesion frequency peaked about 2 months after the nadir of serum 25-
(OH)D; levels, while the nadir of brain lesion frequency occurred about 2
months after serum 25-(OH)D; levels peaked. The temporal correlation
between MS severity and serum 25-(OH)D3 levels points to a possible cause
and effect relationship between lack of vitamin D and increased MS severity. It
will be important to measure serum 25-(OH)-Dj; levels in MS patients to sub-
stantiate the evidence correlating MS disease activity with seasonal variations
in vitamin D synthesis.

We and others have provided extensive evidence that the biologically active
hormone 1,25-(OH),D; inhibits experimental autoimmune encephalomyelitis
(EAE), a model of MS. Immunizing mice with spinal cord homogenate induced
a progressively paralytic autoimmune disease, EAE, with strong similarities to
MS [36]. In this model, 1,25-(OH),D; treatment completely blocked EAE
induction and progression of established EAE [37]. The lower the dietary calci-
um level, the higher the 1,25-(OH),-D; dose needed to completely prevent EAE
symptoms, suggesting that adequate dietary calcium is important for EAE inhi-
bition [38]. Others reported partial inhibition of EAE morbidity and mortality
[39]. Furthermore, we showed that mice with severe acute EAE recovered from
paralysis within a few days of 1,25-(OH),D; treatment, and the recovery corre-
lated with a rapid depletion of inflammatory macrophages from the central
nervous system (CNS) [40]. Together these experiments indicate that 1,25-
(OH),D; is a profoundly important EAE inhibitor.

The mechanism whereby 1,25-(OH),-Dj5 inhibits EAE is not known. Myeloid
lineage cells and activated T lymphocytes possess this VDR [41, 42]. In particu-
lar, the CD4* T helper type-1 (Th1) and type-2 (Th2) [24] and CD8" T cells [43]
express VDR mRNA, suggesting that they may be targets of the hormone
immune system regulation. Several investigators have shown that 1,25-(OH),D;
is a potent and specific inhibitor of activated Thl cells in vitro [42, 44-48].
Others have shown that 1,25-(OH),D; decreased interleukin-12 (IL-12) produc-
tion in vitro [49, 50], and inhibited dendritic cell (DC) maturation, activation,
and antigen-presenting cell function in vitro [51-53]. Since DC producing IL-12
are strong stimulators of Th1 differentiation [54], and Th1 cells are encephalito-
genic in EAE [55], one possible mechanism for 1,25-(OH),D; inhibition of EAE
induction would be for the hormone to inhibit DC functions, thereby diminish-
ing Th1 cell differentiation and/or function.
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We tested the hypothesis that 1,25-(OH),D; might inhibit Th1 cell differen-
tiation and/or Thl cell function in vivo [24]. The studies used T lymphocytes
from T cell receptor- (TCR-) transgenic mice [56], so the T cells specific for
myelin basic protein peptide (MBP), here termed TCR1 T cells, could be recov-
ered and analyzed. The effects of 1,25-(OH),D; treatment on TCR1 T cell dif-
ferentiation and function were examined in cell transfer experiments in vivo
and in cell culture experiments in vitro. The 1,25-(OH),D; treatment inhibit-
ed EAE induction in mice that received the TCR1 cells and a priming dose of
peptide. However, it did not inhibit Th1 cell development or function in the
peripheral lymph nodes, or promote Th2 cell development or function, or
stimulate TCR1 T cell deletion. Remarkably, in the 1,25-(OH),D;-treated
mice, there were TCR1 T cells in the CNS but they were not activated, whereas
the mock-treated mice had activated, MBP-responsive TCR1 T cells in the
CNS, correlating with their EAE disease symptoms. When the same experi-
ment was performed in mice that were Rag-1 deficient, the 1,25-(OH),D;
treatment did not inhibit EAE induction. This important result ruled out a
direct effect of the hormone on antigen-presenting cell function, or on the
autoreactive T cells to shift them towards a Th2 phenotype [57, 58], and
instead, signaled a requirement for Rag-1-dependent cells in EAE inhibition.
This new evidence suggests that the 1,25-(OH),D; treatment may inhibit EAE
by enhancing a Rag-1-dependent cell that limits activation of neural antigen-
specific T cells in the CNS.

Several mechanisms prevent activation of injurious, neural antigen-specific T
cells in the CNS, and one of them is active suppression. Despite their excessive
numbers of neural antigen-specific T cells, the TCR1 mice do not spontaneously
develop EAE unless they are Rag-I-null [59, 60]. Further gene knock-out experi-
ments demonstrated that the Rag-1-dependent suppressor cells were TCRo3
CD4* T cells. Moreover, suppression of neural antigen-reactive T cell activation
occurred in the CNS, but not in the peripheral lymph nodes, so this tolerance
mechanism operates in situ, not systemically [61]. Additional experiments will be
required to determine whether neural antigen-specific suppressor cells are pre-
sent in the CNS of the disease-free, 1,25-(OH),D;-treated mice as our data imply
[24], and these experiments are in progress. However, we hypothesize that the
1,25-(OH),D; is augmenting the development and/or function of regulatory T
cells that maintain self tolerance in the periphery. If this hypothesis is correct,
then lack of sufficient vitamin D to support 1,25-(OH),D; biosynthesis could be
an environmental risk factor for a large number of autoimmune disorders.

Vitamin D Inhibition of Type | Diabetes Mellitus and Other Autoimmune
Diseases

It is important to note that vitamin D and the hormone 1,25-(OH),-D, have
been implicated in the inhibition of other human autoimmune diseases and
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many mouse autoimmune disease models. Type I (insulin-dependent) diabetes
(IDDM) prevalence increases with increasing latitude, and there is an inverse
correlation between incidence and mean monthly sunshine hours [62-67]. Also,
in Japanese families, the VDR gene b allele was implicated in susceptibility to
IDDM in Indian Asians [68]. Importantly, a recent study correlated vitamin D
supplementation in early childhood with significantly reduced risk for IDDM
[69]. Moreover, 1,25-(OH),-D; prevented insulitis and diabetes in the non-obese
diabetic mouse [70]. Together, these studies provide evidence for a protective role
of vitamin D in IDDM.

There may also be a protective role of vitamin D in inflammatory bowel dis-
eases (IBD) such as Crohn’s disease and ulcerative colitis. IBD shows the same
latitude gradient as MS and IDDM [71-74]. Moreover, high IBD mortality is
associated with indoor work, while low IBD mortality is associated with out-
door occupations [75-77]. In addition, fish oil consumption lessened IBD
symptoms [78-80]. Finally, 1,25-(OH),-D; inhibited the induction of dextran
sodium sulfate-induced colitis in mice and reduced the disease severity in the
chronic dextran sodium sulfate colitis model (C.E. Hayes and F.E. Nashold,
unpublished).

There is also evidence from other animal models of autoimmune disease.
1,25-(OH),-D; inhibited experimental autoimmune thyroiditis [81], experimen-
tal murine lupus [82], and both collagen-induced arthritis and Lyme arthritis
[83]. Underlying these diverse observations in so many autoimmune diseases
may be a fundamental biological requirement for vitamin D to sustain immuno-
logical health, in particular to maintain self tolerance.

Vitamin D Nutrition and Immunological Self Tolerance

If the vitamin D endocrine system is essential to maintain self tolerance, a cru-
cial unanswered question is what level of vitamin D may be needed. Vitamin D
has important physiological roles beyond its skeletal functions. For example, vit-
amin D insufficiency is associated with hypertension, and cancers of the breast,
colon, and prostate [12, 84]. There is an emerging view that the amount of the
secosteroid required for the non-skeletal functions may be higher than the
amount required to maintain bone health [12, 84]. The serum 25-(OH)-D, lev-
el is the most-reliable indicator of near-term vitamin D nutrition. The current-
ly accepted threshold for adequate vitamin D nutrition with respect to bone
health is 50 nmol/l [85]. Hyperparathyroidism accompanies poor vitamin D
nutrition, and parathyroid hormone levels did not decline to a plateau until
serum 25-(OH)-D; levels rose to about 60-70 nmol/l [85, 86]. In the seasonal
study of active MS lesions, the nadir occurred when serum 25-(OH)-D; levels in
the control subjects reached about 65 nmol/l [35]. Furthermore, the circulating
25-(OH)-D; levels are between 105 and 163 nmol/l in sunny environments
where MS prevalence is lowest [87]. Studies explicitly measuring serum 25-
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(OH)-Ds; levels and correlating these with MS prevalence and MS disease activ-
ity are needed to provide guidance on optimal 25-(OH)-D; levels from the per-
spective of MS. In the absence of explicit information, the studies cited above
indicate the optimal serum 25-(OH)-D; level to support self tolerance might be
between 70 and 100 nmol/l.

If vitamin D is a natural inhibitor of MS, it would be reasonable to provide
supplemental vitamin D to individuals who are at risk for MS. However, there
has been uncertainty regarding how much vitamin D may be needed to main-
tain the estimated optimal serum 25-(OH)-D; level of 70 to 100 nmol/l. The
National Academy of Sciences of the United States and The Food and Nutrition
Board of the Institute of Medicine in the United States determined that an ade-
quate intake of vitamin D is 200 [U/day (5 pug/day) for individuals aged 19-50
years [88]. This intake prevents rickets, a metabolic bone disease, but it does not
prevent secondary hyperparathyroidism and osteoporosis in adults [85, 88].
There are other indications that this intake is considerably too low. Of individ-
uals taking multivitamins (400 IU/day of vitamin D), 46% had low serum 25-
(OH)-D; levels [89]. Even an intake of 600 [U/day was not enough to prevent
vitamin D insufficiency in veiled ethnic Danish Moslems [90] or submariners
[91] who were sunlight deprived.

The emerging view is that 800-1,000 IU/day may be required to achieve
25-(OH)-D; levels in the 50 nmol/l range if sun exposure is limited [89, 90,
92]. To maintain a serum 25-(OH)-D; level of approximately 100 nmol/l,
similar to the level in individuals who live and work in the sun and exhibit
the lowest risk of MS, it was estimated that an adult who is not exposed to
sunlight would need to ingest 4,000 [U/day [87]. This estimate is between the
3,800 IU/day that Goldberg calculated might prevent MS and the 5,000
IU/day that was given in the small clinical trial of fish oil [9, 26]. Important
new guidance on vitamin D intakes and serum 25-(OH)-D; levels was
reported recently [93]. Subjects ingesting 1,000 IU/day attained 69 nmole/l
serum 25-(OH)-D; (range 40-100 nmol/l), those ingesting 4,000 IU/day had
96 nmol/l of serum 25-(OH)-D; (range 69-125 nmol/l), whereas controls
taking no supplements had 47 nmol/l. Clearly, an intake far greater than the
currently recommended intakes will be required to test the benefits of vita-
min D supplementation in MS.

Very high doses of vitamin D can cause hypercalcemia, which is potentially
fatal. Accordingly, a tolerable safe upper limit for vitamin D supplementation has
been set at 2,000 IU/day for age >1 year [88]. However, the panel that established
this limit overlooked information indicating that the safe upper limit is actually
much higher. Adults living or working in sunny environments easily generate
>10,000 IU/day of vitamin D through sun exposure without adverse effects, so
the safe upper limit for total vitamin D nutrition is at least 10,000 [U/day [87].
All documented cases of vitamin D toxicity with hypercalcemia involved intakes
240,000 1U/day [87]. Finally, 4,000 IU/day resulted in serum 25-(OH)-D; levels
that were within the normal range, and no adverse effects were seen [93]. Hence,
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the current tolerable safe upper limit for vitamin D supplementation will have to
yield to the experimental results, moving upward and allowing supplementation
in the 1,000-4,000 IU range to be tested for immune system benefits in sunlight-
deprived individuals.

To contribute to the well-being of MS patients, and to the growing body of
information, it is very important to monitor 25-(OH)-Dj; levels and bone health
in MS patients, since many of these patients show deficient serum 25-(OH)-D,
levels, reduced bone mass, high bone mass loss rates, and high fracture rates
compared with controls [28, 29]. The analysis should be performed 1-2 months
after the nadir of solar radiation, and should include measurements of serum 25-
(OH)-Dj3, bone mass, bone turnover, and MS disease activity. The effects on bone
health and disease status of supplementation with calcium and vitamin D need
to be examined in well-controlled studies. In closing, it is noteworthy that MS
and rickets show very similar geographies [94]. In 1822, the geography of rickets
led Sniadecki to suggest that sunlight might cure rickets [13]. Regrettably, rickets
continued to cripple children for a full century before the benefits of sunlight and
cod liver oil were proven, and cod liver oil became a winter staple for children liv-
ing in northerly latitudes [95, 96]. The evidence linking sunlight, vitamin D, and
MS is diverse and robust. It is time to put the hypothesis that vitamin D may be
a natural inhibitor of MS to the test.
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Chapter 19

The Yin and Yang of Inflammation in Multiple Sclerosis

G. GIOVANNONI

Introduction

Multiple sclerosis (MS) is a clinically heterogeneous disease [1]. On the one
side of the spectrum is relapsing-remitting (RR) disease, characterized by
attacks of neurological dysfunction due to focal central nervous system
(CNS) inflammation, followed by recovery and a period of remission, and on
the other side is primary progressive (PP) disease, which is progressive from
the outset with no clinical relapses. Between these two extremes are patients
who, after presenting with RR disease, subsequently go onto develop a sec-
ondary progressive (SP) course. SP disease can be further subdivided into
relapsing and non-relapsing disease, depending on whether or not patients
continue to have clinical relapses. Approximately 15%-30% of patients with
RR disease do not enter the progressive phase of the disease and are classified
retrospectively as having benign disease. Why such clinical heterogeneity
occurs is currently unknown. Are RR and PPMS different diseases or are they
part of the same clinical spectrum? Why do some patients develop progres-
sive disease whilst others do not? Answers to these questions will not only
improve our understanding of MS, but will also have major implications for
the treatment of MS. Recent data support a complex role for inflammation in
disease pathogenesis, with good and bad effects. This article will review the
supporting data and propose a hypothesis to explain this paradox or yin and
yang of inflammation.

Central Versus Peripheral Compartment

The CNS, like the eye and testes, differs from other organ systems in that it is an
immune-privileged site, protected to a lesser or greater degree by various barriers
[2]. Systemically administered immunomodulatory or immunosuppressive ther-
apies may therefore not necessarily penetrate into the CNS to have the desired
local effects. However, the systemic effects of these therapies may not necessarily
be desirable, as several inflammatory mediators have pleiotropic functions, e.g.,
tumor necrosis factor-o. (TNF-ot) and nitric oxide (NO), which modulate the
immune system.
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Anti-TNF Therapies

TNF-a.is a pro-inflammatory cytokine pivotal in autoimmune disease and is asso-
ciated with cell-mediated inflammation. It has been strongly implicated in the
pathogenesis of MS [3]. Systemic inhibition of TNF-a. activity using either a neu-
tralizing anti-TNF-o antibody or soluble TNF-a. receptor fusion protein has
proved very successful in inflammatory bowel disease and rheumatoid arthritis
[4-7]. Unfortunately, this strategy has not proved successful in MS, and in fact has
had the opposite effect, with an increase rather than a decrease in disease activity.
Firstly, a small pilot study in which a chimeric neutralizing anti-TNF-a antibody
(CA2, Centocor) was administered to MS patients had to be aborted because there
was a dramatic increase in disease activity on magnetic resonance imaging (MRI)
[8]. Secondly, a large multicenter phase III study of soluble TNF-o receptor-Fc
receptor fusion protein was stopped prematurely because of an increase in the
number of relapses in the actively treated group compared with patients receiving
a placebo [9]. Similar effects have been demonstrated in experimental allergic
encephalomyelitis (EAE) [10]. TNF-o. knockout mice are less resistant to the
induction of EAE and develop severe non-remitting disease [10]. The systemic
administration of TNF-o. induces remission in these animals, whereas the
intrathecal administration of TNF-o exacerbates disease [11]. It therefore appears
that TNF-o production within the CNS is deleterious, whereas systemic produc-
tion is immunomodulatory and has a role in inducing remission (Fig. 1).

Intrathecal or central comparrmenh

Systemic or peripheral compartment

Fig. 1. The double-edged sword of pro-inflammatory mediators. Inhibition of intrathecal
tumor necrosis factor-o. (TNF-o) activity or inducible nitric oxide production is beneficial
in experimental allergic encephalomyelitis (EAE). However, peripheral inhibition of their
activity results in a lowering of disease susceptibility and a progressive non-remitting EAE
course. Inhibiting peripheral TNF-o. activity in patients with multiple sclerosis (MS) results
in an increase in magnetic resonance imaging (MRI) activity and more-frequent relapses
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Inducible NO

NO plays a role in the pathogenesis of MS [12]. Increased astrocytic NO syn-
thase (NOS) activity and NOS mRNA have been demonstrated in demyeli-
nating lesions [13, 14]. Increased protein nitrosylation [15] and DNA damage
[16], the footprints of NO and its reactive product peroxynitrite, have also
been shown in MS lesions. Nitrate and nitrite (NO,), the stable degradation
products of NO, are significantly increased in the cerebrospinal fluid (CSF)
[17] and serum of MS patients [18]. Interestingly the levels of NO, are high-
er in the serum of patients with RR compared with patients with SP disease
[19]. In a large cross-sectional study, urinary excretion of NO, in patients
with benign and early RR disease was significantly higher than in patients
with progressive disease [20]. These findings, although preliminary, suggest
that decreased NO production may be associated with progressive disease.
Possible support for this hypothesis comes from recent studies in EAE. In an
early study, the NOS2 inhibitor aminoguanidine ameliorated MBP-specific T
cell adoptive transfer of EAE in SJL/] mice [21]. However, studies in the Lewis
rat have shown that NOS2 inhibitors result in a worsening of the disease
course [22, 23]. In addition, it is easier to induce EAE in NOS2 knockout
(NOS2-KO) mice than wild-type control mice, and the NOS2 knockout mice
have more-severe disease than wild-type control mice [24, 25]. The differ-
ences between NOS2-KO and wild-type mice result from a failure of the dis-
ease to remit in the NOS2-KO mice. The wild-type mice have a striking abil-
ity to recover from EAE compared with NOS2-KO mice. However, inhibiting
NOS?2 activity within the CNS by the administration of intrathecal antisense
oligonucleotides ameliorated EAE [26]. It therefore appears that intrathecal
NOS2-induced NO production is deleterious and systemic NO production
may have a role in switching off or inducing remission in EAE and possibly
MS (Fig. 1).

There is evidence that NO has immunological effects that favorably affect the
course of autoimmune disease, which are significant in the context of the above
observations in MS and EAE. NO inhibits lymphocyte proliferation and upregu-
lates Th2 cell function, by suppressing interleukin (IL)-2 gene transcription [27]
and upregulating IL-4 production [28]. In macrophages, NO induces transcrip-
tion of the IL-12 (p40), homodimer, an antagonist of [L-12 [29], which may fur-
ther decrease Thl T cell reactivity. NO decreases macrophage MHC class II
expression [30], increases prostaglandin E, production [31], and downregulates
adhesion molecule expression [32, 33] — effects that are all potentially favorable
in autoimmune inflammatory reactions. NO also modulates apoptosis and may
play an important role in terminating autoimmune inflammatory reactions by
eliminating autoreactive T cells [34].

The effects of TNF-o. and NO in EAE and MS are similar and may involve a
common pathway. NO has been shown to modulate TNF-a signaling via NF-xB
[35], a pivotal second messenger of TNF-a. [36], which is redox sensitive. As NO
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modulates the redox state of a cell, depending on its concentration [37], it is
plausible that the effects of TNF-o and NO are mediated via NF-kB.

Trophic Effects of Inflammation

The new insights regarding the beneficial local effects of inflammation are
emerging and challenging the rationale of generalized immunosuppression in
MS. Inflammation appears to play a role in promoting tissue repair and
remyelination via the production of growth or trophic factors that act on oligo-
dendrocyte precursors, oligodendrocytes, and neurones. Brain-derived neu-
rotrophic factor (BDNF) and insulin-like growth factors, which are survival
factors for oligodendrocytes [38, 39], and their receptors are upregulated in MS
plaques [40, 41]. The three receptors of glial growth factor 2 (GGF2), a neu-
ronal signal that promotes the proliferation and survival of the oligodendro-
cyte, are found on oligodendrocytes, with increased expression in MS lesions
[42]. These observations may explain the apparent failure of generalized
immunosuppressive therapies, which would switch off these favorable aspects
of inflammation. For example, progressive axonal loss in patients with non-
relapsing progressive disease may be due to the withdrawal of trophic support
rather than ongoing inflammation. It is widely accepted that MS is an organ-
specific autoimmune disease mediated by antigen-specific auto-aggressive T
cells. However, it has recently been shown that autoimmunity is not necessari-
ly all bad, and may be beneficial in diseases of the CNS characterized by axon-
al transection [43].

This yin and yang of inflammation between the central and systemic com-
partments and the good and bad mediators has important therapeutic implica-
tions, and suggests that more-rational or targeted therapeutic approaches should
be adopted in MS.

Mechanisms of Disease Progression

The mechanisms underlying disease progression are unknown. Current pro-
posals include failure of reparative and neuroprotective mechanisms, an imbal-
ance between the Th1 and Th2 cell-mediated immune responses, dysregulated
T cell function, reduced T cell apoptosis, antigen determinant spreading,
pathological heterogeneity, which includes an oligodendrogliopathy and sever-
al inflammatory variants [44], and genetic differences responsible for tissue
repair and/or protection against tissue damage [45]. Several groups have
reported weak associations between genetic polymorphisms in immune
response genes and clinical course. Similarly, numerous studies have reported
immunological differences between patients with non-progressive and progres-
sive disease. Further studies are required to confirm and to assess the impor-
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tance of these results. The role inflammation plays in disease progression is not
well defined. Although the frequency of clinical attacks early in the course of
MS correlates with the later development of disability, MRI and immunologi-
cal markers of active inflammation are less predictive. Patients with PPMS by
definition have no clinical relapses and have little if any MRI activity, but con-
tinue to develop progressive disability. We also observed cases with progressive
cerebral atrophy (which correlates with the development of neurological
impairment [46]), with and without superimposed inflammatory activity mea-
sured using gadolinium (Gd)-enhanced MRI and a panel of immunological
markers. In addition, immunosuppressive therapies, which are capable of
reducing or stopping clinical relapses and suppressing MRI activity, do not nec-
essarily stop disease progression [47].

A Primary Neurodegenerative Hypothesis

MS is primarily a neurodegenerative disease characterized by progressive neu-
roaxonal loss (Fig. 2). This neuroaxonal loss does not necessarily occur contin-

RR Relapsing-SP !
“tuberculoid MS” “borderline tuberculoid MS” “borderline

Repair / neuro-protective mechanisms

Neurodegeneration (demyelination, neuroaxonal loss and gliosis / progressive atrophy / progressive disability)

Fig. 2. A primary neurodegenerative hypothesis. Although MS is a clinically heteroge-
neous disease, it can be viewed as an inflammatory neurodegenerative disease with the
clinical spectrum or phenotype determined by the presence or absence of focal inflam-
mation, similar to that which occurs in infectious diseases, e.g., leprosy. The underlying
neurodegenerative component of the disease may or may not be ongoing but it is modi-
fied by superimposed focal inflammatory events. The focal inflammation may be an
appropriate host response directed at an unidentified etiological agent or an inappropri-
ate autoimmune response. These focal inflammatory events are responsible for clinical
attacks and MRI disease activity. Although damaging in themselves, the focal inflamma-
tion provides the biological substrate in the form of trophic and growth factors, which
promote repair and clinical recovery. Inhibiting the focal inflammatory events, e.g., with
generalized immunosuppression, would reduce the relapse rate and MRI activity and
remove the important trophic and growth factor support provided by the inflammatory
infiltrates, but it may not affect the underlying primary neurodegenerative processes. This
strategy would simply convert relapsing-remitting (RR) disease into non-relapsing pro-
gressive disease. There is evidence from infectious diseases that this phenotypic variabili-
ty is linked to genetic susceptibility (SP secondary progressive, PP primary progressive)
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uously or at a constant rate. Superimposed focal inflammation, which is
responsible for the acute clinical attacks or MRI activity in the form of new or
enlarging lesions on T2-weighted MRI or Gd-enhancing lesions on T1-weight-
ed MRI, modifies the clinical course. Although damaging in itself, the focal
inflammation supplies important growth and trophic factors to promote
recovery. Removing the trophic support may expose the underlying neurode-
generative disease, by converting a relapsing course into a non-relapsing pro-
gressive course. Some immunosuppressive therapies appear to have this effect,
e.g., CAMPATH-1h or anti-CD52 [47] and cladribine (unpublished data) are
very effective in suppressing clinical relapses and MRI activity, but are not
effective in preventing disease progression. A corollary to this hypothesis is that
the inflammation is an appropriate host response to whatever is causing MS.
Removing inflammation simply exposes the underlying primary neurodegen-
erative disease process.

The phenotypic spectrum observed in patients with MS is not unique to MS,
and is also seen in patients with other autoimmune diseases, for example
rheumatoid arthritis. Patients with rheumatoid arthritis usually have relapsing-
remitting disease early in their disease course, which is supplanted by a chronic
progressive phase later in the disease [48]. In addition, small groups of patients
with rheumatoid arthritis also have primary progressive and benign disease. The
clinical variability in patients with MS and other autoimmune diseases is remi-
niscent of that which occurs in chronic infection, leprosy being the prototype
with the lepromatous and tuberculoid forms representing the polar extremes. I
propose that a similar phenomenon is occurring in MS, with PP and RR disease
representing the lepromatous and tuberculoid forms respectively, with relapsing
SP disease representing the borderline tuberculoid form and non-relapsing SP
disease the borderline lepromatous form. As in leprosy this heterogeneity or dis-
ease spectrum may influenced by host factors, for example genetic polymor-
phisms, which control the immune response or the host tissue response to
inflammation and injury [49].

Conclusions

In conclusion, MS is an inflammatory neurodegenerative disease. The role
inflammation plays in the disease process is complex. On the one hand it caus-
es demyelination and axonal damage and on the other hand it provides growth
and trophic factors that promote remyelination and axonal recovery. In addi-
tion, the mediators of inflammation have pleiotropic effects, depending on
their site of action. Locally produced factors, which are toxic and damaging to
oligodendrocytes and axons, may have immunomodulatory effects systemical-
ly. Generalized immunosuppression may remove the local trophic support pro-
vided by inflammation, exposing the underlying neurodegenerative processes.
Poorly targeted therapies may interfere with systemic immunomodulatory
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processes, which result in unchecked autoimmunity, and fail to reach their
desired targets within the CNS, because of poor accessibility due to the blood-
brain barrier. We need to reassess our therapeutic strategies in MS in view of
the above observations.
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Chapter 20

Management of Interferon-B1b (Betaseron) Failures in Multiple
Sclerosis with Interferon-oun3 (Alferon N)

W.A. SHEREMATA, A. MINAGAR

Introduction

The introduction of interferon-B1b (IFN-B1b, Betaseron) in 1993 heralded a new
era in the management of multiple sclerosis (MS). A modest overall reduction of
exacerbations of 33.8% was enhanced by a 47% reduction for “moderately severe
and severe exacerbations”, as defined in the protocol [1]. Adverse experience with
IFN-B1b, however, was encountered in the majority of trial participants, as well
as in the clinical setting [1, 2].

“Flu-like” symptoms occurred in the majority of IFN-B1b recipients, espe-
cially early in treatment, with fever occurring in 58% [1, 2]. Cutaneous reac-
tions, consisting of injection site erythema, occurred in 69%, with cutaneous
ulceration in 10% or more [3, 4]. In addition, patients with more-active disease
do not regularly respond to treatment and occasionally may be perceived to
worsen coincident with treatment. The standards committee of the American
Academy of Neurology recommended in 1994 that “if reasonable evidence sug-
gests that the drug does not prevent exacerbations, or if disease progression con-
tinues in spite of the drug, withdrawal should be considered” [2, 5].

We now report the use of interferon-on3 (IFN-on3) to replace IFN-B1bin 18
of an original group of 100 where adverse experience necessitated withdrawal of
IFN-B1b. To evaluate their response they were matched for sex and age with sub-
jects tolerant to IFN-B1b and followed for at least 2 years.

Patients and Methods

Patient Population

One hundred patients were prospectively placed on IFN-B1b, 8 MIU on alter-
nate days, in the context of a phase IV trial, with recruitment beginning in
December 1993. All patients were prospectively evaluated and examined on a 3-
monthly basis. Follow-up continued on the same basis following the termina-
tion of the planned safety study according to FDA guidelines. Disability was
recorded using the Kurtzke extended disability status scale (EDSS) and adverse
experience collected. Standard hematology and biochemical profiles were
obtained and were repeated on a 3-monthly basis. Eighteen patients experi-
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Table 1. Demographics of interferon (IFN)-B1b-intolerant and IFN1b-tolerant multiple
sclerosis (MS) patients

Patient Sex Mean age Mean duration
population (years * SD) of MS
IFN-B1b intolerant 15 F:3M 29+8 7.6%5.5
IFN-B1b tolerant 15 F:3M 31+10.2 4.613.8

enced significant adverse effects that led to discontinuation of IFN-B1b treat-
ment and replacement with IFN-on3. All had been encouraged to continue
treatment with IFN-B1b despite their difficulties for at least 6 months, so as to
maximize the likelihood of spontaneous resolution. All patients with ulceration
had received IFN-B1b treatment only. These patients with adverse effects were
matched for sex and for age+3 years with IFN-B1b-tolerant recipients for pur-
poses of outcome comparison (Table 1). Patients were all of European descent.

IFN-on3

IFN-on3 (Alferon, Interferon Sciences, New Brunswick N.J., USA) is a highly
pure (22 X 108 IU/mg) affinity purified preparation containing multiple natural
human IFN-a subtypes [6]. The product became available in 1993 and contains
no IFN-f or IFN-O. Use of IFN-0n3 in human trials has demonstrated it to be
remarkably free of injection site reactions and relatively free of systemic reac-
tions. A dose of 5 MIU on alternate days was based on previous trials using
“Cantell” standard IFN-an [7].

Demographics and EDSS of 18 patients (15 women and 3 men) experiencing
severe skin reactions and/or progressed rapidly despite IFN-B1b, and who dis-
continued the drug and were started on IFN-on3 (group 1), are compared with
18 patients matched for age and sex who tolerated and continued IFN-B1b
(group 2) (Table 1).

Results

There were 15 women and 3 men in groups 1 and 2. Table 1 shows age at onset of
MS for groups 1 and 2 (2948 vs. 31+10.2 years), EDSS (4.4 vs 4.6), and duration
of illness (7.6%5.5 vs. 4.6+3.8 years). The IFN-B1b-intolerant patients had a
longer mean duration of illness. Differences were not statistically significant
between the groups for any parameter.

Drug

IFN-B1b was discontinued after a mean of 17+9.8 months and IFN-0n3, at a
dose of 5 MIU, was initiated on alternate days (group 1). Reasons for withdrawal
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of IFN-B1b included severe continuing skin reactions in 14, with ulceration in 6,
necrosis without ulceration in 1, intense local reaction without ulceration in 7,
and extensive subcutaneous nodule formation in 1. Five patients with cutaneous
ulcers had continued exacerbations and increasing disability and 4 with marked
local reactions (1 hemorrhagic) progressed despite treatment with IFN-B1b. Five
subjects progressed rapidly despite treatment. One woman, a physician, had
recurrent high fevers that were incapacitating, as well significant loss of well
being.

Disability

Mean EDSS was calculated for each group 1 and 2 years after treatment.
Patients improving, stabilizing, or worsening by one EDSS grade are shown
(Fig. 1). After 1 year, EDSS in group 1 was decreased or unchanged in 16
(89%) of IFN-on3-treated patients (decreased in 8, unchanged in 8, and
increased in 2). In group 2 where IFN-B1b treatment was continued because
of drug tolerance, EDSS was decreased or unchanged in 14 (78%) of the
patients (decreased in 5, unchanged in 10, and increased in 3). Although twice
as many suffered increased disability with continued IFN-B1b therapy, results
were not statistically significant. After 2 years, EDSS in group 1 was decreased
or unchanded in 14 (78%) IFN-an3-treated patients (decreased in 6,
unchanged in 8, and increased in 4). In group 2, EDSS was decreased or
unchanged in 11 (63%) IFN-B1b-treated patients (decreased in 3, unchanged
in 8, and increased in 4).

Fig. 1. EDSS of multiple sclerosis patients before and after 6 months, 1 year, and 2 years of
interferon (IFN)-an3 vs IEN-B1b treatment
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Adverse Experience

No cutaneous ulceration occurred in group 1 (IFN-on3-treated), but new cuta-
neous ulceration occurred in 4 patients in group 2. Two patients suffered multi-
ple ulcers. One patient in group 1 discontinued treatment after the 1st year and
deteriorated markedly in the 2nd year. Two other interrupted treatment but con-
tinued. One with a history of menorrhagia and anemia experienced a minor
degree of thrombocytopenia and stopped IFN-on3 therapy temporarily, but
resumed after a hysterectomy. In group 2, 2 patients interrupted treatment
because of adverse experience. A third discontinued treatment because of cuta-
neous ulceration just after the end of the 2-year follow-up.

We have reviewed magnetic resonance imaging studies from 31 patients on
IEN-an3 including the present group and 38 untreated patients. Gadolinium-
enhancing lesions were seen in only 2 (6.5%), whereas 37% of 38 untreated
patients were positive [8].

Conclusions

Management of adverse experience encountered with IFN-B1b treatment is a
controversial area. Steroids have been advocated to minimize both local and sys-
temic reactions, with limited success and uncertain impact on the course of MS.
The successful use of IFN-a as an alternative type I IFN in the management of
hairy cell leukemia, as well as observed tolerance of IFN-an in an earlier dose
ranging trial, prompted us to use IFN-on3 [3]. We employed doses equivalent to
those we previously found to be tolerated by MS patients and which stopped
intrathecal IgG synthesis [3]. These doses also appeared to prevent exacerbations
of MS.

In MS patients intolerant to IFN-B1b, we found IFN-on3 to be safe and well
tolerated. These patients who had experienced severe cutaneous and systemic
reactions necessitating withdrawal of IFN-B1b did not experience any local reac-
tions and systemic reactions were minor and generally well tolerated. The
observed effect of IFN-an3 on EDSS in MS was similar to IFN-B1b in patients
initially tolerant to IFN-B1b and who continued IFN-B1b treatment. In addition,
we found a dramatic reduction in gadolinium-enhancing lesions with IFN-0n3
treatment. IFN-on3 should be considered in all patients intolerant to IFN-f.
Trials of IFN-0n3 as primary treatment of MS are warranted, based on its safety
and tolerance.
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