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INTRODUCTION 

The eoneept of repair proeesses in multiple selerosis, espeeially 

those whieh relate to neuronal-glial cell interactions, can be 

eonsidered on several different levels. Eventually it may be 

possible to doeument an initial insult in man which leads di

reetly or indireetly to the eventual development of the symp

toms of multiple selerosis. Repair at the most basie level 

might be direeted at elimination of this insult be it caused by 

viral, humoral, or other faetors. It is also probable that 

seeondary immunologie or other host-reaetive meehanisms may 

beeome established as a result of this initial proeess whieh 

in themselves lead to the persistenee of the disease state or 

to its re-appearanee or exaeerbation. Repair might be eon

eeived as involving intervention at this point in the train 

of pathophysiologie events. Eventually the formation of lesions 

within the substanee of the eentral nervous system leads to the 

eharaeteristie symptomat.ie express ions of the disease in man. 

The eoneept of repair might be eonsidered to involve the re

storation of normal funetion in the fiber traets affeeted by 

demyelination and axonal loss. 
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Very little is known about the earliest steps in the establish

ment of multiple sclerosis in man and little more has been 

documented with certainty concerning the intermediate events 

leading to the formation of the characteristic plaques in the 

central nervous system. In view of our lack of primary informa

tion, the question of repair at these two levels was not pur

sued in our discussion, although its ultimate importance in 

regard to control of the disease was clearly recognized. This 

study group elected to concentrate instead on repair mechanisms 

which might operate at the level of the plaque itself with an 

aim towards symptomatic recovery of function in the damaged 

area. 

The characteristic multiple sclerosis plaque is a graded lesion. 

In the central area of the plaque there is nearly complete loss 

of myelin from all nerve fibers while characteristically most 

of the axons themselves are spared. Acute demyelination in pre

viously myelinated fibers will produce conduction block and 

failure of impulse propagation as will be discussed below. Al

though demyelination without axonal darnage is considered charac

teristic of multiple sclerosis, one invariably finds some fiber 

damage and axonal loss in the most severely effected portion 

at the center of the plaque. Darnage becomes less marked in a 

graded fashion towards the plaque periphery where partial rather 

than complete myelin loss is seen and nerve fiber damage is 

minimal. Thus, damage within a given plaque will not be uni

form and will run the gamut from mild paranodal darnage through 

complete ihternodaldemyelination and on to frank axonal degener

ation. Thus, while the primary role of demyelination of central 

axonal segments in the production of symptoms in multiple sclero

sis was recognized, the small but significant contribution of 

nerve fiber loss was also considered. In addition, the possi

bility of alternative mechanisms of darnage involving distal 

axonal components and synaptic function was also addressed and 

potential repair mechanisms at these levels considered. Fur~ 

thermore, the presence of evanescent clinical symptoms which 

develop and resolve much too quickly to be attributed to 
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demyelination were also recognized. The possible role of edema 

and other transient factors in the production of such symptoms 

was considered. 

Given the observation that multiple sclerosis plaques contain 

little or no myelin in their central regions, the question of 

repair at this level can be subdivided into three general cate

gories: 1) that dealing with the restoration of functional 

myelin sheaths to the denuded axons, 2) that concerning the re

establishment of useful conduction within persistently demy

elinated segments of these central axons, and 3) that address

ing the possible re-establishment of functional capacity to 

an involved pathway or tract by utilization of alternate fibers 

bypassing the site of the lesion. Each of these areas will be 

considered in turn below. 

REMYELINATION IN THE MULTIPLE SCLEROSIS PLAQUE 

Morphologie examination of the MS plaque indicates three general 

areas: 1) a central zone in which all myelin is lost and in 

which there appear to be few, if any, surviving oligodendrocytes 

by light and electron microscopic criteria; 2) a variable, nar

row surrounding ring demonstrating partial demyelination; and 

finally 3) the border of neighboring healthy tissue with its 

normal complement of oligodendrocytes and myelinated fibers. 

The central portion of an established plaque also exhibits 

marked astrocytic proliferation leading to the gross "scarring" 

usually apparent in the sectioned brain at autopsy which led 

to the initial descriptive name for this disorder. Remyelina-

tion in these areas of extensive myelin loss has been observed 

only rarely; occasionally fibers can be identified in which 

there is evidence of newly formed myelin internodal segments, 

but this is clearly the exception rather than the rule (27) • 

Most often axons in a plaque remain demyelinated indefinitely. 

Various reasons for the failure of these axons to acquire new 

myelin can be entertained. The oligodendrocytes formerly 
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providing the myelin in this region may have been destroyed 

during its formation and myelin competent cells may not be pres

ent in the area. Oligodendrocytes capable of forming and main

taining myelin, or precursors of such cells, may be too far 

away from the primary site of damage to respond to the need 

for new myelin. These competent oligodendrocytes may in fact 

be unable to divide in the adult to provide the new cells which 

are necessary or may be inhibited from dividing by a factor or 

factors elaborated within the lesion. Competent oligodendro

cytes capable of division may be unable to mi grate into the 

lesion either due to the absence of trophic factors or to 

mechanical obstruction from other components such as the astro

cytes populating that area. Finally, the axons themselves may 

in fact be damaged in such a way that either appropriate trophic 

factors are no longer produced or their surface membranes no 

longer provide a suitable substrate for myelination even if 

presented to the appropriate competent cello Development of 

techniques to stimulate effective repair of myelin in the plaque 

demands some understanding of each of these possibilities. 

Oligodendrocytes in the Multiple Sclerosis Plaque 

The question of the presence or absence of viable oligodendro

cytes within the plaque must first be answered definitively. 

Although classical morphologie techniques suggest that most 

oligodendrocytes have in fact been lost, these techniques de

pend on recognition of characteristics of the normal architec

ture of this cell type. It is possible that the disease process 

produces significant changes in cellular morphology and that 

oligodendrocytes do remain which are not recognized as such 

using these standard morphological parameters. Application of 

appropriate immunocytochemical techniques to these plaques which 

would allow recognition of surface or cytoplasmic antigens 

specific for the oligodendroglial cell should provide a defini

tive answer to this central question (see Schachner et al., this 

volumel . 

Several experimental observations in addition to the standard 

light and EM studies referred to above provide support for the 
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concept that oligodendroglia are no longer present within the 

plaque. Whether they are the primary site of attack or whether 

the myelin is locally destroyed (or whether both processes are 

involved) remains uncertain. There is recent evidence (26) for 

focal active destruction by cellular elements which may be different 

in nature from that seen in experimental allergic encephalomyelitis, 

a process in which an irnrnune-mediated event is induced directly 

against the compact myelin or one of its components, or in other 

experimental models of demyelination. On the other hand, im

munocytochemical examination of MS lesions showed an early 1055 

of staining for the myelin-associated glycoprotein (MAG) in the 

periphery of developing plaques where staining for myelin basic 

protein and the histological appearance of Luxol fast blue 

stained myelin appeared normal (19). Since MAG, produced by 

the oligodendrocyte, is concentrated in the most distal part 

of the myelin sheath closest to the axon and farthest from the 

parent oligodendrocyte cell body (19,35), this observation sug

gests an initial insult to the oligodendrocyte which affects 

metabolic support of the sheath rather than an attack on the 

structure of the compact myelin from without. Thinning of the 

myelin sheath during early demyelination may represent a "dying 

back" process with retraction of membrane elements toward the 

failing oligodendrocyte cell body with consequent unrolling of 

the myelin sheath. Such a mechanism, however, would require 

dissolution of tight junctional components normally involved 

in the maintainance of compact myelin structure. 

Further inferential support for the absence of competent oligo

dendrocytes in the MS plaque can be drawn from several experi

mental models of demyelination in the central nervous system. 

Local injection of lysolecithin into the CNS produces profound 

local demyelination (3) with resultant block of neuronal conduc

ti on (34). In this lesion remyelination is rapid and usually 

complete, suggesting that oligodendrocytes are spared. Demyelin

ation can also be produced in the CNS by local introduction 

of diphtheria toxin (15). Once again profound demyelination 

and conduction block occur (25). However, in this case very 



344 State of the Art Report; R.L. Barchi et al. 

little remyelination occurs, suggesting that oligodendrocytes 

within the lesion are destroyed by the toxin. The marked dif

ference between these two demyelinating lesions, one of which 

recovers with normal myelin formation by oligodendrocytes, the 

other remaining persistently demyelinated, may reflect the pres

ervation of competent oligodendrocytes within the former le

sion but not in the latter. Again, unequivocal confirmation 

of the absence of oligodendrocytes in the diphtheria lesion 

might best be supported by further studies using oligodendro

cyte-specific immunocytochemical markers. 

Proliferation and Migration of Oligodendrocytes 

Peripheral nerve axolemma is known to be mitogenic to Schwann cells 

in culture (see Bunge, this volume) . Similar studies have not been 

done wi th oligodendrocytes. It is important to determine whether 

central axonal membrane is in fact amitogen for oligodendro

cytes, whether this stimulatory activity is effective through

out the life of the oligodendrocyte or only within certain time

frames or windows during development, and whether the demyelin

ated axon from MS tissue is an equally effective stimulus to 

cell division. 

Other factors which might stimulate oligodendrocytes prolifera

tion or migration must be sought since their selective absence 

in the MS plaque might be contributing to the failure of myelin 

formation. Recent preliminary experiments (Trenkner & Herrup, 

personal communication) suggest that Epidermal Growth Factor 

(EGF), a well-characterized polypeptide that is mitogenic for 

a variety of cell types, stimulates proliferation of oligoden

drocytes in culture. Significantly, this effect is seen only 

during a brief period or 

opment, underscoring the 

various stimuli only at 

Further work is clearly 

"window" during oligodendrocyte devel

point that these cells may respond to 

specific times in their life cycle. 

needed in an effort to identify other 

relevant factors which stimulate oligodendrocyte proliferation 

and to define the temporal sequence of their activity. 
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Factors that modify the duration of sensitivity of oligodendro

cytes to known mitogens will also require study. Both questions 

might best be explored in tissue culture systems. 

Additional thought must be given to other situations in addi

tion to the absence of trophic components which might result 

in the inhibition of proliferation and/or migration of compe

tent oligodendrocytes or their precursors. Enzymes released 

by macrophages and similar cells within the lesion may destroy 

soluble protein factors or modify membrane surface receptors 

in such a way as to inhibit their effect. Studies of the ef

fects of protease inhibitors or repair processes in demyelinat

ing lesions might therefore be profitable. Similar destructive 

effects could arise from the action of immune system components. 

If the destruction of oligodendrocytes within the MS plaque is 

a critical element in the prevention of new myelin formation, 

we must look further to the remaining normal oligodendrocytes 

at the periphery of the lesion. What factors prevent these 

cells from moving into the plaque and providing new myelin much 

as adult Schwann cells do in acutely denervated peripheral 

nerve? One possibility for this failure is an inability of ma

ture oligodendrocytes to divide and/or migrate in response to 

injury or to an appropriate mi togen or trophic factor. Evidence 

regarding this point remains controversial; several model sys

tems can be reviewed which might shed some light on this issue, 

although in each case major questions of interpretation or 

extrapolation to the adult MS lesion can be raised. CNS demy

elination produced by CSF barbotage is followed by remyelination 

(8,9). It has been suggested that oligodendrocytes within the 

lesion are lost during the phase of demyelination, but this 

question has not been examined using modern techniques. Exami

nation of remyelination in the distal stump of transected tad

pole optic nerve suggests that radial astrocyte processes form 

a framework for migrating oligodendrocytes which subsequently 

remyelinate the regenerating neurites (31). Here the major 
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reservation is the relatively immature nature of the tissue in

volved. Studies presently in progress using tissue culture by 

Bunge et al. have provided an opportunity to study the inter

action of oligodendrocytes or Schwann cells with unmyelinated 

axons from dorsal root ganglion explants. These studies demon

strate that explanted oligodendrocytes added to such a neural 

culture will in fact migrate to and associate with axons, sub

sequently producing myelin. Their ability to mi grate from the 

point of addition and the extent of myelin formed are both 

limited, however. Again the major difficulty in extrapolating 

these observations to the MS lesion is the experimental use of 

immature oligodendrocytes from seven-day-old animals. Similar 

experiments with adult oligodendrocytes have not yet been done. 

Astroglial cells were present in these cultures; their positive 

or negative influence on oligodendrocyte migration and myelin 

formation has not been defined. 

Although there is evidence suggestive of cell division in the 

mouse lysolecithin lesion during remyelination (17), it has not 

been definitively shown that oligodendroglial cells in adult 

human brain are capable of division and extensive migration 

within a demyelinating lesion. Clearly this is a major ques

tion which remains to be answered. Several possible approaches 

to providing such an answer in model systems were suggested in 

discussion. Thymidine incorporation studies should be under

taken in the diphtheria and lysolecithin models of demyelination 

along with immunocytochemical labelling for definitive identi

fication of glial elements. Definitive evidence for recent 

cell division and for migration of cells within these lesions 

should be sought. Possibly the most direct answer may come 

from culture studies in which immature oligodendrocytes are re

placed by mature cells from adult donors. 

It is possible that immature or precursor glial cell elements 

are present in adult brain which could give rise to myelin

competent oligodendrocytes but which at present would not be 

identified by routine morphological techniques. Such a situation 
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might be destroyed by thymidine incorporation studies in adult 

demyelinating lesions. Oligodendrocyte markers such as 03 and 

04 antigens might be useful in identifying such cells (see Schachner 

et al., thisvolume). The development of immunocytochemical mark

ers for progressively more immature oligodendrocytes would be 

most helpful in this regard and could profitably be used in asso

ciation with the above experiments to identify such precursors. 

The ability of demyelinated axons to support myelin formation 

has been demonstrated in several systems. Peripheral Schwann 

cells introduced into areas of experimentally produced CNS de

myelination will form normal myelin around axons in the imme

diate vicinity (2,13). Uncharacteristically, however, these 

cells will not mi grate outward to ensheath all of the exposed 

axons available. Similarly, MS plaques in the spinal cord can 

occasionally be found in which Schwann cells from adjacent root 

entry zones have invaded and remyelinated a portion of these 

fibers (11,20). Again, however, the areas of remyelination are 

quite restricted. Such observations suggest that the axonal 

signal triggering the actual initiation of myelin formation 

is still present, but suggest the existence of some impediment 

to migration of the myelinating cell within the demyelinated 

region. 

The feasibility of directly introducing oligodendrocytes or 

Schwann cells into the CNS in order to remyelinate MS plaques 

was considered. Experiments of this type are presently under

way in model systems (Bunge and Aguayo, personal communication) . 

A number of practical difficulties were raised which presently 

contraindicate clinical application of this approach. Among 

these was the consideration that it would be extremely diffi

cult to precisely localize all the symptomatic plaques re

quiring treatment. 

Astrocytes and Oligodendrocyte Migration 

The MS plaque is characterized by extensive astrocytic pro

liferation. The presence of these astrocytes could theoretically 
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consti tute ei ther an aid or an impediment to oligodendrocyte move

ment and myelination. A positive role for astrocytes during de

velopment involving guidance of cellular migration has been sug

gested by several studies involving normal CNS elements (e.g., radial 

glial cells, Bergmann glia) and CNS mutants (e. g. , Weaver mutant) 

(see Rakic, thisvolume). Alternatively, adense tangleofreactive 

astrocytes within a plaque could present a mechanical barrier 

to or inadequate substrate for subsequent cell movement. Cyto

plasmic or surface components of astrocytes mediating some of 

these "posi ti ve" functions may not be expressed on the surface 

of reactive astrocytes present in the MS plaque. For example, 

the cytoplasmic antigen C1 can be identified in radial glial 

fibers at very early stages of development and persists in 

Bergmann glia and Muller cells (see Schachner et al., this volume) . 

A second antigen, M1, appears later in whi te matter astrocytes 

but not in those containing C1. Preliminary experiments sug

gest that if the brain is damaged by a stab wound, the reactive 

astrocytes in the vicinity of the wound are induced to express 

M1 and not C1 antigen. 

Astrocytes may vary in their effects on oligodendrocyte migra

tion; this area requires further study both in vive and in tis

sue culture systems using astrocytes of known type as identi

fied by multiple immunochemical markers. Similarly, positive 

and negative aspects of astroglial proliferation in a demyelin

ated area can be proposed for the electrophysiologic function 

of the axon (see below). The timescale of development of astro

cytosis in a newly formed MS plaque is not known and therefore 

should be studied. 

RESTORATION OF FUNCTIONAL CONDUCTION IN PERSISTENTLY 

DEMYELINATED FIBERS 

Ample clinical evidence exists to support the concept that 

functional conduction can be re-established through a demy-

elinated MS plaque without remyelination. The paucity of re

myelination in pathologically examined plaques taken in con

junction with the fundamental relapsing and remitting nature 
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of the disease itself suggests that this should be so, and re

cent clinico-pathologic correlations of a severely demyelinated 

optic nerve (see Bostock and McDonald, this volurne) provide 

morphological verification. If this is so, the conduction 

block produced in myelinated axons by the removal of inter

nodal myelin must be overcome by some alternative mechanism. 

The nature of the conduction block in demyelination. should first 

be reviewed briefly. In saltatory conduction, current passing 

inward at a given node during an action potential spreads along 

the adjacent internode. Most current moves longitudinally rather 

than radially due to the high radial resistance and low radial 

capacitance provided by the myelin sheath. The next nodal re

gion provides a relatively low resistance pathway for outward 

current flow, and much of the current exits here to complete the 

circui t through the extracellular fluid. This outward nodal 

current flow depolarizes the membrane resul ting in the generation 

of an action potential. This process may then be repeated with 

the impulse effectively jurnping from node to node. The inter

nodal length, myelin thickness, etc., are all optimized by un

known signals between axon and oligodendroglia to provide maxi

mal passive spread of currents along the internode with minimal 

losses. 

When the myelin of an internode or even a significant portion 

of the myelin irnrnediately adjacent to the nodal membrane is 

removed or lifted from the axonal membrane, the passive proper

ties of the axon change dramatically. Current flowing down the 

last intact internode from the previous node encounters a large 

area of membrane having a low resistance and high capacitance. 

Because of the extra membrane capacity, this area of membrane 

takes much longer than normal to be depolarized to threshold, 

and internodal conduction times have been observed to increase 

as much as 25-fold in experimental demyelination (30). The 

duration of the depolarizing current is limited by the driving 

action potential, and at low rates of depolarization the thresh

old is increased, so that more than a limited loss of paranodal 
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myelin results in conduction failure (22). Even when the ex

tent of demyelination is insufficient to block single impulses, 

conduction of trains of impulses is impaired (30) probably be

cause the prolonged current flow causes accumulation of intra

cellular sodium and extracellular potassium ions. The difficulty 

is compounded by the observation that sodium channel density, 

while very high at the node, is very low in the internodal mem

brane under the myelin, and that, in addition, voltage-dependent 

potassium channels are present in this membrane. 

Conduction in Demyelinated Internodes 

Recently, Bostock and Sears (5,6) havebeenableto demonstrate 

in the peripheral nervous system the restoration of conduction 

along such demyelinated zones which has previously represented 

sights of conduction failure. Conduction along these demy

elinated zones appeared first at about six days after demy

elination by diphtheria toxin, although evidence of unstable 

conduction could be seen as early as four days after treatment. 

In nerves demyelinated with diphtheria toxin, conduction along 

the demyelinated axon appeared continuous at the resolution 

of the electrode system used (about 250~), while in lyso

lecithin treated nerves the demyelinated segments developed 

discrete "hot spots" of inward current suggestive of local clus

tering of active ionic channels (4). 

The appearance of continuous conduction in these fibers has been 

attributed to the appearance of sodium channels in the internodal 

membrane at a density not present immediately after demyelination. 

It is not known whether these channels represent newly synthe

sized protein or are the result of lateral movement of channels 

formerly present in high density in the nodal membrane. Experi

mental current recordings indicate that the high density nodal 

concentration of channels has become much less prominent after 

demyelination at a time when single impulse conduction is re

stored. This might indicate removal of channels from the mem

brane or lateral spread within the plane of the membrane. 
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At this time it is not known whether the passive properties of 

the axonal membrane in the region of demyelination change during 

the time at which conduction is restored. Any increase in mem

brane resistance would favor effective depolarization; this could 

result from alteration in membrane leakage currents or fromclose 

apposition of glial elements to the axonal surface. The diameter 

of the demyelinated segment does decrease (28). This certainly 

will favor re-establishment of conduction by decreasing membrane 

surface area and increasing longitudinal resistance, both fac

tors tending to increase outward current density per unit area 

of membrane in the proximal demyelinated segment. 

Simple restoration of conduction for single impulses through 

such a demyelinated zone does not ensure normal functioning 

of the pathway in which these axons are involved. Information 

in many neural pathways is contained not only in the presence 

or absence of impulses, but also in their frequency and pattern. 

Thus the ability of an axon to convey information accurately is 

in part a reflection of its capacity to transmit trains of im

pulses at the optimum frequency usually encountered in that 

pathway. Restoration of continuous conduction in demyelinated 

segments is usually associated with limited high frequency re

sponse capability; the appearance of a train of impulses in 

rapid succession will usually result in block, with failure to 

transmit faithfully some of the impulses in the train. Thus 

even after restoration of continuous conduction, function in 

pathways requiring preservation of higher frequency information 

will be abnormal. This fact may account in part for the per

sistent impairment of vibratory sensation in a large percentage 

of MS patients. Furthermore, loss of myelin near branch points 

ofaxons near synaptic terminals may result in persistent or 

intermittent failure of conduction along a branch, variable 

synaptic function, or reentrant excitation phenomena even after 

establishment of continuous conduction. 

External Agents and Conduction 

Attempts have been made to improve the reliability of transmis

sion across a demyelinated region in which sodium channel density 
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has increased sufficiently to support conduction. It can be 

predicted that factors which prolong the action potential at 

the last normal node, and therefore increase the duration of 

inward current flowing longitudinally toward the demyelinated 

region, will enhance the safety factor of transmission in 

conducting fibers, or allow transmission to occur in marginal 

ones (32). Several methods of prolonging the action potential 

have been pursued. 

The simplest way to achieve this prolongation is to reduce am

bient temperature. It can be shown in the diphtheria toxin de

myelination model that variation in temperature up or down by 

a small amount will interconvert an axon from a conducting to 

a non-conducting state. Decreasing temperature by as little 

as 0.50 C will restore conduction in an otherwise blocked axon 

(29). This observation correlates weIl with the clinical ob

servation of symptomatic worsening of MS patients in hot weather, 

under hot showers, etc., and the anecdotal re ports of improve

ment in function on exposure to cold. 

Alternatively, pharmacologic agents are available which have 

been shown to prolong the duration of the action potential. 

Chemicals which block voltage-dependent potassium channels 

such as 4-aminopyridine (4-AP) or tetraethylammonium ion (TEA) 

will retard the repolarization process at nodes containing these 

channels, andtherefore prolong the duration of the depolarized 

state. 4-AP significantly improves the competency of conduc

tion in demyelinated regions of the diphtheria toxin model (33). 

Its clinical usefulness, however, appears to be limited by other 

effects of this agent, especially on synaptic transmission. In 

a limited clinical test the intervention of cortical seizure 

activity prevented further administration (Bostock et al., un

published observations). Its future usefulness appears limited. 

Another method of prolonging the nodal action potential is to 

delay the voltage-dependent inactivation of the sodium channel. 

This effect can be produced by a class of polypeptide neurotoxins 
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elaborated by several species of scorpion and certain sea anem

ones. Scorpion toxin will improve the reliability of conduc

tion through a demyelinated segment in an experimental system 

(7). Its usefulness in humans is doubtful if for no other 

reason than the obvious problems of delivery of such a peptide 

of 6000-8000 MW across the blood-brain barrier. 

Research is needed to identify smaller molecules capable of 

entering the CNS which would function in a manner similar to the 

scorpion toxins or 4-AP without producing the unacceptable side 

affects inherent in these agents. One fruitful direction for 

research might be to search for modifiers with special affinity 

for the regions of demyelination so that unwanted effects in 

areas of normal CNS matter can be minimized. 

A final pharmacologic approach to improvementofconduction in 

demyelinated segments would be to lower the threshold for ac

tion potential generation such that a smaller depolarization 

is required for conduction to be initiated. One method of ac

complishing this goal is to alter membrane surface charge by 

reducing ionized calcium concentration. Hypocalcemia has been 

demonstrated to produce transient improvement in MS patients 

(10). A major drawback to the pursuit of pharmacologic agents 

having comparable effects is the enhancement of the unpleasant 

positive symptoms of MS due to hyperirritability of some damaged 

fibers and the possibility of inducing uncontrolled discharges 

in other pathways. 

Plastic and Functional Recovery 

Not all recovery of function following focal demyelination need 

involve restoration of conduction through the affected area. 

The plasticity and redundancy of certain pathways in the CNS 

may allow alternative unaffected components of the nervous sys

tem to take over functions previously mediated by the damaged 

pathway. Undoubtedly, plasticity contributes significantly to 

maintenance of function following lesions in many pathways. 

However, persistant deficits in MS may indicate that this reserve 
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has already been compromised by multiple lesions spread through 

the CNS. Although augmentation of plastic repair in the CNS 

may provide some potential benefit, direct experimental approach 

is difficult. 

Functional Recovery from Very Brief Symptomatic Episode 

Symptomatic episodes occur in MS the dura ti on of which are too 

brief to be ascribed to demyelination of the kind associated 

with typical plaque formation. Various mechanisms for such 

episodes have been proposed, including the effects of local 

edema on conduction and partial paranodal myelin damage. Func

tional recovery from such symptoms in MS may involve features 

not considered at all in previous discussion. Further study 

of these transient phenomena and their potential causes is 

needed. 

MODEL SYSTEMS FOR THE STUDY OF REPAIR IN MS 

Model systems applicable to various aspects of potential repair 

mechanisms in MS have been cited in earlier sections of this 

report. They will be briefly consolidated here along with 

several others of potential value. The list is not intended 

to be inclusive, but only representative of the experimental 

systems available. 

In addition to traditional morphological procedures, a useful 

method for evaluating the similarity of lesions in model sys

tems to multiple sclerosis plaques will be immunocytochemical 

examination. Staining of paraffin sections of multiple sclero

sis tissue with a limited number of anti sera has already demon

strated similarities and differences between multiple sclerosis 

lesions and those in other demyelinatingconditions (18,19,21,36). 

As anti sera to additional myelin and oligodendroglial components 

become available, more detailed molecular maps of demyelinating 

lesions will be possible. 

Models of CNS Demyelination - Physically- or Chemically-Induced 

Injection of lysolecithin into the CNS produces an acute demy

elinating lesion characterized by successful remyelination and 
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recovery of function (3). In this model, oligodendroglial cell 

bodies appear to be spared. Similar local CNS injection of 

diphtheria toxin also produces acute demyelination (15). Here 

oligodendrocyte remyelination is minimal or absent, suggesting 

that oligodendroglia within the lesion have been destroyed (16). 

Comparison in detail of these two models using current irnrnuno

cytochemical and radiolabelling techniques may prove valuable. 

Both provide methods of producing demyelinated fibers which 

may serve as a substrate for implantation of exogenous oligo

dendrocytes, Schwann cells, trophic factors, etc. Since re

myelination is virtually absent in the diphtheria lesion, fac

tors affecting the rate and extent of astrocyte proliferation 

might best be studied here. Cuprizone intoxication in mice 

produces continuing demyelination which re covers when drug ad

ministration is stopped (1,23). 

CSF barbotage (8) and acute compression (14) may provide a 

useful model of acute demyelination. Lesions are superficial; 

oligodendrocytes may be damaged, but remyelination does occur. 

Models of Viral-Induced Demyelination 

Virus-induced demyelination has been covered more extensively 

in other sections of this workshop and several models will be men

tioned here only as examples (see Fields and Weiner, this volume). 

The mouse coronavirus JHM will produce acute demyelinating 

lesions of the mouse brain and spinal cord six to eight days 

after infection. This virus appears selective for oligoden

drocytes. These cells die, but remyelination does appear to 

occur (17). This model may provide insight into mechanisms 

of oligodendrocyte proliferation and migration under certain 

pathologic conditions. Canine distemper virus causes severe 

demyelination in dogs, but little is known about the cellular 

pathology. Transmission to other species has not been accom

plished. Theiler's virus produces a secondary inflarnrnatory de

myelinating syndrome in mice after first infecting anterior 

horn cells. A form of progressive multifocal leukoencephalo

pathy has been produced in irnrnunosuppressed monkeys. In this 



356 State of the Art Report; R.L. Barchi et al. 

disorder extensive demyelination occurs with preservation of 

axons. Withdrawal of immunosuppressants might lead to secondary 

inflammatory response which could even more closely mimic MS. 

The model has proven very hard to produce consistently. 

Visna, a CNS viral infection of sheep, has many similarities 

to MS. After innoculation there is a variable incubation period 

of months to years. Relapses and remissions in symptoms are 

seen, and pathological analysis reveals multifocal demyelinating 

lesions and gliosis. Unfortunately the disease can only be 

produced in certain strains of sheep and does not appear to 

adapt to smaller mammals or primates. 

Models Induced by Immunization with Nervous Tissue Elements 

The syndrome of experimental allergie encephalomyelitis can 

be produced in a variety of species by immunization with crude 

CNS, purified myelin, or certain myelin protein components. 

These models resemble MS in some aspects and differ in others. 

They are discussed in detail by Arnason and Waksman (this volume) 

and will not be considered further here. 

Models for Studying Neuronal-glial Interactions In Vitro 

Various tissue culture systems appear to hold the most promise 

for directly relevant experiments concerning astrocyte and oligo

dendrocyte proliferation, migration, the interactions between 

astrocytes and oligodendrocytes, and the interactions between 

both cell types and neurons. Pure cultures of astrocytes or 

oligodendroglial cells should provide a system to screen for 

and subsequently study mitogens and trophic factors which in

fluence cell division and migration respectively. Subsequently 

studies wi th mixed cul tures should shed light on the mutual in

hibitory or facilitatory interactions between these cell types. 

Specific attention must be directed to temporal compartmenta

tion of certain responses during various stages of cell devel

opment. Finally, mixed cultures with neuronal elements capable 

of being myelinated, such as the dorsal root ganglion prepara

tion of Bunge, could provide the ultimate in vitro testing 
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ground for oligodendrocytes in terms of competency for myelin 

formation during various stages of development, as weIl as fac

tors promoting or inhibiting migration to and interaction with 

axons. Addition of astrocytes to the system under controlled 

conditions will further help clarify this dimension of neuronal

glial interaction. 

Electrophysiological Models 

At present it seems reasonable to assurne that observations made 

with diphtheria toxin demyelination in the PNS will be directly 

relevant to conduction in the CNS, since to date all the physio

logie properties of normal and demyelinated PNS fibers have 

found their counterpart in CNS axons when properly studied (24). 

Further work with the diphtheria toxin and lysolecithin induced 

demyelination models in rat ventral roots will undoubtedly be 

fruitful. Newer models of acute demyelination using anti

galactocerebroside antiserum may provide additional information. 

More detailed analysis of these systems at the single fiber 

level using voltage clamp techniques may soon be possible. 

RELEVANCE OF REPAIR MECHAN15MS TO MULTIPLE SCLEROSIS 

This report has discussed a variety of potential repair pro

cesses which could come into play in the demyelinated MS plaque. 

An appropriate summation might put these into perspective in 

regard to their probability of occurring naturally in the human 

disease state, and their relative potential for future manipu

lation in the treatment of MS. 

Although remyelination of denuded axons is functionally the most 

satisfying repair mechanism possible (34), it appears to be a 

very minor feature in the natural history of MS plaques. Re

establishment of conduction through demyelinated segments of 

axon, on the other hand, may play a major role in the recovery 

of function after an acute exacerbation in MS. Synaptic plas

ticity and remodeling of alternate pathways may play an im

portant role whose extent is as yet unappreciated. 
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On the other hand, one can consider these broad categories of 

repair mechanisms in terms of their potential for exploitation 

and manipulation for more effective treatment in MS. We know 

very little about the control of plasticity in the human CNS, 

and it seems unlikely that we will be able to exploit this as 

arepair process in the foreseeable future any more effectively 

than is being done by the brain i tself. Rest.oration of conduc

tion in demyelinated segments has immediate applicability and 

also the potential for pharmacologic manipulation. The pos

sibility of significant advances in this area seem very real. 

On the other hand, most pharmacologic approaches carry the 

probability of complications from unwanted effects in other 

neuronal pathways. Furthermore, problems such as the fidelity 

of high frequency response, discussed above, may weIl place a 

natural limit on the extent of recovery expected from this 

approach in the severely disabled MS patient. Induction of remy

elination, on the other hand, has major potential for a high degree 

of physiologie repair wi th maximal recovery of function and on 

scientific grounds seems to have also a real potential for 

eventual manipulation. 

Ultimately the control of MS will result from an understanding 

of the underlying primary etiologic event, and the most effec

tive form of "repair" will be prevention of the initial insult 

or blockage of its further progression. There is no question, 

however, that work toward repair of damage at the site of the 

lesion must progress in parallel, and the probability exists 

that such work will yield clinically useful information in the 

near future. 



Repair 359 

REFERENCES 

(1) Blakemore, W.F. 1973. Remyelination of the superior 
cerebellular peduncle in the mouse following demyelina
tion induced by feeding cuprizone. J. Neurol. Sci. 20: 
73-83. 

(2) Blakemore, W.F. 1973. Remyelination of CNS axons by 
Schwann cells transplanted from the sciatic nerve. Nature 
226: 68-69. 

(3) Blakemore, W.F.; Eames, R.A.; Smith, K.J.; and McDonald, 
W.I. 1977. Remyelination in the spinal cord of the cat 
following intraspinal injections of lysolecithin. J. 
Neurol. Sci. 33: 31-43. 

(4) Bostock, H.; Hall, S.M.; and Smith, K.J. 1980. 
ated axons form 'nodes' prior to remyelination. 
308: 21P-23P. 

Demyelin
J. Physiol. 

(5) Bostock, H., and Sears, T.A. Continuous conduction in de
myelinated mammalian nerve fibers. Nature 263: 786-787. 

(6) Bostock, H., and Sears, T.A. 1978. The internodal axon 
membrane: electrical excitability and continuous conduc
tion in segmental demyelination. J. Physiol. 280: 273-301. 

(7) Bostock, H.; Sherratt, R.M.; and Sears, T.A. 1978. Over
coming conduction failure in demyelinated nerve fibers 
by prolonging action potentials. Nature 274: 385-387. 

(8) Bunge, M.B.; Bunge, R.P.; and Ris, H. 1981. ultrastruc
tural study of remyelination in an experimentallesion in 
adult cat spinal cord. J. Physiol. Biochem. Cytol. 10: 
67-94. --

(9) Bunge, R.P.; Bunge, M.B.; and Ris, H. 1960. Electron 
rnicroscopic study of demyelination in an experimentally 
induced lesion in adult cat spinal cord. J. Biophys. 
Biochem. Cytol. 2: 685-686. 

(10) Davis, F.A.; Becker, R.O.; Michael, J.A.; and Sorensen, 
E. 1970. Effects of intravenous sodium bicarbonate di
sodium edetate (Na2EDTA), and hyperventilation on visual 
and oculomotor signs in multiple sclerosis. J. Neurol. 
Neurosurg. Psychiat. 11: 723-732. 

(11) Fergen, I., and Popoff, N. 1966. Regeneration of myelin 
in multiple sclerosis. Neurology 16: 364-372. 

(12) Gledhill, R.F., and McDonald, W.I. 1977. Morphological 
characteristics of central demyelination and remyelination: 
a singel fibre study. Ann. Neurol. 1: 552-560. 



360 State of the Art Report; R.L. Barchi et al. 

(13) Harrison, B.M. 1980. Remyelination by cells introduced 
into a stable demyelinating lesion in the central nervous 
system. J. Neurol. Sci. 46: 63-81. 

(14) Harrison, B.M., and McDonald, W.I. 1977. Remyelination 
after transient experimental compression of the spinal 
cord. Ann. Neurol. 1: 542-551. 

(15) Harrison, B.M.; McDonald, W.I.; and Ochoa, J. 1972. 
Central demyelination produced by diphtheria toxin: an elec
tron microscope study. J. Neurol. Sci. 12: 293-302. 

(16) Harrison, B.M.; McDonald, W.I.; and Ochoa, J. 1972. 
myelination in the central diphtheria toxin lesion. 
Neurol. Sci. 17: 293-302. 

Re
J. 

(17) Herndon, R.M.; Price, D.L.; and Weiner, L.P. 1977. Re
generation of oligodendroglia during recovery from demy
elinating disease. Science 195: 693-694. 

(18) Itoyama, Y.; Sternberger, N.H.; Quaries, R.H.; Cohen, S.R.; 
and Webster, H. de F. 1979. Immunocytochemical observa
tions on demyelinating lesions in experimental allergic 
encephalomyelitis (EAE). Abstracts, Soc. Neurosci. 2: 512. 

(19) Itoyama, Y.; Sternberger, N.H.; Webster, H. de F.; Quaries, 
R.H.; Cohen, S.R.; and Richardson, E.P. 1980. Immunocyto
chemical observations on the distribution of myelin-associated 
glycoprotein and myelin basic protein in multiple sclerosis 
lesions. Ann. Neurol. 7: 167-177. 

(20) Itoyama, Y.; Trapp, P.; McIntyre, L.; Sternberger, P.; 
Richardson, E.; and Webster, H. de F. 1979. Remyelina
tion of CNS fibers by Schwann cells in multiple sclerosis: 
immunocytochemical observation. J. Neuropath. Exp. Neurol. 
38: 323 (abstract). 

(21) Itoyama, Y.; Walker, D.L.; Richardson, E.P.; Sternberger, 
N.H.; Padgett, P.L.; Quarles, R.H.; and Webster, H. de F. 
1980. Papova virus, myelin-associated glycoprotein and 
myelin basic protein in progressive multifocal leukoenceph
alopathy. J. Neuropath. Exp. Neurol. 39: 363 (abstract). 

(22) Koles, Z., and Rasminski, M. 1972. Computer simulation of 
conduction in demyelinated nerve fibers. 1972. J. Physiol. 
227: 351-364. 

(23) Ludwin, S.K. 1978. Central nervous system demyelination 
and remyelination in the mouse: An ultrastructural study 
of cuprizone toxicity. Lab. Invest. 39: 597-612. 

(24) McDonald, W.I. 1974. Pathophysiology in multiple sclero
sis. Brain 97: 179-196. 



Repair 361 

(25) McDonald, W.I., and Sears, T.A. 1970. The effects of 
experimental demyelination on conduction in the central 
nervous system. Brain 93: 583-598. 

(26) Prineas, J.W., and Connell, F. 1978. The fine structure 
of chronically active multiple sclerosis plaques. Neurol
ogy (Minneap.) 28 (2): 68-75. 

(27) Prineas, J.W., and Connell, F. 1979. Remyelination in 
multiple sclerosis. Ann. Neurol. 5: 22-31. 

(28) Raine, C.S.; Wisniewski, H.; and Prineas, J. 1969. An 
ultrastructural study of experimental demyelination and 
remyelination. 11. Chronic experimental allergie en
cephalomyelitis in the peripheral nervous system. Lab. 
Invest. 21: 316-327. 

(29) Rasminsky, M. 1973. The effects of temperature on con
duction in demyelinated single nerve fibers. Arch. Neurol. 
Chicago. 28: 287-292. 

(30) Rasminsky, M., and Sears, T.A. 1972. Internodal conduc
tion in undissected demyelinated fibers. J. Physiol. 227: 
323-350. 

(31) Reier, P.J., and Webster, H. de F. 1974. Regeneration 
and remyelination of Xenopus tadpole optic nerve fibers 
following transection or crush. J. Neurocytol. l: 591-618. 

(32) Schauf, C.L., and Davis, F.A. 1974. Impulse conduction in 
multiple sclerosis: A theoretical basis for modification 
by temperature and pharmacological agents. J. Neurol. 
Neurosurg. Psychiat. 37: 152-161. 

(33) Sherratt, R.M.; Bostock, H.; and Sears, T.A. 1980. Ef
fects of 4-aminopyridine on normal and demyelinated mam
malian nerve fibers. Nature 283: 570-572. 

(34) Smith, K.J.; Blakemore, W.F.; and McDOnald, W.I. 1979. 
Central remyelination restores secure conduction. Nature 
280: 395-396. 

(35) Stenberger, N.H.; Quarles, R.H.; Itoyama, Y.; and Webster, 
H. de F. 1979. Myelin-associated glycoprotein demonstrated 
irnrnunocytochemically in myelin and myelin-forming cells of 
developing rat. Proc. Natl. Acad. Sci. 76: 1510-1514. 

(36) Winchell, K.H.; Sternberger, N.H.; Quarles, R.H.; and 
Webster, H. de F. 1980. Myelin-associated glycoprotein 
and basic protein in hexachlorophene lesions. Trans. Arner. 
Soc. Neurochem. 11: 159 (abstract). 




