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Therapeutic Central Nervous System Remyelination 
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Persistent demyelination, in addition to being the major pathology of multiple sclerosis and the leucodystro-
phies, is also a feature of spinal cord trauma where there is evidence that it contributes to the functional 
deficit. In experimental animals it is possible to remyelinate demyelinated CNS axons by transplanting 
cultures containing central or peripheral myelinogenic cells. Using functional testing we have been able 
to show that transplant-mediated remyelination results in restoration of function lost as a consequence of 
demyelination. Glial cell transplantation may therefore provide a therapeutic strategy for remyelinating areas 
of chronic demyelination. This article reviews issues that have to be addressed before glial transplantation 
can be undertaken in humans. These include: what cells to use, where would the cells come from, and can 
we predict how much remyelination will be achieved? It concludes that the most promising approach will 
be to use neural multipotential stem cells isolated from embryonic CNS, expanded in vitro as neurospheres 
and then committed to oligodendrocyte lineage differentiation prior to implantation. However, even with 
such preparations, which have considerable myelinating potential, the extent of remyelination that will be 
achieved cannot currently be predicted with any degree of certainty. 
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INTRODUCTION 
Persistent demyelinat ion, in addition to being the ma­

jo r pathology of mult iple sclerosis and the leucodystro-
phies , is also a feature of spinal cord t rauma where there 
is evidence that it contributes to the functional deficit 
(11,36). In experimental animals it is possible to remy­
elinate demyel inated C N S axons by transplanting cul­
tures containing central or peripheral myel inogenic cells 
(8). Myel in sheaths m a d e by transplanted glial cells en­
hance action potential conduct ion (20,21,39) and we 
have been able to show that both normal and transplant-
mediated remyelinat ion results in restoration of function 
lost as a consequence of demyelinat ion (22). In addit ion, 
Schwann cell and olfactory ensheathing cell transplanta­
tion, in the form of "br idges ," provides a means of stim­
ulating regeneration of C N S axons (19,32). Glial cell 
transplantation may therefore provide a therapeutic strat­
egy for remyelinat ing areas of chronic demyel inat ion 
and st imulating axon regeneration. However , before 
glial transplantation can be undertaken in humans as a 
t reatment in situations where endogenous remyelinat ion 
has failed, a number of issues have to be resolved. The 
most important of these are: will the procedure be safe, 

and will it be effective in restoring function lost as a 
consequence of chronic demyel inat ion? 

WILL INTRODUCTION OF GLIAL CELLS INTO 
AREAS OF DEMYELINATION BE SAFE? 

The experience gained from human and xenogenic 
tissue grafting for the t reatment of Park inson ' s disease 
indicates that the introduction of exogenous cells into 
the human brain is not an inherently hazardous proce­
dure providing donor tissue is moni tored for potentially 
harmful pa thogens . It has been our experience that the 
injections of suspensions of glial cells into areas of acute 
demyel inat ion does not damage axons provided the sus­
pensions do not have very high numbers of astrocytes 
and that they contain some cells that have the capacity 
to generate myel in sheaths (unpublished observat ions) . 
The injection of embryonic tissue that has the potential 
to generate neurons leads to the deve lopment of classical 
neural grafts that can act as space-occupying lesions in 
the context of whi te matter tracts (unpublished observa­
tions). However , if the transplant is prepared in such a 
way that avoids this ou tcome then injection of myel ino­
genic cells would appear to be a sufficiently safe proce-
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dure to proceed to clinical trials that primari ly involve 
assessment of safety and also the feasibility of detect ing 
remyelinat ion (Phase I clinical trials). 

A central issue to be addressed prior to such clinical 
trials is whether t ransplanted glial cells are able to remy­
elinate large areas of demyel inat ion. In order to resolve 
this issue we need to know the answers to three related 
quest ions: what cells to use, where would the cells c o m e 
from, and can we predict how much remyelinat ion there 
will be following the introduction different types of 
cells? 

WHAT CELLS WOULD BE MOST 
APPROPRIATE TO TRANSPLANT? 

The main animal models in which transplant-derived 
remyelinat ion has been demonstrated are: (i) naturally 
occurring myel in mutants (rats, mice, and dogs) where 
a mutat ion, duplication, or deletion of a major myel in 
protein gene prevents the formation of normal myelin in 
the C N S , and (ii) focal areas of gl iotoxin-induced demy­
elination in the spinal cord of adult rodents . Remyel ina­
tion in these animal models can be effected by transplan­
tation of tissue fragments containing a mixture of cell 
types or by purified populat ions of cells expanded in 
vitro. Ol igodendrocyte l ineage cells, Schwann cells, and 
olfactory bulb ensheathing cells all remyel inate axons 
following transplantation. Within the ol igodendrocyte 
l ineage, the ol igodendrocyte progeni tor cell has been the 
focus of much attention, partly because it is the cell re­
sponsible for endogenous remyelinat ion and partly be­
cause it was shown to produce more myelin over a 
larger area than later stages of the l ineage when trans­
planted into the my el in-deficient shiverer mouse (40). 
This last observat ion was to be expected given the 
greater capacity for division and migrat ion of the imma­
ture cell in vitro (31). Recent data suggest that cells ear­
lier in the ol igodendrocyte l ineage than the A 2 B 5 + pro­
genitor may have an even greater capacity for extensive 
transplantat ion-derived remyelinat ion (2,12,23,43). 

Self-renewing multipotential neural s tem cells that 
can differentiate into neurons , astrocytes, and ol igoden­
drocytes can be isolated from both the embryonic and 
adult rodent brain and can be expanded in vitro as clus­
ters of cells in serum-free med ium containing E G F or 
FGF-2 . A more restricted differentiation develops when 
these multipotential neural stem cell clusters are ex­
panded under the influence of med ium condi t ioned by 
the B104 neuroblas toma cell line (2,43). Such clusters 
are termed ol igospheres , and it is significant that implan­
tation of ol igospheres into the spinal cord of the myelin-

deficient rat results in larger areas of myelinat ion than 
implantat ion of neurospheres (26,42). 

AVAILABILITY OF HUMAN 
MYELINOGENIC CELLS 

Although ol igodendrocytes can be obtained from the 
adult human C N S in relatively large numbers , these cells 
fail to generate myelin sheaths when transplanted into 
demyel inated rat C N S (38). On the other hand, implan­
tation of fetal human C N S tissue into the developing 
rodent brain results in the generation of myel inat ion-
competent cells (35). Until recently, this implied that if 
glial cell transplantation using C N S cells was to be de­
veloped clinically, it would be necessary to use human 
fetal tissue. This posed a major problem. Not only would 
the ethical issues and availability of human fetal t issue 
have to be confronted, it would also be necessary to de­
velop methods to generate large numbers of ol igoden­
drocyte progenitors from such tissue. Al though some 
ol igodendrocytes can be generated in vitro from early 
human embryonic C N S tissue (29,34), injection of such 
cultures into areas of demyel inat ion in immunosup­
pressed rats is not followed by extensive remyelinat ion 
(S. Chandran and W. F. Blakemore , unpublished obser­
vations). The requirement for large amounts of human 
fetal C N S tissue to develop ways of generat ing signifi­
cant numbers of o l igodendrocyte progenitors has re­
cently been resolved by the demonstrat ion that myel ina-
t ion-competent cells can be generated from human 
multipotential neural stem cells expanded in vitro as 
neurospheres (9) or as immortal ized cell lines (13). In 
addition, in vitro condit ions have been established for 
the generat ion of tissue-specific embryonic stem cell 
l ines from human blastocytes (39). This ability to gener­
ate large numbers of neural stem cells from a single 
aborted fetus or a blastocyte removes one of the major 
obstacles to considering ol igodendrocyte progeni tors as 
the cell of choice for developing glial cell t ransplanta­
tion as a clinical therapy in humans . However , unlike 
the situation in the rodent, the in vitro condi t ions re­
quired for commi tmen t of human neural multipotential 
stem cells to the ol igodendrocyte l ineage have yet to be 
established. Recent experience with implanting porcine 
tissue rich in neural precursors into areas of acute demy­
elination in immunosuppressed rats has indicated that 
significant ol igodendrocyte remyelinat ion can only be 
achieved if the cell preparation is manipulated in vitro 
to remove its potential to generate neuroblasts . In the 
absence of such treatment, space-occupying neural 
grafts develop (P. M . Smith, C. Svendson, R. Barker, 
and W. F. Blakemore , unpubl ished observat ions) . The 
demonstrat ion of such potential warrants caution and, 
taken with the superior remyelinat ing potential of oli-
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gospheres over neurospheres , strongly suggests that in 
vitro manipulat ion to achieve commi tmen t to ol igoden­
drocyte differential will be essential if neural mult ipo­
tential cells are to find a place in the treatment of 
chronic demyelinat ion. 

Obtaining human Schwann cells presents far fewer 
problems. In vitro purification and expansion of human 
Schwann cells has already been achieved (25,28) and 
thus cells from a nerve biopsy could provide an autolo­
gous source of cells for transplantation. A greater num­
ber of cells could be obtained from a split-fascicle bi­
opsy of a larger nerve or al logeneic cells could be 
generated from peripheral nerves of cadaveric organ do­
nors. M u c h less work has been done on human olfactory 
ensheathing cells, but there is little reason to doubt that 
they can be isolated and grown in vitro from a biopsy 
using protocols similar to those used in the rat (3). 

REMYELINATING CAPACITY OF 
DIFFERENT CELL TYPES 

T o date most transplantation studies have been con­
ducted either in developing animals or using models of 
acute demyel inat ion in adult animals in which the area 
available for myelinat ion by the transplanted cells is 
small , approximately 1-2 m m 3 . These situations do not 
mimic the situation found in potential target situations 
in humans . Here the areas of demyel inat ion are chronic 
and/or the areas to be myelinated are large. M S is char­
acterized by mult iple areas of chronic demyel inat ion 
with axons set within an astrocyte envi ronment while in 
the leucodystrophies there is loss of myelin throughout 
the neuraxis . Thus , if extensive remyelinat ion, a require­
ment for restoration of function, is to be achieved, im­
planted cells will have to migrate widely. Our ability to 
predict whether this will be achieved depends on the cell 
type to be used. In the case of Schwann cells we can 
predict that myelinat ion will be limited for reasons dis­
cussed in the next section. However , the extent of remy­
elination that may be achieved following the introduc­
tion of ol igodendrocyte progeni tors is more difficult to 
predict because of our incomplete knowledge of C N S 
remyelinat ion and l imitations imposed by the models 
currently used for transplantation exper iments . 

Remyelination by Transplanted Schwann Cells 

Schwann cells myelinate C N S axons most exten­
sively when there is a combinat ion of disruption of the 
glia l imitans and the presence of axon that should be 
myel inated (16). For example , following the injection of 
e thidium bromide into whi te matter t r ac t s—a procedure 
that results in death of both astrocytes and ol igodendro­
cytes , leaving demyel inated axons in an astrocyte-de-
pleted env i ronmen t—the re is widespread remyelinat ion 

by Schwann cells (4). This Schwann cell remyelinat ion 
can be prevented if astrocytes are introduced into the 
subarachnoid space to reconstruct the glia l imitans (17), 
or when mixtures of o l igodendrocyte progeni tors and 
astrocytes are transplanted into the area to reconstruct a 
normal C N S envi ronment (7). Because astrocytes pre­
vent Schwann cells from gaining access to demyel inated 
axons , would it be possible to achieve remyelinat ion by 
transplanting Schwann cells into areas depleted of astro­
cytes? Such a situation can be created in the cat spinal 
cord by injection of e thidium bromide into whi te matter 
exposed to 40 Gy of x-irradiation to prevent spontane­
ous remyelinat ion. When Schwann cells are introduced 
into such lesions, where demyel inated axons cross a 
fluid-filled cystic cavity, it is apparent that in the ab­
sence of astrocytes and an extracellular matrix the trans­
planted cells are prevented from engaging and myelinat­
ing axons . Schwann cell remyelinat ion is only observed 
near to the injection point, either in association with 
blood vessels or adjacent to basal lamina-covered astro­
cytes, both of which are situations where an extracellular 
matrix is present (5,6). Moreover , t ransplanted cells that 
make contact with axons away from either blood vessels 
or astrocytes can be observed associat ing with axons but 
failing to form myelin sheaths, mimicking their inability 
to myel inate axons in vitro in the absence of a stable 
extracel lular matrix (10). Thus , there is a curious para­
dox that the ability of transplanted Schwann cells to gain 
access to demyel inated axons is impaired by the pres­
ence of astrocytes, whi le their ability to myel inate may 
require the product ion of an extracellular matrix that 
astrocytes are able to provide. T h e nature of the complex 
interactions be tween astrocytes and Schwann cells 
places serious l imitations on their potential usefulness as 
therapeutic cells for chronic demyel inat ing diseases. It 
should be pointed out that all studies so far conducted 
have used adult animals and/or cells expanded in vitro 
as Schwann cells and thus the repair potential of embry­
onic Schwann cells has not been evaluated. 

Remyelination by Transplanted Oligodendrocyte 
Lineage Cells 

Most of the studies that have demonstra ted the ol igo-
dendrocyte-generat ing potential of mutipotential neural 
stem cells and extensive migrat ion of t ransplanted my­
el inogenic cells have been conducted in the immature 
nervous system. It is clear from our own work that pro­
genitor cells behave very differently when introduced 
into the adult C N S . Thus , despite their capacity to mi ­
grate in vitro, during development and after implantat ion 
into the developing nervous system, supernumerary oli­
godendrocyte progeni tors do not survive fol lowing im­
plantation into normal adult whi te matter and are there-
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fore unable to migrate (15,30). They do, however , sur­
vive and differentiate into o l igodendrocytes when im­
planted into areas of demyel inat ion and will migrate in 
normal whi te matter if it has been subjected to doses of 
x-irradiation sufficient to deplete the tissue of endogenous 
precursors (15,24,30). This latter observation demon­
strates that although the adult C N S cannot support oligo­
dendrocyte progenitor survival and migration in its native 
state, it is amenable to modification to enable it to do so. 

Al though numerous studies have now shown that 
t ransplanted ol igodendrocyte progenitors can myelinate 
demyel inated axons, there have been only a very l imited 
number of studies that give an indication of the extent 
of remyelinat ion achievable following the introduction 
of a given number of cells into an area of chronic demy­
elination in adult individuals. This paucity of informa­
tion arises for three reasons. First, a l though the total 
number of cells implanted is a lways given for individual 
transplantation exper iments , the precise composi t ion of 
the culture from which the transplant is obtained is often 
not known. In most instances the cell preparat ions repre­
sent cultures enriched for cells of the ol igodendrocyte 
l ineage. Second, the survival t ime following transplanta­
tion is usually short because the animals into which they 
have been introduced do not live long. Mos t exper iments 
using the myelin-deficient rat have to be terminated after 
2 - 3 weeks and animals subjected to the x-irradiated 
ethidium bromide protocol are killed after 1 month be­
cause of the potential for developing radiation necrosis . 
This lack of data is important, as it is now clear from 
studies on endogenous remyelinat ion that, contrary to 
our previous unders tanding, remyelinat ion can be a pro­
tracted process (18,37,42). Third, the envi ronments into 
which cells have been implanted may have a beneficial 
effect on the remyel inat ing ability of the transplanted 
cells compared with environments , containing chroni­
cally demyel inated axons . For example , when cells are 
introduced into young animals they are being introduced 
into a situation where myelinat ion is or would normally 
be occurr ing. Similarly, when cells are transplanted into 
acute demyel inat ing lesions they are being introduced 
into a situation undergoing endogenous remyelinat ion. 
These situations do not resemble potential clinical situa­
tions in humans , where cells would be introduced into 
situations where endogenous remyelinat ion has failed 
and where axons are set in a matr ix of astrocyte pro­
cesses. It is clear from in vitro studies that astrocytes 
have an inhibitory effect on movemen t of ol igodendro­
cyte progeni tors (14), can influence process formation 
by ol igodendrocytes (27), and in some exper iments actu­
ally inhibit myelinat ion by reducing ol igodendrocyte 
numbers (33). Thus , despite the knowledge that one can 
remyel inate areas of demyel inat ion and restore function 
by transplantation, and that the cells with the greatest 

remyel inat ing potential are cells at the pre-ol igodendro-
cyte progeni tor stage of development , we lack the quan­
titative information that would allow us to predict the 
extent of remyelinat ion that might be achieved following 
transplantation of a given number of cells of a particular 
phenotype into an area of chronic demyelinat ion. H o w ­
ever, excit ing results from Ian D u n c a n ' s laboratory indi­
cate that when the right cells are used and animals are 
a l lowed to survive long enough remyelinat ion can be 
very extensive (1). 

PROSPECTS FOR CLINICAL APPLICATION 
The recent progress with human multipotential neural 

stem cells means that human therapy would not require 
excessive amounts of human embryonic tissue. Al­
though it may take some t ime to define the in vitro con­
ditions necessary to obtain ol igodendrocyte pre-progeni-
tors from human multipotential neural s tem cells, 
serious considerat ion should be given to the practicali­
ties of clinical trails. 
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