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Pluripotent embryonic stem (ES) cells have emerged as a powerful tool for disease
modeling and neural regeneration. Transplantation studies in rodents indicate that
ES cell-derived glial precursors (ESGPs) efficiently restore myelin in dysmyelinating
mutants and chemically induced foci of myelin loss. Here we explore the myelination
potential of ESGPs in an antibody/complement-induced demyelination model. Microin-
jection of an antibody to myelin oligodendrocyte glycoprotein (MOG) and complement
was employed to generate circumscribed areas of demyelination in the adult rat spinal
cord. ESGPs transplanted into 2-day-old lesions were found to survive and differentiate
into both oligodendrocytes and astrocytes. The engrafted cells remained largely con-
fined to the lesion site and showed no evidence of tumor formation up until 4 weeks af-
ter transplantation. Within areas of pronounced microglial activation and macrophage
extravasation, engrafted ES cell-derived oligodendrocytes contacted and enwrapped
host axons and alongside endogenous glia, contributed to the formation of new myelin
sheaths. These findings demonstrate that ESGPs transplanted into acutely demyelin-
ated lesions can contribute to myelin repair.

INTRODUCTION

In human inflammatory demyelinating
diseases such as multiple sclerosis (MS),
spontaneous myelin repair by endogenous
oligodendroglia occurs but is limited in its
extent (7, 31, 32, 43). Transplantation of
glial cells has been proposed as an alterna-
tive and complementary therapeutic strat-
egy for the treatment of myelin disorders
(10, 13). A key problem associated with
this approach is the limited access to ap-
propriate donor tissue. The advent of ES
cell technology has provided new prospects
for generating tissue-specific donor cells in
virtually unlimited numbers in vitro. In ad-
dition to their self renewal capacity, ES cells
are easily amenable to genetic modification
and, due to their pluripotency, can differen-
tiate into all somatic tissues and cell types
(11, 26).

Several studies have focused on the gen-
eration of ES cell-derived oligodendrocytes
(3, 5, 24, 28, 45, 46). In previous work, we
have devised a protocol for the differentia-
tion of murine ES cells into highly purified
bipotential glial precursors and exploited
them for myelin repair in the myelin-de-
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ficient rat, an animal model of Pelizacus-
Merzbacher disease. The transplanted cells
efficiently myelinated host axons in the
brain and spinal cord, without evidence for
tumor formation or other deleterious side
effects (5). In another set of experiments,
ES cells induced to differentiate with reti-
noic acid were shown to form myelin upon
transplantation into the spinal cord of shiv-
erer mice and foci of lysolecithin-induced
chemical demyelination (24). Very recently,
human ES cell-derived oligodendrocytes
were shown to be capable of myelinating
host axons in the shiverer mouse brain, in-
dicating that ES cell-based transplantation
strategies for myelin repair can be translated
to human cells (28).

While dysmyelinating mutants such as
the shiverer mouse and the myelin-defi-
cient rat are appropriate model systems for
exploring the myelination capacity of glial
transplants, they lack the pronounced reac-
tive and inflammatory changes observed
in demyelinating disorders such as MS.
In that regard, experimental autoimmune
encephalomyelitis (EAE) has become the
most widely used animal model of MS
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(40). The paradigm has, however, 2 major
limitations for the evaluation of transplant
studies. First, as in MS, the disease shows
interindividual
Although some immunization paradigms

pronounced variations.
have been shown to result in preferential
demyelination of distinct regions such as
the optic nerve or the spinal cord (36), the
exact localization of the lesions within these
compartments remains largely unpredict-
able, precluding a precise targeting of cell
transplants to the affected areas. Second,
the transplanted cells themselves are at risk
to succumb to the autoimmune response.

Antibody/complement-induced  demy-
elination has been employed as an alterna-
tive model to study remyelination in the
CNS. Typically, co-injection of an antibody
to an oligodendrocyte/myelin epitope such
as galactocerebroside and complement is
used to induce circumscribed foci of demy-
elination (44). Along these lines, we estab-
lished an anti-MOG/complement-based
rat model, which results in pronounced
localized demyelination, microglial activa-
tion, perivascular inflammatory changes,
reactive astrogliosis and robust axon pres-
ervation. This model system was used to
address the basic question whether ES cell-
derived glial precursors can differentiate
into oligodendrocytes and myelinate axons
in an environment exhibiting morphologi-
cal features also observed in acute stages of
inflammatory myelin disorders (1). Our
data show that ESGPs engrafted into foci of
antibody/complement-induced demyelin-
ation survive, differentiate and contribute
to myelin repair.

MATERIAL AND METHODS

ES cell differentiation. Mouse ES cell
lines J1 or CJ7 (22, 37) were expanded



on gamma-irradiated mouse embryonic
fibroblasts in Dulbecco’s modified Eagle’s
medium (DMEM; Life Technologies/In-
vitrogen, Karlsruhe, Germany) containing
20% fetal bovine serum (FBS; Biochrom
AG Seromed, Berlin, Germany), nones-
sential amino acids (Life Technologies), 8
mg/L adenosine, 8.5 mg/L guanosine, 7.3
mg/L cytidine, 7.3 mg/L uridine, 2.4 mg/L
thymidine, 0.1 mM 2-mercaptoethanol, 26
mM HEPES (all from Sigma, Taufkirchen,
Germany) and 10° U/ml human recom-
binant leukemia inhibitory factor (LIE
Chemicon, Hofheim, Germany). ES cell
differentiation was performed as previ-
ously described (5, 41). Briefly, ES cells
were passaged onto gelatin-coated dishes,
trypsinized and transferred to non-adher-
ent bacterial dishes allowing for embryoid
body (EB) formation in the absence of LIE
Four-day-old EBs were plated onto tissue
culture dishes and further propagated in
DMEM/F12 (Life Technologies) contain-
ing 5 pg/ml insulin, 50 pg/ml human APO
transferrin (both from Intergene, Purchase,
NY), 30 nM sodium selenite (Sigma), 2.5
pg/ml fibronectin and penicillin/strepto-
mycin (both from Life Technologies) ac-
cording to Okabe et al (29). After 5 days,
cells were trypsinized, triturated to a single
cell suspension, replated on laminin-coated
dishes (1 pg/ml; Life Technologies) and
further propagated in DMEM/F12 supple-
mented with 25 pg/ml insulin, 50 pg/ml
transferrin, 30 nM sodium selenite, 20 nM
progesterone (Sigma), 100 nM putrescine
(Sigma), 10 ng/ml fibroblast growth factor
2 (FGF-2; R&D Systems, Wiesbaden-Nor-
denstadt, Germany) and penicillin/strep-
tomycine (Sigma). To enrich for glial pre-
cursors, cells were dissociated and further
propagated in the same medium supple-
mented with 10 ng/ml FGF-2 and 20ng/
ml epidermal growth factor (EGF). Cells
were then passaged at a 1:3 to 1:5 ratio
and again grown to subconfluency in the
presence of 10 ng/ml FGF-2 and 10 ng/ml
patelet-derived growth factor (PDGF-AA).
In vitro differentiation was induced by
growth factor withdrawal. Cells were cul-
tured in a 37°C incubator under a 5% CO,

atmosphere.

Retroviral infection of ESGPs. pREV-
PLAP retrovirus was produced from stably
transfected GP+E-86 helper cells (12, 25).
Two days before transduction, cells were

plated at a density of 3x 10 cells per 10-
cm dish. After 24 hours, the medium was
switched to serum-free DMEM/F12. 24
hours later, the medium was harvested, fil-
tered through 0.45-pm-pore filters and im-
mediately used for transduction.

ES cell-derived glial precursors (grow-
ing in the presence of FGF-2 and EGF)
were plated at a density of 3 x 10° cells per
10-cm dish. After 24 hours, the cells were
incubated for 2 hours with polybrene (4
pg/ml) and subsequently exposed to the vi-
rus supernatant. Fresh medium was added
after another 3 hours. A complete medium
change was performed after 20 hours.

Experimental inflammatory demyelin-
ation. All animal experiments were per-
formed according to institutional guide-
13-week-old female
Sprague-Dawley rats were anesthetized

lines. Twelve- to
with an intraperitoneal injection of xylazine
(Rompun®, 10 mg/kg) and ketamine (Ket-
anest®, 80 mg/kg). After clamping of the
13 thoracic and the first lumbar vertebrae
with a Cunningham rat spinal cord adaptor
(Stoelting), a laminectomy was performed.
Using a glass micropipette with a bore size
of 20 to 30 pm connected to a stereotaxic
device, 4 pl of a cocktail containing MOG
antibody (clone 8-18-C5, 5 mg/ml, a gift
from Chris Linington, Institute of Medi-
cal Sciences, University of Aberdeen), and
guinea pig complement (Harlan Sera-Lab,
United Kingdom) in 0.1 M sterile PBS
(Gibco) at a ratio of 1:1:3 (MOG/comple-
ment/PBS) were slowly injected (1 pl/min)
into the dorsal white matter tracts 600-700
pm below the dura. The pipette was left in
place for 5 minutes to allow spread of the
fluid and prevent back-flow into the injec-
tion trajectory. To exclude unspecific de-
myelination by complement or anti-MOG
itself, control animals (n=5) received
complement/PBS or anti-MOG/PBS in-
jections. All rats were treated with daily in-
traperitoneal injections of cyclosporin (10
mg/kg; Sandimmun, Novartis).

Preparation of the donor cells for trans-
plantation. ESGPs growing in the presence
of FGF-2 and PDGF were rinsed 3x in
Hanks-EDTA, trypsinized and harvested
as a single cell suspension. After neutral-
ization with soybean trypsin inhibitor
(Sigma), cells were centrifuged at 300 g at
4°C and washed in Hanks buffered saline
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solution-EDTA (HBSS, Invitrogen) con-
taining 0.1% DNAse (Sigma). They were
then concentrated in Hank’s buffered salt
solution to 75.000 cells/pl and kept on ice
until transplantation. Trypan blue exclu-
sion showed that donor cells prepared in
this manner exhibit viability rates ranging
from 80% to 90%.

Cell transplantation. Two days after in-
duction of demyelination, animals were re-
operated, and 1 pl of a cell suspension con-
taining 75.000 ESGPs was injected into the
demyelinated area using the architecture of
the local vasculature as landmark. A glass
micropipette with 50 to 75 pm fire-pol-
ished orifice was used for transplantation.
Cells were injected over 5 minutes at 600
pm below the dura. All animals received
daily injections of cyclosporin, starting 2
days before surgery (see above).

Tissue processing. Seven, 14, 21 or 28
days after transplantation, rats were deeply
anesthetized and fixed by intracardial per-
fusion with 4% paraformaldehyde (PFA)
in 0.1 M PBS. Spinal cords were dissected
and post-fixed overnight in the same fixa-
tive. Specimens from animals which had re-
ceived PLAP-overexpressing cells were cut
in 70-pm coronal sections on a vibratome
(Leica). Every second section was processed
either for immunofluorescence or electron
microscopy. The remaining tissues were
cryoprotected in 15% sucrose in 0.1 M PBS
for at least three days. Twenty-pm thick
coronal or horizontal cryostat sections were
serially cut in a freezing Microtome (Mi-
crom), collected on SuperFrost®-plus slides
(Meinzl-Glaeser, Germany) and stored at -
80°C. The horizontal sections were found
particularly useful to visualize and trace
the dorsal white matter tracts and the de-
myelinated axons across several centimeters
within the same optical plane.

In situ hybridization. For donor cell
identification, sections were hybridized
with a probe to mouse satellite: DNA as
described (6). The probe recognizes highly
repetitive tandem sequences located in the
centromeric heterochromatin (17). Briefly,
sections were digested with 1 pg/ml pro-
nase (Sigma) in 2x SSC, 0.5mM EDTA
at 37°C for 20 minutes, rinsed in 2x SSC,
dehydrated in ascending alcohol concentra-
tions and air-dried. DNA denaturation was
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Figure 1. Inflammatory demyelination observed 7 days after injection of MOG antibody and guinea
pig complement into the dorsal funiculus of the adult rat spinal cord. A. The demyelinating lesions in
the dorsal funiculus are characterized by a sharply demarcated lack of MBP immunoreactivity (asterisk).
B. In adjacent sections, immunofluorescence analyses with antibodies to CD11b and MHCII reveal a
pronounced microglial/macrophage activation. The reactive changes closely correspond to the MBP-
deficient areas shown in (A). C. Within the demyelinated areas, neurofilament-positive axons (red) are
surrounded by large round CD45-positive inflammatory cells (asterisks, green). The arrow depicts a
CD45-positive inflammatory cell with a cytoplasmic expansion around a neurofilament-positive axon
(confocal microscopy; 1 um optical slice). D. Demyelinated areas lacking MBP immunoreactivity contain
numerous GFAP-positive astrocytes with short cytoplasmic processes (red, arrows). Prominent GFAP-
positive astrocytic processes are detectable around blood vessels (red, arrowheads). E. A semithin section
stained with Toluidine blue shows pronounced myelin loss. Asterisks depict debris-filled macrophages.
F. Normal myelination in a control animal 7 days after PBS-injection. Scale bars: A-B: 500 um, C: 20 um,
D: 50 um, E, F: 25 pm.

performed by treatment with 70% deion-
ized formamide/2x SSC (pH 7,0) at 90°C
for 12 minutes. Sections were dehydrated
again in ascending alcohol concentrations
at -20°C, dried on a 37°C heating plate and

hybridized overnight at 37°C in 70% for-
mamide, 2x SSC, 250 pg/ml salmon sperm
DNA. The next day, sections were washed
in 50% formamide in 2x SSC at 37°C, fol-
lowed by another wash in 0.5x SSC at RT.
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Hybridized probe was detected with rhoda-
mine- or peroxidase-conjugated antibodies
to digoxigenin.

Immunohistochemistry. Immunohisto-
chemical analyses were performed using
primary antibodies to myelin basic pro-
tein (MBP; Chemicon, 1:500), placen-
tal alkaline phosphatase (PLAP; Abcam,
1:500), oligodendrocyte myelin glycopro-
tein (OMG; Serotec, 1:500), 27, 3’-cyclic
nucleotide 3’-phosphodiesterase (CNPase;
Sigma, 1:200), glial fibrillary acidic protein
(GFAP; Dako, 1:1000), 200 kD neurofila-
ment (Sigma, 1:500), B-III-tubulin (TUJ1;
Sigma, 1:1000), the microglial/macrophage
marker CD11b (OX-42; Serotec, 1:50),
MHCII (OX6; Serotec, 1:50) and CD45/
LCA (leukocyte common antigen, Sero-
tec, 1:200). With exception of anti-MBP
and anti-OMG stainings, specimens were
permeabilized with 0.1% Triton X-100 in
0.1 M PBS. For MBP and OMG immu-
nohistochemistry, sections were treated for
10 minutes with 100% ethanol, and no de-
tergents were used during the staining pro-
cedure. Primary antibodies were incubated
overnight at room temperature in 0.1 M
PBS with 5% NGS. No detergents or alco-
hol treatment were used for pre-embedding
anti-PLAP  immunohistochemistry  (see
below). Biotinylated, peroxidase-, FITC-,
Cy3- or rhodamine-conjugated secondary
antibodies (Dako and Jackson Laborato-
ries, all diluted at 1:200) were incubated
at room temperature for 2 hours in 0.1 M
PBS with 5% NGS. For permanent anti-
gen visualization, 3,3 -di-amino-benzidine
(DAB; Dako) was used. When combined
with fluorescence DNA in situ hybridiza-
tion, immunofluorescence was performed
using a tyramide amplification system
(NEN/Perkin Elmer) to account for anti-
gen destruction and signal reduction dur-
ing the hybridization procedure. Following
incubation with peroxidase-conjugated sec-
ondary antibodies, the sections were treated
with tyramide/FITC or tyramide/biotin.
Biotinylated tyramide was detected at the
end of the procedure with either avidin/
Texas-red or avidin/Cy-5 (Vector Labora-
tories, 1:200). 4,6-Diamidino-2-phenyl-
indole (DAPI, Sigma) was used for nuclear
counterstaining. Sections were coverslipped
in Vectashield® (Vector Laboratories) and
sealed with nail polish.



Electron microscopy. Selected coronal
sections subjected to pre-embedding DAB
immunohistochemistry were post-fixed in
2% glutaraldehyde and 2% PFA in 0.1 M
PBS, osmicated in 2% osmium-tetraoxide,
dehydrated in ascending alcohol concen-
trations, plasticcembedded and serially cut
on an ultramicrotome (Leica-Ultracut-R).
Semithin sections were counterstained with
1% toluidine blue for conventional his-
tological analysis. Ultrathin sections were
slightly counterstained with uranyl acetate
and lead citrate and analyzed on a Zeiss 900
electron microscope at 50 kV accelerating
voltage.

Light microscopy, quantification and
statistical analysis. Sections were analyzed
on a Zeiss Axiophot-2 microscope with a
Sony 3CCD-video camera connected to a
PC equipped with a Zeiss KS-300 image
analysis system. Confocal images were col-
lected at a Zeiss LSM-510 using 3-chan-
nel immunofluorescence recording stacks
of <1 pm optical sections. Quantification
of the demyelinated lesions was performed
by measuring the areas lacking MBP im-
munoreactivity in every 50th 20-pm thick
coronal section and multiplying the values
by the distance between sections. For sta-
tistical analysis the Mann-Whitney-U test
was used.

RESULTS

Reactive inflammatory changes, astro-
gliosis and axonal preservation in anti-
MOG/complement-induced lesions. 'The
injection of 4 pl of anti-MOG/comple-
ment suspension into the dorsal funiculus
of the spinal cord resulted in well-delineat-
ed, spindle-shaped areas of demyelination,
which reached their maximal expansion
7 days after surgery. The lesions showed a
lack of MBP and OMG immunoreactivity
and were densely infiltrated by inflamma-
tory cells displaying a rounded morphol-
ogy and expression of the surface antigens
CD45 (LCA), CD11b and MHCII (Fig-
ure 1A-C). Neurofilament-positive axons
traversing these MBP-negative areas were
tightly surrounded by CD45/LCA-positive
inflammatory cells (Figure 1C). Seven days
after lesioning, numerous GFAP-positive
astrocytes with short cytoplasmic processes
were found within the lesions (Figure 1D,
arrows). GFAP immunolabeling was par-
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Figure 2. Specificity and time course of anti-MOG/complement-induced demyelination. A. Seven days
after injection of anti-MOG and complement, the MBP-deficient regions encompass 3.26+0.86 mm?.
In contrast, injections of complement/PBS, anti-MOG/PBS or PBS alone do not result in significant
demyelination (*p<0,02). B. Between day 7 and day 23 after anti-MOG/complement injection, the
MBP-deficient regions decrease significantly, suggesting endogenous remyelination. **p<0,01 (Mann-
Whitney-U test). All values in A-B are represented as mean +SEM.
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Figure 3. In vitro differentiation of ES cell-derived glial precursors (ESGPs). A. ESGPs proliferating in the

presence of FGF2 and PDGF display an elongated bipolar morphology. The growth factor-mediated
selection procedure has left numerous dead cells. Cells from this stage were used for transplantation.
B-C. Four days after growth factor withdrawal, ESGPs have differentiated into both astrocytes and
oligodendrocytes. Double immunofluorescence (C, higher magnification of area delinated in B) depicts
04-positive oligodendrocytes (red) and flat GFAP-positive astrocytes (green; nuclear counterstain: DAPI).

Scale bars in A-C: 125 pum.

ticularly pronounced around the blood
vessels (Figure 1D, arrowheads), which
may in part be due to facilitated access of
the antibody to the perivascular spaces. Af-
ter 23 days, hypertrophic astrocytes and a
dense network of GFAP-positive processes
were detectable both at the edge and within
the core of the lesions (not shown). The
lesions were associated with slight edema,
and subtle tissue shrinkage and glial scar-
ring were noted at the pial surface. Yet, the
gross anatomy of the spinal cord was not
altered. Microscopical analysis of semithin
sections confirmed the pronounced loss
of myelin and and infiltration by macro-
phages containing myelin debris (Figure
1E). Axons were seen to be surrounded
by myelinophages but axonal clubbing
was a rare event, suggesting a high degree
of axonal preservation (not shown). Volu-
metric quantification of the lesions revealed
that the combined injection of anti-MOG
antibody and complement resulted in de-
myelinating lesions reaching a maximal
volume 3.26 +0.86 mm? by day 7 after sur-
gery. Starting from the second week after
injection, macrophages containing myelin
debris progressively disappeared from the

Myelinating ES Cell Transplants—Perez-Bouza et al

lesions. Treatment with complement/PBS
or anti-MOG/PBS only gave rise to cir-
cumscribed lesions around the injection
site (Figure 2A). With increasing survival
time, the volumes of the regions displaying
a lack of MBP-immunoreactivity were seen
to diminish from 3.26+0.86 mm® at day
7 t0 1.61+0.12 mm?® and 0.72+0.29 mm®
at day 16 and 23 after surgery, respectively
(Figure 2B). Although we cannot exclude
that subtle tissue resorption may have con-
tributed to the reduction of the MBP-de-
ficient areas, these data indicate that anti-
MOG/complement-induced lesions exhibit
a high degree of axonal integrity and spon-
taneous remyelination, arguing for a preser-
vation of endogenous glial precursors.

In vitro differentiation of wild-type and
retrovirally transduced ESGPs. For donor
cell preparation, ES cells were first differ-
entiated into multipotent neural precur-
sors. These pan-neural precursors were then
shifted into a glial precursor fate by sequen-
tial propagation in FGF2/EGFand FGF2/
PDGEF (Figure 3A). This protocol has been
shown to yield a highly purified population
of ESGPs which readily differentiate into
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Figure 4. In vivo differentiation of ESGPs 2 weeks after transplantation. A. Macroscopic view of a
transplanted spinal cord prior to histological processing. No tumor formation, gross mechanical damage
or infection was noted in any of the transplant recipients. B-C. Horizontal sections at the level of the
dorsal funiculus, hybridized with a mouse-specific DNA probe (red nuclear signal). C represents a higher
magnification of the boxed region in B. Following injection, the donor cells remained mostly confined to
the lesion sites (dashed line in B) and located preferentially to regions containing numerous CNP-positive
cell processes (green immunofluorescence). Perivascular regions containing abundant inflammatory cells
were typically devoid of donor cells and CNP immunoreactivity (asterisk in C). The inset in (C) illustrates
the close association of CNP-positive cells derived from donor (hybridized mouse satellite DNA, filled
arrows) and host (non-hybridized nuclei, open arrows). The presence of host nuclei was confirmed by
phase contrast microscopy. Yet, in many cases, the relationship of the immunofluorescence signal to
donor or host cell nuclei remained unresolved. D. In coronal sections, hybridized donor cells (arrowheads)
frequently showed perinuclear CNP-positive circular extensions, which, upon triple labeling, were found to
enwrap neurofilament-positive host axons (blue, inset). E. Longitudinal section depicting neurofilament-
positive host axons (blue) which are enwrapped by CNP-positive processes (green) originating from
hybridized donor cells (red nuclear signal). Arrows depict putative internodes generated by two CNP-
positive donor cells (arrowheads). F. Hybridized donor cell (arrowhead) emanating putative MBP-positive
internodes. G. Incorporated donor cells with perinuclear GFAP immunoreactivity indicating astrocytic
differentiation. D-G. represent stacks of two to three 1-um confocal slices. Scale bars: B: 1 mm; C: 250 um,
D, Fand G: 20 um; E and insetin D: 10 um.

MBP/ISH
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O4-positive oligodendrocytes and GFAP-
positive astrocytes, (5). Similar to these pre-
vious studies, growth factor withdrawal for
4 days typically yielded 20% to 25% O4-
positive oligodendrocytes with multipolar
phenotypes and 30% to 35% GFAP-posi-
tive astrocytes displaying a flat morphology
(Figure 3B-C).

Engrafted ESGPs survive and gener-
ate oligodendrocytes. Two days after anti-
MOG/complement-injection, the lesions
were engrafted with single cell suspensions
of FGF-2/PDGF-treated ESGDPs. Trans-
plant recipients were sacrificed between
day 7 and 28 after grafting. Macroscopic
examination did not reveal any disruption
of the gross anatomy or tumor formation
in any of the recipient spinal cords at any
survival time (Figure 4A). DNA in situ
hybridization with a mouse-specific probe
showed that the grafted cells had distribut-
ed bilaterally along the demyelinated foci.
The donor cells remained largely confined
to the lesion site with little spread across
the anteroposterior and dorsoventral axes
(Figure 4B). They appeared seamlessly inte-
grated with the host tissue without signs of
glial capsulation or cyst formation (Figure
4B-C). Confocal microscopy of hybridized
cells provided evidence for the expression
of CNP (Figure 4D-E) and MBP (Figure
4F) in the engrafted cells. In addition to
oligodendrocytes, grafted ESGPs gener-
ated GFAP-positive astrocytes (Figure 4G).
GFAP immunofluorescence also revealed
reactive host astrocytes with thickened cell
processes at the lesion/transplantation site
(not shown). While these data are indicative
of oligodendroglial and astrocytic differen-
tiation of the donor cells, the resolution of
our multilabeling system did not permit
attribution of each hybridized nucleus to a
distinct immunochemical phenotype (see
inset, Figure 4C), thus precluding a quanti-
fication of ESGP-derived oligodendrocytes
and astrocytes.

Engrafted ES cell-derived oligodendro-
cytes ensheath host axons. Fluorescence in
situ hybridization in combination with
double immunofluorescence analysis was
used to study the relationship between
donor cells and host axons in detail. High
resolution confocal microscopy revealed
that CNP-positive donor cells had formed
processes emanating ring-like structures



around neurofilament-positive host axons
(Figure 4D-E). Ensheathment of host
axons by donor oligodendrocytes was also
observed in transplants containing PLAP-
expressing ESGPs (Figure 5). These experi-
ments revealed seamlessly integrated clus-
ters of PLAP-positive cells enwrapping a
large number of beta-III-tubulin-positive
host axons (Figure 5A-B). Ring-like PLAP-
positive structures were CNP-positive, con-
firming oligodendroglial differentiation of
the donor cells (Figure 5C). In addition,
CNP-positive, PLAP-negative
structures were detected within the lesions,

circular

suggesting axonal ensheathment by endog-
enous glia (Figure 5C, arrowheads). PLAP-
negative and PLAP-positive ring structures
were found in intimate association, without
detectable interface. This observation sug-
gests a close interaction of donor and host
cells during remyelination.

ES cell-based myelin formation.Semi-
thin sections containing PLAP-positive
cells revealed bundles of thinly myelinated
host axons surrounded by complex immu-
noreactive cells with oligodendroglial mor-
phologies (Figure 5D). Focally, axons were
also found to be myelinated by clusters of
PLAP-negative endogenous Schwann cells
(Figure 5E) and endogenous oligodendro-
cytes (not shown). In addition, intermin-
gled PLAP-positive donor cells with no
clear axonal contact were detected. These
cells displayed short cytoplasmic processes
compatible with an astrocytic phenotype
(Figure SE, arrow).

In ultrathin sections, the DAB precipi-
tate indicating PLAP immunoreactivity
was found to accumulate at the cell mem-
brane as previously described (18) (Figure
6A-B). Donor-derived oligodendrocytes
exhibited typical ultrastructural features
such as clumped, electron-dense chromatin
and a cytoplasmic matrix rich in organelles.
Thinly myelinated host axons were seen
enwrapped by oligodendroglial processes
(Figure 6A) or in close association to them
(Figure 6B). Compacted myelin sheaths
around host axons revealed DAB precipi-
tate at the outermost membrane, indicating
donor cell-derived myelin formation (Fig-
ure 6B, inset).

DISCUSSION
The results of this study demonstrate that
ES cell-derived glial precursors (ESGDPs)

Figure 5. Oligodendroglial differentiation of retrovirally labeled ESGPs 3 weeks after implantation.
A. Overview of a coronal section containing a cluster of retrovirally PLAP-labeled cells (green) within
the previously demyelinated dorsal funiculus. The donor cells are restricted to the demyelinated area.
B-C. Confocal microphotographs of sections adjacent to (A), labeled with antibodies to PLAP (B-C,
green), beta-lll-tubulin (TUJ1, B, red) and CNP (C, red). PLAP-positive donor cells frequently generated
honeycomb-like structures around beta-lll-tubulin-positive host axons (B). Double labeling revealed a
close spatial association of PLAP-positive and PLAP-negative (C, arrowheads) periaxonal CNP-positive
structures, suggesting cooperation of donor and host cells in axon remyelination. D-E. Detection of
PLAP-positive transplanted cells in semithin sections. Thinly myelinated host axons are enwrapped by
immunolabeled donor cell processes (D). E. In some regions, ramified donor cells with astrocyte-like DAB-
labeled processes (arrow) were found in close association with Schwann cells (arrowheads) myelinating
small axon bundles. Schwann cells were consistently PLAP-negative, arguing for a host origin. Scale bars:
A: 1T mm; B-C: 20 pm; D-E: 25 pm.
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Figure 6. Electron micrographs of myelinating ES cell-derived oligodendrocytes 3 weeks after
transplantation into areas of anti-MOG/complement-induced demyelination. A-B. The engrafted cells
exhibit an electron-dense, clumped chromatin and a cytoplasmic matrix rich in organelles. Donor
cells are identified by dark membrane-associated DAB precipitate indicating PLAP immunoreactivity
(arrowheads). Asterisks indicate adjacent host axons at different stages of myelination. The inset in (B)
shows a high magnification of compacted donor-derived myelin (arrows) with PLAP immunoprecipitate
attached to the outermost lamella (arrowheads). Ncl, nucleus; Cyt, cytoplasma. Scale bars in A and B: 2
um, insetin B: 0.5 ym.
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implanted into foci of demyelination, mi-
croglial activation, perivascular inflamma-
tory changes and reactive astrogliosis can
differentiate into mature oligodendrocytes
which myelinate host axons. Following
transplantation, the engrafted cells remain
largely confined to the site of demyelin-
ation, where they differentiate into both
astrocytes and oligodendrocytes. The ES
cell-derived oligodendrocytes establish con-
tact with the demyelinated host axons and,
oligodendrocytes
and Schwann cells, generate new myelin

alongside endogenous
sheaths. In a previous study we have shown
that highly purified, non-tumorigenic ES-
GPs can be used to restore myelin in the
brain and spinal cord of myelin-deficient
rats (5). The current study extends these
data to demyelinated lesions displaying
many histopathological features of inflam-
matory myelin diseases.

In the past, a variety of animal models
have been used to explore the myelination
potential of glial grafts. Primary oligoden-
droglial precursors and cell lines derived
from CNS tissue have been shown to gen-
erate myelin after neonatal transplantation
into myelin-deficient mutants such as the
shiverer mouse, the myelin-deficient rat or
the shaking pup (10). In adult recipients,
injection of ethidium bromide (EB) in
combination with X-irradiation has fre-
quently been used to create demyelinated
areas suitable for assaying the myelination
capacity of transplanted glial cells (4, 14,
15). EAE models, which most closely
mimic the pathological changes observed
in MS, have rarely been used for studying
transplant-based remyelination. Following
transplantation of the oligodendrocyte pre-
cursor cell line CG4 or primary neural pre-
cursors, a more widespread distribution of
the donor cells was observed in hosts with
EAE compared to healthy controls (2, 38).
The results of a recent study by Pluchino
et al. indicate that adult neurospheres, in-
jected either systemically or into the cere-
bral ventricles, can form myelin and induce
behavioral recovery in a mouse EAE model.
It remains, however, unclear to what extent
the functional restoration observed is due
to donor-derived myelin formation rather
than transplant-based bystander effects
promoting endogenous myelin repair (30).

Considering the complexity of systemic
autoimmune models, we selected a local-
ized antibody/complement-mediated de-

myelination paradigm to study donor cell
differentiation and myelin formation in an
environment mimicking many morpho-
logical features of inflammatory myelin dis-
eases (1). Local injection of antibodies to
myelin and oligodendrocyte antigens along
with complement has been shown to yield
circumscribed demyelinated areas with
good preservation of axons and endogenous
progenitors capable of myelin repair (44).
Similarly, the anti-MOG/complement in-
jection used here reproducibly gave rise to
demyelinating lesions with a high degree
of axonal preservation, reactive astrogliosis
and pronounced infiltration with CD45-
positive leukocytes, microglia and macro-
phages, ie, features observed in acute stages
of inflammatory myelin disorders (1). The
target antigen used in our study—MOG—
was long considered a marker of differenti-
ated oligodendrocytes (8, 33-35). Recently,
this glycoprotein has also been detected in
NG2- and PDGFR-alpha-positive oligo-
dendrocyte progenitors of the adult rat spi-
nal cord (23). Although we cannot exclude
collateral damage to endogenous oligoden-
drocyte progenitors in our system, the pro-
nounced rate of spontaneous remyelination
indicates that anti-MOG/complement-in-
duced demyelination leaves the majority of
the host oligodendrocyte progenitors intact.
While our experimental model exhibits
many of the morphological features found
in acutely demyelinated lesions, it cannot
reproduce the complex and still largely un-
known immunological mechanisms and
interactions between hematopoietic and
neural cells involved in the pathogenesis of
MS. On the other hand, it is this lack of
an underlying systemic immune response
which makes the process of demyelination
predictable and thus more accessible to the
study of donor cell incorporation and dif-
ferentiation.

The influence of activated microglia,
macrophages and reactive astrocytes on
the process of demyelination and subse-
quent remyelination is still a matter of
debate (21). Microglia and macrophages
have been shown to positively influence
myelin formation in vitro (9, 16). There
is evidence that depletion of macrophages
and a lack of insulin-like growth factor-1
(IGF-1) production by microglia, macro-
phages and astrocytes inhibit remyelination
(20, 27). On the other hand, macrophages
and activated microglial cells are known to
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produce a variety of toxic mediators, in-
cluding TNF-a, reactive oxygen and nitro-
gen species and excitotoxins (21). Experi-
ments in myelin mutants have shown that
activated microglia inhibits survival and
function of transplanted oligodendrocyte
progenitors (47). While the results of our
study demonstrate that ES cell-derived glial
precursors survive and differentiate into
myelinating oligodendrocytes in a reactive
and inﬂammatory environment, it remains
to be investigated whether pharmaceutical
modulation of the inflammatory response
could be exploited to enhance donor- and
host-mediated myelination in this model.
This issue is closely related to the question
of whether the reactive and inflammatory
environment and the exposure to demy-
elinated axons influence the in vivo dif-
ferentiation of the donor cells. A detailed
quantification of ES cell-derived oligoden-
drocytes, myelin and astrocytes would be
required to comprehensively address this
issue. In the model employed, we found
such an approach severely hampered by the
limited ability to allocate CNP-positive in-
ternodes and astrocyte processes to distinct
donor or host cell bodies (Figures 4C, 5C).
While the quantification of MBP-immu-
nonegative areas served as a useful indicator
of tissue damage and myelin loss follow-
ing antibody/complement injection, the
heterogeneous distribution of transplanted
oligodendrocytes throughout the lesions
precluded a quantification of myelination
by such area measurements. Further studies
involving donor cells expressing GFP fused
to myelin proteins could provide a more
detailed quantitative evaluation of donor
cell-mediated remyelination

A key prerequisite for the development
of ES cell-based therapies is the generation
of highly purified, non-tumorigenic donor
cells. The step-wise differentiation para-
digm used here has proven an efficient tool
for the enrichment of glial precursors and
the elimination of undifferentiated, tumor-
igenic cells. Consequently, no evidence of
teratoma formation or non-neural donor-
derived tissues was noted in this and our
previous study (5). Yet, it is important to
stress that the design of our current study
does not permit a thorough assessment of
tumorigenicity and that long-term studies
in rodents and more long-lived recipient
species are required to comprehensively as-



sess safety and post-repair functional perfor-
mance of myelinating ES cell transplants.

One of the major problems associated
with the development of transplant-based
myelin repair strategies is the necessity to
deliver donor cells to multiple sites through-
out the CNS. While our study aims at pro-
viding first data on the differentiation and
myelination capacity of ESGPs implanted
into a strongly inflammartory lesion, local-
ized stereotaxic implants will most likely
not suffice to achieve widespread delivery
of myelinating cells to the brain and spinal
cord. The results of a recent study in mice
suggest that adult neural precursors inject-
ed intrathecally or intravenously can invade
multiple EAE lesions throughout the CNS
(30). It will be interesting and important
to study whether this phenomenon can be
translated to our donor cells and whether
ESGPs administered via the blood or CSF
show homing and myelin formation in EAE
lesions. Long-term observations in EAE
models will also have to address the suscep-
tibility of transplanted oligodendrocytes to
the systemic autoimmune response. Since
axonal loss is increasingly recognized as
limiting factor for functional recovery (19,
39), future strategies for transplant-based
myelination might have to be comple-
mented by donor cell-mediated release of
neuroprotective factors. Finally, the devel-
opment of cell-based myelination therapies
will critically depend on the ability to trans-
late rodent data into a human setting. Both
fetal and adult human oligodendrocyte
progenitors have been shown to myelinate
the rodent CNS (42). Recently, human ES
cell-derived oligodendrocytes were used for
remyelinating transplants in shiverer mice
(28). Future studies will have to address the
question whether and to what extent hu-
man ES-derived oligodendrocytes can be
exploited for myelin repair in inflammatory
demyelination.
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