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Abstract

Demyelination contributes to the functional impairment of irradiation injured spinal cord. One potential therapeutic
strategy involves replacing the myelin-forming cells. Here, we asked whether transplantation of Olig2+-GFP+-
oligodendrocyte precursor cells (OPCs), which are derived from Olig2-GFP-mouse embryonic stem cells (mESCs), could
enhance remyelination and functional recovery after spinal cord irradiation injury. We differentiated Olig2-GFP-mESCs into
purified Olig2+-GFP+-OPCs and transplanted them into the rats’ cervical 4–5 dorsal spinal cord level at 4 months after
irradiation injury. Eight weeks after transplantation, the Olig2+-GFP+-OPCs survived and integrated into the injured spinal
cord. Immunofluorescence analysis showed that the grafted Olig2+-GFP+-OPCs primarily differentiated into adenomatous
polyposis coli (APC+) oligodendrocytes (54.6610.5%). The staining with luxol fast blue, hematoxylin & eosin (LFB/H&E) and
electron microscopy demonstrated that the engrafted Olig2+-GFP+-OPCs attenuated the demyelination resulted from the
irradiation. More importantly, the recovery of forelimb locomotor function was enhanced in animals receiving grafts of
Olig2+-GFP+-OPCs. We concluded that OPC transplantation is a feasible therapy to repair the irradiated lesions in the central
nervous system (CNS).
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Introduction

The spinal cord is one of the important dose-limiting normal

tissues in clinical radiotherapy. Excessive doses of radiation to the

spinal cord result in radiation injury, which is a rare but serious

complication of radiotherapy for cancer [1,2]. The pathophysiol-

ogy involved in irradiation-induced spinal cord injury is demye-

lination caused by death of oligodendrocytes [3,4]. Reduction in

the number of oligodendrocytes was observed as early as 24 hours

after X-ray irradiation [5,6]. There is a persistent decline in the

number of OPCs from two weeks to three months after X-ray

irradiation [7,8]. Remyelination often fails because of primary

deficiency in the precursor cells, failure of precursor cells’

recruitment, or incompetence of differentiation and maturation

of precursor cells [9]. Persistent demyelination may result in

further axonal loss. Such changes could be associated with

permanent motor and sensory deficits [10], which become fatal

if the damage occurs at the upper cervical level [11]. There are

currently no therapeutic approaches that promote remyelination

available in a clinical setting.

Cell therapy offers an attractive option as grafted cells may

replace the lost ones as well as provide neurotrophic benefits to

surrounding tissue [9,12]. To date, primary cultured adult neural

stem cells, Schwann cells and olfactory ensheathing cells have been

transplanted into the radiation-injured spinal cord

[13,14,15,16,17]. However, these cells have limited capacity in

producing oligodendrocytes, the primary cell type that is damaged

in radiation injury. Oligodendrocyte precursor cells (OPCs), which

can be isolated from brain tissues [18,19], offer an alternative

source. Nevertheless, they need to be derived from brain tissues.

Embryonic stem cells (ESCs) may become a suitable candidate

because they are genetically normal, pluripotent, and capable of

indefinite replication, and they can be differentiated to all the cell

types in the body, including OPCs [20,21,22]. Although the

induced differentiation of ESCs is a well-developed approach,

there are still problems, especially the purity of target cells [23].

Therefore, it is important to develop strategies for the directed

differentiation of ESCs into specialized functional cell types and/

or purification of the target cells in vitro before transplantation.

In the present study, we employed a mESCs line that carries a

GFP reporter in the locus of Olig2, a transcription factor that is

critical for OPCs development [24]. Following transplantation of

Olig2+-GFP+-OPCs into the spinal cord of rat that underwent

irradiation injury, the grafted OPCs survived, differentiated to

myelinating oligodendrocytes and improved locomotor function of

the injured rats.
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Materials and Methods

Ethics Statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocol was approved by the Committee on the Ethics of Animal

Experiments of Fudan University (Permit Number: SCXK 2009-

0019). All efforts were made to minimize suffering.

Irradiation Injury of the Spinal Cord
Female Wistar adult rats (180–200 g, Slrc Laboratory Animal,

China) were anesthetized by an intraperitoneal injection of

7.5 mg/kg ketamine, 60 mg/kg xylazine and immobilized during

irradiation. The rats’ cervical spinal cords were irradiated using a

6 Mev Electron Beam Linear Accelerator (Elekta AB, Stockholm,

Sweden). A 22 Gy radiation dose was delivered to a 2 cm62 cm

radiation field, maintaining cervical 4–5 as the center of the

electron-irradiated zone. Radiographs were taken before and after

X-irradiation to confirm that all the animals were in the same

position. After irradiation, the animals were given subcutaneous

saline (5 ml) and housed in a 25uC warm room.

Derivation of Olig2+-GFP+-OPCs from Olig2-GFP-mESCs
Olig2-GFP-mESCs were the gift of Dr. Su-Chun Zhang

(University of Wisconsin, USA) and have been previously

described [25]. Olig2-GFP-mESCs were differentiated according

to a modified protocol [25]. Briefly, mESCs were trypsinized and

placed onto low attachment flasks (Greiner, Germany) in a neural

differentiation medium containing DMEM/F12, N2 supplement,

leukemia inhibitory factor (LIF), nonessential amino acids, L-

glutamine, 2-mercaptoethanol and 10% knockout serum replace-

ment (all from Invitrogen, Carlsbad, CA, USA). Under this

condition for 2 days, mESCs formed small aggregates. Retinoic

acid (RA, 0.5 mM, Sigma, St Louis, MO, USA) and Purmorpha-

mine (Pur, 0.5 mM, Calbiochem, San Diego, CA, USA) were

added at days 2–6 to induce neural progenitors. The aggregates

were cultured in suspension in the neural differentiation medium

with bFGF (20 ng/ml, R&D systems) and heparin (2 mg/ml,

Sigma) for another 6 days. On day 12, the differentiated

aggregates were dissociated with trypsin-EDTA (0.05%, Gibco)

and plated onto flasks coated with Matrigel in modified

Bottenstein-Sato medium. The modified Bottenstein-Sato medium

contained insulin (10 mg/ml), BSA (100 mg/ml), human transferrin

(100 mg/ml), progesterone (60 mg/ml), sodium selenite (40 mg/ml),

N-acetyl-cysteine (60 mg/ml), putrescine (16 mg/ml), biotin

(10 ng/ml) and cAMP (5 mM) (all reagents from Sigma). T3

(40 ng/ml, Sigma), PDGF-AA (10 ng/ml) and NT3 (5 ng/ml) (all

from R&D systems) were added to promote the proliferation of the

OPCs.

For immunofluorescence, dissociated spheres (26104 cells/ml)

were plated on coverslips coated with poly-L-lysine and human

laminin (Sigma).

For fluorescence activated cell sorting (FACS), cells were

harvested at day 12, gently dissociated to single cells and washed

with a FACS buffer (PBS, 1%N2, 200 mM L-glutamine, 55 mM

b-ME, 50 ng/ml NAC). Cells were analyzed by a Becton

Dickinson FACSCaliber with CellQuest Pro (BD Biosciences,

San Diego, CA, USA).

For transplantation, FACS-sorted Olig2+-GFP+-OPCs were

resuspended in a fresh culture medium and cultured for 2 days.

At day 14, cells were dissociated with accutase (Invitrogen) and

prepared at approximately 100,000 cells/ml in artificial cerebro-

spinal fluid (aCSF). Trypan blue exclusion testing indicated that

this preparation consisted of 95% viable cells at time of

transplantation.

Cell Transplantation
Transplantation was performed as described [26]. The animals

were immunosuppressed using cyclosporine A (10 mg/kg/d, s.c;

Novartis Pharma Schweiz AG, Switzerland) 1 day prior to

transplantation and then every day for the duration of the study.

Cell transplantation occurred 4 months after irradiation surgery.

The animals were anesthetized as above, and the spinal cord was

exposed by laminectomy at the cervical 4–5 vertebral level. After

immobilization of the spinal cord, a 10 ml Hamilton syringe

(Hamilton, Reno, NV) was lowered into the spinal cord using a

stereotactic manipulator arm. Cell suspension (2 ml) was injected

into two sites along the midline at a depth of 1.2 mm, 4 mm

cranial and 4 mm caudal to the lesion epicenter, at a rate of

1.0 ml/min. The needle was removed after 5 min. The animals in

which the injected solution was observed to exit from the needle

track during injection or after withdrawal of the needle were

omitted from the experiment. Animals receiving the same surgery

and injection of 2 ml aCSF solution (without cells) were served as

controls.

Histology
For the histological analysis, the animals were deeply anesthe-

tized with an overdose of 3% pentobarbitone and perfused with

0.9% saline following by 4% ice-cold paraformaldehyde prepared

with phosphate buffer (0.1 M, pH7.4). The spinal cord was divided

into eight 1 mm blocks that extended 4 mm cranial to and 4 mm

caudal to the injury epicenter. Alternate blocks were processed to

produce cryostat sections. Some of the cryostat sections were

stained with LFB/H&E to examine general morphology and the

extent of demyelination. Some of the cryostat sections were used

for immunofluorescent analysis of grafted cells.

To quantify the demyelination of injured spinal cord, we used

Image J (http://rsbweb.nih.gov/ij/index.html) to measure the

relative optical density of the dorsal funiculus from all groups. A

pre-defined region of interest was selected to encompass the dorsal

funiculus. Color images were acquired at the same exposure level,

coverted to 8-bit gray scale, and the mean density calculated from

the threshold pixels excluding the background. Density was

analyzed in four regions of the dorsal funiculus per section. Eight

sections per spinal cord were analyzed. There were six animals in

each group.

Immunofluorescence
Immunostaining was performed on cultured cells or cryosec-

tioned spinal cord using standard protocols [27]. Primary

antibodies used in present study included mouse anti-Oct4

(1:2000, Santa Cruz Biotechnology, Santa Cruz, CA), goat anti-

Sox2 (1:1000, R&D Systems), rabbit anti-NG2 (1:500, Chemicon

International Inc, Temecula, CA, USA), rabbit anti-O4 (1:50,

Santa Cruz), rabbit anti-PDGFRa (1:500, Santa Cruz), rabbit

anti-MBP (1:500, Abcam, Cambridge, MA), goat anti-GFP (1:200;

Abcam), mouse anti-APC (1:1000; Abcam), mouse anti-p75

(1:1000; Chemicon), rabbit anti-GFAP (1:500; Chemicon), and

mouse anti-NF (1:2000; Chemicon). Coverslip cultures or spinal

cord sections were incubated in a blocking buffer (10% donkey

serum and 0.2% Triton X-100 in phosphate buffer saline) for

60 min at room temperature before being incubated in the

primary antibodies overnight at 4uC. Fluorescently conjugated

secondary antibodies were used to reveal the binding of primary

antibodies (1:2000, Invitrogen) and nuclei were stained with 4,6-

dianidina-2-phenylindole (DAPI) (0.1 mg/ml, Sigma). The immu-
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nofluorescent samples were visualized using a Nikon-Eclipse TE

2000-S fluorescence microscope (Nikon Instruments, Sterling

Heights, MI, USA) or a Leica TCS-SP5 laser-scanning confocal

microscope (Leica, Germany).

To quantify the differentiation pattern in vitro, the percentage of

immunopositive cells was determined by dividing the total number

of immunopositive cells by the total number of GFP/DAPI

positive cells in each imaging field and then averaging the result

from three fields per marker. These fixed fields were randomly

selected from biological replicates using ‘‘Image J’’.

To assess the differentiation of grafted Olig2+-GFP+-OPCs in

the injured spinal cord, four coronal sections, 200 mm apart, were

taken spanning the lesion epicenter. The percentage of engrafted

OPCs that co-expressed NG2, APC, MBP, p75 and GFAP was

quantified for the grafted animals.

Electron Microscopy
For electron microscopic processing, the animals were sacrificed

by aortic perfusion with isotonic, heparinized saline followed with

4% paraformaldehyde and 1% glutaraldehyde in 0.1 M phosphate

buffer. The fixed spinal cords were washed in 0.1 M phosphate

Figure 1. Radiation-induced demyelination in the dorsal funiculus of cervical spinal cord. (A) LFB/H&E staining showed normal spinal
cord without irradiation. (B) Four months after irradiation, there was a focal demyelinated zone in the dorsal funiculus. (C) Six months following injury,
focal necrosis was seen in the dorsal funiculus. (D) Immunostaining for MBP and NF, enlargement of framed area in A, depicted that non-irradiated
myelin surrounding the axons (arrows). (E) Four months after irradiation, most of the axons lost myelin (arrows). (F) At six months, axons began to
show necrosis. (G) Electron microscopy confirmed the normal structure of myelin. g, Higher magnification of the tissue in the box in G, indicated the
compact myelin sheath. (H) Four months after irradiation, most of axons remained demyelinated (asterisk). (I) Six months following damage, axons
necrosis was found (asterisk). Bar, 200 mm (A–C); bar, 50 mm (D–F); bar, 1 mm (G, H); bar, 100 nm (g); bar, 2 mm (I).
doi:10.1371/journal.pone.0057534.g001
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buffer and embedded in 3% agar. Transverse sections (40 mm

thick) were obtained on a vibrotome (Leica, VT1000S, Nussloch,

Germany) and mounted onto slides. The sections were washed in

PB and subjected to an additional fixation in 2% OsO4 in

phosphate buffer for 2 h at room temperature. After sequential

dehydration in increasing concentrations of ethanol (50–100%)

and pure acetone, the sections were embedded in Epon 812.

Ultrathin sections (80 nm) obtained using an ultramicrotome (UI-

Figure 2. In vitro differentiation of Olig2-GFP-mouse mESCs into Olig2+-GFP+- OPCs. (A) Schematic procedure for differentiation of Olig2-
GFP-mESCs into Olig2+-GFP+-OPCs. (B) Phase contrast photograph of mESCs colonies on mouse embryonic fibroblast. (C) mESCs remained
undifferentiated and stained positive for Oct4/Sox2. (D) Phase contrast photograph of Olig2+-GFP+ spheres at day 12. (E) GFP+ spheres expressed
Olig2. (F) At day 12, the percentage of GFP+ cells was 76.79%61.35%, sorted by FACS method. At day 14, all purified OPCs expressed GFP as well as
the OPC markers NG2 (G) and PDGFRa (H). At day 18, plated cells adopted a typical oligodendrocyte morphology characterized by multiple branches
and expressed GFP and MBP (I). (J) Quantification of immunostaining: 81.6968.16% of cells expressed NG2, 7864.31% of cells expressed PDGFRa, and
68.4765.59% of cells expressed O4. Data in J are expressed as the mean6SEM, n = 3 independent experiments, 6 total replicates. Bar, 200 mm (B–D);
bar, 50 mm (E–H); bar, 30 mm (I).
doi:10.1371/journal.pone.0057534.g002
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tracut E, Reicher-Jung, NY, USA) were stained with urany1

acetate and lead citrate, examined and photographed under a

transmission electron microscope (Philips CM120, Amsterdam

Netherlands).

Behavioral Assessments
The clinical degree of weakness was graded according to a scale

developed by Ushio et al. [28,29]: grade 0 = normal; grade

1 = forelimb instability seen only when the animal jumps or runs;

grade 2 = mild weakness, but able to run; grade 3 = moderate

weakness, able to walk but not run; grade 4 = marked weakness,

attempts to walk; grade 5 = severe weakness, purposeless move-

ments of legs or complete paraplegia. All rats were allowed to live

for 8 weeks after transplantation.

Statistical Analysis
All data are reported as Mean6SEM. Repeated measures

ANOVA followed by the Tukey-Kramer test was used for

Figure 3. Distribution and morphology of Olig2+-GFP+-OPCs in irradiated spinal cord at four weeks after transplantation. (A) GFP+

cells were observed and distributed in the damaged spinal cord. (B) At higher magnification of the boxed area from (A), the GFP+ cells exhibited
typical bipolar OPC morphology. (C) Many grafted Olig2+-GFP+-OPCs co-expressed the OPCs marker NG2. Bar, 250 mm (A); bar, 100 mm (B); bar, 20 mm
(C).
doi:10.1371/journal.pone.0057534.g003
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comparison of clinical grade scores at each time point. The

difference between the two was compared using Student’s tests.

Statistical analysis was performed using SPSS 16.0. Differences

were considered to be statistically significant at p,0.05.

Results

Demyelination Induced by Irradiation
Non-irradiated animals (n = 6) did not show any evidence of

demyelination (Fig. 1A, D and G). Even though there was no

histological evidence of demyelination observed from 1 to 3-month

after irradiation, 80% of the animals (n = 60) developed a focally

demyelinated zone in the dorsal funiculus from the fourth month,

as shown by LFB/H&E staining (Fig. 1B). This was confirmed by

immunostaining for myelin basic protein (MBP) and neurofilment

(NF), showing the presence of many axons but sharply reduced

MBP staining (Fig. 1E). Electron microscopy showed many viable

demyelinated axons in the dorsal funiculus (Fig. 1H). Six months

after irradiation, focal areas of necrosis were apparent in the white

matter (Fig. 1C), with MBP loss and axonal degeneration (Fig. 1F).

Axon necrosis was also found by electron microscopy (Fig. 1I).

The clinical degree of weakness was consistent with the

histological changes. The mean interval between irradiation and

manifestation of the first neurological symptoms (grade 1 = fore-

limb instability seen only when the animal jumps or runs) was

112614 days. Four months after irradiation, the animals (n = 12)

that did not manifest neurological symptoms (grade 0 = normal)

were omitted from the experiment.

Generation and Purification of Olig2+-GFP+-OPCs from
mESCs

We used an established mESCs line (Olig2-GFP-mESCs) in

which GFP was knocked into the locus of Olig2, a transcription

factor expressed by ventral spinal cord progenitors [24]. In order

to identify and purify OPCs, we used a modified protocol

established in the Zhang Lab to differentiate mESCs into OPCs

[25] (Fig. 2A). The Olig2-GFP-mESCs, expanding as discrete

colonies on mouse embryonic fibroblast (Fig. 2B) and expressing

Oct4/Sox2 (Fig. 2C), were detached from mouse embryonic

fibroblasts to initiate differentiation and grown as free floating

embryoid bodies (EB) for 2 days in the medium before being

treated with RA (0.5 mM) and Pur (0.5 mM). At day 6, GFP+

spheres began to appear and by day 12 almost all the spheres were

green (Fig. 2D). FACS analysis, confirmed by confocal microsco-

py, indicated that 76.796 1.35% of the total differentiated cells

expressed Olig2 and GFP (Fig. 2E, F). To further purify the OPCs,

we used FACS based on GFP expression. FACS isolated cells were

plated in the presence of FGF2, PDGF-AA and NT3. The

majority of GFP cells expressed NG2 (81.6968.16%) (Fig. 2G, J),

PDGFRa (7864.31%) (Fig. 2H, J) and O4 (68.4765.59%)

(Fig. 2J). Further differentiation of the OPCs for 6 days resulted

in generation of highly branched oligodendrocytes, as indicated by

positive staining for MBP (Fig. 2I).

Survival and Migration of Transplanted OPCs within the
Spinal Cord

A total of 24 injured animals received transplantation of Olig2+-

GFP+-OPCs 4 months after irradiation. Four weeks after

transplantation, grafted cells revealed by GFP, were found in the

spinal cord of all transplanted animals. The animals (n = 24)

without cell transplantation did not exhibit such labeling. The

GFP-expressing cells were mainly distributed in the dorsal

funiculus with a small number of cells migrating into the gray

matter (Fig. 3A). At a higher magnification, the GFP+ cells

Figure 4. Olig2+-GFP+-OPCs primarily differentiate along the
oligodendrocyte lineage. At eight weeks after transplantation, a
certain number of grafted GFP+ cells still expressed NG2 (A–C, arrows)
and most of the grafted GFP+ cells became APC-positive mature
oligodendrocytes (D–F, arrows). Double staining for GFP and MBP in
cross-sections further confirmed that GFP-immunoreactive rings were
composed of MBP+ myelin (G–I, arrows). The grafted GFP+ cells did not
co-expressed GFAP (J–L) or P75 (M–O). (P) Quantification of GFP+ cell
populations in the spinal cord. Data are expressed as the mean number
of cells/spinal cord6SEM (n = 6). GFP+ cells expressed NG2
(15.165.53%), APC (54.6610.5%) and MBP (40.563.8%). Bar, 50 mm
(A–C); bar, 35 mm (D–O).
doi:10.1371/journal.pone.0057534.g004
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adopted a typical OPCs morphology, as characterized by bipolar

branches (Fig. 3B), and expressed the OPCs marker NG2 (which

marks undifferentiated OPCs) (Fig. 3C), indicating that these

grafted cells retain the OPCs identity.

Transplanted OPCs Primarily Differentiate into
Oligodendrocytes

Eight weeks after transplantation, 15.165.53% of the GFP

positive cells were double labeled with NG2, a specific protein for

precursor cells (Fig. 4A–C, arrows). Around 54.6610.5% of GFP+

cells expressed APC (Fig. 4D–F, arrows), indicating that the

majority of grafted OPCs differentiated into mature oligodendro-

cytes. About 40.563.8% of the grafted cells also expressed MBP, a

major constitute of myelin (Fig. 4G–I, arrows). Although several

previous studies [30,31] showed that adult OPCs differentiated

into Schwann cells after transplantation into the chemically

demyelinated spinal cord, our transplanted OPCs did not express

p75 (Fig. 4M–O). Other studies suggest that the microenviron-

ment in the injured spinal cord induces grafted neural stem cells to

differentiate primarily into astrocytes [14,32]. In the present study,

the transplanted OPCs did not differentiate into astrocytes marked

by GFAP (Fig. 4J–L). In summation, the staining results revealed

that Olig2+-GFP+-OPCs mostly differentiate into mature oligo-

dendrocytes in the injured spinal cord. Over the course of the

experiment, tumors, teratomas, or non-neuronal tissue formation

were not observed in the transplant recipients.

Figure 5. Transplantation of Olig2+-GFP+-OPCs results in a delayed demyelination and cavitation. (A) LFB/H&E staining showed smaller
cystic cavitations in the transplanted cord than those in the sham and the control group in the dorsal funiculus. (B) Optical densities of dorsal
funiculus in spinal cord was significantly increased in rats grafted with Olig2+-GFP+-OPCs, as compared to the sham and the control group (*p , 0.05,
n = 12). (C) Enlargement of framed area in part a, illustrated immunostaining of MBP and NF, showing axons (green arrow) with or without myelin (red
arrow). (D) Electron microscopy confirmed the structure of axons (asterisk). Bar, 200 mm (A); bar, 35 mm (C); bar, 0.5 mm (D).
doi:10.1371/journal.pone.0057534.g005

Figure 6. Forelimb locomotion is improved after transplanta-
tion of Olig2+-GFP+-OPCs. Locomotion function, as defined using
the clinical grade score, was significantly reduced in Olig2+-GFP+-OPCs
grafted animals at six to eight weeks after transplantation, as compared
to the control group (*p , 0.05, n = 12).
doi:10.1371/journal.pone.0057534.g006

OPCs Transplantation into Irradiated Spinal Cord
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OPCs Transplantation Attenuated Demyelination after
Radiation

Eight weeks after transplantation, irradiated spinal cord

exhibited obvious demyelination and cavitation (Fig. 5A). How-

ever, the degree of demyelination was significantly decreased by

OPCs transplantation as compared to the sham and the control

group (Fig. 5B). Immunostainning for MBP and NF indicated

numerous clusters of axons that maintained integrity (Fig. 5C).

Electron microscopic analysis showed myelinated axons (Fig. 5D).

OPCs Grafts Alleviated the Deterioration of Neurologic
Function Following Injury

To determine whether transplantation of OPCs improved

recovery of function after injury, locomotion was assessed by using

the clinical scoring. Six to eight weeks after transplantation,

Olig2+-GFP+-OPCs grafted animals exhibited significantly lower

clinical scores as compared to the control group (Fig. 6) (all

p,0.05). The behavioral results showed that transplantation of

Olig2+-GFP+-OPCs significantly improved forelimb functions.

Discussion

In this study, we have directed mESCs to a purified population

of OPCs based on the GFP expression in the Olig2 locus, which

differentiate into oligodendrocytes in vitro and in vivo. More

importantly, the oligodendrocytes derived from the Olig2+-

GFP+-OPCs express MBP, an essential component of myelin

sheath, which corresponds to correction of locomotion deficits in

rats with irradiation injury of spinal cord. These results raise the

prospect of cell-based therapy as a potential treatment for

irradiation spinal cord injury.

Cell transplantation has been attempted for the radiation

injured spinal cord. Adult rat neural stem cells differentiate

predominantly into Schwann-like cells and generated peripheral

myelin after transplantation into the irradiation injured spinal cord

[14]. Olfactory ensheathing cells appear to migrate within X-

irradiated area, they behave similarly as Schwann cells, which

survive poorly and are unable to migrate significant distances

when transplanted into either intact or X-irradiated spinal cords

[16,33]. OPCs are extremely motile and can differentiate into

oligodendrocytes and produce myelin [34,35]. Differentiation of

oligodendrocytes from mESCs was explored by Billon and

colleagues [36]. One of the greatest challenges facing ESCs

research is the derivation of high purity target cells from

pluripotent ESCs [23]. In the present study, we employed a

mESCs line that carries a GFP reporter in the Olig2 locus. The

modified differentiation protocol that we used is unique in that it

generates highly enriched OPCs. FACS sorting resulted in an

enriched population of OPCs (76.7961.35%) (Fig. 2F). This

provided us with a novel tool to investigate the ability of these cells

to remyelinate demyelinated regions of irradiation spinal cord

injury and determine whether remyelination confers functional

benefit.

Most irradiation injury models are made using 40 Gy of X-

irradiation which creates acute demyelination in the spinal cord

[13,14,16,37,38]. However, the latent period of spinal cord

irradiation in human has been reported to vary from 4 months

to 4 years after cervical or thoracic irradiation [39]. In

experimental animals, irradiation of the spinal cord leads to white

matter necrosis within 3–8 months [3]. In the present study, we

have used the dosage of 22 Gy to mimic the delayed demyelin-

ation of the spinal cord irradiation injury. The demyelination

latent period was about 112614 days, while the white matter

necrosis and paralysis that occurred within 6 months of radiation

exposure. Therefore, our model is similar to the clinical pathology

changes of spinal cord irradiation injury.

Promoting remyelination is an important strategy to treat spinal

cord injury. Chronic demyelination predisposes axons to degen-

eration [40], an irreversible event that is thought to be the major

cause of progressive functional decline [41]. Previous studies

observed cells with the capacity to myelinate following spinal cord

injury [32,34,35,42,43,44,45]. The functional behavioral improve-

ment is correlated with the capacity of the transplanted cells to

integrate, differentiate, and myelinate axons at sufficient number

[9,46,47]. In our study, we have found that transplanted cells

migrate to the injured region and approximately 40% of them

differentiate into mature oligodendrocytes expressing MBP. More

importantly, immunostaining and electron microscopy analysis

reveal the presence of many axons in the areas with Olig2+-GFP+-

OPCs transplantation, suggesting the protection of axonal

integrity by transplanted cells. Further study is needed by

immunoelectron microscopy to prove remyelination occurred by

transplanted cells.

The increased recovery in the transplantation group may also

be explained by mechanisms other than remyelination. CNS

neurons require multiple signals for optical survival and matura-

tion, and continued oligodendrocyte-derived signals are necessary

to maintain neuronal integrity [48]. In addition to their role in

myelinating axons, oligodendrocytes release soluble factors,

including insulin-like growth factor (IGF-1), glial-derived neuro-

trophic factor (GDNF) and brain-derived neurotrophic factor

(BDNF), that promote neuronal survival, maintain axonal

structure, and support synaptic plasticity in surviving axons

[49,50,51,52]. The expression and release of trophic factors offer

a platform by which oligodendrocytes interact with neurons to

form and maintain functional neural circuits in the injured spinal

cord. Therefore, neural protection may be another mechanism by

which grafted OPCs promote functional recovery.
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