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Abstract
Oligodendrocyte progenitor cells (OPCs) may have benefi-
cial effects in cell replacement therapy of neurodegenera-
tive disease owing to their unique capability to differentiate 
into myelinogenic oligodendrocytes (OLs) in response to ex-
trinsic signals. Therefore, it is of significance to establish an 
effective differentiation methodology to generate highly 
pure OPCs and OLs from some easily accessible stem cell 
sources. To achieve this goal, in this study, we present a rap-
id and efficient protocol for oligodendroglial lineage differ-
entiation from mouse neural stem cells (NSCs), rat NSCs, or 
mouse embryonic stem cell-derived neuroepithelial stem 
cells. In a defined culture medium containing Smoothened 
Agonist, basic fibroblast growth factor, and platelet-derived 
growth factor-AA, OPCs could be generated from the above 
stem cells over a time course of 4–6 days, achieving a cell 

purity as high as ∼90%. In particular, these derived OPCs 
showed high expandability and could further differentiate 
into myelin basic protein-positive OLs within 3 days or alter-
natively into glial fibrillary acidic protein-positive astrocytes 
within 7 days. Furthermore, transplantation of rodent NSC-
derived OPCs into injured spinal cord indicated that it is a 
feasible strategy to treat spinal cord injury. Our results sug-
gest a differentiation strategy for robust production of OPCs 
and OLs from rodent stem cells, which could provide an 
abundant OPC source for spinal cord injury.

© 2019 S. Karger AG, Basel

Introduction

Oligodendrocyte progenitor cells (OPCs) contribute 
to myelin maintenance and repair in the central nervous 
system (CNS) due to their unique capability to differenti-
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ate into myelinogenic oligodendrocytes (OLs) in response 
to extrinsic signals [1]. The loss of OLs after CNS degen-
eration or damage (e.g., multiple sclerosis or white matter 
injury) may lead to many neural disorders [2–4], and cur-
rent therapeutic strategies remain deficient in promoting 
remyelination. Cell replacement therapy with OPCs may 
become a promising choice because of their beneficial ef-
fects on myelin restoration [5]. Therefore, it is of signifi-
cance to establish an effective methodology to differenti-
ate reliable stem cells, such as adult neural stem cells 
(NSCs) or pluripotent stem cell-derived NSCs, into OPCs 
and mature OLs with a high purity. Although many stud-
ies have achieved some progress in this respect [6–8], 
those differentiation strategies still need to be improved, 
especially due to the formation of a heterogeneous popu-
lation of uncharacterized, tripotent neural precursors 
rather than OPCs.

A number of studies have focused on neural differen-
tiation of human pluripotent stem cells, but the long-
term process greatly limits the application of these stud-
ies [9, 10]. Since embryo development takes much less 
time in rodents than in humans, it may be relatively easy 
to find key inducing factors for controlling neural differ-
entiation of rodent stem cells. Moreover, rodents are 
more relevant to humans, and the key factors used to 
regulate rodent neural differentiation would also be ap-
plicable to human neural differentiation. Unfortunately, 
few studies have reported on rapid generation of pure 
and committed OPCs derived from rodent NSCs and 
further differentiation of the obtained OPCs into mature 
OLs or astrocytes.

It has been known that most OPCs are initially differ-
entiated from neural precursors, known as neuroepithe-
lial stem cells (NESCs), in ventral spinal cord at embry-
onic day 12.5 (E12.5) to E14.5 [11]. Following the devel-
opmental principles [3, 12], we developed a method to 
generate OPCs and then produce mature OLs from mouse 
NSCs (mNSCs) or rat NSCs (rNSCs). We found that  
mNSCs, rNSCs, or mouse embryonic stem cell (mESC)-
derived NESCs could be induced to differentiate into 
OPCs using the cocktail of Sonic Hedgehog (SHH) or 
Smoothened Agonist (SAG), basic fibroblast growth fac-
tor (FGF2), and platelet-derived growth factor-AA 
(PDGF-AA), or into OLs using the cocktail of triiodothy-
ronine (T3), SAG, and other components [13] within 7 
days. RT-PCR and immunofluorescence analysis were 
performed to confirm the cell identity and cell purity of 
OPCs or OLs with representative cell markers. We postu-
lated that precise control of these signals would allow for 
the routine and specific generation of sufficient quantities 

of OPCs from NSCs. Our in vivo experiment demonstrat-
ed that transplantation of rodent NSC-derived OPCs is a 
feasible strategy to treat spinal cord injury.

Materials and Methods

Cell Culture and Differentiation Medium
OPC medium was composed of Dulbecco’s modified Eagle’s 

medium/Ham’s F-12 medium (DMEM/F12, Gibco) supplement-
ed with 1× B27 (Gibco), 1× N2 (Gibco), 20 ng/mL FGF2 (Pepro 
Tech), 20 ng/mL PDGF-AA (Pepro Tech), and 0.4 µM SAG (Enzo 
Life Sciences) or 200 ng/mL SHH (R&D Systems). OL medium was 
composed of DMEM/F12 supplemented with 1× B27, 1× N2, 30 
ng/mL T3 (Sigma), 0.4 µM SAG, 100 ng/mL Noggin (R&D Sys-
tems), 10 µM dibutyryl cyclic-AMP sodium salt (Sigma), 100 ng/
mL IGF-1 (PROSPEC), and 10 ng/mL NT3 (R&D Systems). The 
small molecules are listed in online supplementary Table S1 (see 
www.karger.com/doi/10.1159/000499364 for all online suppl. ma-
terial).

Astro type 2 medium was composed of DMEM/F12 supple-
mented with 1× B27, 1× N2, and 20 ng/mL BMP4 (R&D Systems). 
Astro type 1 medium was composed of DMEM/F12 supplemented 
with 20% fetal bovine serum (FBS; Gibco).

NE 1 medium was composed of DMEM/F12 supplemented 
with 1× B27, 1× N2, 1× NEAA (Gibco), 0.1 mM β-Me (Gibco), 100 
ng/mL Noggin, 20 μM SB431542 (Sigma), 2 μM Dorsomorphin 
(Sigma), and 3 μM CHIR99021 (Sigma). NE 2 medium was com-
posed of DMEM/F12 supplemented with 1× N2, 20 ng/mL FGF2, 
and 1.6 g/L glucose (Sigma). NE 3 medium was composed of 
DMEM/F12 supplemented with 1× N2, 1 μL/mL B27 (1: 1,000), 20 
μg/mL insulin (Wako), 1.6 g/L glucose, 20 ng/mL epidermal 
growth factor (EGF) (R&D Systems), and 20 ng/mL FGF2. All cell 
cultures were performed at 37  ° C and 5% CO2.

Isolation and Culture of Rodent NSCs
mNSCs were isolated from E13.5 pregnant ICR mice (Experi-

mental Animal Center, Nantong University) as described previ-
ously [14]. In brief, animals were deeply anesthetized with an in-
traperitoneal injection of xylazine (10 mg/kg), ketamine (95 mg/
kg), and acepromazine (0.7 mg/kg). Under deep anesthetization, 
the animals were sacrificed, and the head of embryo was removed 
quickly and immerged into phosphate-buffered saline (PBS, pH 
7.2). Dissected cortical or striatal germinal zone tissues were trans-
ferred to a serum-free medium and mechanically dissociated into 
a cell suspension with a fire-polished Pasteur pipette. After wash-
ing with PBS and centrifugation, the cells were seeded on a Petri 
dish in the NSC medium consisting of DMEM/F12 supplemented 
with 1× B27, 20 ng/mL EGF, and 20 ng/mL FGF2, and half of the 
medium was changed every 2 days. rNSCs were harvested from 
E13.5 pregnant Sprague-Dawley rats using the same procedures as 
described above for mNSCs.

Differentiation of Rodent NSCs into OPCs
mNSCs or rNSCs were dissociated to a single cell suspension 

using Accutase (Gibco). The cells were counted and plated at 4 × 
104 cells/cm2 on plates, which were coated with 0.1 mg/mL poly-
L-ornithine (Sigma) and then with 10 µg/mL laminin (Sigma), or 
coated only with 5% Matrigel (BD Biosciences). Cells were grown 
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and the cell medium was changed every other day. After 4 days, the 
culture consisted of a highly pure population of proliferating 
OPCs, which were quickly expanded and maintained in the OPC 
medium and had the ability to differentiate into OLs or astrocytes. 
The OPCs could also be frozen or thawed with a freezing medium 
(DMEM/F12 supplemented with 30% FBS and 10% DMSO) (Sig-
ma).

Differentiation of OPCs into OLs or Astrocytes
For differentiation of rodent OPCs into OLs, the cells were plat-

ed on a dish coated with PLO/laminin or Matrigel at 2 × 104 cells/
cm2 for 3-day culture in the OL medium. Alternatively, rodent 
OPCs were cultured in the Astro type 1 medium for 7 days for dif-
ferentiation into astrocytes. Attempts to modulate the outcome of 
this differentiation paradigm included treatment with the Astro 
type 2 medium.

Differentiation of mESCs into NESCs
mESCs (line M1, passages 21–40) were maintained and dissoci-

ated as single cells using Accutase and cultured on 5% Matrigel-
coated plates with a feeder-free culture medium before differentia-
tion into NESCs. This protocol consisted of three sequential dif-
ferentiations under defined conditions (NE 1, NE 2, and NE 3 
medium). In brief, medium was replaced by NE 1 medium on day 
1. On day 4, neural rosette-like colonies were released using 1.5 
mg/mL collagenase IV (Gibco) and fed with NE 2 medium from 
uncoated plates in the following 4 days. On day 8, neurospheres 
were collected, treated with Accutase, and transferred to Matrigel-
coated plates for culture in NE 3 medium. On day 9 (1 day after 
replating), almost all dissociated cultures from neurospheres con-
sisted of a highly pure population of proliferating NESCs.

For differentiation of NESCs into OPCs, these cells were plated 
at 4 × 104 cells/cm2 on plates coated with PLO/laminin or Matrigel 
and cultured in the OPC medium for 6 days. mESC-derived OPCs 
could be further differentiated into terminal OLs or astrocytes with 
the same procedures as the one described above for NSCs.

Growth Curve
The cell number of OPCs at P1 was calculated based on the for-

mula Cn = Cn – 1 × Tn/Sn, where C is cumulative cell number, n 
passage number, T total cell number at current passage, and S seed-
ed cell number at current passage. To evaluate the cell growth rate, 
cells were seeded onto 24-well plates at a density of 8 × 104 cells/
well. After culture for 4–5 days, the cells at 80–90% confluence 
were harvested and counted with a hemocytometer. The result was 
recorded as the mean cell number at each time point. Data were 
taken from three replicates for each passage.

RNA Isolation and RT-PCR
Total RNA was prepared using an RNeasy Plus Mini Kit (QIA-

GEN) following the manufacturer’s instructions. cDNA was gen-
erated by reverse transcription of total RNA (1 µg) using a Tran-
scriptor First Strand cDNA Synthesis Kit (Roche). PCR was carried 
out using DreamTaq DNA Polymerase (Thermo Scientific). The 
conditions and protocols of PCR were based on the product infor-
mation of DreamTaq DNA Polymerase. The PCR primers are list-
ed in online supplementary Table S3. GAPDH was used for inter-
nal normalization, and samples without reverse transcription were 
used as negative controls. The amplification products were ana-
lyzed by agarose gel electrophoresis.

Immunocytochemical Staining
Cells were fixed with 4% paraformaldehyde for 15 min at room 

temperature and rinsed three times with PBS. Spheres were fixed 
for 45 min and rinsed twice with PBS. Cells were blocked for 1 h 
at room temperature with blocking buffer (5% goat serum/0.2% 
Triton X-100/PBS) and incubated overnight at 4  ° C with primary 
antibodies (online suppl. Table S2) in 2% goat serum/PBS. Impor-
tantly, Triton was omitted throughout for myelin basic protein 
(MBP) staining. After three rinses in PBS, Alexa Fluor secondary 
antibodies (Jackson ImmunoResearch 488 or 594) were applied at 
1: 1,000 in PBS and Hoechst 33342 staining was applied at 1: 4,000 
(Sigma) for 1 h at room temperature. The cells were viewed under 
microscopy (Carl Zeiss GmbH Axio Vert.A1) with appropriate 
filters for cell identification and counting. Confocal imaging using 
a scanning laser confocal microscope (TCS-NT-UV; Leica) was 
also performed. For percentage of induction, pictures were count-
ed in four random fields from 2–4 independent experiments. Data 
were presented as means and SD.

Spinal Cord Injury Model and Cell Transplantation
Twenty male Sprague-Dawley rats with an average body 

weight of 180–220 g (Experimental Animal Center, Nantong 
University) were used. Animals were deeply anesthetized and re-
ceived laminectomies in the 11th thoracic vertebra. Contusion 
injury was induced using an spinal cord injury device (IH Spinal 
cord impactor, Precision Systems and Instrumentation) with a 
force of 150 kDynes and dwell time of 2 s. After contusion, the 
muscle and skin were closed in layers. All rats received manual 
bladder expression twice daily and were inspected for urinary 
tract infection, weight loss, and distress, with appropriate care as 
needed.

The transgenic Sprague-Dawley rats (SD-Tg[Act-EGFP]) ex-
pressing enhanced green fluorescent protein (GFP) under the 
chicken β-actin promoter and cytomegalovirus enhancer were 
kindly provided by Dr. Mao-Rong Jiang (Laboratory Animal 
Center, Nantong University). The GFP-positive OPCs derived 
from rNSCs were used for transplantation. Seven days after in-
jury, 10 animals were anesthetized and transplanted with GFP-
labeled rat OPCs using a glass micropipette (Hamilton). A total 
of 5 μL cell suspensions (30,000 cells/μL; 150,000 cells in total) 
per animal were acutely transplanted into the injury epicenter in 
the spinal cord, injected at a rate of 1 μL/min. Ten control injured 
rats were injected with 5 μL PBS. The postoperative care of the 
cell therapy and control groups was carried out as previously de-
scribed.

Five weeks after cell transplantation, the animals were deeply 
anesthetized and perfused transcardially with 4% paraformalde-
hyde in PBS. Dissected spinal cords were further postfixed in 4% 
paraformaldehyde in PB at 4  ° C overnight and cryoprotected in 
30% sucrose for at least 48 h. Two-centimeter blocks of the tho-
racic region of the cords including injury epicenters were embed-
ded in optimal cutting temperature OCT and cryosectioned. Af-
ter embedding in Tissue-Tek OCT compound, spinal cord sec-
tions were cut to a thickness of 16 µm. Spinal cord sections from 
Sprague-Dawley rats were blocked with 10% normal goat serum 
in PBS at room temperature for 1 h and then incubated with GFP 
and Olig2 antibodies in 1% bovine serum albumin overnight at 
4  ° C, followed by Alexa Fluor 488-conjugated AffiniPure Goat 
Anti-mouse lgG in PBS for 1 h at room temperature. Some sec-
tions were counterstained with Hoechst to show nuclei. The 
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stained sections were examined with a confocal laser scanning 
microscope (Leica Microsystems, Germany).

Statistics Analysis
The quantitative data are presented as means ± SD. Statisti-

cally significant differences between two groups were assessed by 
Student’s t test, whereas those between multiple groups were eval-
uated by one-way ANOVA test plus Scheffé post hoc tests with the 
help of SigmaStat 3.5 software (Sigma). A p value < 0.05 was con-
sidered significant.

Results

Differentiation of mNSCs into OPCs within 4 Days
In the CNS, multipotent NSCs undergo self-renewal 

and have the potential to differentiate into neurons, as-
trocytes, and OLs [15]. In this study, at first, primary mN-
SCs isolated from E13.5 embryonic brain were expanded 
into neurospheres (Fig.  1a) under the influence of two 
mitogens, EGF and FGF2 [14, 16]. The neurospheres var-
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ied in size and were positive for Sox1, Pax6, and Nestin 
within 5 days [17] (Fig. 1b).

Since oligodendrogenesis went through several differ-
entiation stages characterized by distinct morphological 
and antigenic changes until final differentiation into my-
elin-forming OLs [1, 18], our next step was to pattern 
mNSCs into pre-OL lineage under well-defined condi-

tions. We transferred mNSCs onto a coated dish in the 
differentiation medium consisting of SHH, FGF2, and 
PDGF-AA to allow culture for 4 days. Neurospheres were 
laid down as adherent cells and gave rise to OPCs, which 
showed a typical bipolar or tripolar morphology and ex-
pressed transcription factors: Olig2, Nkx2.2, and Sox10 
(Fig. 1c, d). The mNSC-derived OPCs represented a ho-
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mogenous cell population because they expressed OPC 
markers as high as ∼90% (Fig. 1e). In addition, the ex-
pandability of mNSC-derived OPCs was tested by a 
growth curve assay, indicating that mNSC-derived OPCs 
could expand into a homogenous population through at 
least eight passages, thus yielding a large cell number  
(> 108 cells, Fig. 1f). These results demonstrate that in the 
defined culture medium, OPCs can be rapidly produced 
from mNSCs.

In order to confirm the necessity of SHH signaling in 
the generation of OPCs from mNSCs [19], we replaced 
SHH with SAG, a chlorobenzothiophene-containing 
Hedgehog pathway agonist [20], in the medium. After 
treatment with 0.4 μM SAG, FGF2, and PDGF-AA for 4 
days, mNSCs underwent differentiation into OPCs, ac-
companied by downregulation of the expression of neu-
ronal precursor genes, such as Sox1, Pax6, and Nestin, but 
upregulation of OL lineage promoters Olig2 and Nkx2.2 
(Fig. 2a, b). As a rule, most of the oligodendroglial cells 
were born after neurons and astroglia in the CNS devel-
opment [10]. The differentiated OPCs were double-
stained with both Olig2 (a specific marker for OPCs) and 
the intermediate filament glial fibrillary acidic protein 
(GFAP), a specific marker for astrocytes [21]. We noted 
that the percentage of Olig2- and GFAP-positive cells in 
the total population was 91 ± 3% and 1 ± 1%, respective-
ly, which indicated that OPC marker expression (Olig2) 
was significantly higher than the latter value (Fig. 2c, d). 
This comparison suggested that addition of inducers 
SAG, FGF2, and PDGF-AA was very successful. RT-PCR 
analysis further indicated that mNSC-derived OPCs ex-
pressed the OL lineage-specific promoters and surface 
markers, such as Ascl1 (also known as Mash1), Olig1/2, 
Sox10, Calcrl, Pdgfra, and Cspg4 (also known as NG2), 
and that mNSC-derived OLs expressed high levels of 
transcription factors Olig1/2 and Sox10 (Fig. 2e). These 
results demonstrate that SAG, as a substitute for SHH, 
could induce Hedgehog signaling activation in OPC gen-
eration and expansion.

Differentiation of mNSC-Derived OPCs into OLs 
within 3 Days
In the terminal differentiation of OPCs, T3 plays a key 

role in controlling OL maturation [22]. On the other 
hand, fibroblast growth factor and PDGF cooperate to 
promote rapid division of OPCs and to inhibit the further 
differentiation and maturation of OPCs [23]. To deter-
mine the differentiation ability of mNSC-derived OPCs 
into OLs, the OPCs were exposed to T3, SAG, Noggin, 
cAMP, IGF-1, and NT-3 [13], but not to FGF2 and PDGF-

AA (Fig. 3a). These conditions caused the cells to stop 
proliferation but to differentiate exclusively into OL-like 
cells with a round cell body and multiple processes over 
a time course of 2–4 days. Immature OLs did not express 
the myelinating surface marker MBP [3], but they were 
positive for MBP after 3-day induction (Fig. 3b, c). RT-
PCR data showed that the generated OLs strongly ex-
pressed specific myelin genes, such as myelin-associated 
oligodendrocytic basic protein, MBP, myelin protein 
Plp1/DM-20, myelin-associated glycoprotein, and my-
elin/OL glycoprotein (Fig. 3d), and also expressed high 
levels of Olig1/2 and Sox10 (Fig. 2e). The results suggest 
that mNSC-derived OPCs could differentiate into mature 
OLs within 3 days (total 7 days from the initial generation 
of mouse primary OPCs).

Differentiation of mNSC-Derived OPCs into 
Astrocytes within 7 Days
OPCs, also called OL type 2 astrocyte progenitor cells, 

exhibit multipotential fates both in vivo and in vitro. They 
can differentiate into not only OLs but also astrocytes de-
pending on culture conditions [24]. In this study, mNSC-
derived OPCs were also exposed to signaling cascades 
that specifically induce cells to differentiate into an alter-
native glial fate, namely astrocytes. Treatment of mNSC-
derived OPCs with 20 ng/mL BMP4 [25] over 5–7 days 
resulted in the majority of cells undergoing morphologi-
cal changes and forming characteristic star-shaped glial 
cells with long fibrous unbranched processes. The formed 
cells expressed GFAP, indicative of differentiation into 
type 2 astrocyte-like cells (Fig. 3e).

As is known, type 2 astrocytes differ from type 1 astro-
cytes in morphology [26]. Additionally, astroglial lineage 
is the most abundant cell type in the CNS, which is gener-
ally technically easier for manipulation than neurons and 
OLs [10, 27]. We attempted to induce differentiation to-
ward astrocytes through culturing OPCs only with FBS 
but without growth factors. Interestingly, we observed 
that the majority of cells also differentiated toward GFAP-
positive type 1 astrocyte-like cells with protoplasmic 
morphology (Fig.  3f), suggesting that mNSC-derived 
OPCs could give rise to both type 1 and type 2 astrocyte-
like cells in a certain medium within 7 days.

Differentiation of rNSCs toward OL Lineage
During embryo development, extracellular signals 

may have different effects on mice and rats [28]. To ex-
amine our designed protocol, we simultaneously induced 
rNSCs into OPCs and OLs with the same differentiation 
protocols. These rNSCs were isolated from E13.5 preg-
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nant Sprague-Dawley rats. When the same procedure was 
carried out for rNSCs, the cells were induced to differen-
tiate efficiently into OPCs within 4 days and then into 
OLs within an additional 3 days without specific modifi-

cations to the protocol. The rNSCs isolated from rat em-
bryos (Fig. 4a) could be expanded into neurospheres in 
vitro, and they expressed NSC markers such as Sox1, 
Pax6, and Nestin (Fig. 4b). rNSC-derived OPCs were gen-
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erated in the defined medium consisting of SAG, FGF2, 
and PDGF-AA within 4 days (Fig. 4c), and they were pos-
itive for OPC markers Olig2 and Sox10 (Fig. 4d). The per-
centage of Olig2- and Sox10-positive cells in the total 
population were 95 ± 1 and 94 ± 1%, which is significant-

ly higher than that for negative control (medium only 
with B27 and N2) (Fig. 4e). In addition, the expandability 
of mNSC-derived OPCs was tested by a cumulative 
growth curve, which indicated that rat OPCs could ex-
pand into a homogenous population through at least 

“Green rat”

rNSCs rNSC-derived OPCsMergeGFP

GFP

GFP

GFP

Ho Merge

Merge

Merge

Ho

Olig2 Ho

MergeGFP

Isolation of NSCs Induction of OPCs Cell transplantation

Impact injury

Co
nt

ro
l

Ce
ll 

tra
ns

pl
an

ta
tio

n
Ce

ll 
tra

ns
pl

an
ta

tio
n

a

b

d

c

e

f
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injury. a Schematic for OPC generation from NSCs isolated from 
rat GFP-positive embryos and transplantation of these OPCs into 
the injured spinal cord. b Bright-field and fluorescence images of 
rNSCs isolated from GFP-positive E13.5 embryo cortex. c Highly 
enriched GFP-positive OPCs induced from rNSCs under treat-
ment with SAG, FGF2, and PDGF-AA. d Establishment of a rat 
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OPCs survived in the injured spinal cord. f Arrows indicate GFP-
positive cells that also expressed the OL lineage marker Olig2 in 
the white matter. Scale bars, 100 μm (b, c, e) and 50 µm (f). E, em-
bryonic day; FGF2, basic fibroblast growth factor; GFP, green flu-
orescent protein; Ho, Hoechst 33342-stained nuclei; NSCs, neural 
stem cells; OL, oligodendrocyte; OPCs, oligodendrocyte progeni-
tor cells; PDGF-AA, platelet-derived growth factor-AA; rNSCs, rat 
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eight passages, yielding 108 cells (Fig. 4f). Furthermore, 
rNSC-derived OPCs could differentiate into mature OLs 
under the defined differentiation medium (Fig. 4g), and 
they were positive for myelin marker MBP (Fig. 4h, i). 
These results demonstrate that OPCs and OLs could be 
rapidly and robustly generated from NSCs both in mice 
and rats.

Transplantation of GFP-Positive rNSC-Derived OPCs 
into the Injured Spinal Cord
The rat as a model of spinal cord injury was widely 

used for the study of nerve regeneration [29]. To verify 
our differentiation protocol for the application in cell 
transplantation in vivo, we established a rat spinal cord 
contusion model for OPC transplantation. The green 
OPCs induced from NSCs of embryonic transgenic 
Sprague-Dawley rats expressed GFP, enabling us to trace 
the survival of the transplanted cells (Fig. 5b, c). We used 
an impactor instrument to establish the rat spinal cord 
injury (Fig.  5d). Seven days after the injury in rats, we 
transplanted the expanded OPCs into a dorsal spinal cord 
contusion lesion of Sprague-Dawley rats. Five weeks after 
OPC transplantation, we found that GFP-positive trans-
planted cells survived in the injured spinal cord (Fig. 5e, 
f; arrows highlight some GFP-positive OPCs also coex-
pressing Olig2). These findings further indicate that 
transplanted OPCs, based on our protocol for oligoden-
droglial generation, have a therapeutic potential in the 
spinal cord injury model.

Differentiation of mESC-Derived NESCs toward OL 
Lineage
NESCs, isolated from the rodent E10.5 caudal neural 

tube, have the ability to give rise to neural differentiation 
lineage: neurons, astrocytes, and OLs [30]. Previous work 
has also shown that NESCs could be derived from mESCs 
in vitro and exhibited a high similarity to NSCs in terms 
of extracellular signals and multipotent characters [31]. 

Treatment of mESCs with CHIR99021 and dual SMAD 
inhibitors [32, 33] allowed the generation of NESCs from 
mESCs (including stages of neural rosettes and neuro-
spheres) without forming embryoid bodies (online suppl. 
Fig. S1). Over a 9-day time course, NESCs exhibited a 
characteristic morphology and expressed markers in-
cluding PLZF, Nestin, and ZO-1 (Fig. 6d). Then, we tried 
to turn the cell fate of NESCs to oligodendroglial lineage. 
Similar to the above-mentioned NSC-oligodendroglial 
differentiation, mESC-derived NESCs were exposed to 
SAG, FGF2, and PDGF-AA. After culture for 4–6 days, 
the cells showed bi- or tripolar morphology, coexpressed 
Olig2 and Nkx2.2 (both ∼90% positive), and could be 
considered OPCs (Fig. 6e). The defined culture condition 
also maintained a large number of self-renewing OPCs 
(online suppl. Fig. S2). The obtained OPCs stopped ex-
pansion and differentiated into terminal OLs by using the 
same protocol (Fig.  6f). These results suggest that our 
protocol might be highly efficient in switching mNSCs, 
rNSCs, and mESC-derived NESCs to OL lineage (Fig. 7).

Discussion

OLs, the CNS myelinating cells, originate from OPCs 
in the embryonic brain and spinal cord. They could be 
generated in vitro from various NSCs [1]. For many years, 
the generation of OLs and OPCs was often used as a basis 
for in-depth studies of myelin-related disorders and cell 
replacement therapies [33–35]. Although many studies 
achieved some progress by using NSC- or pluripotent 
stem cell-derived OPCs [7, 8], the derived cells were 
mostly a heterogenous population of uncharacterized, 
tripotent neural precursors rather than pure OPCs. The 
purpose of this study was to test whether our differentia-
tion protocol could allow a homogenous population of 
OPCs to be generated from rodent NSCs or mESC-de-
rived NESCs.
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Fig. 7. Schematic differentiation protocols 
of rapid generation of OPCs from various 
rodent NSCs. FBS, fetal bovine serum; 
FGF2, basic fibroblast growth factor; 
mESCs, mouse embryonic stem cells;  
mNSCs, mouse neural stem cells; NESCs, 
neuroepithelial stem cells; NSCs, neural 
stem cells; OLs, oligodendrocytes; OPCs, 
oligodendrocyte progenitor cells; PDGF-
AA, platelet-derived growth factor-AA; 
rNSCs, rat neural stem cells; SAG, smooth-
ened agonist; T3, triiodothyronine.
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Environmental signaling via intercellular pathways 
may activate the expression of transcription factors in 
cell nuclei and may bind to specific DNA sequences to 
control cellular maturation. In the developing spinal 
cord, OPCs first emerge from the ventral ventricular 
zone of the neural tube in response to a secretory prot- 
ein – SHH [23]. The graded SHH signaling from the no-
tochord and floor plate establishes the expression in the 
defined domain by directly inducing transcriptional tar-
gets Olig1/2 and Nkx2.2 and repressing Pax6, Irx3, and 
Dbx1/2 [36–38], which is necessary and sufficient for 
the spatial and temporal specification of OPCs in the 
developing CNS. In addition, before their terminal dif-
ferentiation into myelin formation, OLs go through the 
immature stage, and immature cells have proliferative 
capacities and migratory abilities involving fibroblast 
growth factor and PDGF pathways [39–41]. The fibro-
blast growth factors family regulates early development 
of OPCs. FGF2 appears to promote OPC proliferation 
from neural progenitor cells by upregulating Olig2 and 
PDGF receptor alpha (PDGFRα). Activation of PDGFRα 
kinase induces OPC proliferation by stimulating the 
MAP kinase, phosphatidylinositol 3-kinase, and phos-
pholipase C gamma pathways [42, 43]. Based on these 
findings, we induced neural precursors to differentiate 
into the OL lineage through activation of the SHH sig-
naling pathway with either SHH or SAG and supple-
mented FGF2 and PDGF-AA as mitogens in the culture 
medium for OPC proliferation. The culture conditions 
consisting of SAG, FGF2, and PDGF-AA rapidly drove 
mNSCs, rNSCs, and mESC-derived NESCs into OPCs, 
as evidenced by high expression of Olig2 and Nkx2.2 
[44], but no expression of GFAP by the cells, thus caus-
ing a shift of the fate of these multipotent cells toward 
an oligodendroglial fate. Our screening experiment, by 
adding some key factors responsible for OPC develop-
ment in vivo, confirmed that combining three factors of 
PDGF-AA, FGF2, and SHH or SHH agonist (SAG) 
could efficiently differentiate rodent NSCs into pure 
committed OPCs, while other combinations such as 
NT3, PDGF-AA, and FGF2 as reported [45] could not 
reach such a high population of committed OPCs (data 
not shown).

In the transition of immature OPCs to their terminal 
destination of myelination, fetal and postnatal serum 
thyroid hormone levels (such as T3) played an impor-
tant role both in vivo and in vitro [46, 47]. Addition of 
some growth factors (such as PDGF-AA and FGF2) 
could enhance expansion and maintain cell prolifera-
tion, but could not directly promote OPC maturation 

by repressing the function or expression of differentia-
tion-promoting factors such as Sox10, Myrf, and Sip1 
[48]. Traditional maturation of mouse OPCs by adding 
only T3 could count for 50% conversion of OPCs into 
OLs [49]. According to most of the recently published 
methods of OPC maturation, it was a tedious process, 
which took 10 days or more to mature in vitro [6, 35]. 
Therefore, our method showed that by withdrawing 
FGF2 and PDGF-AA and adding T3 together with SAG, 
Noggin, cAMP, IGF-1, and NT-3, OPCs could further 
differentiate into MBP-positive OLs within 3 days. Our 
method indicated that besides the key factors such as T3 
and SAG, each additive such as Noggin, cAMP, IGF-1, 
and NT3 was indispensable to accelerate OPC matura-
tion. Such combined components in differentiation 
could generate OLs in high yield and high purity as well. 
Noggin, a bone morphogenetic protein antagonist, was 
reported to act downstream of Wnt and SHH to antag-
onize BMP4 in somite patterning during embryo devel-
opment [50, 51]. It played an important role in the reg-
ulation of Olig2 so as to direct OPCs toward OLs and 
prevent OPC differentiation toward astrocytes [12]. 
cAMP has its important role in axon formation via a 
cAMP pathway in promoting myelination [52]. IGF-1 
was reported in promoting NSC differentiation into 
OLs via the ERK1/2 pathway when differentiation of 
IGF-1 transfected spinal cord-derived NSCs into OLs 
[53]. Furthermore, NT3 was reported to promote dif-
ferentiation of OPCs into OLs when scientists investi-
gated purine-crosslinked injectable chitosan sponges’ 
promotion in OPC attachment and differentiation [34]. 
Worth mentioning is that OPCs obtained under our 
current method could be further differentiated into 
both type 1 and type 2 astrocytes in high efficiency and 
high purity by adding FBS or BMP4, respectively [54]. 
Despite recent optimizations [55–57], these protocols 
remain inefficient and variable in terms of OL or astro-
cyte yield. Most importantly, these protocols require ei-
ther very long differentiation process to generate ma-
ture glial cells such as OLs or astrocytes [58], or acceler-
ate the differentiation process by overexpression of key 
transcription factors such as Sox10 or NFIA with virus 
[56, 57]. Comparing it to the most recent protocols [55, 
56], our method is a naturally occurring process with 
high differentiation efficiency and no need to alter the 
genome by virus [55, 57], which provided a reliable safe 
way leading toward drug screening and cellular-based 
therapy.

In the nucleus, dynamic and restricted control of the 
transcriptional network, including Ascl1/Mash1, 
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Olig1/2, Sox10, and Myrf, undergoes several differentia-
tion stages for oligodendrogenesis. Ascl1/Mash1 is an 
early neural transcription factor which induces expres-
sion of PDGFRα by operating in genetic interaction with 
Olig2 [59], the most essential transcriptional regulator 
in the whole oligodendroglial differentiation. Collabo-
ration of Olig2 and Nkx2.2 (a key timing regulator for 
OL differentiation) switches the cell fate to early oligo-
dendroglial lineage [60]. Olig2 also regulates Sox10 [61], 
which is a direct activator to promote Myrf expression 
[62]. In the final phase of oligodendroglial maturation, 
Myrf coordinates with Olig1 and Sox10 and mediates 
myelin gene expression followed by terminal formation 
[3, 63]. From transcriptional levels, the induced cells up-
regulated transcription factor Ascl1/Mash1, Olig1/2, 
and Sox10 after treatment with SAG, FGF2, and PDGF-
AA. At further myelin differentiation, these MBP-posi-
tive OLs could downregulate Ascl1/Mash1 by terminal 
maturation, maintained Olig1/2, and gradually upregu-
lated Sox10, Myrf, and other myelin genes.

In summary, we postulate that precise control of 
these signals would allow for the routine and specific 
generation of sufficient scalable OPCs from NSCs, which 
might provide therapeutic application in vivo. All those 
findings in our study presented not only a precise signal-
ing pathway to control differentiation, but also extended 
its potential therapeutic application for the treatment of 
spinal cord injury.
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