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ABSTRACT

The technology to generate autologous pluripotent stem cells (iPSCs) from 
almost any somatic cell type has brought various cell replacement therapies 
within clinical research. Besides the challenge to optimize iPSC protocols 
to appropriate safety and GMP levels, procedures need to be developed 
to differentiate iPSCs into specific fully differentiated and functional cell 
types for implantation purposes. In this article, we describe a protocol to 
differentiate mouse iPSCs into oligodendrocytes with the aim to investigate the 
feasibility of iPSC‑based therapy for demyelinating disorders, such as multiple 
sclerosis. Our protocol results in the generation of oligodendrocyte precursor 
cells (OPCs) that can develop into mature, myelinating oligodendrocytes  
in-vitro (co‑culture with DRG neurons) as well as in-vivo (after implantation in 
the demyelinated corpus callosum of cuprizone‑treated mice). We report the 
importance of complete purification of the iPSC‑derived OPC suspension to 
prevent the contamination with teratoma‑forming iPSCs.
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INTRODUCTION

In 2006, Yamanaka et al. showed for the first time that mouse somatic cells 
can be reprogrammed to a pluripotent state by means of forced expression of 
defined transcription factors [1]. These reprogrammed cells, induced pluripotent 
stem cells, exhibited typical embryonic stem cell (ESC) colony morphology 
and demonstrated endogenous expression of pluripotency genes. The mouse 
iPSCs appeared to comply to the most strict criteria for pluripotency including 
teratoma formation after subcutaneous injection and contribution to chimeric 
animals on injection into blastocysts [2]–[4]. The subsequent successful attempts 
to generate human iPSCs revealed their potential value for the clinic [5]–[8]. The 
possibility to acquire patient‑specific pluripotent cells seems to be the major 
advantage of this novel technology, as the autologous origin of iPSC‑derived 
differentiated cells enables their use in cell‑based therapies without the risk of 
transplant rejection by the host immune system. Apart from cell‑based therapies, 
the iPSC technology allows the use of disease‑specific stem cells to study cell 
pathogenic mechanisms underlying many human diseases [9]–[11]. With these 
motives, we started to examine the possibility to differentiate iPSCs towards  
a glial fate, in particular into an oligodendrocyte cell lineage – a key cell type 
in demyelinating diseases such as multiple sclerosis (MS). The most debilitating 
symptoms and functional deficits in the more progressed stages of MS are caused 
by axonal loss followed by retrograde neuronal degeneration [12]. It has become 
clear that axonal degeneration is not only occurring in chronic lesions but also 
signs of axonal injury have been detected already in acute lesions [13],[14]. Acute 
lesions in the relapsing‑remitting form of MS are caused by infiltrating reactive 
T‑cells that induce inflammation and cytokine release, damaging myelin and 
oligodendrocytes. Due to the temporal character of these relapses, axonal damage 
can be repaired by local oligodendrocyte precursor cells (OPCs), but in most 
cases parallel axonal circuitry takes over the lost axonal connections resulting in 
partial or complete functional recovery [15]. The transition of relapsing‑remitting 
MS to the secondary progressive form of MS marks the boundary of the plasticity 
of the brain where axonal loss can no longer be compensated. The present 
therapy for MS, with immunomodulatory drugs such as interferon‑β, glatiramer 
acetate, mitoxantrone is predominantly directed to reduce the invasion of 
aggressive T‑cells [16]; they do not prevent or restore axonal damage. It is clear 
that efficient treatment of MS must also include strategies to protect and restore 
axons from the very first signs of MS. Although various novel neuroprotective 
agents may become useful, the most effective way to protect an axon is to induce 
its remyelination as soon as possible either by promoting the myelinating activity 
of endogenous OPCs or by the implantation of exogenous remyelinating or 
remyelination‑promoting cells [17], [18]. So far, potential clinically relevant OPCs 
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have been derived from neural stem cells (NSCs) [19]–[23] or ES cells [24]–[26]. 
Both cell types have unacceptable limitations as sources for clinically relevant 
transplantable OPCs, related to their restricted availability in case of autologous 
NSCs and heterologous, ethically disputed origin in case of ES cells. iPSCs clearly 
lack these drawbacks. A few in-vitro protocols have been developed to induce the 
differentiation of ES cells into an oligodendrocytic cell lineage with a variable 
efficiency and stability [24], [27], [28] and more recently the first attempts to 
differentiate IPSCs into neural cell lineage have been described [29]. In this study, 
we have modified and optimized these protocols and tested their applicability 
to obtain pure suspensions of functional OPCs from mouse iPSCs that can 
differentiate and maturate into myelinating oligodendrocytes in-vitro and in-vivo.

MATERIALS AND METHODS

CELL CULTURE AND GENERATION OF MOUSE iPSCs

For the generation of mouse iPSCs, E14 mouse embryonic fibroblasts (MEFs) 
were used. C57BL/6 mice embryos (E14) were explanted from the anaesthetized 
mother, decapitated and after removal of spinal cord, intestines, long, heart, 
etc..., the embryo body was minced and trypsinized: cells were plated in 
Dulbecco’s modified Eagle’s medium (DMEM) medium (Invitrogen, Breda,  
The Netherlands, www.invitrogen.com). MEFs were cultured until passage 
3 before reprogramming. For retroviral particle production, Phoenix eco 
packaging cells were transfected (Fugene‑HD; Roche, Almere, The Netherlands,  
https://www.roche‑applied‑science.com) separately with Oct4, Sox2, Klf4, cMyc 
plasmids (Addgene, Cambridge, www.addgene.org). Retrovirus containing 
supernatants were collected and replaced with the fresh medium 48 h after 
transfection. Media containing virus and 4 µg/ml polybrene (Sigma‑Aldrich, 
Zwijndrecht, The Netherlands, www.sigmaaldrich.com) were mixed, filtered 
through 0.45‑µm filter (Whatman, The Netherlands, www.whatman.com) and 
added freshly to MEFs. The transduction procedure was repeated three times 
in 24 h gaps. Three days after the last transduction, cells were trypsinized and 
replated on irradiated mouse embryonic fibroblasts (iMEFs) and cultured in ES 
medium. One week after replating of infected MEFs, the first ES‑like colonies 
started to appear. Colonies were picked and propagated on iMEFs in ES medium 
(Knockout D‑MEM, 15% knockout serum replacement, 1% nonessential amino 
acids (all Invitrogen, Breda, The Netherlands, www.invitrogen.com), 2mM 
L‑Glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin (all PAA, Cölbe, Germany, 
www.paa.com), 100 µM 2‑mercaptoethanol) supplemented with 1000 U/ml 
Leukemia inhibitory factor (LIF; Millipore, Amsterdam, The Netherlands, 
www.millipore.com). Subsequent passages were done using trypsin‑based 
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dissociation. To analyze the differentiation potential of our iPSCs, they were 
cultured as embryoid bodies (EBs) for 8 days and transferred onto gelatine‑
coated coverslips for another 5 days. Cells were then fixed and stained for 
markers of the three germ layers.

DIRECTED DIFFERENTIATION OF iPSCs TOWARDS OLIGODENDROCYTES

To induce their differentiation into an oligodendrocytic cell lineage, iPSCs were 
trypsinized and cultured as EBs for 8 days in EB medium [Knockout D‑MEM, 15% 
fetal calf serum (FCS; PAA), 1% nonessential amino acids, 2‑mM L‑Glutamine, 
100 U/ml penicillin, 100 µg/ml streptomycin, 100‑µM 2‑mercaptoethanol]. To 
generate neural precursor cells (NPCs), 8‑day‑old EBs were dissociated and 
cultured in serum free N2 medium (DMEM/F12 (Invitrogen), 2% N2 supplement 
(PAA), 2 mM L‑Glutamine, penicillin/streptomycin, 1% sodium pyruvate 
(Invitrogen) supplemented with 20 ng/ml basic fibroblast growth factor (FGF2; 
Invitrogen), and 20 ng/ml epidermal growth factor (EGF; Invitrogen) for 7–8 days. 
For oligodendrocyte differentiation, iPSC‑derived NPCs were plated on coverslips 
coated with poly‑D‑lysine (PDL; 10 µg/ml)‑laminin (5 µg/ml) and cultured in 
N2 medium supplemented with 10 ng/ml platelet‑derived growth factor (PDGF; 
PeproTech, London, UK, www.peprotechec.com) for another 4 days (for first  
2 days N2 medium also contained 20 ng/ml FGF2 and 20 ng/ml EGF). To enhance 
the maturation of oligodendrocytes, triiodothyronine (T3) (30 ng/ml; Sigma‑
Aldrich) and neurotrophin 3 (NT‑3) (10 ng/ml; R&D Systems, Abingdon, UK,  
www.rndsystems.com) were added during the final phase of differentiation (6 days).

REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION ANALYSIS

Reverse transcription polymerase chain reaction (RT‑PCR) analysis of the 
changing expression of various cell type markers during the differentiation 
from IPSCs into an oligodendrocytic cell lineage was performed on mRNA 
collected from pooled MEFs, mouse iPSCs, from iPSC‑derived EBs, from cells 
pooled in the initial iPSC‑N2 stage, and from differentiating IPSCs in the N2‑
PDGF stage in which the formation of oligodendrocyte precursors (OPCs) was 
induced. The forward and reverse primers used are indicated in Table 1. Each 
RT‑PCR analysis was done on three samples.

IMMUNOCYTOCHEMICAL CHARACTERIZATION

For immunocytochemistry stainings, cells were cultured on coverslips coated 
with gelatin (in case of EBs), PDL‑laminin (for oligodendrocyte differentiation) or 
on irradiated MEFs (undifferentiated iPSCs). EBs on coverslips and cell cultures 
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Table 1. Primers Used in Reverse Transcription-Polymerase Chain Reaction Analysis

Forward primer Reverse primer

Ascl1 AACAAGAAGATGAGCAAGGTGG TCTGGGCTAAGAGGGTCGTAG

Blbp ACATGAAAGCTCTGGGCGTG TCTCCATCCAACCGAACCAC

GFAP GGCTCGTGTGGATTTGGAGA GACTCCAGATCGCAGGTCAAG

Glast ACAGGAATGGCGGCCCTAG CTCCATGGCCTCTGACACGT

MBP GCTTCTTTAGCGGTGACAGGG TGGAGGTGGTGTTCGAGGTG

Musashi-1 GAAGGGCTGCGCGAATACTT TCTGTGCCTGTTGGTGGTTTT

Nanog CAGGTGTTTGAGGGTAGCTC CGGTTCATCATGGTACAGTC

Nestin CAGCAACTGGCACACCTCAA TGCATTTTTAGGATAGGGAGCCT

NG2 ACCTGCTCTACCGGGTGGT CTGGCACACTGGCTAGGAGG

Nkx2.2 CTCCAATACTCCCTGCACGG GATTGTGCTCCCAGGCCTG

Notch1 CCTGGAGACCAAGAAGTTCCG CAGAAACTGCTGCATGTAACGG

Oct4 TCTTTCCACCAGGCCCCCGGCTC TGCGGGCGGACATGGGGAGATCC

Olig1 CTCTTCCACCGCATCCCTTC GATGTAGTTGCGGGCGAGC

Olig2 TGGCTTCAAGTCATCTTCCTCC TCGCTCACCAGTCGCTTCAT

Otx2 TCCAGGGTGCAGGTATGGTTT GGACGCTGGGCTCCAGATAG

Pax6 GGCAATCGGAGGGAGTAAGC TCTGCCCGTTCAACATCCTT

PDGFRa ACCAGACCCAGACATGGCC AAGACGGCACAGGTCACCAC

Sox2 TAGAGCTAG ACTCCGGGCGATGA TTGCCTTAAACAAGACCACGAAA

Tlx TCAAGAGGAGCATTCGAAGGAA CGAGAGTCTGCCGTTCAGGA

at every third day from the start of oligodendrocyte differentiation, were fixed, 
with 4% paraformaldehyde (PFA), washed with PBS and incubated in PBS 
containing 2% FCS and 5% normal goat serum (NGS) for 1 h to block unspecific 
antibody binding sites. Cells were then incubated with primary antibodies for  
1 h at room temperature, or at 4oC overnight. After the washing step, cells were 
incubated with appropriate secondary antibody and Hoechst for 1 h at room 
temperature. Coverslips were than mounted and examined under the fluorescent 
microscope. Antibodies used to identify iPSCs and their derivatives: SSEA1, Oct4, 
GATA‑4 (sc‑21702, sc‑5279, sc‑25310 respectively; all Santa Cruz Biotechnology, 
Heidelberg, Germany, www.scbt.com), Nanog, Sox2, Beta III Tubulin (ab80892, 
ab15830, ab7751, respectively; all Abcam, Cambridge, UK, www.abcam.com), 
Nestin, NG2, MBP and NF (mab353, ab5320, ab980, mab1615, respectively; 
all Chemicon, Millipore, Amsterdam, The Netherlands, www.millipore.com), 
Desmin (m0760; DAKO, Heverlee, The Netherlands, www.dakobv.nl), RIP 
(Developmental Studies Hybridoma Bank, Iowa, http://dshb.biology. uiowa.edu/).
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CO-CULTURE OF iPSC-DERIVED OPCs WITH DRG NEURONS

To examine the myelinating capacity of iPSC‑derived OPCs in-vitro, we co‑
cultured them with rat DRG neurons. DRG neurons were dissected from 
15‑day‑old Wistar rat embryo’s and digested in papain (1.2 U/ml, Sigma), 
L‑cysteine (0.24 mg/ml, Sigma) and DNase I (40 mg/ml, Roche) for 1 h at 
37oC. The dissociated cells were plated at a density of 60,000 cells per 13‑mm 
coverslips (VWR) pre‑coated with PLL (5 µg/ml, Sigma) and growth factor 
reduced matrigel (1:40 dilution; BD Bioscience). DRG neurons were cultured 
21 days in DMEM (Gibco, supplemented with 10% FCS, Bodinco; L‑glutamine 
and PenStrep, Invitrogen) in the presence of nerve growth factor (100 ng/ml, 
Serotec). Cells were pulsed four times for 2 days with fluorodeoxyuridine  
(10 µM, Sigma) to remove contaminating proliferating cells, in particular fibro‑ 
blasts and Schwann cells. Purity of the DRG culture was microscopically 
confirmed. Subsequently, approximately 50,000 iPSC‑derived OPCs (see dif‑
ferentiation protocol) were seeded onto coverslips containing the DRG neurons 
with extensive axonal outgrowth. The following day medium was changed to 
N2 with 30 ng/ml T3 and 10 ng/ml NT3. OPCs were co‑cultured with the DRG 
neurons for 14 days with medium change every second day. After that period, 
cells were fixed and subjected to immunocytochemical staining for myelin 
basic protein (MBP), neurofilament, and paranodin protein.

iPSC-DERIVED OPC IMPLANTATION IN CUPRIZONE MOUSE MODEL

To examine the in-vivo myelinating capacity of iPSC‑derived OPCs, we implanted 
them in the demyelinated corpus callosum of cuprizone‑fed mice. C57Bl/6 mice 
were put on a diet of 0.2% (w/w) cuprizone (Sigma Aldrich, Zwijndrecht, The 
Netherlands), a copper chelator. This diet leads to selective oligodendrocyte death 
followed by demyelination of axons mainly in the corpus callosum [30],  [31]. 
During short‑term exposure (<6 weeks), dying oligodendrocytes are replaced 
by oligodendrocyte precursors cells (OPCs) located in the corpus callosum and 
adjacent tissues. However, feeding cuprizone diet for a longer term (>12 weeks) 
results in depletion of the pool of endogenous OPCs in the corpus callosum and 
finally leads to its complete demyelination [32]. This long‑term cuprizone diet 
model with the demyelinated corpus callosum axons has been shown adequate 
to study the remyelination potential of implanted OPCs. At 12 weeks after the 
start of the cuprizone diet, mice were divided into three groups one group  
(n = 6) received a sorted suspension of iPSC‑derived OPCs (see differentiation pro‑
tocol), a second group (n = 3) was given an unsorted suspension of iPSC‑derived  
OPCs, and a third group (n = 2) was injected with an unsorted suspension of cells  
taken at the beginning of the differentiation protocol containing still undifferenti‑
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ated iPSCs. One day before implantation, iPSC‑derived OPCs were detached from the 
PLL‑Laminin substrate with accutase and subjected to cell sorting for the presence 
of PDGF receptor alpha. Briefly, cells were first incubated with anti CD16/32 
antibody (eBioscience; 14‑0161) for 20 min. to block unspecific antibody binding 
with Fc fragment and than incubated with PE‑conjugated anti‑PDGF receptor alpha 
antibody (eBioscience; 12‑1401) for additional 30 min. Proper isotype controls 
were used. Cells were sorted into the PLL‑Laminin‑coated cell culture plates 
and kept overnight in N2 medium with FGF2, EGF, PDGF. Finally, the cells to be 
implanted were exposed to the N2 medium containing 10 µg/ml of the fluorescent 
dye rhodamine‑dextrane (MiniRuby; Molecular probes; D3312) which was taken 
up via endocytosis by all OPCs. The exposure time of the cells to the mini‑Ruby 
containing medium was confined to 1 h to limit the uptake, since longer exposure has 
been shown to fill up cells to an extent that may interfere with normal functioning.  
On the day of transplantation, cells were harvested with accutase, counted, and 
resuspended in PBS at concentration of 25,000 cells/µl. Four microliters of cell 
suspension was injected into corpus callosum of C57BL/6 mice using the following 
stereotactic coordinates (in reference to Bregma point): +0.98 mm (anterioposterior 
axis), ‑1.75 mm (lateromedial axis), ‑2.25 mm (vertical axis) [23], [33], suspensions 
of 100,000 cells in 4 µl PBS were slowly injected into the corpus callosum of 
ketamine‑anesthetized mice using a 10 µl Hamilton injection syringe (22s/200/3) 
(Hamilton, Reno, Nevada, 80365). Every injection was done within a standardized 
time window, i.e., 5 min injection time and 2 min deposition rest, before needle 
retraction to prevent potential variation in the effect of shearing forces. After the 
implantation of the iPSC‑OPCs, mice were taken off the cuprizone diet and put 
back on normal diet to avoid degeneration of the implanted OPCs by cuprizone. 
Mice receiving intracerebral cell suspensions containing undifferentiated iPSCs 
were terminated and perfusion fixated within 2 weeks since they all developed 
massive teratomas at the site of injection. Mice with implantation of sorted and 
unsorted iPSC‑derived OPCs were perfusion fixated at 2, 4, and 24 weeks (long‑
term check for teratoma formation).

IMMUNOHISTOCHEMICAL ANALYSES OF CELL IMPLANTS

Mice were perfused transcardially with 4% PFA under isoflurane anaesthesia. 
Brains were excised and sectioned on a cryostat for immunohistochemical 
analysis of the cell implants. Implanted cells were identified by their inclusion 
of mini‑Ruby. To analyze the differentiation of the implanted cells, the following 
primary antibodies directed against oligodendrocyte‑, neuron‑ or astrocyte‑
markers were used: for astrocytes, anti glial fibrillary acidic protein (GFAP) 
(Chemicon, mab3402); for neurons, anti microtubule‑associated protein (MAP2) 
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(Chemicon, ab5622); for oligodendrocytes, anti‑RIP (Chemicon, mab1580), 
anti‑platelet‑derived growth factor receptor alpha (PDGFRa) (Santa Cruz 
Biotechnology, Santa Cruz, Ca) anti‑NG2 (Chemicon, ab5320), and anti‑MBP 
(Chemicon, ab980). Subsequently, various fluorescent secondary antibodies 
were used to visualize the specific primary immunoreaction product in single 
and double immunohistochemical stainings.

RESULTS

iPSC INDUCTION

Using retroviral transduction of MEFs with the Yamanaka pluripotency factors, 
we were able to generate iPSCs that resembled ES cells in terms of morphology 
(Fig. 1A), alkaline phosphatase activity (Fig. 1A) and endogenous expression of 
pluripotency markers at mRNA level (Fig. 1C). Immunocytochemical stainings 
also revealed the presence of pluripotency‑associated markers such as Nanog, 
SSEA1, Oct4, and Sox2 in these cells at protein level (Fig. 1D–G).

We then tested the in-vitro differentiation capacity of our iPSCs. For this, cells 
cultured as EBs (Fig. 2A) for 8 days were seeded on gelatin‑coated coverslips and 
five days later stained for the markers of three germ layers. Immunostainings 
showed that iPSC‑derived EBs can robustly differentiate into cells of endodermal  
(GATA‑4), mesodermal (Desmin) and ectodermal (βIII‑ tubulin) origin (Fig. 2B–D). 
Moreover, we were able to observe contracting cardiomyocytes in floating as 
well as in seeded EBs (data not shown). Expression of lineage specific markers 
was also evident in EBs formed from both iPSCs and ESCs at mRNA level, but 
not detectable in undifferentiated cells and MEFs used as a control (Fig. 2E). 
Additional evidence for the true pluripotent nature of our iPSCs was obtained 
after their intracerebral implantation (see below).

OLIGODENDROCYTE DIFFERENTIATION OF MOUSE iPSCs

Our main goal was to investigate whether the iPSCs that we generated can be 
differentiated towards an oligodendrocyte cell lineage. To examine this, we 
applied the differentiation protocol described in Materials and Methods (Fig. 3A) 
and checked the cells for expression of markers typical of oligodendrocyte 
development at different points of differentiation. Selective differentiation
and survival of neural lineage‑committed cells was achieved by culturing 
enzymatically dissociated 8‑day old EBs in N2 medium in the presence of 
FGF2 and EGF. We observed that many (nonneural) cells, for which the culture 
conditions apparently were not suitable, died at this stage of differentiation.  
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Figure 1. (A) Phase contrast morphology of mouse iPSC colonies. (B) Alkaline phosphatase 
staining of iPSC colonies. (C) PCR showing endogenous expression of pluripotency-
associated genes. (D–G) Immunocytochemical stainings of mouse iPSCs for pluripotency-
related genes: Nanog (D-D”), SSEA1 (E-E”), Oct4 (F-F”), and Sox2 (G-G”).

The majority of the surviving cells were nestin‑positive neural precursor/stem 
cells (Fig. 3B); they began to proliferate extensively and could be propagated 
under these conditions for at least several passages. After replating these neural 
precursor cells on PLL‑Laminin‑coated coverslips and culturing in medium
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Figure 2. Spontaneous in-vitro differentiation of iPSC-derived Embryoid bodies (A). 
Immunocytochemistry indicates the presence of cells of endodermal (GATA4) (B), 
mesodermal (Desmin) (C), and ectodermal (β-IIItubulin) (D) origin. (E) RT-PCR shows 
expression of GATA6 (endoderm), Brachyury (mesoderm), and Map2 (ectoderm) in 
differentiating, but not in undifferentiated ES and iPSCs. (EBs: 8-day-old embryoid bodies; 
EBs diff.:8-days-old embryoid bodies cultured on gelatine for another 5 days).

containing PDGF, we could observe a clear change in cell morphology. At this 
stage, multipolar, NG2‑positive (Fig. 3E) oligodendrocyte precursors (OPCs) 
appeared. The differentiation and maturation capacity of these OPCs toward 
mature oligodendrocytes was verified by continuing cell culture in medium 
supplemented with T3 and NT‑3. The subsequent change of cell morphology 
was apparent (Fig. 3F) and after 6 days of treatment, we could identify fully 
developed, MBP‑expressing oligodendrocytes (Fig. 3F,G) amidst some astro‑
cytes (Fig. 3B) and a few neurons (Fig. 3C). Eventually, at the end of this 
differentiation procedure, MBP‑positive oligodendrocytes constituted 18% of 
the total cell population. 

We attempted to further purify the final suspension of oligodendrocytes 
by performing fluorescence‑activated cell sorting (FACS) for the PDGF re‑
ceptor alpha on the suspension of OPCs immediately after their appearance 
at day 16 of the iPSC differentiation protocol. This purification was not 
complete since apparently a fraction (varying from 3% to 20%) of other PDGF 
receptor alpha expressing cell types (presumably A2B5 cells and astrocytes) 

Using RT‑PCR, we further documented and confirmed the changing mRNA 
expression for cell specific markers during our differentiation protocol from 
mouse iPSCs, toward embryoid body (EB) formation and subsequently during 
the different culture periods in neural precursor cell selective N2 media toward 
oligodendrocyte precursors (Fig. 4). 
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contaminated the final suspension of iPSC‑derived oligodendrocytes. 

Figure 3. (A). Scheme of the mouse iPSC-oligodendrocyte differentiation procedure. 
Immunocytochemical analysis reveals the different cell types generated during this 
procedure: (B) iPSC-derived nestin-positive neural precursor cells (NPCs), (C) β-III tubulin-
positive neurons, (D) GFAP-positive astrocytes, (E) NG2-positive oligodendrocyte precursor 
cells, (F) MBP-positive oligodendrocytes, and (G) MBP/RIP double-labeled positive 
oligodendrocytes.

The RT‑PCR analysis (all performed in triplos) shows the silencing of the 
pluripotency factors Nanog and Oct4 during the transition into neural stem/ 
precursor cells, whereas Sox2 apparently remains expressed up to the stage of 
OPCs. The appearance of NSCs during the N2 phase becomes evident by the 
(increase in) nestin expression and Musashi1. The subsequent differentiation into 
neural cell types is accompanied by the expression of early neural factors such as 
Pax6, Glast, Blbp, Ascl1 (5Mash1), Tlx, Nkx2.1. and GFAP. The final transition 
into an oligodendrocytic cell lineage is accompanied by the strong expression of 
Olig1 and Olig2 (in fact re‑expression, since both transcription factors appear to 
be expressed in undifferentiated iPSCs), the increase in expression of PDGFRa 
and NG2 and the appearance of MBP expression. According to our RT‑PCR, MEFs 
demonstrated the mRNA expression of the glutamate transporter Glast, which 
was downregulated during the reprogramming into iPSCs and upregulated again 
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during subsequent differentiation 
into neural cell types. In addition, 
also proteoglycan NG2 appears to be 
a component of the membrane of MEFs, 
downregulated during iPSC formation 
and up regulated again when differen‑
tiating into OPCs. The ubiquitous 
role of Notch1 signaling is reflected 
in its expression in most cell types 
during the iPSC reprogramming and 
differentiation procedure, although 
the highest expression was clearly 
found in the NSCs and the OPCs which 
appear in the N2‑PDGF phase (Fig. 4).

 

MYELINATING ACTIVITY OF iPSC-

DERIVED OPC

IN-VITRO 

Next, we examined whether our 
iPSC‑derived OPCs were able to develop 
into functional oligodendrocytes 
and were able to form proper myelin 
around nude axons. To that purpose, 
we co‑cultured the iPSC‑derived 
OPCs with a pure, 2 weeks‑old culture 
of DRG neurons. Two weeks after 
plating of iPSC‑derived OPCs, we 
observed extensive myelin formation 
by the iPSC‑derived oligodendrocytes 
(Fig. 5) by the expression of MBP and 
paranodin, a node of Ranvier protein. 
Our (co)culture period appeared to 

Figure 4. RT-PCR analysis of the changing 
mRNA expression pattern of major cell 
markers during the differentiation of mouse 
iPSCs into oligodendrocytic cell lineage. 
(MEF: mouse embryonic fibroblast; iPS: 
induced pluripotent stem cells; iPS EBs: 
embryoid body formed from iPSCs; iPS N2: 
iPSC-embryoid body-derived cells cultured 
in N2 medium, induction phase into neural 
stem cells (NSCs); iPS N2 PDGF: iPSC-NSCs 
cultured in N2 medium supplemented with 
PDGF, induction phase of OPCs

be too short for proper node of Ranvier formation, since clear aggregations 
of paranodin around developing nodes of Ranvier was not observed. Control 
DRG cultures, without addition of iPSC‑derived OPCs, did not show any sign 
of myelination activity and no MBP staining was observed (data not shown).
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Figure 5. Co-culture of 
iPSC-derived OPCs with 
rat DRG neurons. (A) 
After 1 week, iPSC-de-
rived OPCs develop 
into MBP-positive oli-
godendrocyte that line 
their extensions along 
the neurofilament (NF) 
stained DRG-axons. (B) 
In the second week, 
the iPSC-derived oli-
godendrocytes start to 
myelinate the DRG ax-
ons in its environment. 
(C, detail in D). At that 
time, the OPCs also start 
to produce paranodin 
(red) that at this stage 
is still distributed over 
the extensions running 
along the axons. (E) 
Confocal microscopy re- 
vealed that in 2 weeks 
time, long stretches of 
DRG axons have been 
myelinated by the co- 
cultured iPSC-derived 
oligodendrocytes. (F) 
The 2 weeks coculture 
still contains early stages 
of iPSC-derived oligoden- 
drocytes: here a single  
iPSC-derived oligoden- 
drocyte is depicted  
co-stained for the expres-
sion of paranodin, only 
visible in the cytoplasm.

IN-VIVO 

To obtain proof of principle that iPSC‑derived OPCs can also become functional 
oligodendrocytes in-vivo, we implanted them in the demyelinated corpus 
callosum of cuprizone‑fed mice. After 14 weeks on 0.2% cuprizone, the corpus 
callosum becomes completely demyelinated and devoid of endogenous OPCs 
yielding a proper in-vivo substrate for axonal (re) myelination for implanted 
OPCs. Intracerebral Injection of a cell suspension which still contained 
undifferentiated iPSCs resulted within 2 weeks in the formation of a large 
teratoma (Fig. 6A), consisting of tissues of the three germ layers (Fig. 6B). 
The unsorted as well as the sorted suspension of iPSC‑derived OPCs did not 
result in teratoma formation, even after a period of over 24 weeks, indicating
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Figure 6. (A) Injection of an undifferentiated iPSC contaminated graft into the corpus 
callosum resulted within 2 weeks in the formation of large teratomas that grew out of the 
brain and which on histological haematoxylin-eosin staining appear to contain: (B) bone, 
muscle, cartilage, and gland tissue. (C) Unsorted surviving iPSC- derived cells labeled with 
miniRuby, in the corpus callosum (c.c.) 4 weeks after implantation appear to consist merely 
of undifferentiated nestin-positive neural precursors that were negative for GFAP astrocyte 
staining (D). (E) MiniRuby-labeled cells (arrows) of the sorted IPSC-derived OPC cell graft, 
surviving 4 weeks after injection in the corpus callosum of cuprizone-fed mice, all expressed 
MBP and contributed to the remyelination of the corpus callosum axons.

that no undifferentiated iPSCs were present after our oligodendrocyte 
differentiation procedure. Analysis of the fate of the implanted iPSC‑derived 
OPCs at 2 or 4 weeks after stereotactic injection in the corpus callosum by 
immunohistochemistry revealed that, as described before [23], [33], over 80% 
of the implanted cells did not survive the procedure of stereotactic injection 
and were rapidly removed by microglia. Surviving miniRuby‑labeled cells, in 
case of the unsorted implants (containing only a low fraction of iPSC‑derived 
OPCs), were in majority undifferentiated nestin‑positive NSCs (Fig. 6C). 
Surviving iPSC‑derived OPCs of the sorted grafts all developed into mature 
MBP‑expressing oligodendrocytes that contributed to the remyelination of the 
corpus callosum axons (Fig. 6E).
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DISCUSSION

There have been a few protocols described in the literature that promote 
the generation of oligodendrocytes from ES cells, with different efficiencies 
[24],  [27],  [28]. Based on them, we composed a protocol and applied it to 
differentiate mouse iPSCs into an oligodendrocytic cell lineage. Our data show that 
our protocol could successfully generate mature iPSC‑derived oligodendrocytes 
that could fully myelinate axons in culture as well as in-vivo after implantation 
in the demyelinated corpus callosum of cuprizone‑fed mice. Although the 
percentage of iPSC‑derived oligodendrocytes was relatively low (18%),  
a purified suspension could be obtained via specific cell sorting for the 
OPC membrane receptor PDGF receptor alpha at the OPC stage. The 18% 
oligodendrocyte differentiation we found is comparable with the yield of the 
procedure recently published by Onorati et al., but they were unable to provide 
evidence for the myelinating capacity of the OPC like cells they obtained with 
their approach [29]. 

The procedure used by us to differentiate iPSCs toward an oligodendrocytic 
cell lineage is based on the sequential induction at proper timely intervals by 
appropriate induction‑ and growth factors which have been shown to play such 
a role during normal embryonic development [34], [35]. The appearance (and 
disappearance) of the proper cell markers during the various stages of this 
differentiation process is clearly visualized in the RT‑PCR analysis (Fig. 4). 
Obviously, the differentiation process does not affect the cells synchronously, 
and so the cells pooled for RT‑PCR analysis during the different stages do 
not all comprise a single cell stage and a single cell type: evidently, the bands 
identified in the PCR analysis may include some mRNA contaminated by cells 
of a previous or even a subsequent stage. So, contaminating cells in the OPC cell 
suspension pooled in the final stage of the differentiation procedure (culture in 
N2 medium plus PDGF) may account for the presence of mRNA encoding for 
NSC markers (e.g., Sox2, nestin, musashi) and for markers of other differentiated 
neural cell types, i.e., neurons (Pax6) and astrocytes (Blbp, GFAP, and the 
glutamate transporter Glast). Most other markers in this stage, however, must 
be considered specific OPC markers, like Olig1 and Olig2, even including Glast 
which also has been demonstrated in developing oligodendrocytes [36]. Cell 
contamination of the initial suspension of MEFs with e.g., pericytes or immune 
cells, may also have been responsible for the observed (weak) expression of 
the glutamate transporter Glast, the proteoglycan NG2, Notch1, and the PDGF 
receptor, although specific expression of for instance Glast and Notch1 have 
been described before in embryonic fibroblasts [37], [38]. The expression of 
the Notch1 receptor throughout the reprogramming and differentiation process 
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seems to reflect the well‑described ubiquitous role of the highly conserved Notch 
signaling pathway in cell fate decision, tissue patterning, and morphogenesis in  
a wide variety of cell types [39], [40].

The evidence that mouse iPSCs can be differentiated into functional 
oligodendrocytes provided by this study should be an encouraging signal for 
adapting similar procedures for human iPSC research and therapy. It had been 
shown before that OPCs can be generated in high numbers from human ES cells 
by modulating Shh and FGF2 signaling pathways [41]. The major advantage of 
iPSC technology over the use of ES cells is the possibility to acquire autologous 
oligodendrocytes, which is fundamental in perspective of cell‑based therapy in 
the future particularly for diseases with a major immunological component. There 
are however several issues that have to be solved before iPSC‑derived cells can be 
safely applied in the clinic. One of them is the potential risk of contamination of 
undifferentiated iPSCs. We have developed methods to deplete cell suspensions 
from mouse iPSCs via their selective destruction with saporin‑conjugated 
antibodies directed against SSEA‑1 (data not shown); however, application of this 
purification approach appeared to be unnecessary in this study since at the end 
of our oligodendrocyte differentiation protocol no undifferentiated iPSCs were 
present in the sorted as well as in the unsorted suspensions. Furthermore, for 
potential clinical application iPSCs without any genomic modifications should 
be used, meaning that nonviral, nonintegrative iPSC induction protocols should 
be further developed and optimized. In that respect, the latest developments 
with the use of synthetic mRNA for iPSC reprogramming is very promising [42]. 
Finally, the entire iPSC induction and differentiation procedure would need to be 
established under fully defined, xeno‑free conditions.
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