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Oligodendrogenesis encompasses lineage specification of neural progenitor cells (NPCs) and differentiation into
oligodendrocytes that ultimately culminates in the myelination of central nervous system axons. Each individual
process must be tightly regulated by extracellular and cell-intrinsic mechanisms, whose identities are barely
understood. We had previously demonstrated that soluble factors derived from rat mesenchymal stem cells
(MSCs) induce oligodendrogenesis in differentiating adult NPCs under differentiation conditions. However,
since lineage specification predominantly occurs in proliferating progenitors and not necessarily during early
differentiation, we investigated if soluble factors derived from MSCs are able to prime NPCs to the oligoden-
droglial fate already under proliferation conditions. Therefore, we analyzed the effects of a 3 weeks stimulation
of adult NPCs under proliferation conditions with conditioned media derived from MSCs (MSC-CM) in terms of
cell morphology, proliferation, cell-specific marker expression profile, response to growth factor withdrawal
(GFW), cell-lineage restriction, and expression of glial fate determinants. While MSC-CM did not affect the
proliferation rate of NPCs, it boosted the formation of 2¢, 3¢-cyclic-nucleotide-3¢-phosphodieesterase (CNPase)-
and myelin basic protein-expressing oligodendrocytes after GFW, even when cells were exposed to an astrogenic
milieu. Moreover, it reinforced the proper development of oligodendrocytes, since it ensured a sustained ex-
pression of the functional marker CNPase. Finally, the presence of MSC-CM reduced the anti-oligodendrogenic
determinant Id2 in proliferating NPCs, thus increasing the relative proportion of the pro-oligodendrogenic factor
Olig2 expression. In summary, MSCs prime proliferating progenitors and, thus, reinforce cell fate choice and
accelerate differentiation toward the oligodendrocyte lineage. The present findings underscore the potential use
of MSCs in cell therapies for remyelination such as in multiple sclerosis and spinal cord injury. Moreover, they
urge the identification of the oligodendrogenic activity(ies) derived from MSCs to develop novel molecular
therapies for demyelinating diseases.

Introduction

Oligodendrocytes are one of the 3 main neuroecto-
dermal cell types within the central nervous system

(CNS). Their main function is to form myelin that wraps axons
to facilitate saltatory electric conductance [1]. Demyelinating
diseases, such as multiple sclerosis (MS), are characterized by
the loss of oligodendrocytes resulting in severe neurological
symptoms such as hemiparesis or visual impairment. En-
hancing oligodendrogenesis and promoting remyelination
might be an attractive approach to counteract this situation.
The feasibility of this approach is provided by the fact that
oligodendrogenesis can occur during adulthood. Oligoden-

drocyte progenitors cells (OPCs) are widespread throughout
the CNS in white and gray matter, representing 5% to 8% of
total glial cells [2,3] and constitute the major cellular source of
remyelinating cells [4]. Upon demyelination, endogenous
OPCs start to proliferate and the expression of oligodendro-
genic genes is induced. After OPCs activation, cells are re-
cruited toward the lesion site where they differentiate and
mature into myelinating oligodendrocytes [4,5]. However,
OPCs are not unique in the ability to remyelinate, since sub-
ventricular zone (SVZ) derived neural stem cells (NSCs), be-
side their neurogenic potential, represent a source for new
oligodendrocytes [6–9]. Under normal physiological condi-
tions and in response to demyelinating insults, SVZ derived
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NSCs migrate into the corpus callosum, the striatum, and to
the fimbria fornix where they give rise to myelinating oligo-
dendrocytes [6–8,10]. In addition to this, cells residing in the
subcallosum zone also enter the corpus collosum and gener-
ate oligodendrocytes [11]. Therefore, the adult CNS is
equipped with different cellular sources for remyelination
and regenerative mechanisms in response to demyelination.

Oligodendrogenesis is a hierarchically structured process
that involves (i) specification of proliferating neural stem/
progenitor cells to the oligodendroglial lineage via glial and
subsequently oligodendroglial progenitors, (ii) migration of
progenitors and differentiation into oligodendrocytes, and
(iii) myelination of axons [12–14] (Fig. 1A). This process in-
volves the sequential generation of several cell types that
display distinct proliferation and differentiation properties.
Due to the cell-specific marker expression profile, each cell
type can be monitored and identified in vivo and in vitro
(Fig. 1A). Each individual step in oligodendrogenesis is
tightly regulated by extracellular and cell-intrinsic mecha-
nisms. For example, platelet derived growth factor (PDGF)
and sonic hedgehog (Shh) are potent activators of oligo-
dendrogenesis [15–18], while bone morphogenetic proteins
(BMPs) inhibit the generation of oligodendrocytes. BMPs
induce the expression of the inhibitors of differentiation 2
and 4 (Id2 and Id4), which sequester the pro-oligodendro-
genic transcription factors Olig1 and Olig2 in the cytoplasm

avoiding their entrance into the nucleus [19]. Therefore,
Olig1/2 and Id2/4 proteins are glial fate determinants and
the balance between their expression levels plays a crucial
role in the astrocyte/oligodendrocyte decision.

Conditioned medium derived from mesenchymal stem
cells (MSCs-CM) promotes expression of myelin basic pro-
tein (MBP) and oligodendrogenesis in differentiating neural
progenitor cells (NPCs) [20–22]. Moreover, we demonstrated
that MSCs promote oligodendroglial differentiation of NPCs
that were co-transplanted into a hippocampal slice [23].
Thus, factors derived from MSCs strongly promote oligo-
dendrogenesis of differentiating cells. However, it is unclear
if MSC-CM targets progenitors and specifies them toward
the oligodendroglial fate also under proliferation conditions.
Obviously, this is of huge relevance, since proliferating
progenitors commonly surround CNS lesions in high num-
bers, but often fail to remyelinate sparse axons [24,25].
Moreover, this situation becomes more evident and relevant
in aged subjects [26–28]. While the deficiency in remyelina-
tion is partly derived from the failure to differentiate into
oligodendroglia [24,26–28], a lack of sufficient oligoden-
droglial commitment in proliferating progenitors might

FIG. 1. The oligodendrogenic process of neural stem/
progenitor cells and the experimental design. (A) In the oli-
godendroglial lineage, undifferentiated neural stem cells
(NSCs) undergo sequential steps of cell lineage commitment,
differentiation, and maturation involving different cell types,
culminating in myelinating oligodendrocytes (OLs). Due to
the specific marker expression profile each cell type can be
identified during this process. Proliferating (circular small
arrow) Nestin-expressing NSCs, follow a specification step to
give rise to glial progenitor cells (GPCs), characterized by the
expression of A2B5 epitope, platelet derived growth factor
receptor-alpha (PDGFRa), and the chondroitin sulfate pro-
teoglycan NG2. In turn, proliferating GPCs can give rise to
O4-expressing cycling oligodendrocyte progenitor cells
(OPCs) that undergo glial fate decision toward astrocytes or
OLs. Several glial fate determinants regulate this step, in
particular the relative expression levels of Oligs and Ids play
an important role at the glial branch point. A high Oligs/Id2
ratio implies an oligodendrocyte fate decision and vice versa.
Therefore, cell lineage commitment and restriction might oc-
cur in proliferating immature stem/progenitor cells. Next
OPCs follow a differentiation process toward immature 2¢,3¢-
cyclic nucleotide 3¢ phosphodiesterase- (CNPase) and oligo-
dendrocyte specific molecule (RIP)-expressing OLs. Finally, a
maturation process takes place and will give rise to myeli-
nating OLs, characterized by the expression of Galactocer-
ebroside (GalC) and myelin basic protein (MBP). (B) The
experimental setup of the present work uses a 3 week (3W)
treatment of proliferating (circular small arrow) NPCs with
MSC-CM. During this period, cell morphology and prolifer-
ation are followed. Proliferating neural progenitor cells (NPCs)
give rise to neurospheres that are dissociated for subsequent
experiments and analyses. Cell identity is directly analyzed
after the 3 week stimulation by profiling cell type specific
marker expression; the intrinsic differentiation fate of the
cells is analyzed after a 1 week (1W) period of growth factor
withdrawal (GFW); the oligodendroglial cell-lineage restric-
tion is tested by exposing the primed cells for 1 week (1W) to
serum, an astroglia inducing activity; finally, the expression
of Olig2 and Id2 is directly determined in proliferating NPCs
after the 3 weeks (3W) of exposure to MSC-CM. MSC-CM,
conditioned media derived from mesenchymal stem cell.
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contribute to this deficiency. Here, we test the hypothesis
that MSC derived soluble factors are able to predispose or
prime proliferating NPCs toward an oligodendroglial fate.

Materials and Methods

Animal subjects

Adult female Fischer 344 rats (Charles River Deutschland
GmbH) were used as donors for the NPCs and MSCs cul-
tures. All experiments were carried out in accordance with
the European Communities Council Directive (86/609/EEC)
and institutional guidelines. Animals had ad libitum access
to food and water throughout the study.

Rat NPCs cultures and neurospheres formation

NPCs derived from the adult hippocampus were gener-
ated as described [20,29]. Briefly, 2–4 month-old rats (Charles
River Deutschland GmbH) were decapitated. Hippocampi
were aseptically removed, transferred to 4�C Dulbecco’s
phosphate buffered saline (DPBS) (PAN) with 4.5g/L glu-
cose (Merck; DPBS/glu), washed once, transferred to petri
dishes and mechanically dissociated. The cell suspension
was washed in DPBS/glu and resuspended in Papain-
protease-dispase (PPD) solution containing 0.01% Papain
(Worthington Biochemicals), 0.1% dispase II (Boehringer),
0.01% DNase I (Worthington Biochemicals), and 12.4 mM
MgSO4 in Hank’s buffered salt solution (HBSS) (PAN)
without Mg + + /Ca + + (PAA) and digested for 30 to 40 min at
37�C. The cell suspension was triturated every 10 min. Dis-
sociated cells were collected and resuspended in Neurobasal
(NB) medium containing B27 (Gibco BRL), 2 mM l-gluta-
mine, and 100 U/mL penicillin/100 mg/mL streptomycin
(PAN) and washed 3 times. Finally, the single cell suspension
was resuspended in NB medium (Gibco BRL) supplemented
with B27 (Gibco BRL; NB/B27), 2 mM l-glutamine (PAN),
100 U/mL penicillin/100 mg/mL streptomycin (PAN), 2mg/
mL heparin (Sigma), human recombinant 20 ng/mL fibro-
blast growth factor (FGF)-2 (R&D Systems GmbH), and hu-
man recombinant 20 ng/mL epidermal growth factor (EGF;
R&D Systems GmbH). Cultures were maintained at 37�C in
an incubator with 5% CO2. Half of the medium was changed
every 3 to 4 days. After 1 to 2 weeks NPCs formed neuro-
spheres and were passaged. Thereafter, neurospheres were
passaged once a week and were grown for 2 to 3 weeks to
reach passage 2. Neurospheres cultures from passage number
2 to 6 were used throughout this study.

Rat MSCs cultures and conditioned
medium preparation

MSCs were prepared as previously described [20]. Briefly,
bone marrow plugs were harvested from femurs and tibias
of 2–4 month-old female Fisher-344 rats (Charles River
Deutschland GmbH). Plugs were mechanically dissociated in
minimal essential medium alpha medium (aMEM) (Gibco
Invitrogen) and recovered by centrifugation. Cell pellets
were resuspended in aMEM-10% fetal bovine serum (FBS)
and seeded at 1 · 106 cells/cm2. After 3 days, media was
changed and nonadherent cells were removed. Adherent
cells were incubated in fresh aMEM-10% FBS until a con-
fluent layer of cells was achieved. Cells were trypsinized

using 0.25% Trypsin (Gibco Invitrogen) and seeded in
aMEM-10% FBS at 8,000 cells/cm2. After 3–5 days of culture,
the resulting monolayer of cells, hereafter named rat bone
marrow-derived MSCs, was trypsinized and further cultured
for experiments or frozen for later use. As demonstrated in
our previous work, this cell culture preparation is highly
enriched in multipotent MSCs with virtually no hematopoi-
etic contamination [20].

MSC-CM was similarly prepared as described [20] with
the exception of the media used. MSCs were plated at 12,000
cells/cm2 and incubated in normal NPCs proliferation me-
dium [NB medium supplemented with B27 (NB/B27), 2 mM
l-glutamine, 100 U/mL penicillin/100 mg/mL streptomycin,
2 mg/mL heparin, human recombinant 20 ng/mL FGF-2, and
human recombinant EGF 20 ng/mL]. After 3 days, the con-
ditioned medium was collected and filtered using a 0.22 mm-
pore filter. In some of the experiments, the conditioned
medium was replenished with EGF and FGF-2 (20 ng/mL
each) to exclude the possibility that MSCs might have con-
sumed the growth factors.

NPCs stimulation with MSC-CM and cell
number analysis

About 5 · 104 NPCs/mL were incubated up to 3 weeks
either in normal NPCs proliferating medium (control) or in
complete MSC-CM. Alternatively, cells were incubated in a
half/half mixture of normal NPCs proliferation media and
MSC-CM (50% MSC-CM) or in MSC-CM comprising 20 ng/
mL FGF-2 and 20 ng/mL EGF [MSC-CM + growth factor
(GF)]. Media was changed after 3 to 4 days.

Neurospheres proliferation was explored by determining
the cell number for control condition, 50% MSC-CM, 100%
MSC-CM, and MSC-CM + GF through Trypan blue (Sigma-
Aldrich) exclusion and MTS (tetrazolium compound [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium] assay (CellTiter 96 Aqueous
One Solution Cell Proliferation Assay; Promega) and by
measuring the number of neurospheres and the mean neu-
rosphere diameter.

For Trypan blue exclusion 5 · 104 cells/mL were seeded in
the above mentioned media. After 7, 14, and 21 days, cell
number was determined by Trypan blue exclusion. The
neurospheres and the cells that were adherent after MSC-CM
treatment were detached and dissociated with Accutase and
treated with Trypan blue. Following, the number of living
cells was determined using a light microscope (Zeiss).

For the MTS assay, untreated cells and cells that were
treated for 1 week with 50% MSC-CM, 100% MSC-CM, or
MSC-CM + GF were seeded in the respective media into 96-
well plates at a density of 2 · 104 cells/cm2. The assay was
performed according to the manufacturer’s instructions. On
day 0, 2, 4, and 7 the optical density was measured at 490 nm
in a microplate reader (Berthold Technologies) after 3 h of
incubation with the MTS solution.

Similar to the MTS assay cells in normal proliferation
media and cells that were treated for 1 week with 50% MSC-
CM, 100% MSC-CM, or MSC-CM + GF were used to deter-
mine the neurosphere number and diameter. Cells were
seeded at a density of 1.5 · 104 cells/cm2 and incubated in
the respective media for 2, 4, or 7 days. The number of
neurospheres was analyzed by Trypan blue exclusion under
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a light microscope. The neurosphere diameter was deter-
mined using Olympus IX81 inverted microscope equipped
with Hamamatsu digital camera and Volocity 5.4.1 software
(PerkinElmer).

Expression profile analysis of cell-lineage-
specific markers

NPCs were incubated in normal proliferation medium
(control), 50% MSC-CM, 100% MSC-CM, and MSC-CM re-
plenished with growth factors (MSC-CM + GF). After 3
weeks, marker expression profile was determined. For some
experiments, RNA was directly isolated from the neuro-
spheres after the 3 weeks treatment period and processed for
quantitative real-time-polymerase chain reaction (qRT-PCR).
Alternatively, the floating neurospheres and the cells that got
adherent under the MSC-CM treatment were dissociated
with Accutase (Innovative Cell Technologies Inc., distributed
by PAA) and then plated on 100 mg/mL poly-l-ornithine
(Sigma-Aldrich) and 5mg/mL laminin-coated (Sigma-Aldrich)
glass coverslips (2.5 · 104 cells/cm2) for subsequent immu-
nofluorescence stainings or seeded in 100mg/mL poly-l-
ornithine and 5mg/mL laminin-coated plates (2 · 104 cells/
cm2) for subsequent RNA isolation. The dissociated cells
were incubated in Dulbecco’s modified essential medium
(DMEM) Knockout-20% Serum Replacement supplement
(SR; Gibco Invitrogen) for 12 h. This serum-free media has
been used for embryonic stem cell maintenance and does not
induce differentiation [30–32]. Under these conditions dis-
sociated NPCs attach to the plate in the absence of serum. To
analyze the expression of cell-lineage-specific markers, cells
were either fixed for 30 min with 4% paraformaldehyde and
processed for immunofluorescence or RNA was isolated
from the cells and used for qRT-PCR.

Growth factor withdrawal response

NPCs were incubated in normal proliferation medium
(control), 50% MSC-CM, 100% MSC-CM, and MSC-CM re-
plenished with growth factors (MSC-CM + GF). After 3
weeks, the response to growth factor withdrawal (GFW) was
determined. First, floating neurospheres and the cells that
were adherent after MSC-CM treatment were detached and
dissociated with Accutase (Innovative Cell Technologies Inc.,
distributed by PAA). Then, the dissociated cells were plated
on 100mg/mL poly-l-ornithine (Sigma-Aldrich) and 5 mg/
mL laminin-coated (Sigma-Aldrich) glass coverslips (2.5 · 104

cells/cm2) for subsequent immunofluorescence stainings or
directly in 100 mg/mL poly-l-ornithine and 5 mg/mL lami-
nin-coated plates (2.5 · 104 cells/cm2) for subsequent RNA
isolation. The cells were incubated in DMEM Knockout-20%
Serum Replacement supplement (SR; Gibco Invitrogen) for 3
or 7 days. Cells were then fixed for 30 min with 4% para-
formaldehyde and processed for immunofluorescence or,
alternatively, RNA was isolated from the cells and used for
qRT-PCR.

Astrogenic potential and cell-lineage
restriction analysis

NPCs were incubated with normal proliferation medium
(control), 50% MSC-CM and 100% MSC-CM. After 3 weeks,
the astrogenic potential was determined. Floating neuro-

spheres and the cells that were adherent after MSC-CM
treatment were detached and dissociated with Accutase
(Innovative Cell Technologies Inc., distributed by PAA) and
plated on 100mg/mL poly-l-ornithine (Sigma-Aldrich) and
5mg/mL laminin-coated (Sigma-Aldrich) glass coverslips at
a density of 2.5 · 104 cells/cm2 in aMEM (Gibco Invitrogen)
and 10% FBS (Lonza) was added as an astrogenic stimulus.
After 7 days, cells were fixed for 30 min with 4% parafor-
maldehyde and processed for immunofluorescence to detect
the expression of the different cell-lineage-specific markers.

Immunofluorescence

Fixed cells were washed in tris-buffered saline (TBS)
(0.15 M NaCl, 0.1 M Tris-HCl, pH 7.5), then blocked with a
solution composed of TBS; 0.1% Triton-X100 (only for in-
tracellular antigens); 1% bovine serum albumin; 0.2% Tele-
ostean gelatin (Sigma; fish gelatin buffer [FGB]). The same
solution was used during the incubations with antibodies.
Primary antibodies were applied overnight at 4�C. Fluor-
ochrome-conjugated species-specific secondary antibodies
were used for immunodetection. The following antibodies
and final dilutions were used. Primary antibodies: rabbit
antiglial fibrillary acidic protein (anti-GFAP) 1:1,000 (Dako);
mouse anti-ratNestin 1:500 (Pharmingen); goat anti-Sox2
1:1,000 (Santa Cruz); IgM mouse anti-O4 1:100 (Chemicon);
rabbit anti-platelet-derived growth factor receptor alpha
(PDGFRa) 1:100 (Santa Cruz); IgM mouse anti-A2B5 1:200
(Chemicon); mouse anti-Map 2a + 2b 1:250 (Sigma); rabbit
antidoublecortin (anti-DCX) 1:500 (NEB); mouse anti-2¢, 3¢-
cyclic-nucleotide-3¢-phosphodieesterase (CNPase) 1:200
(Millipore); rabbit anti-NG2 1:200 (Millipore); rabbit anti-
Galactocerebroside (GalC) 1:200 (Millipore); mouse anti-
oligodendrocyte specific molecule (RIP) 1:200 (Millipore);
mouse anti-MBP 1:750 (SMI-94, Sternberger Monoclonals
Incorporated). Secondary antibodies: donkey anti-mouse,
rabbit conjugated with Alexa Fluor 488 (Molecular Probes),
rhodamine · 1:1,000 (Dianova), and donkey anti-goat con-
jugated with Alexa Fluor 568 1:1,000 (Invitrogen). In cases of
detergent-sensitive antigens (ie, O4, A2B5, GalC, and NG2),
Triton X-100 was omitted from FGB. Nuclear counterstaining
was performed with 4¢, 6¢-diamidino-2-phenylindole dihy-
drochloride (DAPI) hydrate at 0.25 mg/ml (Sigma). Specimens
were mounted on microscope slides using Prolong Antifade
kit (Molecular Probes). Epifluorescence observation and pho-
to-documentation were realized using a Leica microscope
(Leica Mikroskopie und Systeme GmbH) equipped with a
Spot� digital camera (Diagnostic Instrument Inc.) or an
Olympus IX81 inverted microscope equipped with Hama-
matsu digital camera and Volocity 5.4.1 software (Perkin-
Elmer). For each culture condition, 10 randomly selected
observation fields, containing in total 500–1,000 cells, were
photographed for cell fate analysis. Expression frequency of
selected cell type markers was determined for every condi-
tion in 3 independent experiments.

Quantitative PCR

RNA extraction from NPCs was performed using RNeasy
Mini Kit (Qiagen) and cDNA was synthetized using Pro-
mega reverse transcription Kit (Promega). Expression anal-
ysis was performed by TaqMan gene expression assays kits
(Applied Biosystems) for the following rat genes: Olig1,
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Olig2, Id2, NG2, Nestin, PDGFRa, CNPase, and MBP. Probes
and primers were provided by the manufacturer (Applied
Biosystems). Rat glyceraldehyde 3-phosphate dehydrogenase was
used as a reference gene. The following temperature profile
was used: activation of polymerase 95�C, 10 min; 40 cycles of
denaturing 95�C, 15 s, and annealing/extension 60�C, 60 s.
Data was obtained with a Rotor-Gene 6000 R Corbett Re-
search (geneXpress) and analyzed by delta delta Ct method
[33]. Gene expression under control conditions was used as a
calibrator gene.

Statistical analysis

Data are presented as mean – standard deviation and
statistical analysis was performed using PRISM4 (Graph-
Pad). P values of < 0.05 were considered to be signifi-
cant acquired by parametric 1-way analysis of variance
(ANOVA)-Tukey post hoc. For time course experiments
2-way ANOVA-Bonferroni post hoc was conducted. All
experiments were performed at least in triplicate in 3
independent experiments.

Results

Here, we used a neurosphere culture model to analyze the
effects of a 3 weeks MSC-CM treatment of NPCs under
proliferation conditions with the hypothesis that the MSC-
CM might prime the NPCs toward an oligodendroglial fate.
To test whether the NPCs used in the present study are
multipotent self-renewing progenitors, we grew primary
and secondary neurospheres under stringent clonal condi-
tion (1 cell per well) and analyzed for neuronal, astroglial,
and oligodendroglial differentiation potential of the cells (see
Supplementary Data; available online at www.liebertonline
.com/scd). Even though the majority of neurosphere derived
cells expressed the oligodendroglial progenitor marker O4,
as directly demonstrated after seeding of the cells, approxi-
mately half of the population was positive for the NSC
markers Sox2 and Nestin. Moreover, the neurosphere de-
rived cells generated primary and secondary spheres under
clonal conditions and differentiated into DCX-expressing
neurons, GFAP positive astrocytes, and MBP positive oli-
godendrocytes. Cell identity was directly analyzed after the 3
weeks stimulation by profiling the cell type specific marker
expression. Cell intrinsic differentiation fate was analyzed
after a 1 week period of GFW, and cell-lineage restriction
was tested by exposing the primed cells to serum, an astro-
glia inducing activity. Finally, we directly determined the
expression of Olig2 and Id2 glial fate determinants on pro-
liferating NPCs after the 3 weeks of pretreatment (Fig. 1).

MSC-CM promotes adhesion of proliferating NPCs
without interfering with cell proliferation

To study the effects of soluble factors derived from MSCs
on proliferating NPCs, adult rat neurosphere derived single
cells suspensions were treated with increasing concentrations
of MSC-CM under proliferation conditions, that is, in the
presence of EGF and FGF-2 for 7, 14, or 21 days. Importantly,
the basic composition of the control medium and MSC-CM
were identical. One additional control condition was used for
some experiments to exclude the possibility that the MSC-
CM derived effects might be due to the fact that MSCs might

have consumed EGF and FGF resulting in CM without
growth factors. Therefore, NPCs were incubated also with
MSC-CM replenished with EGF and FGF-2.

While proliferating NPCs readily regrew neurospheres in
control proliferation medium (Fig. 2A, E, I), sphere formation
was reduced in 50% MSC-CM, in 100% MSC-CM, and in
MSC-CM + GF. Instead, cells attached to the plastic surface
and formed cellular processes (Fig. 2B–D, F–H, J–L). The
growth characteristics of the cultures were investigated by
Trypan blue exclusion cell counting, MTS assay, and by
determining the number of neurospheres and the mean
neurosphere diameter. Regardless of the treatment, NPC
cultures expanded along the 3 weeks of observation with
comparable kinetics by generating similar cell numbers (Fig.
2M, N) and by forming similar neurosphere numbers (Fig.
2O) with neurospheres of comparable mean diameter
(Fig. 2P). The mean diameter of untreated control neuro-
spheres was slightly, but not significantly, less compared
with the MSC-CM conditions. Moreover, there were no dif-
ferences in the morphology and growth characteristics of
cells treated with either 100% MSC-CM or MSC-CM + GF.
Taken together, this indicates that MSC-CM had no obvious
influence on the growth kinetics of NPCs.

MSC-CM pretreatment primes NPCs toward
oligodendroglial differentiation under
proliferation conditions

The striking effects of MSC-CM on the adherence of NPCs
lead us to investigate the expression of progenitor markers in
the cultures. Therefore, NPCs were cultured in EGF and
FGF-2 for up to 3 weeks under control or MSC-CM condi-
tions. Cells were then dissociated and seeded overnight un-
der serum-free conditions to allow them to attach and fixed
and stained for stem/progenitor markers. In consistence
with our previous report [34], a subpopulation of NPCs in
the cultures expressed the NSC marker Nestin (between 10%
and 15% Fig. 3A, B). The majority of the NPCs expressed the
oligodendrocyte progenitor marker O4 (*90% Fig. 3I, J) and
the glial progenitor markers A2B5 (*50% Fig. 3C, D),
PDFGRa (*35% Fig. 3E, F), and NG2 (*30% Fig. 3G, H).
The MSC-CM treatment did not affect the relative proportion
of cells expressing one of these stem/progenitor markers
(Fig. 3B, D, F, H, J). However, the number of RIP positive
oligodendrocytes was significantly increased after MSC-CM
pretreatment in a dose-dependant manner from *0% in the
control to 30% in 50% MSC-CM and to 40% in 100% MSC-
CM (Fig. 3K, L). In general, fewer cells were positive for
CNPase (*0% in control, 2% after MSC-CM treatment; Fig.
3M, N), GalC (*2% in control, 10% after MSC-CM treat-
ment; Fig. 3O, P), or MBP (*0% in control, 10% after MSC-
CM treatment; Fig. 3Q, R). Finally, there were no GFAP
positive cells (Fig. 3S, T) and only very few cells that ex-
pressed the neuronal precursor marker DCX in control con-
ditions (Fig. 3U, V). The MSC-CM treatment did not affect
the percentage of the DCX positive cells (Fig. 3V) and the
slight increase of GFAP positive cells after MSC-CM treat-
ment (Fig. 3T) was not significant. Also importantly, there
was no difference in marker expression profile in cultures
treated with 100% MSC-CM or MSC-CM + GF (Fig. 3L, N, P,
R, T). Most of the NPCs expressed the stem/progenitor
markers Nestin, A2B5, PDGFRa, NG2, and O4 indicating
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FIG. 2. Morphology and growth curve of proliferating NPCs. Phase contrast images of NPCs in normal proliferation
medium (control) (A, E, I), treated with 50% MSC-CM (B, F, J), 100% MSC-CM (C, G, K), or MSC-CM replenished with
growth factors (MSC-CM + GF) (D, H, L). Proliferating NPCs were incubated for 7 days (A–D), 14 days (E–H), and 21 days
(I–L). Note that under control conditions proliferating NPCs grew as floating aggregates, but when the cells were treated
with MSC-CM some NPCs attached to the surface of the flask and grew adherent. Scale bar = 100mm. The cell number was
determined by Trypan blue exclusion after 7, 14, and 21 days. Growth curves for the different conditions were determined
(M). The metabolic activity of the cells (N) and the number of neurospheres (O) and the mean neurosphere diameter (P) were
analyzed on day 2, 4, and 7 during the second week of incubation with the respective media. Note that there is no significant
effect of MSC-CM on the NPCs proliferation rate. All experiments were performed at least in triplicate in 3 independent
experiments. Data are shown as mean – SD. For statistical analysis 2-way ANOVA-Bonferroni post hoc was performed. SD,
standard deviation. ANOVA, analysis of variance; GF, growth factor.

FIG. 3. Cell identity: marker expression profile of pretreated proliferating NPCs. NPCs were dissociated after the 3 weeks
exposure to MSC-CM or control conditions, and cells were seeded overnight under serum-free conditions. The marker
expression profile was analyzed by immunocytochemistry and quantitative RT-PCR. Illustrative fluorescence images of the
immunostainings are shown for: Nestin (red) and DAPI (blue) (A); A2B5 (red) and DAPI (blue) (C); PDGFRa (green) and DAPI
(blue) (E); NG2 (green) and DAPI (G); O4 (red) and DAPI (blue) (I); RIP (red) and DAPI (blue) (K); CNPase (red) and DAPI (blue)
(M); GalC (green) and DAPI (blue) (O); MBP (red) and DAPI (blue) (Q); GFAP (green) and DAPI (blue) (S); DCX (green) and
DAPI (blue) (U). Scale bar = 10 mm. Quantitative analysis show the percentage of positive cells for each marker (B, D, F, H, J, L,
N, P, R, T, and V). Note that the number of RIP positive cells was significantly increased after MSC-CM treatments compared
with control condition, while there was no significant change for the other tested markers after MSC-CM stimulation. (W)
Quantitative RT-PCR for glial fate determinants and stem/progenitor cell markers. Delta delta Ct method was used for
analysis considering glyceraldehyde 3-phosphate dehydrogenase as normalizer gene and control condition as calibrator. Relative
expression levels of Nestin, NG2, PDGFRa, Olig1, Olig2, CNPase, and MBP after treatment with 100% MSC-CM compared
with control condition (dashed line) are shown. After 3 weeks of pretreatment with MSC-CM there was a significant increase in
the expression of CNPase and MBP, while there was a slight decrease in the expression levels of NG2 and PDGFRa. All
experiments were performed at least in triplicate in 3 independent experiments. Data are shown as mean – SD. For statistical
analysis 1-way ANOVA-Tukey post hoc was performed. Asterisks above individual columns indicate significant difference
compared with control. Asterisks above a line spanning 2 columns indicate significant difference between MSC-CM treat-
ments. *P < 0.05; ***P < 0.001. RT-PCR, real-time-polymerase chain reaction; DAPI, 4¢, 6¢-diamidino-2-phenylindole dihy-
drochloride; GFAP, glial fibrillary acidic protein; DCX, doublecortin.

‰
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that the vast majority of cells in the cultures had indeed an
immature character.

Next, quantitative RT-PCR was performed to determine
the expression levels of NSC and CNS lineage markers and
to analyze the effects of the MSC-CM treatment. The 3 weeks
MSC-CM treatment significantly enhanced the expression of
CNPase- and of MBP-mRNA in the NPCs (Fig. 3W). The
mRNA expression levels of the progenitor markers NG2 and

PDGFRa were slightly, but not significantly, reduced, while
the expression levels of Nestin and the Olig genes were not
affected by the MSC-CM treatment (Fig. 3W).

These data suggest that MSC-CM primes NPCs under
proliferation conditions to differentiate into oligodendro-
cytes. While the presence of MSC-CM induced major chan-
ges at the mRNA levels, in particular in MBP expression, the
cells apparently did not yet express the oligodendrocyte
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phenotype at the protein level, suggesting that the oligo-
dendrocytic phenotype at this stage is more advanced on
mRNA level than on protein level.

Pretreatment of NPCs with MSC-CM enhances
GFW induced oligodendroglial differentiation

We recently noticed that adult rat hippocampus and SVZ
derived neurospheres, although being tripotent, predomi-
nantly differentiate into oligodendrocytes after GFW in se-
rum free conditions [34]. To determine whether this default
differentiation pathway is affected by MSC-CM, NPCs were
pretreated with control proliferation medium or MSC-CM
for 3 weeks, dissociated, and seeded, and incubated for 7
days in serum free conditions in the absence of FGF-2 and
EGF. As expected, 1 week after GFW, control-treated NPCs,
while still expressing O4 (Fig. 4A, B), primarily differentiated
into mature oligodendrocytes expressing RIP and CNPase
(*30% Fig. 4C–F), GalC (*40% Fig. 4G, H), and MBP (*60%
Fig. 4I, J). Interestingly, although MSC-CM treatment did not
affect the proportion of O4-expressing oligodendrocyte pro-
genitor cells (Fig. 4B), it increased the percentage of RIP-,
CNPase-, GalC-, and MBP-expressing oligodendrocytes after
GFW (Fig. 4D, F, H, J). We did not observe any MSC-CM
effect on the percentage of cells that express the astrocyte
marker GFAP (Fig. 4K, L). Finally, there were few cells that
expressed the neuronal progenitor markers DCX (< 4% Fig.
4M, N) and MAP2ab ( < 3% Fig. 4O, P) in response to GFW.
MSC-CM pretreatment did not affect the percentage of
DCX- and MAP2ab-expressing neurons generated after
GFW (Fig. 4N, P). Moreover, regardless of the pretreatment
of proliferating NPCs, < 10% of the cells express neural
stem/progenitor markers (data not shown), indicating that
in the absence of growth factors NPCs are induced to dif-
ferentiate. Again, in some of the experiments, the MSC-CM
was replenished with EGF and FGF-2 to exclude the pos-
sibility that MSCs might have consumed these growth
factors and thereby induced the pro-oligodendroglial
effects. The results, as demonstrated in Fig. 4D, F, and H
exclude this possibility. Interestingly, while the GFW con-
dition demonstrated the increased oligodendroglial poten-
tial of the MSC-CM pretreated NPCs, the mRNA levels of
the pro-oligodendroglial determinants Olig1 and Olig2 and
of the oligodendroglial genes CNPase and MBP were not
further enhanced (Fig. 4Q). Taken together, this suggests
that MSC-CM enhances the oligodendrogenic ability of
proliferating NPCs resulting in an increased level of oligo-
dendroglial differentiation in response to GFW.

MSC-CM primes proliferating NPCs: acceleration
of differentiation and reinforcement
of oligodendroglial commitment

Based on the fact that MSC-CM encourages proliferating
NPCs toward oligodendrogenesis we asked if this effect in-
volves accelerated oligodendrocyte differentiation/matura-
tion and/or enhanced oligodendrocyte lineage restriction.
First, to determine whether MSC-CM modulates the kinetics
of oligodendrogenesis in response to GFW, we analyzed the
temporal expression pattern of markers that sequentially
appear along the oligodendrogenic process and astrocytic
and neuronal markers. GFW, regardless of the pretreatment,

significantly increased the percentage of MBP-expressing
mature oligodendrocytes with time (Fig. 5A). Importantly,
the MSC-CM pretreatment triggered a significant increase in
the generation of MBP-expressing oligodendrocytes 3 and 7
days after GFW (Fig. 5A). The expression of GalC and of RIP
after GFW significantly increased over time under all con-
ditions analyzed (Fig. 5B, C). Moreover, the MSC-CM pre-
treatment induced a dose-dependant increase in the
percentage of GalC- and of RIP positive cells (Fig. 5B, C).
Although the proportion of CNPase-expressing cells tran-
siently increased in all conditions after GFW, only MSC-CM
pretreated proliferating NPCs persistently produced such
cells. This culminated in a significantly higher percentage of
CNPase positive oligodendrocytes compared with the other
conditions (Fig. 5D). In addition, in spite of the fact that
MSC-CM pretreated proliferating NPCs displayed a slightly
higher percentage of GFAP-expressing astrocytes compared
with untreated NPCs, there was an abrupt decrease in GFAP
expression after GFW independently of the pretreatment
(Fig. 5E). Finally, although minor changes in the percentage
of DCX-expressing neurons were observed along time after
GFW, MSC-CM pretreatment had no significant effect on the
generation of DCX positive cells (Fig. 5F). Together, these
findings indicate that MSC-CM pretreatment of proliferating
NPCs induces a faster and a more efficient differentiation
into oligodendrocytes without affecting the generation of
astrocytes and neurons.

Second, we analyzed the possibility that MSC-CM pre-
treatment on proliferating NPCs might enhance oligoden-
drocyte lineage restriction. To test this hypothesis, MSC-CM
pretreated and non pretreated proliferating NPCs were ex-
posed to FBS, as serum has been described as a potent as-
trogenic stimulus on glial progenitors [35]. As expected, a 1
week stimulation with FBS predominantly induced astroglial
differentiation in control-treated NPCs, since *60% of the
cells expressed the astrocyte marker GFAP (Fig. 6C), while
only *3% and 7% of the cells expressed the oligodendrocyte
markers MBP and CNPase, respectively (Fig. 6A, B). In
contrast, and despite the presence of an astrogenic milieu, the
MSC-CM pretreatment generated significantly more MBP-
and CNPase-expressing oligodendrocytes (Fig. 6A, B).
Moreover, this effect was at the expense of astrogenesis, since
significantly less GFAP-expressing cells could be observed
under these conditions (Fig. 6C). The MBP- and the CNPase-
expressing cells in the MSC-CM pretreated group appeared
in clusters, suggesting a clonal effect. Finally, almost no
DCX-expressing cells were found under this astrogenic
condition, regardless of the pretreatment (Fig. 6D). In sum-
mary, MSC-CM pretreatment of proliferating NPCs boosts
the oligodendrocyte lineage commitment and partially
counteracts the astrogenic effect of FBS.

MSC-CM increases the Oligs/Id2 ratio
in proliferating NPCs during priming

Next, we reasoned that oligodendroglial priming of
NPCs by MSC-CM should involve altered expression of pro-
and anti-oligodendrogenic fate determinants. Here, the rel-
ative expression of Olig2 and Id2 is a key determinant for
oligodendrocyte/astrocyte fate decision [19] (Fig. 1). There-
fore, proliferating NPCs were incubated up to 3 weeks under
normal proliferation conditions (control), 50% and 100%
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FIG. 4. Cell intrinsic differentiation fate: GFW response of pretreated proliferating NPCs. NPCs that were exposed under
proliferation conditions to MSC-CM or control conditions were dissociated, seeded, and incubated for 1 week under serum-free
conditions in the absence of growth factors. Cells were fixed and the expression of cell-specific-lineage markers and fate
determinants was analyzed by immunofluorescence and quantitative RT-PCR. Illustrative fluorescence images are shown for:
O4 (red) and DAPI (blue) (A); RIP (red) and DAPI (blue) (C); CNPase (red) and DAPI (blue) (E); GalC (green) and DAPI (blue) (G);
MBP (red) and DAPI (blue) (I); GFAP (green) and DAPI (K); DCX (green) and DAPI (blue) (M); MAP2ab (red) and DAPI (blue) (O).
Scale bar = 10mm. Quantitative analysis show the percentage of positive cells for each marker (B, D, F, H, J, L, N, and P). Note
the significant increase in the percentage of cells that express the oligodendroglial markers RIP, CNPase, GalC, and MBP when
proliferating NPCs were pretreated with MSC-CM. (Q) Quantitative RT-PCR for glial fate determinants and oligodendrocyte
markers. Delta delta Ct method was used for analysis considering glyceraldehyde 3-phosphate dehydrogenase as normalizer gene
and control condition as calibrator. Relative expression levels Olig1, Olig2, Id2, CNPase, and MBP after treatment with 100%
MSC-CM compared with control condition (dashed line) are shown. All experiments were performed at least in triplicate in 3
independent experiments. Data are shown as mean – SD. For statistical analysis 1-way ANOVA-Tukey post hoc was performed.
Asterisks above individual columns indicate significant difference compared with control. Asterisks above a line spanning 2
columns indicate significant difference between MSC-CM treatments. *P < 0.05; **P < 0.01; ***P < 0.001.
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MSC-CM, the expression level of Olig2 and Id2 were ana-
lyzed by quantitative RT-PCR, and the Olig2/Id2 ratio was
determined for the different conditions. While the expression
levels of Olig2 did not change within the different conditions
(Fig. 7A), MSC-CM drastically reduced the expression of Id2
(Fig. 7B). To estimate the Olig2/Id2 ratio, the expression
level of Olig2 was related to Id2 as a calibrator. MSC-CM
dose-dependently increased the Olig2/Id2 ratio compared
with control conditions (Fig. 7C) favoring oligodendrocyte
fate decision. In conclusion, the increased Olig2/Id2 ratio
in MSC-CM-treated NPCs might explain the enhanced
oligodendrogenic response to GFW compared with non-
treated NPCs.

Discussion

Cell progenitor priming and cell fate and lineage deci-
sions presumably occur while progenitors are still prolifer-

ating [12,36–38]. For instance, different combinations of
growth factors such as PDGFa, FGF-2, and Shh can convert
embryonic derived proliferating neurospheres into OPCs
containing oligospheres [38,39]. Lithium chloride primes
proliferating NPCs and increases the proportion of cells ex-
pressing neuronal markers at the expense of gliogenesis [37].
Moreover, FGF-2, heparin, and laminin set up adult human
brain derived proliferating NPCs toward a neuronal fate
[36]. Here, we have shown that MSCs prime proliferating
NPCs, reinforce oligodendroglial cell fate decision and ac-
celerate the differentiation toward oligodendrocytes.

The conditioned medium derived from MSCs did not
impinge on cell proliferation and neurosphere formation.
However, MSC-CM primed progenitors toward oligoden-
drocytes as the number of RIP positive cells and the mRNA
expression levels of the oligodendrocyte markers CNPase
and MBP were significantly enhanced after a 3 week incu-
bation with MSC-CM under proliferation conditions. After

FIG. 5. Cell intrinsic differ-
entiation fate: temporal ex-
pression of neural markers of
pretreated proliferating NPCs
in response to GFW. NPCs
were grown for 3 weeks in
the presence of MSC-CM,
dissociated, and seeded
overnight under serum-free
conditions. Then, the cells
were either fixed to analyze
the marker expression profile
at day 0 or the cells were in-
cubated in the absence of
growth factors for 3 and 7
days and fixed to analyze
temporal changes in the
marker expression profile.
Immunofluorescence was
performed for the presence of
differentiating and mature
oligodendrocyte-, and for
astrocyte- and neuron-
specific markers. Quantita-
tive analysis show over time
the percentage of cells that
express: MBP (A), GalC (B),
RIP (C), CNPase (D), GFAP
(E), and DCX (F). NPCs pre-
treated with MSC-CM dis-
play more MBP-, GalC-, RIP-,
and CNPase-expressing cells
along time than untreated
NPCs after growth factor
withdrawal. All experiments
were performed at least in
triplicate in 3 independent
experiments. Data are shown
as mean – SD. For statistical
analysis 2-way ANOVA-
Bonferroni post hoc was per-
formed. Asterisks indicate
significant difference com-
pared with control. **P < 0.01;
***P < 0.001.
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FIG. 7. Glial fate determinants expression of pretreated proliferating NPCs. Proliferating NPCs were grown for 3 weeks
under normal conditions (control), 50%, or 100% MSC-CM. Quantitative RT-PCR was performed to analyze the expression of
the pro-oligodendrogenic transcription factor Olig2 and the antioligodendrogenic determinant, Id2. Delta delta Ct method
was used considering glyceraldehyde 3-phosphate dehydrogenase as normalizer gene and control conditions as a calibrator.
Expression levels of Olig2 (A) and Id2 (B) under the different conditions are shown. To determine Olig2/Id2 ratio, Olig2
expression levels were quantified using Id2 as a calibrator gene in the respective condition (C). Note that while MSC-CM does
not affect Olig2 expression it strongly decreases Id2 levels. MSC-CM-treated proliferating NPCs displays 6- to 7-fold increase
on the Olig2/Id2 ratio compared with control conditions. All experiments were performed at least in triplicate in 3 inde-
pendent experiments. Data are shown as mean – SD. For statistical analysis 1-way ANOVA-Tukey post hoc was performed.
Asterisks above individual columns indicate significant difference compared with control. Asterisks above a line spanning 2
columns indicate significant difference between MSC-CM treatments. **P < 0.01; ***P < 0.001.

FIG. 6. Cell fate restriction:
neural differentiation of pre-
treated proliferating NPCs in
response to astrogenic condi-
tions. NPCs treated for 3
weeks under proliferation
conditions with or without
MSC-CM were dissociated,
seeded, and incubated for 1
week in the presence of fetal
bovine serum as an astrogenic
stimulus. Cells were fixed and
cell-specific-lineage marker
expression was analyzed by
immunofluorescence. Quanti-
tative analysis shows the per-
centage of cells that express:
MBP (A), CNPase (B), GFAP
(C), and DCX (D). Note that
despite astrogenic conditions,
NPCs pretreated with MSC-
CM display less GFAP-
expressing astrocytes and
more MBP- and CNPase-
expressing oligodendrocytes
than non pretreated NPCs. All
experiments were performed
at least in triplicate in 3 inde-
pendent experiments. Data
are shown as mean – SD. For
statistical analysis 1-way
ANOVA-Tukey post hoc was
performed. Asterisks above in-
dividual columns indicate sig-
nificant difference compared
with control. Asterisks above a
line spanning 2 columns indi-
cate significant difference be-
tween MSC-CM treatments.
*P < 0.05; ***P < 0.001.

1848 STEFFENHAGEN ET AL.



GFW the MSC-CM induced elevated predisposition toward
oligodengroglial differentiation at the mRNA levels consoli-
dated into a higher percentage of RIP-, GalC-, CNPase-, and
MBP-positive mature oligodendrocytes. In a number of ex-
periments, we excluded the possibility that the oligoden-
droglial differentiation effect of the MSC-CM might derive
from a consumption of EGF or FGF-2, suggesting that the
MSC-CM indeed contains a pro-oligodendroglial activity,
whose identity is still under investigation. Nevertheless, the
present data clearly demonstrate that the pro-oligoden-
droglial effect of MSC-CM is dose dependent, although,
depending on the gene or protein marker analyzed, this
dose-dependency might vary. This might be a consequence
of minor alterations in the quality of the CM resulting from
slightly different features of the primary MSCs prepara-
tions. Nevertheless, in summary, regardless of the prepa-
ration, a pro-oligodendrogenic effect is always present in
the MSC-CM.

The MSC-CM derived oligodendrogenic priming effect on
proliferating NPCs reinforced the lineage restriction and
enabled them to overcome an astrogenic milieu. A surprising
observation within the present work is the notion that the
majority of progenitors (*60%) that were generated under
control conditions differentiated into MBP-expressing oligo-
dendrocytes in serum-free conditions. This suggests that the
progenitors used in the present study where already partly
committed to an oligodendroglial fate, which confirms our
previous work [34]. This tendency to generate oligodendro-
cytes might have been overlooked in many previous studies,
since most of the differentiation assays are typically per-
formed in serum-containing, and thus astrocyte-inducing,
media [20,29,40].

The temporal expression pattern analysis of cell type
specific markers revealed that progenitors grown under
control proliferation conditions generate a wave of CNPase-
expressing immature oligodendrocytes in response to GFW.
After the third day of GFW this CNPase population declines,
while the numbers of RIP-, GalC-, and MBP-expressing
mature oligodendrocytes increase with time (Fig. 5). In
contrast to NPCs that were grown under control condition,
progenitors pretreated with MSC-CM persistently generated
an increasing number of CNPase positive cells in response to
GFW. In addition, the MSC-CM pretreatment elevated the
numbers of MBP, GalC, and RIP positive cells. The decline in
the percentage of CNPase-expressing cells with a simulta-
neous increase in MBP, GalC, and RIP positive cells in the
control condition is somewhat unexpected, since CNPase
plays a functional role in oligodendrogenesis and its ex-
pression is normally maintained even in mature oligoden-
drocytes [41–44]. The reason for the decline in CNPase
expression in the control condition and 50% MSC-CM trea-
ted cells is unclear at present. One attractive hypothesis
might be that sustained expression of CNPase might require
additional factors present in vivo but not in the control
conditions. Nevertheless, MSC might express and secrete
such a sustained pro-oligodendroglial activity, since the
MSC-CM clearly sustainably elevated the percentage of
CNPase-expressing cells.

The molecular mechanism of the MSC-CM induced oli-
godendroglial activity has still to be identified, but it seems
to target the regulation of Id proteins. The ratio of the
amount of Olig and Id2 proteins is a key determinant for

oligodendrocyte versus astrocyte fate decision [19]. In
our previous study, we had already demonstrated that
MSC-CM induces Olig2 and reduces Id2 expression in NPCs
that underwent serum-induced differentiation [20]. Under
proliferation conditions and serum-free differentiation con-
ditions, MSC-CM did not increase Olig1 and Olig2 expres-
sion, but constrained the expression of Id2 and thus raised
the Olig2/Id2 ratio. As a consequence, Id2 appears to be a
key regulator in the process, and a more detailed analysis
of the molecular regulation of Id2 expression might be of
interest.

CNS remyelination is the main endogenous regenerative
mechanism that protects from demyelination, in particular in
the case of MS. Although progenitors are present around
MS lesions, migration and differentiation/maturation into
myelinating cells are impaired [24,25]. The lack of myelin-
promoting activities might contribute to the MS related
remyelination impairment. In addition, aging represents a
risk factor, since endogenous remyelination is drastically
affected in aged subjects [26–28]. First, it has been shown that
after demyelination in old rats remyelination occurs only in a
slow and delayed fashion [26]. This age-related impairment
in remyelination is due to a deficient progenitor recruitment
and differentiation [27]. Thus, while remyelination impair-
ment in MS and in particular during aging is partly derived
from the failure to differentiate into oligodendrocytes, a lack
of sufficient oligodendroglial commitment in proliferating
progenitors might contribute to this deficiency. The fact that
MSCs not only induce oligodendrocyte differentiation [20]
but also prime proliferating NPCs toward an oligodendro-
cyte fate might have in vivo and clinical relevance when
aiming to develop remyelinating therapies for MS in young
and in old patients.

In conclusion, MSCs exert a potent oligodendrogenic effect
on adult proliferating NPCs promoting and enhancing cell
fate decision, differentiation, and maturation. The identifi-
cation of the MSC derived oligodendrogenic activity and the
clarification of the underlying molecular mechanism are
crucial for the development of new therapies for the treat-
ment of demyelinating diseases such as MS. Moreover,
clinical situations that require remyelination of bare axons
such as after spinal cord injury might also profit from such a
development.
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