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A B S T R A C T

Oligodendrocyte precursor cells (OPCs) differentiation from multipotent neural stem cells (NSCs) into mature
oligodendrocytes is driven by thyroid hormone and mediated by thyroid hormone receptors (TRs). We show that
several nuclear receptors display strong changes in expression levels between fetal and adult NSCs, with an
overexpression of TRβ and a lower expression of RXRγ in adult. Such changes may determine the reduced
capacity of adult OPCs to differentiate as supported by reduced yield of maturation and compromised mRNA
expression of key genes. RXRγ may be the determinant of these differences, on the evidence of reduced number
of mature oligodendrocytes and increased number of proliferating OPCs in RXRγ−/− cultures. Such data also
points to RXRγ as an important regulator of the cell cycle exit, as proved by the dysregulation of T3-induced cell
cycle exit-related genes.

Our data highlight the biological differences between fetal and adult OPCs and demonstrate the essential role
of RXRγ in the T3-mediated OPCs maturation process.

1. Introduction

Oligodendrocyte precursor cells (OPCs) are progenitors deriving
from multipotent neural stem cells (NSCs) that generate oligoden-
drocytes (OLs), the glial cells responsible for axon myelination in the
central nervous system. During embryonic and early post-natal period,
progression of myelination is a complex and temporally orchestrated
process that includes: i) the birth, migration, and proliferation of OPC;
ii) the phenotypic differentiation of OPC into myelinating OL; iii) ax-
onal contact and generation of compact myelin and iv) trophic and
metabolic support of the encased axon (Michalski and Kothary, 2015).
During adult life, a substantial number of proliferating OPCs persist in
the CNS, being responsible for myelin turnover, replacement and repair
(Hughes et al., 2013).

The OL lineage begins with the specification of OPCs from

multipotent NSCs, which in addition to OPCs also generate neurons,
radial glia, astrocytes and bipotential astrocyte-oligodendrocyte pro-
genitors that colonize the central nervous system (CNS; Goldman and
Kuypers, 2015). OPCs, recognized as replicating NG2-positive pro-
genitors, are not a homogeneous population, and give rise to diverse
progenies in different brain regions and at various stages of develop-
ment (Viganò and Dimou, 2016), organized in three separate waves.
The final step consists of defining the entire OL population (Kessaris
et al., 2006).

OPCs generated during development are distributed throughout the
grey and white matter of the adult human brain and spinal cord,
comprising the largest population of dividing cells in the mature CNS
(Michalski and Kothary, 2015). In the healthy adult brain, new myelin
is continuously generated, showing a persistent remodeling (Yeung
et al., 2014). Specifically, new OPCs are generated by proliferation and
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asymmetric division from NSCs in the subventricular zone (SVZ) of the
lateral ventricle (Urbán and Guillemot, 2014). This myelination - and
therefore myelin volume - in humans is activity-dependent and can
increase via the generation of new cells or new membrane from existing
cells (Bercury and Macklin, 2015), for example when practicing new
skills (Bengtsson et al., 2005) or learning a language (Schlegel et al.,
2012). However, the number of OLs decreases with aging (Hill et al.,
2018), possibly reflecting a reduced capacity of the remaining OPCs for
oligodendrogenesis.

In addition to the spontaneous or function-dependent formation of
OL formation during development and in adult life, OPCs are also es-
sential for myelin regeneration following myelin lesion. Following de-
myelination insults, therefore, OPCs migrate to axons and differentiate
into mature OLs (Fukushima et al., 2015), which leads to complete
anatomical and functional myelin sheath restoration, thus representing
a true regenerative capability of the CNS (Crawford et al., 2013). This
regenerative capacity following trauma such as white matter stroke
(Marin and Carmichael, 2018), however, is strongly impaired with
aging due to unknown mechanisms (Dietz et al., 2016).

The process of remyelination is not carried out by pre-existing
mature OLs, but involves the generation of new cells from the quiescent
OPC pool distributed throughout the CNS, or from the SVZ. Different
soluble factors stimulate local OPCs to switch from a quiescent state to a
regenerative phenotype, in order to migrate to demyelinated areas and
generate mature OLs (Bradl and Lassmann, 2010), in a process that is
believed to be similar to developmental myelination (Franklin and
Hinks, 1999).

The progression of OPCs through the myelination process is tightly
regulated at all stages by various signals, including growth factors,
protein kinases and extracellular matrix molecules, all of which influ-
ence epigenetic modifications, transcriptional and translational reg-
ulation, and the actin cytoskeleton arrangement (Bercury and Macklin,
2015).

Thyroid hormone (TH) is recognized as one of the most important
factors regulating the OPC differentiation process (Billon et al., 2002,
2004; Calzà et al., 2017). Triiodothyronine (T3), the active form of TH,
acts via genomic, epigenetic and non-genomic mechanisms (Lee and
Petratos, 2016), inducing the OPC cell cycle exit and terminal differ-
entiation (Durand and Raff, 2000). T3 mediates its action by binding
thyroid hormone receptors (TRs; TRα and TRβ), a class of nuclear re-
ceptors (NRs) that migrate into the nucleus and regulate the expression
of specific genes controlling the OPC cell cycle exit and regulating the
expression of promyelinating genes (Baxi et al., 2014; Casaccia-Bonnefil
and Liu, 2003). Other NRs are also involved in OPC differentiation. In
particular, RXRγ (Retinoic X Receptors gamma) has been shown to be a
positive regulator of the differentiation process during developmental
oligodendrogenesis (de la Fuente et al., 2015), and during remyelina-
tion (Huang et al., 2011). In such activities, RXRγ may possibly act as a
TR/RXR heterodimer (Lee and Privalsky, 2005), although heterodimers
with a vitamin D receptor have also been suggested (de la Fuente et al.,
2015). It is not known, however, whether changes in the activity of
RXRγ or its partner(s) underlie the age difference in OPC differentia-
tion.

In order to examine the potential contribution of TRs and RXRs in
fetal vs adult OPC differentiation, we first explored the differences in
expression/signaling of NRs in NSCs derived from the two systems, and
tested the relevance of such changes in T3-mediated differentiation of
OPCs, mimicking the physiological process to explore the role of TR
signaling and differentiation of RXRγ−/− OPCs as a genetic approach
to address the involvement of RXRγ.

2. Materials and methods

2.1. Cell cultures

All animal protocols described herein were carried out according to

the European Community Council Directives (86/609/EEC) and com-
plied with the guidelines published in the NIH Guide for the Care and Use
of Laboratory Animals.

Fetal and adult NSCs were isolated from E13.5 fetal forebrain or 2.5-
month-old adult SVZ (Alhenius and Kokaia, 2010) and induced for OL
lineage differentiation (Chen et al., 2007). Cells were isolated from
C57BL/6 J mice (Jackson) or RXRγ+/+ and RXRγ−/− mice raised on
mixed C57BL/6 J×129SV pass genetic background (Krezel et al.,
1996).

Tissues were mechanically and enzymatically (trypsin 1.33mg/ml,
hyaluronidase 0.7mg/ml, DNase 80 U/ml; Sigma-Aldrich) dissociated.
After centrifugation and washing, the cellular pellet was resuspended in
a serum-free medium (DMEM/F12 GlutaMAX 1 x; 8mmol/L HEPES;
100 U/100 μg Penicillin/Streptomycin; 0.1 x B27; 1×N-2; 20 ng/ml
bFGF; 20 ng/ml EGF). Cells were plated in suspension at a density of 10
cells/μl. Half medium was changed every three days. Neurospheres
were allowed to proliferate until they attained a diameter of approxi-
mately 100 μm.

To obtain the secondary neurospheres, the primary neurospheres
were centrifuged, the pellet was mechanically dissociated by pipetting,
and the cells were counted and plated again at a density of 10 cells/μl
under the same conditions. At the same time, to obtain the oligo-
spheres, the single cell cultures were plated in OPC medium (DMEM/
F12 GlutaMAX 1 x; 8mmol/l HEPES; 100 U/100 μg Penicillin/
Streptomycin; 0.1×B27; 1×N-2; 20 ng/ml bFGF; 20 ng/ml PDGF).
The oligospheres were centrifuged and the pellet was mechanically
dissociated to obtain a single cell suspension. After the cell count, the
cells were plated at a density of 3000 cells/cm2 on poly-D,L-ornithine
(50 μg/ml)/laminin (5 μg/ml) coating, in OPC medium.

To induce OL differentiation and maturation, after 3 DIVs, the OPC
medium was replaced with OL differentiation medium (DMEM/F12
GlutaMAX 1 x; 8mmol/l HEPES; 100 U/100 μg Penicillin/
Streptomycin; 0.1×B27; 1×N-2; 50 nM T3; 10 ng/ml CNTF; 1×N-
acetyl-L-cysteine -NAC-).

2.2. RNA isolation and reverse transcription

Total RNA isolation was performed with the RNeasy Mini kit
(Qiagen) following the manufacturer's instructions. The total RNA was
eluted in RNase-free water and the concentration estimated by
Nanodrop 2000 spectrophotometer (Thermo Scientific). First strand
cDNAs were obtained using the iScript™ cDNA Synthesis Kit (Bio-Rad),
incubating at 42 °C for 30min. An RNA sample with no reverse tran-
scriptase enzyme in the reaction mix was processed as a no-reverse
transcription control sample.

2.3. PCR array

The RNeasy Micro Kit (Qiagen) was used for total RNA extraction,
and 300 ng were retrotranscribed using the RT2 First Strand Kit
(Qiagen), following the manufacturer's instructions.

For the study of NSCs gene expression, a PCR array for nuclear re-
ceptors and co-regulators was used in combination with the RT2 SYBR
Green qPCR Mastermix (Qiagen), using 10 ng of cDNA per well. A pool
of three independent culture preparations was used.

STRING software (version 10.0; European Molecular Biology
Laboratory, Heidelberg, Germany; https://string-db.org/) was used to
analyze the protein-protein interaction of proteins derived from the
genes differentially expressed in fetal and adult NSCs (fold of differ-
ence < 2). The STRING database provides interaction information
from different panels, including protein and PubMed queries, con-
necting proteins in clusters according to their interactions and their
involvement in biological processes. To analyze the strength of the
protein interactions, the default options were used (minimum con-
fidence, 0.400). The proteins were processed using the undirected edges
method. STRING software allows the identification of the net of
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interactions, including other proteins closely linked to the one ana-
lyzed, in order to gain a better understanding of the possible pathways
involved in the differentially expressed genes. The position in the net is
dependent on the number and the strength of the interactions between
the investigated proteins.

2.4. Semi-quantitative real-time PCR

Semi-quantitative real-time PCR was performed using the CFX96
real-time PCR system (Bio-Rad, CA, USA). The reactions were per-
formed in a final volume of 20 μl, consisting of 1× SYBR Green qPCR
master mix (Bio-Rad) and 0.4 μM forward and reverse primers. In order
to avoid possible contamination of genomic DNA in isolated RNA, the
sample with no-reverse transcriptase enzyme was processed in parallel
with the others and tested by real-time PCR for every pair of primers
used. All primers used were designed using Primer Blast software
(NCBI, MD, USA), and synthesized by IDT (Coralville, IA, USA). The
primer sequences are listed in Table S1 (Supplemental material).
GAPDH was used as housekeeping gene to normalize the amount of
reverse-transcribed RNA used for PCR. The thermal profile of PCR re-
actions initially consisted of a denaturation step (95 °C, 2min), fol-
lowed by 40 cycles of amplification (95 °C for 15 s and 60 °C for 60 s). At
the end of the amplification cycles, the melting curve of amplified
products was performed according to the following temperature/time
scheme: heating from 55 °C to 95 °C with a temperature increase of
0.5 °C/s. The 2 (-ΔΔCT) method was used for the calculation of gene ex-
pression.

2.5. Immunocytochemistry

Indirect immunofluorescence was used to identify OPCs (NG2- and
PDGFαR), mature (CNPase- and APC) and myelinating (MBP) OLs,
neurons (β-III-tubulin), astrocytes (GFAP), replicating cells (Ki67), and
Olig1 and Olig2 expressing cells.

Although no co-culture experiments were performed to functionally
prove the efficiency of fetal and adult myelination, we used “mature”
and “myelinating” OLs to discriminate between CNPase-only and
CNPase/MBP-positive cells.

The list of antibodies is shown in Table S2 (Supplemental materials).
After immunofluorescence staining, cells were incubated with the nu-
clear dye Hoechst 33258 (1 μg/mL in PBS, 0.3% Triton-X 100) for
20min at RT. Finally, the cells were washed in PBS and mounted in
glycerol and PBS (3:1, v/v) containing 0.1% paraphenylenediamine.

2.6. Confocal microscopy

Confocal microscopy was used to study the culture lineage compo-
sition of RXRγ+/+ and RXRγ−/− cultures. Slides were scanned with
a Nikon Ti-E fluorescence microscope coupled to an A1R confocal
system (Nikon). A diode laser system with a 405 nm wavelength output,
an air-cooled Argon-Ion laser system with a 488 nm wavelength output,
a yellow diode-pumped solid-state laser system with a 561 nm wave-
length output, and a high-performance diode laser system with a
638 nm wavelength output were used. Images were acquired using a
20× lens with an optical resolution of 0.18 μm, using Nis-Elements AR
3.2 software. All the z-stacks were collected in compliance with optical
section separation (z-interval) values suggested by Nis-Elements AR 3.2
software (1 μm). Major intensity projections were used for image ana-
lysis.

The percentages of APC-, MBP- and NG2-positive cells were quan-
tified based on the total number of cells identified by the nuclear
staining. The OPC/OL populations were identified using the APC/
Olig1/Olig2 triple staining technique (Nakatani et al., 2013). Moreover,
the effect of the RXRγ gene knock out on the cell cycle was analyzed by
the percentage of double positive PDGFαR+/Ki67+ cells (replicating
OPCs), calculated on the total number of PDGFαR-positive cells. Five

random fields per slide (duplicate per sample) were used for the ana-
lysis.

2.7. High content screening

For HCS analysis, cells were grown in 96 flat-bottom well HCS
plates (NUNC). Analysis of the condensed nuclei, cell number and
lineage/differentiation markers were performed with Cell Insight™ CX5
High Content Screening (HCS; Thermo Scientific), using the
Compartmental analysis BioApplication. Based on nuclear staining, the
software is able to recognize nuclei and calculate the percentage of high
intensity/small sized condensed nuclei. Moreover, based on the nuclei
identified, the software is able to detect the presence of the marker-
specific stain in the cell body, calculating the percentage of im-
munoreactive cells. Lineage/differentiation marker analysis was only
performed on cells showing intact nuclei, excluding condensed nuclei
from the percentage calculation.

2.8. Statistical analysis

The data is reported as mean ± SEM. Prism software (GraphPad)
was used for statistical analyses and graph generation. Student's t-test,
one-way ANOVA or two-way ANOVA and Dunnett's multiple compar-
ison post-hoc were used to analyze the data. The results were con-
sidered significant when the probability of their occurrence as a result
of chance alone was<5% (P < 0.05).

3. Results

3.1. TRβ and RXRγ are differentially expressed in fetal and adult
neurospheres

To study the molecular mechanisms underlying the differences be-
tween fetal and adult OPC lineages and their differentiation, we first
analyzed the expression of NRs and co-regulators as transcriptional
determinants of stemness and differentiation programs in very early
precursors. For this purpose, we performed qPCR analyses in secondary
neurospheres obtained from the fetal forebrain and adult SVZ. The
proliferation protocol is shown in Fig. 1A, while the investigated genes
are listed in Table S3 (Supplemental material).

We analyzed the expression data by comparing adult- to fetal-de-
rived NSC gene expression, expressed as fold of increase. We found that
adult NSCs display a general up-regulation of NRs and co-regulators
compared to fetal cells (Fig. 1B). Genes showing a difference in ex-
pression equal or higher than 2 folds were considered as differentially
expressed. Of all NRs and co-regulators, twenty-eight (Fig. 1C, in red)
are more expressed, and 3 genes (Fig. 1C, in green) are less expressed in
the adult NSCs. The list of all differentially regulated genes is also in-
cluded in the figure (Fig. 1D). Different genes related to androgens (Ar,
Med12, Med13 and Nr1i3), estrogen (Ncoa6), glucocorticoids (Ncoa6
and Nr3c1), vitamin D (Med12 and Med13), steroid hormones (Nr1d1,
Nr1h3, Nr2c1, Nr2f2, Nr3c2, Ppara, Rarg, Rora, Rxra, Thrb), retinoic
acid receptors (Ncoa6, Rarg, Rxra and Rxrg) and, in particular to THs
(Med12, Med13, Ncoa4, Nr1d1, Nr1h3, Nr1i3, Trip4 and Thrb), are dif-
ferentially regulated in adult compared to fetal cells. In particular, TRβ
(Trhb) and RXRγ (Rxrg), two key genes involved in OPC differentiation,
are differentially expressed NRs in adult compared to fetal OPCs: TRβ is
12.52 folds more expressed, while RXRγ is 9.27 folds less expressed in
adult compared to fetal NSCs.

The network of functional or physical interactions between the
proteins encoded by differentially regulated genes were analyzed by the
STRING software. All the proteins encoded by the differentially regu-
lated genes appeared as functionally interconnected, suggesting that
they regulate the same developmental process in a parallel or sequential
manner. Importantly, TRβ (Thrb) occupied a central part of such an
interaction network, indicating that its upregulation is not only a
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hallmark of age-dependent changes in OPC lineage, but may also be the
major coordinator of interactions between remaining NRs and their co-
regulators (red arrow, Fig. 1E). Among downregulated genes, such a
position could be attributed to RXRγ, which also displayed a strong

interaction with TRβ. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this ar-
ticle.)

Fig. 1. Nuclear receptors and co-regulators in adult vs. fetal neurospheres.
(A) Experimental design: to study nuclear receptor and co-regulator expression in fetal and adult early precursors, secondary neurospheres were lysed and mRNA
expression was analyzed using PCR array technology.
(B) Heat Plot representation of the entire array, showing the expression of adult vs. fetal neurospheres. Fold of change is expressed using a color code from green
(down-regulated) to red (up-regulated); see also Table S3.
(C) Plate scheme showing the up-regulated (red) and down-regulated (green) genes (fold of change>2).
(D) Gene list of the differentially expressed genes (fold of change>2).
(E) Graph of the STRING software interaction analysis. Proteins encoded by the differentially expressed genes were analyzed by the STRING software to study the
interaction net. In the center of the net, the TRβ is highlighted by the red arrow. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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3.2. Fetal and adult NSCs-derived OPCs need T3 to differentiate in mature
OLs

An enhanced TRβ expression in adult OPCs may suggest an in-
creased sensitivity of adult OPCs to differentiation induced by T3, the
well-known inducing agent of NSC differentiation to OPCs. Fetal and
adult NSC cultures were differentiated as described (Fig. 2A), and the
lineage progression analyzed by counting the number of differentiated
cells, using CNPase as marker for pre-myelinating OLs, and MBP as
marker for myelinating OLs. Both cultures needed T3 to differentiate
into mature/myelinating CNPase-/MBP- positive OLs. In fact, in the
absence of T3, very few CNPase and MBP-positive cells are observed,
compared to T3-exposed cultures (Supplemental Fig. S1). Images
showing vehicle- and T3-treated cultures at the end of the differentia-
tion process are shown in Fig. 2B–I.

3.3. Adult NSCs-derived OPCs have the same expression pattern of OLs
markers as fetal-derived OPCs, but have a different yield of maturation

To examine the molecular steps involved in the differentiation
process in adult and fetal-derived OPCs, we analyzed the expression of
five key differentiation genes (Olig1, Olig2, Klf9, TRα and TRβ) at dif-
ferent points of the OPC differentiation process, from neurospheres to
myelinating OLs (Fig. 3A). These genes are regulators of the cell cycle
exit and of the maturation of OLs, and are closely functionally con-
nected.

Olig1, Olig2, Klf9, TRα and TRβ mRNA expression level is regulated
in time and differentially expressed between the two cultures (two-way
ANOVA: Olig1, time, p < 0.0001, age, p=0.0021, interaction,

p < 0.0001; Olig2, time, p < 0.0001, age, p=0.0035, interaction,
p < 0.0001; Klf9, time, p < 0.0001, age, p < 0.0001 interaction,
p < 0.0001; TRα, time, p=0.0143, age, p < 0.0001, interaction,
p=0.0002; TRβ, time, p < 0.0001, age, p=0.0127, interaction,
p=0.0006). In particular, adult cultures show a higher expression of
Olig1, Olig2, Klf9 and TRβ at the neurosphere and oligosphere stage
(Olig1, neurospheres p < 0.0001, oligospheres p < 0.0001; Olig2,
neurospheres p < 0.0001, oligospheres p < 0.0001; Klf9, neuro-
spheres p < 0.0001, oligospheres p < 0.0001; TRβ, neurospheres
p < 0.0001, oligospheres p=0.0229; Fig. 3B–F), indicating a higher
propensity to differentiate.

However, at later stages of differentiation, at OPC level (0 DIV) and
after T3-induced differentiation (6 and 12 DIVs), fetal cells are more
responsive to differentiation stimuli, showing a higher expression of
Olig1 at 6 DIV (p < 0.0001), Olig2 and TRα at all the differentiation
time points studied (Olig2, 0 DIV, p=0.0001, 6 DIV, p < 0.0001, 12
DIV, p=0.0248; TRα, 0 DIV, p=0.001; 6 DIV, p < 0.0001, 12 DIV,
p=0.0128). Notably, even if Klf9 expression is higher in adult cells at
early stages (0DIV, p < 0.0001), Klf9 expression reaches higher levels
in the fetal cultures at later stages (6 DIV, p=0.0111; 12 DIV,
p=0.0007; Fig. 3D), after T3 exposure.

Notably, RXRγ expression, which resulted as being higher in fetal
compared to adult neurospheres, is still higher in fetal OLs at the end of
the differentiation phase (Student's t-test, p= 0.0326; Fig. 3G).

We then analyzed how these expression profiles of transcriptional
determinants of OPC differentiation correlate with the actual differ-
entiation of OPCs. To this end, we investigated markers of differentia-
tion during the differentiation/maturation process (0, 6 and 12 DIV;
Fig. 4A), i.e. PDGFαR and NG2 for OPCs, CNPase for mature OLs, MBP

Fig. 2. T3-driven fetal and adult NSC-derived OPCs differentiation in mature OLs.
(A) Experimental design: 3 DIVs after OPC seeding, cells were exposed to vehicle (DMSO) or T3 (50nM). At the end of the differentiation phase (12 DIV) cells were
stained for mature OLs markers (arrow).
(B-E) Images show the vehicle treated groups, stained for CNPase (B, C) and MBP (D, E) markers, in fetal (B, D) and adult (C, E) cultures.
(F-I) Images show the T3 treated groups, stained for CNPase (F, G) and MBP (H, I) markers, in fetal (F, H) and adult (G, I) cultures. Bar: 20 μm.
Abbreviations: CNPase, 2′,3′-cyclic nucleotide 3′-phosphodiesterase; MBP, myelin basic protein.
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for myelinating OLs, but also GFAP for astrocytes and beta-III-tubulin
for neurons, to determine the specificity of NSC differentiation to OLs.

Globally, the percentage of undifferentiated OLs identified by
PDGFαR or NG2 decreased more during differentiation of fetal as
compared to adult OLs, indicating an enhanced differentiation of fetal
OPCs by a higher percentage of CNPase and MBP cells. Specifically,
according to the progress of differentiation, the percentage of PDGFαR-
positive cells varied by culture time in differentiating fetal and adult
OPCs (time, p=0.0108, F (2,24)= 5.499), but in an opposite manner
(interaction for time and age, p < 0.0001), with a decrease in fetal
cultures at 6 DIV (0 vs. 6 DIV, p=0.0006), and an increase during the
same period in the adult-derived OPCs (0 vs. 6 DIV, p=0.0007), but
reaching the same percentage at the end of differentiation (12 DIV;
Fig. 4B–D). However, NG2-positive cell percentage is affected by both
time and age (time, p=0.0029, F (2,24)= 7.516; age, p=0.0058, F
(2,24)= 9.159; Fig. 4E–G). The number of mature, CNPase-positive

OLs displayed significant changes in culture time that differed de-
pending on whether OPCs were originating from fetal or adult material
(time in culture x age interaction, F (2,24)= 2.64; p=0.001;
Fig. 4H–J). This difference in the evolution of OL differentiation re-
flected increasing amounts of CNPase-positive cells in fetal cultures,
compared to a decrease of those cells in adult cultures. In line with this
observation, the percentage of MBP-positive cells, corresponding to
mature myelinated OLs, also displayed a different evolution in time
depending on age (time in culture x age interaction, p=0.0007; F
(2,24)= 9.987), with a significantly lower percentage of differentiated
cells in adult-derived cultures at the end of the differentiation process
compared to fetal-derived cells (12 DIV, p=0.0020; Fig. 4K–M). A
strong age effect was also observed (p < 0.0001; F (2,24)= 32.66). In
addition, cells derived from fetal NSCs displayed a more mature phe-
notype compared to cells derived from adult NSCs, as illustrated by
MBP-IR (Fig. 4L and M).

Fig. 3. Gene expression in fetal and adult NSC-derived OPCs.
(A) Experimental design: gene expression was analyzed throughout the entire differentiation process, from early progenitors to mature OLs. The arrows show the time
point of the analysis: neurospheres, oligospheres, 0 DIV (before the T3 differentiation induction), 6 DIV, 12 DIV.
(B-F) Gene expression analysis of five key genes involved in the differentiation process: Olig1 (B), Olig2 (C), Klf9 (D), TRα (E) and TRβ (F). Results are shown as fold
of changes of all fetal and adult time points, normalized on fetal neurospheres.
(G) Gene expression of RXRγ in differentiated/mature fetal and adult oligodendrocytes at the end of the differentiation phase (12 DIV). Results are shown as fold of
changes, normalized on fetal gene expression.
The bars represent the mean value ± SEM; n= three independent experiments. Statistical analysis: Two-way ANOVA followed by Tukey's post-hoc (B-F) or Student's
t-test (G). The asterisks represent the differences in expression at the same time point between fetal and adult cultures (* P < 0.5; ** P < 0.1; *** P < 0.01; ****
P < 0.001).
Abbreviations: Klf9, Krűppel-like factor 9; Olig1, Oligodendrocyte transcription factor 1; Olig2, Oligodendrocyte transcription factor 2; RXRγ, Retinoid X receptor
gamma; TRα, Thyroid hormone receptor alpha; TRb, thyroid hormone receptor beta.
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The reduced OL differentiation of OPCs derived from adult brain
was not due to the altered cell fate of differentiating NSCs, since po-
pulations of NSC-derived astrocytes and neurons were not affected by
age, as illustrated by a similar percentage of GFAP-positive cells
(around 40%), and a small percentage of neurons (fetal, 5%; adult, 1%)
in both cell cultures at the end of the differentiation phase (data not
shown). Moreover, no differences in total cell death or lineage-specific
cell death, based on nuclear morphology, was detected between fetal
and adult cultures (data not shown).

3.4. Fetal and adult NSCs-derived OPCs need RXRγ to differentiate in
mature OLs

Considering the heavily compromised generation of mature OLs into
adult vs fetal cultures, we investigated the process of maturation using
APC alone and in combination with Olig1 and Olig2, and re-evaluated
the number of mature myelinating OLs in fetal and adult cultures using
MBP. In addition, to study the role of RXRγ in this process, a NR sig-
nificantly downregulated in adult precursors, we isolated NSCs from the
fetal and adult brain of RXRγ+/+ and RXRγ−/− mice, using the
same isolation and differentiation protocol as previously described
(Fig. 5A).

The percentage of maturing and myelinating cells were strongly
reduced in cultures isolated from RXRγ−/− animals irrespective of age
(Fig. 5B. APC-positive cells; fetal, RXRγ−/− p < 0.0083; adult
RXRγ−/− p < 0.0001), as can be seen in the images of the cultures
(Fig. 5D, H and E, I). As a consequence, significantly fewer myelinating
OLs were detected using MBP immunolabeling in both fetal and adult
RXRγ−/− cultures (Fig. 5C; p < 0.0001 for fetal – Fig. 5F, J - and
adult – Fig. 5G, K). Surprisingly, no significant differences in APC-po-
sitive cells appeared between fetal and adult RXRγ+/+ cultures
(Fig. 5B). Considering that the number of mature myelinating OLs ex-
pressing MBP is lower in adult RXRγ+/+ cultures (Fig. 5C), this may
suggest a delay in OL maturation in adult cultures.

Since generation of myelinated mature OLs from RXRγ−/− OPCs is
compromised, we sought to determine the stage of OPC differentiation
at which such impairment occurs. Furthermore, reduced expression of
RXRγ in adult vs fetal precursors could also underlie deficient or de-
layed differentiation/maturation of adult OPCs. To investigate this
hypothesis, we compared the progression of differentiation and ma-
turation specific to adult and RXRγ−/− OPCs. To this end, we used the
anti-APC antibody, in combination with the detection of Olig1 and
Olig2, which permitted us to discriminate between the differentiating
OPCs and OLs at different stages of maturation. In the early phases, the
OPCs are APC and Olig1 negative, but positive for Olig2. APC-positive
cells can be divided into Olig1-/Olig2+, Olig1+/Olig2+ and Olig1-/
Olig2+ in an increasing level of maturation (Nakatani et al., 2013).

In contrast to a significant reduction in the number of APC-positive
cells (OLs in maturation) in RXRγ−/− cultures, the percentage of APC-

and Olig1-negative OPCs expressing Olig2+ was significantly increased
in fetal, but not in adult RXRγ−/− cultures. In fact, the percentage of
undifferentiated OPCs detected with this approach in fetal RXRγ−/−
was not significantly different from the number of OPCs in adult wild
type and RXRγ−/− cultures, whereas adult cultures displayed higher
percentage of OPCs compared to fetal cultures (Fig. 5L, p=0.0062), in
agreement with the previous observation (Fig. 4B–G),.

Moreover, the analysis of the APC+ cells showed that, in agreement
with the previous observation (see Fig. 5 C, F-K and 4H-M), adult
RXRγ+/+ cultures displayed a lower percentage of mature OLs com-
pared to fetal cultures, as identified by APC+/Olig1+/Olig2-
(p=0.0095). Furthermore, as expected, the first step of OL differ-
entiation (APC+/Olig1-/Olig2+) was affected in adult cultures, which
showed a higher percentage compared to fetal cultures (p=0.0004).
On the other hand, a very similar pattern was observed in RXRγ−/−
cultures, although only fetal cultures showed an increase of APC+/
Olig1-/Olig2+, corresponding to the early phases of maturation
(p=0.0483). Thus, although a lower number of RXRγ−/− OPCs dif-
ferentiate, these cells show a similar maturation pattern, comparable to
both fetal and adult RXRγ+/+ cultures.

Since progression in the differentiation progression cannot explain
the deficits in generation of mature OLs in RXRγ−/− we addressed the
possibility that RXRγ−/− OPCs do not enter the differentiation pro-
cess.

3.5. RXRγ is involved in the T3-mediated cell cycle exit

To investigate the possible role of the RXRγ receptor in regulating
the expression of key genes involved in OLs maturation and in the cell
cycle exit, we isolated fetal cells from RXRγ−/− and RXRγ+/+ mice
(Fig. 6A). Fetal cultures of NSC-derived OPCs were lysed before adding
T3 (0 h), and 6 and 24 h after the T3-differentiation induction. Al-
though no differences in expression levels were detected in TRα1, TRβ,
Olig1, Olig2 or Klf9 expression (Supplemental Fig. 2S), enormous dif-
ferences were detected in the expression of the p27, cMyc and PDGFαR
genes (Fig. 6B). In particular, p27 is a gene directly regulated by T3,
and is one of the main players in the T3-mediated cell cycle exit
(Tokumoto et al., 2002). Expression of p27 increases after 24 h of T3
exposure in RXRγ+/+ cultures (RXRγ+/+ 0 vs. 24 h, p=0.0003),
while no changes were detected in RXRγ−/− cells (RXRγ+/+ vs
RXRγ−/− at 24 h, p=0.0024). cMyc is also known to be down-
regulated in oligodendrocytes by T3 action, leading to downstream
activation of several genes related to the cell cycle exit (i.e. Cdc2 and
H2afz; Magri et al., 2014). In fact, its expression decreased after 24 h of
T3 exposure in RXRγ+/+ cultures (RXRγ+/+ 0 vs. 24 h, p=0.0396),
while no changes were detected in RXRγ−/− cells (RXRγ+/+ vs
RXRγ−/− at 24 h, p=0.0472). These gene expression analyses results
suggest a block of RXRγ−/− OPCs in the precursor state, without any
action of T3 in the cell cycle exit. This hypothesis is corroborated by

Fig. 4. OL differentiation markers in fetal and adult NSCs-derived OPCs.
(A) Experimental design: cell morphology and OPC/OL marker expression were analyzed during the differentiation process. The arrows show the time point of the
analysis: 0 DIV (before the T3 differentiation induction), 6 DIV, 12 DIV.
(B-D) Graph shows the percentage of the PDGFαR-positive cells during the three analyzed time points in fetal (red line) and adult (blue line) cultures (B). The images
show fetal (C) and adult (D) cultures at the end of the differentiation process (12 DIV).
(E-G) Graph shows the percentage of the NG2-positive cells during the three analyzed time points in fetal (red line) and adult (blue line) cultures (E). The images
show the fetal (F) and adult (G) cultures at the end of the differentiation process (12 DIV).
(H-J) Graph shows the percentage of the CNPase-positive cells during the three analyzed time points in fetal (red line) and adult (blue line) cultures (H). The images
show the fetal (I) and adult (J) cultures at the end of the differentiation process (12 DIV).
(K-M) Graph shows the percentage of the MBP-positive cells during the three analyzed time points in fetal (red line) and adult (blue line) cultures (K). The images
show the fetal (N) and adult (M) cultures at the end of the differentiation process (12 DIV). Bar: 20 μm.
The bars represent the mean value± SEM; n= three independent experiments. Statistical analysis: Two-way ANOVA followed by Tukey's post-hoc. The asterisks
represent the differences in expression at the same time point between the fetal and adult cultures (* P < 0.5; ** P < 0.1; *** P < 0.01; **** P < 0.001).
Abbreviations: CNPase, 2′,3′-cyclic nucleotide 3′-phosphodiesterase; MBP, myelin basic protein; NG2, chondroitin sulphate proteoglycan, neural/glial antigen 2;
PDGFαR, platelet derived growth factor alpha receptor. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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PDGFαR expression, related to the precursor state, which decreases in
RXRγ+/+ OPCs at 6 and 24 h after T3 exposure (6 h, p=0.0005; 24 h,
p=0.0012). In contrast, PDGFαR gene expression is not decreased by
T3 exposure in RXRγ−/−, while it increases after 24 h (RXRγ−/− 0
vs. 24 h, p < 0.0001; RXRγ+/+ vs. RXRγ−/− at 24 h, p < 0.0001).

T3 is the best-known differentiating agent in OPCs, being the key
regulator of the cell cycle from undifferentiated precursors (Billon et al.,
2001). Thus, in order to analyze the effect of RXRγ gene ablation in cell
cycle regulation, we measured the percentage of OPCs generated from
cells isolated from the whole fetal forebrain of RXRγ−/− and RXRγ+/
+ mice, following 24 h of T3-mediated differentiation, compared with
cultures that were not treated with T3. However, RXRγ−/− cultures
show a higher number of NG2-positive cells at the end of the differ-
entiation phase, compared to RXRγ+/+ cultures (p < 0.0001;
Fig. 6C–E), suggesting a possible dysregulation of the T3-induced cell
cycle exit.

Cells were then stained for PDGFαR to identify OPCs, and for Ki67
to identify replicating cells. T3 induces a reduction in Ki67-positive
OPCs, compared to RXRγ+/+ cultures treated with a vehicle
(p=0.0486). RXRγ−/− cultures show a higher percentage of re-
plicating-OPCs compared to RXRγ+/+ (p=0.0315). Moreover, the
percentage of Ki67-positive OPCs is not affected by T3 treatment, and
the level of OPCs remains higher, compared to the RXRγ+/+ cells
treated with T3 (p < 0.0001; Fig. 6F–J).

4. Discussion

In spite of the fact that most of the OPCs populating the mature CNS
are developmentally derived, the fetal and adult OPCs show substantial
differences in molecular and biological properties.

In this study, we investigated the differentiation process of OPCs
obtained from NSCs derived from fetal and adult brain, focusing on the
role of NRs as key determinants of differentiation. This cell system was
preferred to primary and purified OPCs to better mimic the develop-
mental biology of OPCs, and in particular the lineage specification and
subsequent proliferation/survival and maturation. In a previous study,
we demonstrated that Poly (ADP-ribose) polymerase, an enzyme in-
volved in cell viability and NRs expression, has a completely different
role in fetal and adult OPCs (Baldassarro et al., 2017). Moreover, in
vivo and in vitro studies indicate that OPCs exhibit different properties
according to their chronological age (Cui et al., 2012), and that adult
OPCs have a longer cell cycle than perinatal OPCs (Tang et al., 2000),
corroborating the hypothesis that the two OPCs have different char-
acteristics and maturation potential.

We showed that (i) the mRNA expression level of several NRs and
co-regulators is different in fetal and adult NSCs and OPCs at compar-
able differentiation stages; (ii) adult NSCs-derived OPCs have a dif-
ferent yield of maturation compared to fetal-derived OPCs; (iii) lower
expression of RXRγ in adult NSCs underlies fetal/adult differences in

differentiation potential, and iv) this effect is probably related to cell
cycle exit.

4.1. NR signaling in fetal vs adult OPC

NRs play key roles in all the differentiation stages of OLs, from NSC
self-renewal and lineage specification, to OPC cell cycle exit and OL
maturation (Mendoza and Hollenberg, 2017).

Here we showed that NSCs derived from the SVZ of the adult brain
display a much higher TRβ and a lower RXRγ mRNA expression level
than NSCs derived from fetal brain. These differences correlate with a
higher expression level of Olig1, Olig2 and Klf9 mRNAs in adult derived
OPCs at early stages of the differentiation process. Olig1 and Olig2 are
closely related transcription factors which play critical roles in OL
specification and differentiation. The expression of the two Oligs is
temporally regulated, with a later expression of Olig1, inducing the
expression of mature OLs genes (MBP and PLP1; Maijer et al., 2012),
while Klf9 is a T3-target gene, which is critically involved in OPC ma-
turation and directly induced by T3 (Dugas et al., 2012). The higher
expression of these genes reflects a more mature phenotype in adult-
derived OPCs at early stages, and may result in a lower response to the
T3-mediated differentiation stimulus.

This different expression profile might indicate a reduced capacity
to differentiate in adult-derived NSCs. In fact, it has already been de-
scribed that TRβ has specific roles in fetal and adult NSCs (Gkikas et al.,
2017), while no data is available for the role of RXRγ in adult-derived
NSCs (Takouda et al., 2017). Moreover, RXRγ expression also remains
lower in adult mature/myelinating OLs compared to fetal.

On the other hand, the role of T3 in mediating the differentiation
process in OPCs is well-established, acting as ligand for α and β TR
isotypes to control transcription target genes (Billon et al., 2002). We
showed that both adult and fetal cell systems need T3 to differentiate,
but that fetal cells are more responsive to T3-induced differentiation, as
indicated by a higher level of differentiation markers (Olig1, Olig2,
Klf9), and by the higher number of MBP-positive OLs. Moreover, the
morphological phenotype of CNPase and MBP-positive cells is more
mature in fetal OPCs, suggesting a possible delay in the differentiation
of the adult-derived cells. These differences support the view that T3
action on the differentiation process of OPCs depends on the age of the
animal, and supports previous observations that T3-dependent gene
expression regulation is spatially and temporally regulated (Astapova,
2016).

4.2. RXRγ involvement in T3-mediated OPC cell cycle exit

Overexpression of TRβ and reduced expression of RXRγ in adult
NSCs may reflect the reduced differentiation/maturation potential of
adult cells. In fact, according to the classical experiments by Raff and
collaborators (Billon et al., 2001), T3 drives the OPC out from the cell

Fig. 5. Effect of RXRγ gene knock out in NSCs-derived OPCs differentiation.
(A) Experimental design: cell morphology and OL marker expression were analyzed in RXRγ+/+ and RXRγ−/− NSC-derived OPC cultures at the end of the
differentiation process. The arrow shows the time point of the analysis: 12 DIV.
(B-C) The graphs show the percentage of APC-positive (B) and MBP-positive (C) cells in RXRγ+/+ (white column) and RXRγ−/− (grey column), fetal and adult
cultures.
(D-K) The images show APC- (D, E, H, I) and MBP- (F, G, J, K) stained cells in RXRγ+/+ (D-G) and RXRγ −/− (H-K), in fetal (D, H, F, J) and adult (E, I, G, K)
cultures. Bar: 50 μm.
(L) Graph shows the OPC population analysis, based on the APC/Olig1/Olig2 staining. Olig1-/Olig2+ cells are calculated from the total APC- cells, showing the
percentage of immature OPCs.
(M) Graph shows the OLs maturation analysis, based on the APC/Olig1/Olig2 staining. The cells are divided in three different populations, with a growing degree of
maturation: APC+/Olig1-/Olig2+; APC+/Olig1+/Olig2+ and APC+/Olig1+/Olig2-; measured from the total APC+ cells.
The bars represent the mean value± SEM; n= three independent experiments. Statistical analysis: Student's t-test. The asterisks represent the differences between
RXRγ−/− and RXRγ+/+ groups (* p < 0.05, *** p < 0.001, **** p < 0.0001); § represents the differences between the fetal and adult groups of the same
genotype (§§ p < 0.01; §§§ p < 0.001; §§§§ p < 0.0001).
Abbreviations. APC, anti-adenomatous polyposis coli; MBP, Myelin basic protein; O1 (Olig1), Oligodendrocyte transcription factor 1; O2 (Olig2), Oligodendrocyte
transcription factor 2; OLs, oligodendrocytes.
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cycle after a defined number of cell replications (Perez-Juste and
Aranda, 1999), and is also needed to start differentiation (Tokumoto
et al., 2002), directly regulating different proteins involved in cell cycle
control (Puzianowska-Kuznicka et al., 2006). Thus, enhanced TRβ ex-
pression may instead increase the differentiation potential of NSCs and
reduce the number of progenitor divisions prior to terminal differ-
entiation in adult-derived NSCs. Alternatively, a limited amount of
RXRγ could be the limiting factor for TRβ activity and thus reduce re-
sponsiveness to T3, even in the presence of higher levels of TRβ ex-
pression. Indeed, in addition to TRs, the activation of RXRs by phar-
macological and genetic manipulation stimulates OL differentiation by
enhancing remyelination (Huang et al., 2011; de la Fuente et al., 2015),
and the TR/RXR heterodimer is proposed as being the primary med-
iator of the target gene regulation by T3 (Lee and Privalsky, 2005).
Moreover, an up-regulation of the RXRγ mRNA expression level has
been described during remyelination (Huang et al., 2011), being ex-
pressed in OLs in remyelinating lesions in mouse CNS, and in tissue
from individuals with multiple sclerosis (MS), a disease characterized
by extensive demyelination and remyelination phases.

To address the functional relevance of reduced RXRγ in early pre-
cursors derived from adult brain in terms of their differentiation and
maturation capacity, we investigated the T3-induced OL differentiation
of NSCs derived from fetal and adult RXRγ null mutant mice as a model
of compromised RXRγ signaling, and found that the lack of RXRγ se-
verely impairs the overall number of mature, myelinating RXRγ−/−
OLs. Such a deficit may, to some extent, result from delayed matura-
tion, since the percentage of OLs at an early phase of maturation
(APC+, Olig1-, Olig2+) showed an increase in RXRγ−/− in fetal
cultures. Importantly, a similar increase in APC+, Olig1-, Olig2+, and
OLs was also observed in adult- compared to fetal-derived cells, sug-
gesting a delay in OL maturation in adult cultures. Another check-point
controlled by RXRγ and affected in adult OPC differentiation is cell
cycle exit. Several lines of evidence support the possibility that cell
cycle exit is compromised in RXRγ−/− OPCs: (i) an overall reduction
of APC-positive OLs undergoing maturation, (ii) a concomitant higher
number of NG2-positive OPCs in RXRγ−/− fetal cultures, (iii) and an
increased number of PDGFαR/Ki67 double-positive cells corresponding
to replicating OPCs in RXRγ−/− cultures 24 h after the T3- differ-
entiation induction.

Importantly, a similar reduced capacity to exit cell cycle was also
displayed by adult-derived OPCs, as indicated by an increased number
of NG2- or PDGFαR- positive OPCs at the end of the differentiation
process, and a concomitant decrease in MBP-positive myelinating OLs.

Moreover, despite the fact that certain genes involved in OPC ma-
turation do not show differential expression in RXRγ−/− cells (Olig1,
Olig2, TRα1, TRβ and Klf9), key genes involved in the cell cycle exit are
dysregulated in the absence of RXRγ. In particular, p27 and cMyc,
whose expressions need to be increased and decreased respectively due
to T3-mediated maturation induction (Tokumoto et al., 2002; Magri

et al., 2014), remain stable in RXRγ−/− cells, proving the role of this
receptor in mediating T3 action on cell cycle exit. In fact, together with
the higher percentage of NG2-positive cells at the end of the differ-
entiation phase in RXRγ−/− cells, these cells do not show a decrease
in PDGFαR expression following 6 and 24 h of T3 exposure as RXRγ+/
+ cells do, instead increasing in expression after 24 h.

5. Conclusions

In conclusion, we showed that adult NSCs show a higher expression
of TRβ and lower expression of RXRγ compared to fetal cells, and that
such differences correlate with a reduced capacity to generate mature,
myelinating OLs from adult NSCs-derived OPCs in the T3-mediated
differentiation process. We also show that the lower potential of adult
NSCs for oligodendrogenesis may reflect a mostly delayed maturation
process, but also a reduced capacity to exit the cell cycle. Through
studies of RXRγ−/− mice, we provide evidence that the decreased
expression of RXRγ is an important determinant of these differences, as
indicated by the heavily compromised differentiation of fetal RXRγ−/
− NSCs, and the complete absence of mature myelinating OLs in cul-
tures from adult RXRγ−/− NSCs. Mechanisms of such deficits pri-
marily reflect the role of RXRγ in controlling cell cycle exit during OPC
differentiation in response to T3 stimulation, and delayed maturation.
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(F-J) Graph shows the percentage of double positive PDGFαR/Ki67 cells of the total number of PDGFαR-positive cells, in vehicle- and T3-treated, RXRγ+/+ and
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The bars represent the mean value± SEM; n= three independent experiments. Statistical analysis: Two-way ANOVA followed by Tukey's post-hoc (B), Student's t-
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