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A B S T R A C T

Retinoic acid (RA), a metabolite of vitamin A, has been found to influence regeneration in the adult central
nervous system (CNS). There may be an effect of RA in the recovery/repair in multiple sclerosis (MS), an
autoimmune and neurodegenerative disease of the CNS. We hypothesized that RA is a regulator of the further
differentiation of oligodendrocyte precursor cells (OPCs) – cells key to the remyelination process in MS. We
conducted studies utilizing RNA-sequencing in human embryonic stem cell (hESC)-derived neural stem cells
(NSCs) and OPCs so as to understand the role of transcriptional regulators during transition from both ESCs to
NSCs and NSCs to OPCs. We identified that expression of retinoic acid receptors β and γ (RARβ and RARγ ) was
significantly increased following the transition from NSCs to OPCs. We also demonstrated that long term in
vitro culture of hESC-derived OPC with different isoforms of RA led to the significant up-regulation of two
known transcriptional inhibitors of oligodendrocyte differentiation: Hes5 following prolonged treatment with
all-trans-RA, 9-cis RA and 13-cis RA; and Id4 following treatment with 13cisRA. These results suggest that long
term exposure to certain RA isoforms may impact the continued differentiation of this population.

1. Introduction

Human neurodevelopment is a highly complex process with many
unanswered questions. The study of human embryonic stem cells
(hESCs) has contributed greatly to our knowledge of human neural
differentiation and neurodevelopment. There have been many studies
focusing on mRNA expression during NSC differentiation into cells of
the glial cell lineage, and using DNA microarray researchers have been
able to assess gene expression differences between NSC and oligoden-
drocyte precursor cells (OPCs) [1]. However, the transcriptional
regulators that drive the lineage fate of human NSCs into human
OPCs still requires further investigation.

OPCs represent a large population of adult central nervous system
(CNS) resident cells that are capable of proliferation, migration and
differentiation [2]. It is postulated that in the adult CNS their primary
function is to replace dysfunctional or damaged myelinating oligoden-
drocytes either after CNS injury or possibly as part of routine CNS
homeostasis [3]. Multiple sclerosis (MS) is a chronic autoimmune and
neurodegenerative disease of the CNS that is defined pathologically by

leukocyte infiltration into the CNS followed by targeted myelin
destruction leading to demyelination (lesion) and eventual axonal loss
[4]. Key to the prevention of neurological decline is the repair of the
CNS that comes in the form of remyelination, for which OPCs are the
definitive component [5]. In order for this process to be successful,
OPCs need to be recruited to lesion areas where they differentiate into
oligodendrocytes and generate new myelin [6]. However, in MS this
process appears to fail over time and though a plethora of reasons for
failure of remyelination have been suggested, there is a finality to this,
with the eventual depletion of OPCs in the lesion [7,8]. As a potential
solution to this problem, approaches have been proposed including the
use of stem cell replacement therapy by transplantation of NSCs or
OPCs into the CNS or by targeting the production of endogenous new
born OPC using RA [9,10].

Retinoic acid (RA) signaling has many functions within biological
systems including a role in the repair of the immune system and the
CNS [11,12]. Receptor engagement by RA initiates a transcriptional
cascade that induces further gene expression [13]. Since 9-cis retinoic
acid (9cRA) appears to be involved in accelerating CNS myelination via
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RXRγ signaling in rodents [10], we hypothesized that a function of RA
might drive further differentiation of OPCs into mature oligodendro-
cytes. In this study, we examined differential gene expression by ESCs,
NSCs and OPCs using RNA-sequencing (RNA-seq) and describe the
expression of RAR (a, β and γ) and RXR (a, β and γ) in these cell
populations. We also assessed the effect of RA exposure on these cells
and demonstrate that long-term exposure in vitro is associated with an
increase in the expression of inhibitory regulators in human OPCs.

2. Material and methods

2.1. Cell culture

Human embryonic stem cells (WA-09) were obtained from
University of Southern California Human Stem Cell Core and com-
mercial human NSCs, derived from ESC line H9, were purchased from
Invitrogen, respectively. Cellular characteristics and culture conditions
have been described previously [14]. Human OPCs were differentiated
from ESCs or NSCs as previously described [15,16].

2.2. OPC sorting and RA treatment

In order the achieve population purity cells were sorted for
PDGFRα expression using Flow cytometry (BD FACSAria I cell sorter,
BD Bioscience) with anti-PDGFRα (CD140a) PE antibody (BD
Pharmingen) [17]. Prior to sorting expression of lineage specific OPC
markers were determined by immunohistochemistry (Fig. 2) and
confirmed by FACS (data not shown). Sorted cells were analyzed only
by FACS and were always > 98% pure (data not shown). Following
sorting, PDGFRα-positive OPCs were incubated for 24 h in defined
culture medium, harvested, and RNA extracted for use in RNA-
sequencing. In order to identify the influence of increased RARβ and
RARγ expression, 1 μM of all trans-retinoic acid (ATRA), 9-cis retinoic
acid (9cRA) or 13-cis retinoic acid (13cRA) (all Sigma) was added every
day to human ESC-derived OPCs. After harvesting cells at day 8, 27 and
47, RNA was extracted and cDNA synthesized for RT-PCR.

2.3. RNA preparation and sequencing

RNA was extracted and isolated from ESC, NSCs and OPCs and
purified by utilizing Qiagen RNeasy mini kit (Qiagen), according to the
manufacturer's protocol. The total RNA quality was measured using an
Agilent 2100 bioanalyzer. To prepare cDNA libraries for sequencing,
mRNA-Seq kit was used as per manufacturer's recommended protocol
(http://mmjggl.caltech.edu/sequencing/mRNA-Seq_SamplePrep_
1004898_D.pdf). Each sample was double sequenced by using Genome
Analyzer IIx (Illumina Inc) and generated 50 ± 0.03 bp paired end read
length.

2.4. Mapping of RNA-sequence and gene enrichment analysis

The extraction of 50-bp length paired-end reads was achieved using
CASAVA (Illumina Pipeline v1.38). For each sample, reads with a quality
score of ≥Q30 that passed filtering were used to generate a complete
FASTQ file, which was then mapped to UCSC hg19 reference using
TopHat2 (v2.0.5) [18]. TopHat2 is a splice-aware aligner and aligns
RNA sequences to genomes using the bowtie algorithm. The alignment
results were then analyzed by Cufflinks suite [19], which assembles the
aligned reads into transcripts and evaluates their relative abundance.
The expression of each transcript was quantified as the number of reads
mapping to a gene divided by the gene length in kilo bases and the total
number of mapped reads in millions, which is called fragments per
kilobase of exon per million fragments mapped (FPKM). Then, an R
package CummeRbund was used for analyzing the Cufflinks output [20].

The two sets analyzed where genes which showed the highest differential
expression between NSCs and ESC, and OPCs compared to NSCs.

2.5. Immunochemistry staining

At the time points indicated, cultured cells were fixed with 4%
paraformaldehye and blocked in 20% normal goat serum. Cells were
incubated with primary antibody [Oct-3/4, PDGFRα and Nanog (Santa
Cruz biotechnology, 1:200 dilution), Nestin and NG2 (Millipore, 1:200
dilution), Pax6 (Covance, 1:200 dilution)] at 4 °C for overnight then
washed three times with PBS. Cells were subsequently incubated with
goat anti-mouse or anti-rabbit Alexafluor-488 or 594 conjugated
secondary antibody [(1:1000 dilution), Invitrogen] for 1 h at room
temperature and washed five times with PBS. Stained cells were
washed once with H2O, air dried and then mounted with Vectashield
solution containing DAPI (Vectorlabs). Staining was analyzed by using
Nikon Eclipse 2000 inverted fluorescence microscope. Lineage marker
expression values were quantified as the percentage of total DAPI+ cells
in each culture field of view that expressed the lineage-specific marker
of interest. Data are expressed as the mean percent positive cells ± SEM
from at least 5 random fields of view from at least 3 independent
cultures.

2.6. Western blotting

Cell cultures were lysed with RIPA buffer and protein concentra-
tions were quantified by BCA system (Thermo scientific). 30 μg of each
lysate was resolved on an 8% tris-glycine SDS-PAGE and transferred to
PVDF membrane (Millipore) using standard techniques. Membranes
were blocked and then incubated with specific antibodies Oct3/4
(Santa Cruz, 1:500), Nestin (Millipore, 1:1000), Nanog and NG2
(Cell signaling, 1:1000), at 4 °C overnight. GAPDH (Ambion, 1:
10,000) served as a loading control. Specific antibody labeling of
protein bands was detected using horseradish peroxidase conjugated
secondary antibodies (Invitrogen) and ECL system (Amersham).
Statistical significance was determined using two way Anova from
Graph pad (GraphPad Software, Inc, La Jolla, CA, USA).

2.7. Real time-PCR (RT-PCR)

RNA was extracted using Qiagen RNeasy mini kit (Qiagen),
according to the manufacturer's protocol. cDNA was synthesized by
SuperScript III First-Strand Synthesis System (Invitrogen). We per-
formed RT-PCR utilizing SYBR Green master mix (Bio-Rad) using
sequence specific primer in table below. Each reaction was conducted
triplicates in CFX96 (Bio-rad) and the condition were as followed:
3 min at 95 °C, 39 cycles of 95 °C for 20 s, 60 °C for 25 s, 72 °C for 25 s
and the final step at 95 °C for 10 s. The data was normalized against
GAPDH expression and analyzed using delta Ct method [21]. The
sequence-specific primers used in these analyses, along with the
expected product size are given in the table below. Statistical analysis
was done with t-test using excel.

Gene Sequence Size

ID4-F ACGACTGCTATAGCCGCCTG 85 bp
ID4-R ACGTGCTGCAGGATCTCCAC
Hes5-F ATCCTGGAGATGGCTGTCAG 98 bp
Hes5-R GAGTAGCCTTCGCTGTAGTC
RARβ-F AGCTGAGTTGGACGATCTCA 102 bp
RARβ-R CAGCACTGGAATTCGTGGTG
RARγ-F GGAAGAAGGGTCACCTGAC 157 bp
RARγ-R CCAGATCCAGCTGCACGC
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3. Results

3.1. Verification of cell populations for RNA-sequencing

We determined the lineage homogeneity of ESCs, NSCs and OPCs
both by immunocytochemistry and western blot analysis.
Homogeneous expression of Oct3/4 and Nanog confirmed the ESC
lineage (Fig. 1A and B). Similarly, both Nestin and Pax6 were
expressed by the great majority (98 ± 3.2%) of cells in the NSCs
cultures (Fig. 1D and E). Sorted OPCs, cultured for 24 h following
sorting, expressed high levels of the OPC markers PDGFRα and NG2
(Fig. 1G and H) and only a very minor population (2 ± 1%) of this

population expressed the NSC marker Nestin (Fig. 1G). We further
confirmed the lineage of each of the cell populations by western blot
analysis (Fig. 1I). These data show that we could generate highly
homogeneous populations of ESCs and NSCs and highly enriched
populations of OPCs for this study.

3.2. Differential expression of genes

The transcriptomes of ESCs, NSCs and OPCs were measured by
RNA-seq. We obtained up to 43 million paired end reads for which 84–
89% of reads aligned to human genome hg19 (Table 1). A comparison
of the gene expression by hierarchical clustering showed that a large

Fig. 1. Characterization of human ESCs, NSCs and OPCs cell populations. Immunofluorescence staining of specific genes and lineage markers expressed in ESC (A~C), NSC (D–F) and
non-sorted OPC (G–H). (A) Oct 3/4 (95 ± 4.3%) and (B) Nanog (89 ± 5.4%) were expressed by all ESC. NSC lineage was confirmed with (D) Nestin (98 ± 2.7%) and (E) Pax6 (87 ± 8.9%)
expression. OPC expressed lineage specific markers (G) PDGFRa (65 ± 7.3%) and (H) NG2 (63 ± 7.3%) with less than 2% of cells expressing the immature marker Nestin (H). Cells were
counterstained with the nuclear stain DAPI (C, F, G and H). Lineage marker expression values were quantified as the percentage of total DAPI+ cells in each culture field of view that
expressed the lineage-specific marker of interest. Data are expressed as the mean percent positive cells ± SEM from at least 5 random fields of view from at least 3 independent cultures.
Representative western blots of lineage-specific protein expression (I), confirming immunofluorescence staining. (J) The relative expression level was measured against GAPDH. Data is
expressed as the mean relative expression of protein ± standard deviation of three independent experiments. Analysis of statistical significance was calculated by using t-test from Graph
pad. Statistical comparisons of significance are shown with adjoining lines: **p < 0.005, ***p < 0.0005.
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number of NSC and OPC gene populations were clearly distinguishable
from ESCs (Fig. 2A). We compared the differential gene expression
between NSCs and OPCs and between ESCs and NSCs. Our data
showed that when comparing ESCs to NSCs there were 8440 differen-
tially expressed genes. Of these, 223 genes (2.64%) were more than 4-
fold increased in NSCs compared to ESCs whereas 870 genes (10.3%)
were more than 4-fold decreased (Fig. 2B). When comparing NSCs to
OPCs, there were 9985 differentially expressed genes: 306 genes
(3.06%) were up-regulated more than 4-fold in OPCs compared to
NSCs, whereas 1032 genes (10.3%) were down-regulated more than 4-
fold (Fig. 2B). The variance in expression differed dramatically between
the specific lineages of cells and can clearly be seen in the heat map
shown in Fig. 2C. Though we have confirmed the lineage of our ESC-
derived OPC population by immunohistochemistry (Fig. 1G and H), we
also chose to confirm this by analyzing our OPCs for expression of
lineage-specific genes. We validated our RNA-seq by assessing those
genes that showed the largest difference between ESCs to NSCs, or

between OPCs to NSCs (supplementary data 1 and 2 and
Supplementary Fig. 1).

3.3. Differential expression of retinoic acid receptor

Interestingly, our RNA-seq results pointed to RA signaling as
potentially playing an important role following the transition from
NSCs to OPCs. The expression of RARβ and RARγ was augmented in
OPCs as compared to NSCs, however there was no significant change of
RXR (α, β and γ) expression between the two cell types. RARβ showed
increased levels of expression at each stage of differentiation from ESCs
to NSCs to OPCs (Fragments Per Kilobase of exon per Million
fragments mapped (FPKM); 0.17, 0.43 and 7.92; Supplementary
Data 1 and 2). Whereas the expression of RARγ was significantly
decreased in NSCs as compared to ESCs it increased once again
following differentiation to OPC (FPKM; 6.28, 0.50 and 9.53,
Supplementary Data 1 and 2). We confirmed these trends using RT-

Table 1
Overall information of RNA-sequencing data from ESCs, NSCs and OPC cultures.

ESC1 ESC2 NSC1 NSC2 OPC1 OPC2

Total read 62,164,064 61,288,365 67,233,095 57,918,005 59,153,189 64,759,513
Paired read 38,468,038 42,060,332 43,548,272 38,113,156 39,940,118 43,484,748
% of proper paired read 61.88 63.89 61.6 62.53 63.76 63.44
% aligned to human 88.99 88.03 87.53 85.92 84.39 86.40

Fig. 2. Gene expression of human ESCs, NSCs and OPCs. (A) Hierarchical clustering of ESCs, NSCs and OPCs. The pie charts showed percentage of differentially expressed genes of
comparing either (B) ESCs to NSCs and NSCs to OPCs. Red indicates a greater than 4-fold increase and blue indicates a greater than 4-fold decrease in genes expression; grey indicates a
less than 4-fold difference between cell types (C) Heatmap depicted those genes with greater than 4-fold increased and decreased expression. There were a total of genes (1093 and 1388
genes) listed by absolute log2 in ESCs, NSCs and OPCs. Experiments were repeated on 2 separate occasions. Bar graphs represent the relative expression of the given gene in specific cell
type; ***p < 0.0005.
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PCR (Fig. 3). The relative expression of RARβ was significantly
increased (p < 0.0005) in NSCs compared to ESC (4.90 ± 0.31 vs
1.00 ± 0.05) and similarly significantly increased (p < 0.0005) in
OPCs compared to NSC (46.3 ± 1.11 vs 4.90 ± 0.31). In contrast,
RARγ expression was significantly decreased (p < 0.005) in NSCs
compared to ESCs (1.00 ± 0.01 vs 7.26 ± 0.04) but showed a significant
increase (p < 0.0005) when NSCs were transitioned to OPCs (1.00 ±
0.01 vs 9.00 ± 0.03).

3.4. In vitro effect of RA signaling on transcriptional
regulator expression in OPCs

In order to determine if there was any functional significance to the
increased expression of RARβ and RARγ in OPCs, we assessed the
effects of long-term exposure of hESC-derived OPC to three different
isoforms of RA; ATRA, 9cRA or 13cRA. Of these, 9cRA and 13cRA were
previously reported to induce differentiation of rodent OPCs into
mature oligodendrocytes [10,22]. To assess the effects of three different
RA, RNA was harvested from OPC cultures after 8, 27 and 47 days of
exposure, and analyzed using RT-PCR for changes in expression of

well-known transcriptional regulators [23]. Our results demonstrated
that expression of the negative oligodendrocyte differentiation regula-
tors, Hes5 (hairy and enhancer of split paralogues) and Id4 (inhibitor
of DNA binding 4, dominant negative helix-loop-helix protein), was
significantly different over time following RA treatment (Fig. 4A and B)
whereas other regulators, such as Sox2, Sox6, Oct6, Brn2 and YY1 did
not show altered expression (data not shown). In vehicle treated OPC
(V: vehicle), both Hes5 (p < 0.05) and Id4 (p < 0.05) showed the
expected significant reduction in expression over time as cells matured.
Most strikingly, prolonged (47 days) culture with all three RA's was
associated with significantly increased expression of Hes5 by these cells
(Fig. 4A). Shorter term (27 days) culture with 9cRA and also caused a
significant increase in the expression of Hes5 (P < 0.005), in contrast to
ATRA which caused a significant reduction at this time point (P <
0.0005). The effect of an 8 day exposure was also varied among the
RA's: 13cRA and 9cRA were associated with a reduction in Hes5
expression at this stage whereas ATRA was associated with an increase.
There was also variant expression of Id4 by OPCs following exposure to
the different retinoic acids. All three RA's caused a significant reduction
in Id4 expression in the first 8 days. However, prolonged culture with

Fig. 3. Differential expression of RARβ and RARγ in human ESCs, NSCs and OPCs. Differential gene and protein expression level of RARβ and RARγ was confirmed with RT-PCR (A)
and western blotting (B and C). (A) ESCs, NSCs and OPCs were cultured or sorted and RNA was isolated three days after cells were last passaged. (B) Protein was extracted from ESCs,
NSCs and OPCs were cultured or sorted. The expression level of RARβ and RARγ was detected by western blotting system. (C) The relative expression level was measured against
GAPDH. Data is expressed as the mean relative expression of mRNA or protein ± standard deviation of three independent experiments. Analysis of statistical significance was calculated
by using two way Anova from Graph pad. Statistical comparisons of significance are shown with adjoining lines: **p < 0.005, ***p < 0.0005.
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13cRA for 27 days or 47 days was associated with a significant increase
in expression of Id4. There were significant, though less marked,
increases in Id4 following culture with ATRA and 9cRA for 47 days.
These data when taken together suggest that long-term, sustained
treatment with RA may not be conducive to OPC/oligodendrocyte
differentiation.

4. Discussion

The aim of this study was to assess if there are any fundamental
gene alterations in RAR gene expression and associated pathways in
human OPC, with a view to determining if therapeutic targeting of
these pathways could offer any advantage to the neural stem cell niche
in a disease such as MS.

Since RNA-seq is emerging as a promising tool in the analysis of
gene expression, it is surprising that very few reports was analyzed the
gene expression between ESCs and NSCs. To committee neural cell fate
from ESC, three signaling pathway, NOTCH, mTOR and TFGb, were
involved [24] and expression of Pou3f1 was required [25]. However, no
transcriptomic data has specially been updated between OPCs and

NSCs. We focused primarily on assessing changes in gene expression
during differentiation from OPCs to NSCs. We first confirmed both the
homogeneity and lineage of ESCs, NSCs and sorted-OPCs by immu-
nohistochemistry and western blot analysis assessing expression of
lineage specific markers (Fig. 1): OPC lineage was also confirmed with
the detection of a wide array of OPC specific genes in our RNA-seq data
(supplementary data 2). These data are very important for the integrity
of this study and not only provide validity to our observations, but
enable us to appropriately attribute observed differences to that specific
lineage of cells.

Our RNA-seq results demonstrated that very large numbers of
genes were alternatively expressed between the 3 different lineages of
stem cells (ESCs, NSCs and OPCs). Critically, we observed highly
increased expression of RARβ and RARγ in OPCs compared to NSCs,
the expression of which was confirmed using RT-PCR and western
blotting. Interestingly, the expression of RARβ was gradually increased
along with ESCs differentiation to be neural cell fate, NSCs and finally
OPCs (Fig. 3). Although the outcome of specific RARβ activation in
human CNS was unclear, activation RAR α/β with ATRA might
ameliorate remyelination in experimental autoimmune encephalomye-
litis mouse for 22 days [26], which was agree to our result that two
important transcriptional regulators Hes5 and Id4 were reduced at 27
day after exposure to ATRA. However, longer duration of exposure to
ATRA might cause more induction of negative regulators (Fig. 4).
Moreover, we determined that exposure of OPC to different RA
isoforms ATRA, 9cRA and 13cRA led to significant alterations in the
expression of Hes5 and Id4. Compared to control cells the most
dramatic effects on Hes5 expression were seen following long-term
exposure of OPCs to ATRA and 13cRA whereas the most significant
effects on Id4 expression were seen following long-term exposure of
OPCs to 13cRA.

Hes5 is one of the targets in Notch signaling along with Hes1,
Hesr1 and Hesr2 (HES-related genes) in the nervous system [27]:
Hes1, Hesr1 and Hesr2 were not up-regulated genes in our hands.
Importantly, it has been shown that the level of Hes5 in oligoden-
drocyte lineage declined during oligodendrocyte differentiation [28].
Our data suggest that increased Hes5 expression following activation of
RAR was related not to Notch signaling but with negative regulation as
suggested by Emory [23] who identified Hes5 as an inhibitory regulator
during OPCs transition from NSCs. The other regulator, Id4, is also
considered one of the essential negative regulators for oligodendrogen-
esis [29]. Overexpression of Id4 decreased the activity of myelin basic
protein (MBP) promoter, which supported its differential role in OPC
as a negative regulator [30].

RA is a well-known regulator in neural differentiation and devel-
opment. In general, this small molecule used one of inducers to
generate OPC from NSC [31] and a key regulator to initiate ectoderm
fate to be NSC from ESC [15,16]. However, we concentrated on the role
of RA in oligodendrocyte maturation that has been studied in a few
publication. Previously, it was shown to inhibit oligodendrocyte
maturation during CNS myelination [32], and known as a negative
regulator through an RAR-dependent mechanism in the PNS [33], but
the down-regulators involved in this inhibitory signaling were not
determined. It has been demonstrated that RARα and RARγ were
down-regulated in peripheral blood mononuclear cells (PBMC) from
MS patients who take dietary vitamin A daily [34]. The analyses of the
biology of RA have focused mostly on its interaction with the immune
system as shown by the large number of clinical studies using RA as a
supplement [35]. It is known fact that RA improves the inflammatory
profile of MS patients [36] and a comprehensive review suggested that
RA could serve as a potential disease modulator in MS [37]. In
contrast, others have described that taking supplementary RA showed
no difference to controls when measuring both biochemical parameters
[38] and assessing myelin oligodendrocyte glycoprotein (MOG)-reac-
tive T-cells [39]. To date, it has been controversial and no neurological
parameters have been reported to be changed by clinically using RA.

Fig. 4. Hes5 and Id4 expression following RARβ and RARγ activation in human ESC-
derived OPCs. Relative mRNA expression of (A) Hes5 and (B) Id4 in human OPCs
following exposure to the three isoforms of RA. OPCs were treated daily with either of
1 μM ATRA, 9cRA or 13cRA. The relative mRNA expression of Hes5 and Id4 was
determined by RT-PCR. Data is expressed as the mean relative expression of mRNA±
standard deviation of three independent experiments. Analysis of statistical significance
was calculated by using two way Anova from Graph pad. Statistical comparisons of
significance are shown with adjoining lines: *, ** or *** shows comparisons between each
RA treated sample compared to vehicle control at day 8, 27 or 47, respectively. #, ## or
### shows comparisons within each RA treated-sample between day 8 and 27 or day 27
and 47. # and * p < 0.05, ## and ** p < 0.005, ### and *** p < 0.0005.
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In summary, the data we present here have further defined the
NSCs to OPCs transcriptome by RNA–seq, describing the upregulation
of RAR when NSCs become OPCs. We also show that long-term
exposure of OPC to different RA isoforms (ATRA, 9cRA and 13cRA)
caused increased expression of inhibitors of OPC differentiation. This
may impact the differentiation of OPCs into functional myelinating
oligodendrocytes and would suggest that further study into the
ubiquitous use of RA in clinical settings is warranted.
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