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Remyelination of the central nervous system (CNS) is a regenerative response that depends on the devel-
opment of oligodendrocyte precursor cells (OPCs), which are generated from neural stem cells in devel-
opmental stages and exist as tissue stem cells in the adult CNS. Three-dimensional (3D) culture systems
that recapitulate the complexity of the in vivo microenvironment are important for understanding the be-
havior of OPCs in remyelination and for exploring effective therapeutic approaches. In general, functional
analysis of OPCs has mainly used two-dimensional (2D) culture systems; however, the differences
between the properties of OPCs cultured in 2D and 3D have not been fully elucidated despite cellular
functions being affected by the scaffold. In this study, we analyzed the phenotypic and transcriptomic
differences in OPCs from 2D and collagen gel-based 3D cultures. In the 3D culture, the OPCs exhibited
less than half ratio of proliferation and almost half ratio of differentiation to mature oligodendrocytes,
compared to the 2D culture in the same culturing period. RNA-seq data showed robust changes in the
expression level of genes associated with oligodendrocyte differentiation, and there were more up-regu-
lated genes than down-regulated genes in 3D cultures compared to 2D cultures. In addition, the OPCs
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cultured in collagen gel scaffolds at lower collagen fiber densities showed higher proliferation activity
compared with those cultured in collagen gel with higher collagen fiber densities. Our findings have
identified the effect of culture dimension as well as the complexity of the scaffold on OPC responses at
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1. Introduction

Demyelination is a particular feature of pathological lesions in
central nervous system (CNS) diseases, such as multiple scler-
osis, Alzheimer’s disease, amyotrophic lateral sclerosis, and
many other neurological and psychiatric disorders."™ CNS
myelin is formed by oligodendrocytes, a kind of glial cell.*
Demyelination is characterized by loss of the myelin sheath
and oligodendrocyte cell death resulting in severe neurological
deficits.> However, neurological deficits often partially resolve
spontaneously, which is thought to be dependent on myelin
repair and remyelination around the lesion.® In addition to
developmental myelination, remyelination in response to CNS
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damage is considered to be initiated by the proliferation of oli-
godendrocyte precursor cells (OPCs), tissue stem cells that are
distributed throughout the CNS in adult mammals, followed
by differentiation into mature oligodendrocytes that achieve
axon wrapping.” A better understanding of oligodendrocyte
properties is of interest in terms of developing treatments for
CNS demyelinating diseases with a well-established etiology
due to demyelination.

The mechanisms underlying oligodendrocyte development,
including OPC proliferation and differentiation into mature
oligodendrocytes, have been examined in cultured OPCs,
which are either primary cells or derived from stem cells.®’
Most experiments have used two-dimensional (2D) culture
systems because they are highly reproducible and scalable.
However, 2D cultures generally lack sufficient cell-cell inter-
action and cytoarchitecture in vitro; therefore, 2D cultures are
limited in that they cannot mimic the cellular response in a
three-dimensional (3D) environment such as in vivo.'”
Consequently, recent studies have shown that OPCs can
change their phenotypes, such as survival, migration, and pro-
liferation, in response to a variety of cues from the microenvi-
ronment: not only to chemical cues from other cells, but also
to physical and mechanical cues such as stiffness, strain, and
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topography of the extracellular matrix (ECM)."""* Considering
that the physical and mechanical landscape of a CNS changes
during development, aging, and pathological conditions, 3D
cultures are a powerful tool in establishing microphysiological
system (MPS) platforms to evaluate cell responses because 3D
culture systems can recapitulate more complex cell-cell or
cell-ECM interactions than 2D systems, thereby more closely
resembling in vivo microenvironments. 3D culture studies can
be conducted either by creating the cultured tissue itself in 3D
(e.g., organoid, spheroid) or by creating the environment sur-
rounding the cell in 3D (using ECM components), offering
tractable models of human CNS diseases.'*'® The latter is
suitable for analyzing the effects of the extracellular environ-
ment on the cell. Collagen, classified as a hydrogel, has been
the most commonly used ECM scaffold in 3D cultures of CNS
cells including OPCs,"”"® because it demonstrates the contrac-
tile nature of the cells."® Collagen, in terms of nervous system
repair, presents many advantages, such as being remarkably
biocompatible, biodegradable, versatile, and nontoxic.
Therefore, collagen is widely used in Food and Drug
Administration (FDA)-approved nerve conduits and nerve cuffs
for peripheral nerve repair and has received much attention
for its potential use in the treatment of brain diseases.
Although a number of approaches have been developed to
culture CNS cells in 3D culture systems which mimic the CNS
microenvironment using various ECMs containing laminin
and hyaluronic acid,>®*' the phenotypic and transcriptomic
differences in OPCs between 2D and 3D cultures remain
unknown.

In this study, we compared the properties of OPCs from 2D
and collagen gel-based 3D cultures. We used mouse primary
OPCs and evaluated OPC proliferation and differentiation
between 2D and 3D cultures. We also conducted RNA-seq ana-
lysis and found robust differences in the expression of genes
involved in oligodendrocyte differentiation and myelination
between OPCs cultured in 2D and 3D.

2. Materials and methods

2.1. Primary culture of oligodendrocytes

Postnatal day 1 (P1) C57BL/6] mice were obtained from Tokyo
Laboratory Animals Science. All animal procedures were per-
formed in accordance with the Guidelines for Care and Use of
Laboratory Animals of the National Institutes of Neuroscience,
National Center of Neurology and Psychiatry (NCNP) and
approved by the Animal Ethics Committee of the NCNP
(2021013R2).

Primary OPC cultures were obtained from the mice at P1, as
previously described.*” The mouse forebrains were dissected
and minced in ice-cold phosphate-buffered saline (PBS) using
fine scissors. The minced tissues were dissociated with 0.125%
trypsin (15090-046, Thermo Fisher Scientific, Waltham, MA,
USA) in PBS at 37 °C for 10 min. After neutralization with
Dulbecco’s modified Eagle’s medium (DMEM; 12800082,
Thermo Fisher Scientific) containing 10% fetal bovine serum
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(FBS; F7524; Sigma-Aldrich, St. Louis, MO, USA), the cells were
centrifuged at 400g for 10 min, suspended in 10% FBS-DMEM,
and filtered through a 70 pm-pore nylon cell strainer. The cells
were then plated onto a poly-L-lysine (PLL; P2636, Sigma)-
coated 10 cm dish and cultured in 10% FBS-DMEM sup-
plemented with penicillin-streptomycin (PS; 164-25251, Fuji
Film Wako, Osaka, Japan) at 37 °C with 5% CO,. Eleven days
after culturing, the cells were rinsed with PBS, and the remain-
ing cells were treated with 0.05% trypsin-PBS at 37 °C for
3 min. After neutralization with 10% FBS-DMEM, the detached
cells were filtered through a 40 pm-pore nylon cell strainer and
collected by centrifugation at 400g for 5 min. The collected
cells were then replated onto a non-coated 10 cm dish and cul-
tured for 30 min at 37 °C with 5% CO,. The non-adherent cells
(OPCs) were collected for use in the experiments (about 60%
of cells in the culture were co-labeled with Olig2>?).

Isolated OPCs were then separated into two groups and
either cultured on glass (2D culture) or in a type I collagen
matrix (3D culture). For the 2D culture, the OPCs were sus-
pended at 5 x 10° cells per mL in an OPC medium composed
of DMEM supplemented with 4 mM r-glutamine (Sigma-
Aldrich), 1 mM sodium pyruvate (S8636, Sigma-Aldrich), 1%
PS, 0.1% bovine serum albumin (BSA; Sigma-Aldrich), 50 pg
mL™" apo-transferrin (T5391, Sigma-Aldrich), 5 pg mL ™"
insulin (11882, Sigma-Aldrich), 30 nM sodium selenite (59133,
Sigma-Aldrich), 10 nM biotin (B4639, Sigma-Aldrich), 10 nM
hydrocortisone (H0888, Sigma-Aldrich), 10 ng mL™" platelet-
derived growth factor-AA (PDGF-AA; 315-17, PeproTech), and
10 ng mL™' basic fibroblast growth factor (b-FGF; 450-33,
PeproTech). The OPC suspension was applied to a PLL-coated
96-well glass bottom plate (5866-096, IWAKI, Shizuoka, Japan)
at a density of 5 x 10* cells per well. For the 3D culture, the
OPCs were suspended at 2 x 10° cells per mL in a neutralized
type I collagen solution. The collagen solution was prepared by
mixing a Cellmatrix Type I-A collagen solution (3 mg mL™,
Nitta Gelatin, Osaka, Japan) with 10x Hanks’ buffer (H1641,
Sigma-Aldrich) and 10x collagen buffer (262 mM NaHCO; and
20 mM HEPES in 0.05 N NaOH) at a volume ratio of 8:1:1
(final collagen concentration of 2.4 mg mL™"). For the study
with lower collagen gel concentrations (final concentration,
0.6 mg ml™"), the Cellmatrix Type I-A collagen solution (3 mg
ml™") was diluted at 0.75 mg mL~" with HCI (pH = 3) and then
neutralized in the same manner. The OPCs suspended in the
neutralized collagen solution (2.4 mg ml™, 25 ul per well)
were placed on a non-coated 96-well glass bottom plate at a
density of 5 x 10* cells per well. The plates were centrifuged at
216g for 1 min to homogeneously spread the collagen solution
and incubated for 10 min at 37 °C with 5% CO,. After gelation
of the collagen solution, the OPC medium was added to each
well. The cells in 2D and 3D culture systems were maintained
at 37 °C with 5% CO, for 3 days to assess the responsiveness of
OPCs to stimuli.'"'*?*>* Cell aggregation was not observed
with this centrifugation process.

Three days after culturing, the cells were treated with a
differentiation medium composed of DMEM supplemented
with 4 mM r-glutamine, 1 mM sodium pyruvate, 0.1% BSA,
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50 ug mL ™" apo-transferrin, 5 pg mL ™" insulin, 30 nM sodium
selenite, 10 nM biotin, 10 nM hydrocortisone, 1% penicillin-
streptomycin, and 40 ng mL™' 3,3’ 5-triiodo-L-thyronine
sodium salt (T3; T2752, Sigma-Aldrich).

2.2. Immunocytochemistry

The cells were fixed with 4% paraformaldehyde (PFA; 104005,
Merck, Darmstadt, Germany) in PBS at room temperature (RT)
for 30 min and permeabilized and blocked with a blocking
solution, which was composed of 3% normal donkey serum
(NDS; IHR-8135, IBC, Mukilteo, WA, USA) and 0.5% Triton
X-100 (12967-45, Nacalai Tesque, Kyoto, Japan), in PBS for
30 min at RT. The cells were then incubated in the blocking
solution overnight at 4 °C with primary antibodies diluted at
1:800 (2D) and 1:600 (3D). The following antibodies were
used: rat anti-Ki67 antibody (14-5698-82, Invitrogen, Waltham,
MA, USA), rabbit anti-cleaved caspase-3 antibody (CC3; 96618,
Cell Signaling Technology, Danvers, MA, USA), mouse anti-
Olig2 antibody (MABN50, MERCK), and goat anti-Olig2 anti-
body (AF2418, Bio-Techne, Minneapolis, MN, USA). The
samples were then incubated for 4 h at RT with a blocking
buffer containing secondary antibodies diluted at 1:800 (2D)
and 1:600 (3D). The following antibodies were used: Alexa
Fluor 488-conjugated donkey antibody agonist, mouse IgG;
Alexa Fluor 594-conjugated donkey antibody agonist, rat IgG;
and Alexa Fluor 647-conjugated donkey antibody agonist,
rabbit or goat IgG (Thermo Fisher Scientific). The nuclei were
subsequently stained with 4',6-diamidino-2-phenylindole
(DAPI, 1:5000) for 10 min. To stain the collagen fibers, the
samples were incubated with the conjugate of mouse mono-
clonal anti-collagen I antibody (ab6308, Abcam, Cambridge,
UK) and Alexa Fluor 488-conjugated donkey antibody agonist
mouse IgG diluted at 1:100 in blocking solution overnight at
RT.

Fluorescence images were captured using a confocal laser
scanning microscope (FV3000; Olympus, Tokyo, Japan) with a
20%/0.80 objective lens at four different locations in each
sample. At each location, a 100 pm stack with 5 pm thick slices
from the bottom glass plate was obtained, resulting in a total
image size of 636 pm X 636 pm and 1024 x 1024 pixels in each
2D image. The percentage of Ki67-positive or CC3-positive
Olig2-positive cells was quantified using image processing
software Fiji (ver 2.1.0/1.53c).”®> To characterize the collagen
fiber density in the 3D culture, the collagen fiber intensity was
quantified by measuring the mean intensity of the obtained
confocal images (single plane: 636 pm x 636 pm, 1024 x 1024
pixels, 5 pm thick, total thickness: 100 pm) using Fiji. A heat
map of the collagen fiber intensity was generated from the
single plane images by dividing them into 40 pm x 40 pm
squares with 64 x 64 pixels. The collagen fiber density around
the Ki67 positive/negative and Olig2 positive cells was
measured using the mean intensity of the maximum intensity
projection image (single plane: 62 pm x 62 pm, 100 x 100
pixels, 5 pm thick, total thickness: 20 pm). The histogram of
the collagen fiber intensity around the Ki67 positive/negative
and Olig2 positive cells is expressed as the mean cell number
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percentage in each experiment for each collagen fiber
intensity.

2.3. Quantitative reverse transcription polymerase chain
reaction (RT-PCR) and RNA-seq analysis

Total RNA was collected from the OPCs using an RNeasy Micro
Kit (74004, Qiagen, Hilden, Germany). For quantitative
RT-PCR, cDNA was synthesized using an RT-RamDA cDNA
Synthesis Kit (Toyobo, Osaka, Japan) and real-time RT-PCR
was performed using a KOD SYBR qPCR Mix (QKD-201,
Toyobo) with the following primer pairs: mbp forward,
GGCGGTGACAGACTCCAAG; mbp  reverse, GAAGCTCG-
CGGACTCTGAG; gapdh forward, TCACCACCATGGAGAAGGC;
gapdh reverse, GCTAAGCAGTTGGTGGTGCA. PCR conditions
included one cycle at 98 °C for 120 s, followed by 39 cycles at
98 °C for 10 s, 60 °C for 10 s, and 68 °C for 30 s. Melting ana-
lysis was performed using PCR to monitor amplification speci-
ficity. Relative mRNA expression was normalized to gapdh
mRNA levels in the same samples and calculated using the A/
A-Ct method.

For the RNA-seq analysis, the total RNA of the OPCs was
collected three days after culturing in the OPC medium.
Library preparation was performed using a TruSeq stranded
mRNA sample prep kit (Illumina), according to the manufac-
turer’s instructions. Whole-transcriptome sequencing was per-
formed on the RNA samples using an Illumina HiSeq 2500
platform in 75-base single-end mode. Base calling was per-
formed using Illumina Casava ver.1.8.2 software. Sequenced
reads were mapped to mouse reference genome sequences
(mm10) using TopHat ver. 2.0.13, in combination with
Bowtie2 ver. 2.2.3 and SAMtools ver. 0.1.19. The number of
fragments per kilobase of exons per million mapped fragments
(FPKMs) was calculated using Cufflinks ver. 2.2.1. The RNA-
seq data presented were from replicate 3, and all trends were
observed in both replicates. Differentially expressed genes were
defined as a fold change > 2.0 and a g-value < 0.1. Gene ontol-
ogy analysis was performed using the Database for Annotation,
Visualization, and Integrated Discovery v6.8.>%%’

2.4. Statistical analysis

Data are presented as the mean + standard error of the mean
(SEM). Statistical significance between groups was determined
using the unpaired Student’s ¢-test or the Kolmogorov-
Smirnov test. All data were analyzed using Excel 2019
(Microsoft), R, or MATLAB.

3. Results

3.1. OPCs in collagen gel displayed reduced cell proliferation
and maturation

To investigate the phenotypic differences between 2D and 3D
cultures from the viewpoints of viability, proliferation, and
differentiation during maturation, we cultured mouse primary
OPCs on glasses (2D) or in collagen gels (3D). We first assessed
the viability of the OPCs by immunocytochemical analysis of

This journal is © The Royal Society of Chemistry 2023
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cleaved caspase 3 (CC3), an apoptotic marker (Fig. 1A). Similar
to the 2D culture, the 3D culture showed a low ratio of number
of CC3" Olig2" cells to the total number of Olig2" cells (day 1:
0.3 + 0.1% (2D), 1.6 + 0.5% (3D); day 2: 0.3 + 0.1% (2D), 1.7 +
0.3% (3D); day 3: 0.2 + 0.0% (2D), 2.0 + 1.3% (3D)), and there
were no significant differences between 2D and 3D cultures at
any culturing day (Fig. 1A and B), indicating that a 3D culture
under the conditions of our study is able to maintain OPC sur-
vival as well as a 2D culture. The Olig2" cell density in the 2D
culture was decreased throughout the experiment (day 1: 357.9
+ 72.1; day 2: 206.1 + 16.8; day 3: 160.9 + 7.6), while that in 3D

2D
CC3/Olig2

3D
CC3/Olig2

2D
Ki67 / Olig2

3D
Ki67 / Olig2

Relative Mbp mRNA expression m

3 5 7
Days after differentiation induction
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was retained (day 1: 122.6 + 18.7; day 2: 129.6 + 21.3; day 3:
90.1 + 17.4), suggesting that remaining of apoptotic cells in
the 3D culture gel, while releasing of them from the 2D culture
surface, resulted in a relatively high ratio of apoptotic cells in
the 3D culture compared to the 2D culture. To investigate the
response of OPCs proliferating in 2D and 3D cultures, we
detected the expression of Ki67, a proliferation marker
(Fig. 1C). Immunocytochemical analysis showed that the ratio
of Ki67" Olig2" cells to the total Olig2" cells in the 2D culture
was 22.7 + 3.6% after three days of culturing, similar to a pre-
vious report.*® In contrast, OPCs in the 3D culture exhibited a

w

100
90 102D
80 { @ 3D

CC3* Olig2+ cells / Olig2* cells (%)
a
o

Days after OPC seeding

Ki67+ Olig2* cells / Olig2* cells (%)

Days after OPC seeding

Fig. 1 3D culture reduces OPC proliferation and differentiation compared to 2D culture. (A) Representative images of the OPC cultures in 2D and
3D (collagen concentration, 2.4 mg mL™?) stained with cleaved-caspase 3 (CC3; magenta) and Olig2 (green). The dashed square areas show the high
magnification images of CC3 and Olig2 positive cells. (B) Quantification of the percentage of CC3 and Olig2-positive cells (arrowheads in A) in
Olig2-positive cells. (C) Representative images of the OPCs cultured in 2D and 3D stained with Ki67 (magenta) and Olig2 (green). The dashed square
areas show the high magnification images of Ki67 and Olig2 positive cells. (D) Quantification of the percentage of Ki67 and Olig2-positive cells
(arrowheads in C) in Olig2-positive cells. (E) Quantification of the relative mRNA expression of mbp normalized by an internal control (gapdh). Error
bars represent SEM. N = 5 for each, *p < 0.05. Scale bars represent 50 pm for low magnification and 20 pm for high magnification.
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significantly lower ratio of Ki67" cells (6.5 + 0.5% after three
days of culturing) (Fig. 1D), suggesting that OPCs cultured in
3D have a milder proliferative capacity than those cultured in
2D.

To determine whether OPCs change their response during
maturation depending on the culture dimension, we evaluated
the ratios of oligodendrocyte differentiation in OPCs between
the cultures. We induced OPC differentiation in a T3-contain-
ing medium, a well-established condition that sufficiently
differentiates OPCs from mature oligodendrocytes in 2D cul-
tures.?® After culturing, we detected the mRNA of myelin basic
protein (mbp) which is a differentiation marker for mature oli-
godendrocytes, in all samples. In both 2D and 3D cultures, the
OPCs showed increased differentiation with passing culture
time. However, the OPCs in the conventional 2D culture after 7
days of culturing showed a higher mRNA expression than
those in the 3D culture (Fig. 1E). These data indicate that
OPCs cultured in 3D retain their differentiation capacity, but
with a low sensitivity against the induction of differentiation
compared to that in the 2D culture.

3.2. OPCs in collagen gel decreased gene expression
associated with OPC proliferation and maturation

Next, we performed an RNA-seq analysis to reveal the differ-
ences in the gene expression of OPCs in 2D or 3D cultures
when treated with an OPC proliferation medium for three
days. A principal component analysis indicated that the gene
expression profile of 3D-cultured OPCs clearly differed from
that of 2D-cultured OPCs (Fig. 2A). We found that 329 genes
were downregulated and 645 genes were upregulated in 3D-cul-
tured OPCs compared with 2D-cultured OPCs (Fig. 2B). To
examine the characteristics of the genes whose expression was
altered by the 3D culture, we performed a gene ontology (GO)
analysis of these differentially expressed genes (DEGs) (fold
change > 2.0, FDR < 0.1). The DEGs in 3D were more enriched
in terms of cell-matrix adhesion (GO:0007160) compared to
those in 2D (Fig. 2C), indicating that the 3D microenvironment
induces OPC functional changes at the transcriptional level.
Our 3D culture used collagen, which binds to receptors
expressed on the cell surface of OPCs, including integrin
receptors.*® We detected DEGs related to the integrin-mediated
signalling pathway (GO:007229, Fig. 2D), supporting the idea
that a collagen-based 3D culture also changes the gene
expression in OPCs depending on the interaction strength
with the microenvironment.

We next searched for DEGs related to our observation of the
difference in OPC proliferation between 2D and 3D cultures.
GO analysis revealed that DEGs were enriched in GO terms
related to the regulation of cell proliferation (Fig. 3A). We
detected low levels of Nog and Irp2, which were annotated with
the positive regulation of oligodendrocyte progenitor prolifer-
ation (G0:00070447)*"*? in the 3D culture (Fig. 3B), support-
ing our observation that the 3D culture showed a low ratio of
OPC proliferation compared to the 2D culture.

OPC proliferation is the initial process of remyelination,
but proliferated OPCs are required to differentiate into mature
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oligodendrocytes to successfully remyelinate. Therefore, we
investigated whether 3D culture-dependent transcriptional
changes in OPCs were involved in oligodendrocyte differen-
tiation. We found differences in the expression of genes anno-
tated with GO terms related to oligodendrocyte differentiation
(Fig. 3C: tir2, tnfrsfib, il33, and il34 were up-regulated, while
cxcrd was down-regulated) and myelination (Fig. 3D: egr2,
tnfrsfib, and trf were up-regulated, while myrf and s100b were
down-regulated). These results suggested that such an altera-
tion of gene expression in the 3D culture resulted in low sensi-
tivity to differentiation induction compared to that in the 2D
culture (Fig. 1E).

3.3. Improved OPC proliferation in a low collagen
concentration matrix

Finally, we assessed whether the phenotypic changes of the
OPC culture in 3D are affected by the density of collagen fibers
around the cells because 3D material properties such as
stiffness and degradability affect the stemness of neural pro-
genitor cells.>® In a preliminary experiment, we prepared
0.4-2.4 mg mL™" of collagen gel and confirmed that 0.6 mg
mL~" was the lowest concentration needed for polymerization
(data not shown). Thus, we decided to compare the OPC func-
tions in the collagen gel at 0.6 mg mL™" (low concentration)
and 2.4 mg mL™" (high concentration). Immunocytochemical
analysis revealed that OPC viability, which was measured by
the ratio of the number of CC3" Olig2" cells to the total
number of Olig2" cells, was not significantly different between
the groups (Fig. 4A and B; low concentration, 1.0 + 0.2%; high
concentration, 0.8 * 0.2%). However, OPC proliferation
measured by the ratio of the number of Ki67" Olig2" cells to
the total number of Olig2" cells was significantly higher in low
concentration cultures than in high concentration cultures
(Fig. 4C and Dj; low concentration, 7.4 + 0.3; high concen-
tration, 4.6 + 0.4%). There were no significant differences in
the mbp mRNA levels cultured in OPCs under induced differ-
entiation into oligodendrocytes between the groups (Fig. 4E).
These data suggest that increasing the microenvironmental
complexity by increasing the concentration of collagen gel
impairs OPC proliferation.

To explore the relationship between the collagen density
and OPC proliferation in the arrangement of microscale fiber
networks, we characterized the spatial distribution of collagen
fibers in the gels. The fluorescent images of collagen fibers
revealed a heterogeneous distribution of collagen fiber density
in the low concentration of collagen gel (0.6 mg mL™)
(Fig. 4F). We then measured the intensity of collagen signals
around Olig2" cells (Fig. 4G) and compared the distribution of
collagen intensity around the proliferating OPCs. Interestingly,
quantitative analysis revealed that proliferative Ki67" Olig2*
cells were more localized in areas with a lower collagen fiber
density than non-proliferative Ki67~ Olig2" cells (Fig. 4H-]).
These data indicate that OPCs sense collagen fiber densities
and change their proliferation phenomena, suggesting that
OPC proliferation can be tuned by the spatial distribution of
the collagen fiber density.

This journal is © The Royal Society of Chemistry 2023
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4. Discussion

In this study, we examined the phenotypic and gene expression
changes in OPCs using 2D and 3D collagen gel cultures and
found that OPCs have lower cell proliferation and differen-
tiation abilities in 3D cultures than in 2D cultures. We also
found that the phenotypic changes correlated with the
changes in gene expression related to cell proliferation, differ-
entiation, and myelin formation in OPCs. Furthermore, we
found that the reduction in cell proliferation was dependent
on the higher concentration of collagen encapsulated in the
3D culture.

OPCs cultured in our 3D culture system showed a reduction
in the proliferation rate compared to the conventional 2D
culture system, which was accompanied by robust changes in
the transcriptional properties. Regarding the role of collagen

This journal is © The Royal Society of Chemistry 2023

type I, the principal component of the matrix used for the 3D
culture, pathological deposition of the collagen type I-rich
ECM is the hallmark of fibrosis, which is a common response
to injury and inflammation and has also been found in CNS
injuries.>**> Although OPCs have been known to be ancho-
rage-dependent cells, and the interactions between the integ-
rins expressed by OPCs and ECM proteins play a key role in
the proliferation of OPCs,*° collagen type I has been reported
not to have an effect on the proliferation of OPCs when it was
coated on the plate of under 2D culture conditions.* In con-
trast, we found a OPC proliferation acitivity was reduced in col-
lagen-gel based 3D culture, suggesting that enriched inter-
action with collagen type I under 3D culture further alter
downstream signaling.*® Indeed, we found changes in the
expression of integrins, including the subunit of receptors for
collagen type I, such as Itga2, and downstream signaling mole-

Biomater. Sci, 2023, 11, 2860-2869 | 2865


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2bm01897g

Open Access Article. Published on 01 March 2023. Downloaded on 12/4/2025 2:04:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

A Regulation of cell proliferation
(G0O:0042127, FDR = 3.26E-03)

2D 3D

Statba
Anxa1

Tes
Ksr1
Nos2
Tnfrsfo
ll4ra
Pla2g4a
Slc7a11
Dusp15
Ptgs2
Ndrg1
Tnf
Hifla
Nfkbia
Cxcl10
116
Emilin1
Bid
Junb
Myd88
Pf4
RIn1

-3

View Article Online
Biomaterials Science
B Positive regulation of oligodendrocyte

progenitor proliferation
(G0:0070447, FDR = 2.68E-02)

2D 3D
Trf
Lyn
Nog
Lrp2
-3 K

C Positive regulation of oligodendrocyte
differentiation
(G0:0048714, FDR = 3.70E-01)

2D 3D
Tir2
Tnfrsflb
1133
134
Cxcr4
-3 . 3

D Positive regulation of myelination

(G0O:0031643, FDR = 1.78E-01)
2D 3D

Egr2
Tnfrsf1b
Trf

Myrf
S100b

-3 . 3

Fig. 3 3D culture causes expression changes in the genes of oligodendrocyte development. (A—D) Summary of DEGs related to the regulation of
cell proliferation (A), positive regulation of oligodendrocyte progenitor proliferation (B), positive regulation of oligodendrocyte differentiation (C),
and positive regulation of myelination (D). Heat maps show mean-centered log, (FPKM + 1) on the color scale. Rows and columns represent genes

and samples, respectively.

cules, supporting the notion that changes in the interaction
strength with the ECM affect the gene expression of OPCs,
whereby the culture dimension regulates cell proliferation.
Regarding OPC differentiation into oligodendrocytes, we
found that OPCs cultured in 3D showed a lower efficiency of
OPC differentiation. OPC differentiation is experimentally
induced using T3, the active form of the thyroid hormone,*”
which binds and activates thyroid hormone receptors, result-
ing in a change in the expression of genes involved in the cell
cycle of OPCs and promyelination.>®*® Although our RNA-seq
analysis revealed that OPCs cultured in 3D showed upregula-
tion of genes involved in thyroid hormone transport (slc16a10,
slc16a2, and crym), suggesting that OPCs cultured in 3D have
more effective uptake of T3 and change the responsiveness to
the extracellular differentiation factor, we obtained inconsist-
ent phenotypic results in that the OPCs cultured in 3D showed
a low differentiation efficiency compared to those in 2D. In
contrast, we detected a reduction in myrf,*® which is key to pro-
moting oligodendrocyte differentiation in OPCs cultured in
3D. Therefore, the differences in differentiation potency from
OPCs to oligodendrocytes between the culture dimensions

2866 | Biomater. Sci,, 2023, 11, 2860-2869

might be due to the changes in the intracellular properties
induced by the 3D process as opposed to the changes in the
response to extracellular chemical factors, which is supported
by previous findings that the extracellular matrix induces epi-
genetic modification.*® Although the 3D culture reduced both
the proliferation and differentiation of OPCs, the alterations in
the expression of genes related to “cellular senescence
(GO:0090398)” had different trends depending on genes (data
not shown), supporting that OPCs cultured in 3D would not be
in the senescence stage.

A 3D culture system using collagen gel allows for ease of
modulation of the mechanical properties of the cellular micro-
environment by changing the concentration of the collagen
solution. In our culture system, we used a similar concen-
tration of collagen to that expected under in vivo physiological
conditions: about 0.1% of human brain proteins are
collagens.”™ A low concentration of collagen gel offers
changes in the 3D microenvironmental spaces for the encapsu-
lated OPCs as follows: (i) a lower density of collagen fibers, (ii)
lower gel stiffness, (iii) a gel network with a larger mesh size,
etc. We found that OPCs cultured in low-concentration col-

This journal is © The Royal Society of Chemistry 2023
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lagen gel enhanced their proliferation activity compared to
those at high concentrations. Since the expression of genes
(nog, Irp2) involved in the “positive regulation of oligodendro-
cyte progenitor proliferation”**? is suppressed in 3D-cultured
OPCs compared to those cultured in 2D, the difference in OPC
proliferation between the collagen concentrations might be
due to the induction of gene expression that enhances OPC
proliferation. We also found that proliferative OPCs were
localized around the region of a lower collagen fiber density in
the low-concentration collagen gel system (Fig. 4G-I). It is con-
sidered that less opportunity for integrin-mediated cell
adhesion of OPCs to collagen fibers enhances cellular prolifer-
ation activities. However, OPCs on the collagen do not change
their proliferation activity,”> suggesting that the higher pro-
liferation of OPCs in the low-concentration collagen gel would
be mainly affected by the lower stiffness and expanded mesh
size at low concentrations of collagen gels. A previous study
using poly(ethylene glycol)-based hydrogels revealed that the
proliferation of OPC lines was dependent on the hydrogel
mesh size and stiffness, where the ATP concentration
increased more in the hydrogel with a larger mesh size and
lower stiffness.**

Composite hydrogels such as interpenetrating polymer net-
works (IPN) should expand the possibilities of precise control
of the cell proliferation and differentiation of OPCs. An IPN
hydrogel with collagen and hyaluronic acid (HA) as the major
components within the ECM of the brain shows an expanded
mesh size with thinner filaments within the collagen network,
resulting in enhanced neurogenesis compared to the collagen
hydrogel.* In addition to the stiffness and mesh size of hydro-
gels, matrix remodelling (i.e., matrix degradability) is also con-
sidered as a critical factor in determining cell fate.>* Indeed,
OPCs secrete degradation factors including matrix metallopro-
teinases,*> a urokinase plasminogen activator,*® and hyaluro-
nidase.”” Future investigation of the cellular and molecular
properties of OPCs affected by matrix stiffness and degradabil-
ity will contribute to establishing a method to evaluate the
function of OPCs under specific pathological conditions.

5. Conclusions

We characterized the phenotypic and transcriptomic pro-
perties of OPCs under 2D and 3D culture conditions. The 3D
culture system used in this study comprised of OPCs
embedded in the collagen-type-I ECM. This simple system
allowed monitoring of the direct effect of the physical pro-
perties of the microenvironment on OPCs, without the influ-
ence of other cells in the CNS, such as neurons and glial cells.
We found that OPCs cultured in 3D showed reduced prolifer-
ation and differentiation into oligodendrocytes compared to
those cultured in 2D, which was accompanied by robust
changes in the expression of genes involved in OPC prolifer-
ation and differentiation. We also found that OPCs cultured in
a low-concentration collagen gel enhanced their proliferation
activity compared to those cultured in a high-concentration

2868 | Biomater. Sci, 2023, 1, 2860-2869
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gel. Further investigation of the underlying molecular and
mechanical mechanisms of the changes in the OPC response
in a distinct ECM might lead to the development of new strat-
egies for demyelinating diseases. Regarding the versatility of
this model, using OPCs derived from human embryonic stem
cells or induced pluripotent stem cells and tuning the pro-
perties of the ECM would become a powerful tool for under-
standing disease pathology and for drug development of
demyelinating diseases.
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