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Abstract: We evaluated cell markers of oligodendrocyte-like cells (OLC) and neuron-like cells (NLC) 

differentiation from human adipose tissue-derived mesenchymal stem cells (hADSCs) cocultured on de-

cellularized sciatic nerves. OLC and NLC were incubated at a 10:1 ratio with decellularized rat nerves. 

We estimated the percentage of myelin basic protein (MBP)- and neurofilament protein (NFP)-positive 

cells. OLC and NLC cocultures showed an increase in positive cells for MBP and proteolipid protein 

(PLP) markers. Oligodendrocytes and neurons cocultured with sciatic nerve scaffolds promoted mye-

lination by OLC within 3 days, which remained stable for at least 21 days. We propose a reproducible 

experimental strategy to promote sciatic nerve myelination by coculturing hADSCs-derived OLC and 

NLC in nerve scaffolds. 
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Introduction 

Neurons and glia integrate the major cell type components of the central nervous system (CNS). Neurons 
promote the reception and transmission of nerve impulses, whereas glia (including astrocytes, oligoden-
drocytes, microglia, and ependyma-like cells) coordinates metabolic efficiency, mechanical support, and 
neuronal protection [1].  
Oligodendrocyte precursor cells (OPC) proliferate and differentiate into myelin-forming oligodendro-
cytes, which promote myelination and also efficiently support neuronal axons by wrapping them with 
multiple layers of their myelin-rich plasma membranes, maximizing and maintaining nerve impulse con-
duction [2]. Disruption of the oligodendrocyte-axon unit occurs in Alzheimer, demyelinating diseases, 
and traumatic injuries, resulting in low myelin production. Recent works propose that dead oligodendro-
cytes can be replenished from the adult OPC pool. Any loss of myelin can be regenerated during remye-
lination. These changes can prevent axonal degeneration and restore neuronal function [3]. There are two 
major myelin proteins: myelin basic protein (MBP) and proteolipid protein (PLP). They compose up to 
80% of the total myelin proteins [4].  
Myelin-associated glycoprotein (MAG) and myelin oligodendrocyte glycoprotein (MOG) contribute to 
myelin stability [5]. Selective molecular and cellular characterization of myelination is still not fully un-
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derstood. However, in vitro assays addressing oligodendrocyte and myelin biology have provided im-
portant advances in the field. Many mitogens and trophic factors, such as platelet-derived growth factor 
(PDGF), basic fibroblast growth factor (bFGF), triiodothyronine (T3), progesterone, insulin-like growth 
factor 1, and transferrin, among others, promote OPC proliferation, maturation, and survival, which cor-
relate with the A2B5 and neuron-glial antigen 2 (NG2) markers [6–11]. Mature myelinating oligodendro-
cytes sequentially express galactosylceramidase (GalC), PLP, MBP, MAG, and MOG. Surface ligands, 
secreted molecules, and axonal activity control the myelination of individual axons by oligodendrocytes 
[12]. 
In vitro models have documented the efficacy of transplantation in multifunctional three-dimensional 
(3D) scaffolds, stem cell-derived cell lineages, metabolic substrates, and vitamin cofactor exposure or 
selective genomic-cell differentiation into an injured area, as potential therapeutic strategies favoring neu-
ronal regeneration and improvement of motor function [13]. Autologous peripheral nerve transplantation 
into a chronic spinal cord injury (SCI) has shown clinical improvements in motor sensitivity and function 
in patients avowing graft rejection. Recent reports showed that autologous peripheral nerve grafts, along 
with a chitosan-laminin scaffold and bone marrow-derived mesenchymal stem cells, promoted axonal 
regeneration [14]. Chemical methods can help designing acellular peripheral nerve scaffolds that provide 
structural support and beneficial properties for cell growth, allowing axonal regeneration, including high 
availability, low immunogenicity, and an intact 3D structure resembling the nerve tissue [15]. Because of 
the lack of effective therapies that promote myelinization by oligodendrocytes, we propose a model that 
improves the myelinating activity of oligodendrocyte-like cells (OLC) through coculture with neuron-
like cells (NLC) on decellularized sciatic nerves as scaffolds.  
 

Materials and Methods 

Isolation and culture of human adipose tissue-derived mesenchymal stem cells (hADSCs) 

Adipose tissue was obtained from patients who underwent voluntary liposuction and signed informed 
consent. Adipose tissue was collected into two tubes of 50 mL each. It was washed three times in sterile 
0.1 mM phosphate-buffered saline (PBS) solution and twice in PBS supplemented with 2.5 µg/mL 
amphotericin B and 100 µg/mL gentamicin (PBSs). Adipose tissue was cut into small portions using a 
scalpel and digested with collagenase I (0.04 g/mL) under magnetic stirring at 37 °C for 90 min. The 
digested tissue was stored in a conical 50 mL centrifuge tube. Cells were washed, suspended with 5 mL 
PBS, and centrifuged at 5,000 rpm for 10 min; they were then resuspended in 5 mL of Dulbecco’s 
Modified Eagle Medium (DMEM)/F12 (GIBCO-BRL, Grand Island, NY, USA) supplemented with 10% 
fetal bovine serum (FBS, GIBCO-BRL), 50 µg/mL gentamicin, and 2.5 µg/mL amphotericin 
(DMEM/F12s). Adipocytes were seeded in 25 cm2 cell culture flasks and incubated at 37 °C, 5% CO2, 
until they reached 80% confluence. Adherent cells were detached by incubation with a 0.25% trypsin-
EDTA solution (GIBCO-BRL), washed with PBS, and seeded again as required in five 25 cm2 flasks with 
5 mL of DMEM/F12s, supplemented as described above. 

hADSCs characterization by immunocytochemistry  

After reaching the third passage and 80% confluence, adherent cells were detached using a 0.25% trypsin-

EDTA solution. Viable cells were quantified through the Trypan Blue exclusion assay. Then, 1105 viable 
cells were seeded per well on 4-well plates (Nunc 177399 Lab-Tek ChamberSlid, ThermoScientific) and 
incubated at 37 °C and 5% CO2 until they reached 80% confluence. Monolayers of cultured cells were 
then washed with PBS, fixed with 500 μL 1:1 (v/v) methanol-acetone solution for 20 min at 4 °C, washed 
again with PBS, and stored at 4 °C until use. hADSCs were characterized with typical markers of 
mesenchymal stem cell lineage, by immunocytochemistry, using the anti-CD34 and anti-CD90 (1:200, 
USBiological, Salem, Massachusetts, USA) and anti-CD105 (1:10, Abcam, Cambridge, UK, C2446-55) 
monoclonal antibodies, followed by the mouse and rabbit specific HRP/DAB detection system (Abcam, 
Cambridge, UK, No. ab64264), according to the manufacturer’s instructions. Slides were analyzed with 
a Nikon Eclipse 50i microscope, equipped with a Sight DS-2MV XCite120 EXFO camera.  

Morphometric analysis of hADSCs 

We analyzed six random images to determine the percentage of CD90+, CD34+ and CD105+ 
immunoreactivity, using the Nikon system (Nikon, Konan, Minato-ku, Tokyo, Japan). The quantitative 
signal was determined with the ENIS-elements BR 2.30 software (ENIS-Elements B12 Model 2.30, 

Nikon). The mean number of CD90+, CD34+ and CD105+ cells  100/total number of cells was 
determined. 

Differentiation of hADSCs into OLC  
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hADSCs in the fourth passage were differentiated into OLC following the procedure described by 

Abbaszadeh and colleagues [16]. Briefly, 1105 cells were inoculated in 25 cm2 flasks in DMEM/F12 
medium supplemented with 2% DMSO (Sigma-Aldrich, St. Louis, MO, USA), 50 µg/mL gentamicin, 
and 2.5 µg/mL amphotericin, for 24 h. To promote hADSCs differentiation into OLC, the medium was 
replaced by DMEM/F12 supplemented with 15% FBS and 1 µM all-trans retinoic acid (ATRA) 
(Calbiochem, Merck KGaA Darmstadt, Germany), and incubated for 72 h. Then, the medium was 
replaced by DMEM/F12 supplemented with 10 ng/mL bFGF (Peprotech,Rocky Hill, NJ INC., USA), 5 
ng/mL platelet-derived growth factor AA (PDGF-AA) (Peprotech INC., Rocky Hill, NJ, USA), and 200 
ng/mL heregulin (Peprotech) for an additional 48 h. Complete differentiation was achieved by adding 35 
ng/mL T3 (Sigma) to the medium and incubating for 48 h. Cultures were maintained in DMEM/F12 
supplemented with 10 ng/mL bFGF, 5 ng/mL PDGF-AA, 35 ng/mL T3, and 200 ng/mL heregulin 
(DMEM/F12s). 3D culture of differentiated cells was performed using DMEM/F12s and Matrigel as an 
extracellular matrix (ECM) (1:4) and incubated at 37 °C, 5% CO2, for 72 h. Cells were released from this 
matrix by incubation with 200 IU/mL collagenase I (Sigma-Aldrich, Mexico) for 4 h and gently mixed 
with a pipette.  

Phenotypic and genomic characterization of OLC  

OLC identity was confirmed by immunocytochemistry using MBP (1:250, Abcam, Cambridge, MA, 
USA) and PLP (1:100, Abcam, Cambridge, MA, USA) antibodies, two major and typical markers of 
mature oligodendrocytes. Also, histological sections of gray and white matter from a human brain were 
used as positive and negative controls. For genomic characterization of OLC, RNA was extracted with 
the RNeasy Lipid Tissue kit (Qiagen, CA, USA), following the manufacturer’s directions. RNA integrity 
was verified by agarose gel electrophoresis, by confirming high quality and non-degraded RNA through 
the presence of 28S and 18S rRNA subunits. For each sample, 250 ng RNA were treated with DNase I 

(1U/L, Invitrogen) according to the manufacturer’s instructions, to remove DNA (2 L DNase I per 10 

L RNA). RNA was then used to synthesize complementary DNA (cDNA) using a commercial kit of 
reverse transcriptase (Invitrogen) and following the instructions provided by the brand. All cDNA 
samples were diluted 1:5 prior to quantitative real-time PCR (qPCR) analysis. 

Primers and qPCR of OLC markers  

Genomic characterization of OLC was performed by analyzing the mRNA expression of seven 
representative genes from mature oligodendrocytes: 2’,3’-cyclic-nucleotide 3’-phosphodiesterase 

(CNPase), oligodendrocyte transcription factor 2 (Olig2), MOG, O4, PDGFR-, Nestin and NG2. End-
point PCR primers were used: CNPase (523 bp) Fw 5’-AACTGACCCTCCCTTCCTGT-3’, Rev 5’-
GGTAAATAGCCCCAGCCTTC-3’; Olig2 (286 bp) Fw 5’-TAAAAGGCAGTTGCTGTGGA-3’, Rev 
5’-GACGCTACAAAGCCCAGTTT-3’; MOG (280 bp) Fw 5’-TTGGTGAGGGAAAGGTGACT-3’, 
Rev 5’-TCAAAAGTCCGGTGGAGATT-3’; O4 (348 bp) Fw 5’-CTACTGCTCTGGGTCCCAGG-3’, 

Rev 5’-CTGCCACTGAACCGAGATGG-3’; PDGFR- (116 bp) Fw 5’-
CGCTTCCTGATATTGAGTGG-3’, Rev 5’-TCGGGAGTGGATCTCCGTGA-3’; Nestin (388 bp) Fw 
5’-TCCAGGAACGGAAAATCAAG-3’, Rev 5’-TAGAGACCTCCGTCGCTGTT-3’; NG2 (271 bp) Fw 
5’-ACTGGCTAGGGGTGTCAATG-3’, Rev 5’-TCCTCAAGGTCCTGCTGAGT-3’. Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was used as an internal control (470 bp): Fw 5’-
CCATCACCATCTTCCAGGAGCG-3’, Rev 5’-AAGGCCATGCCAGTGAGCTTC-3’. The conditions 
for the amplification of the GAPDH gene were 95 °C for 5 min, 30 cycles (94 °C for 1 min, 55 °C 1 min 
and 72 °C 1 min) and 72 °C for 6 min. For Nestin, Olig2, CNPase and MOG genes, the amplification 
conditions were: 95 °C for 5 min, 30 cycles (94 °C for 1 min, 58 °C for 1 min and 72 °C for 1 min) and 

72°C for 5 min. For PDGFR-: 95 °C for 5 min, 30 cycles (94 °C for 1 min, 62 °C for 2 min and 72 °C 
for 2 min) and 72 °C for 5 min. For NG2: 95 °C for 5 min, 30 cycles (94 °C for 1 min, 60 °C for 1 min 
and 72 °C for 1 min) and 72 °C for 5 min. For O4: 95 °C for 5 min, 32 cycles (94 °C for 30 s, 55 °C for 
30 s and 72 °C for 30 s) and 72 °C for 10 min. GoTaq Green Master Mix (Promega, Madison, WI, USA) 
was used. We also used hADSCs and brain tissue as negative and positive controls of OLC, respectively. 
Different RNA amounts (54-154 ng) were used to synthesize cDNA using a reverse transcriptase 
commercial kit (Invitrogen). Amplified products (250 ng) were loaded onto a 1% agarose gel, followed 
by electrophoresis at 90 V, stained with ethidium bromide, and visualized under ultraviolet light to 
determine qualitative genomic expression.  

For the MBP gene, a 275 bp fragment was amplified using Fw 5’-CTGGGCAGCTGTTAGAGTCC-3’ 
and Rev 5’-CTGTGGTTTGGAAACGAGGT-3’ primers. For the PLP gene, a 247 bp fragment was 
amplified using Fw 5’-GGCGACTACAAGACCACCAT-3’ and Rev 5’-
AGGTGGTCCAGGTGTTGAAG-3’ primers. Amplification was performed using standard qPCR 
conditions in the 7500 FAST Real-Time PCR Detection System (Applied Biosystems). 

Differentiation of hADSCs into NLC 
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hADSCs in their fourth culture passage were induced to differentiate into NLC following the protocol 
reported by Jang and colleagues [17]. Briefly, 100,000 cells were seeded in 25 cm2 flasks containing 
DMEM/F12 with 1% FBS, 100 ng/mL bFGF, 50 ng/mL gentamicin, and 2.5 µg/mL amphotericin B and 
incubated for 7 days. Cells were exposed to an induction medium containing 1% FBS, 100 ng/mL bFGF, 
10 µM forskolin (Sigma-Aldrich, St. Louis, MO, USA), 50 µg/mL gentamicin, and 2.5 µg/mL 
amphotericin B in DMEM/F12 medium for the following 7 days. Neuronal identity was characterized by 
immunocytochemistry using anti-neurofilament protein (NFP) antibodies (1:2, Leica Biosystems). 
hADSCs and the C6 glioblastoma cell line were used as negative and positive controls, respectively. 

OLC and NLC monolayer coculture 

OLC and NLC were seeded at a 10:1 ratio (200,000/20,000) in 4-well plates of the Chamber Slide System. 
Each well contained 1000 µL of coculture medium, which consisted of DMEM/F12 medium 
supplemented with 1% FBS, 35 ng/mL T3, 100 ng/mL bFGF, 5 ng/mL PDGF, 200 ng/mL heregulin and 
10 µM forskolin (DMEM/F12co). Cultures were incubated for 7 days at 37 °C, 5% CO2, and the medium 
was replaced by fresh DMEM/F12co medium every third day. OLC and NLC were characterized by 
immunocytochemistry as described above. All assays were performed in triplicate. 

Decellularization/demyelination of rat sciatic nerves 

Sciatic nerves of Wistar rats were obtained following the ethics and safety guidelines for animal research. 
Sciatic nerves were cleaned and isolated from connective tissue. Nerves were cut into 20-mm long 
fragments and decellularized following the protocol described by García-Pérez and colleagues [18]. 
Briefly, sciatic nerves were cleaned with distilled sterile water and submerged in ultrapure water for 10 
h. Water was replaced every 2 h; then, the nerves were submerged in a 3% Triton X-100 solution 
overnight, and then in a 4% sodium deoxycholate solution for the following 24 h. During all the 
procedures, the sciatic nerves were shaken at 500 rpm, and the sequence above was repeated for 15 days. 
Finally, decellularized nerves were cleaned one last time with ultrapure water, submerged in PBS, and 
stored at 4 °C until further use. 

Morphological analysis of rat sciatic nerves  

Decellularized sciatic nerves and controls (non-decellularized sciatic nerves) were fixed with 2.5% 
glutaraldehyde solution and stained with hematoxylin-eosin (H & E) to visualize cell nuclei. Masson’s 
trichrome staining was used to visualize collagen I fibers (blue), contrasting with red cytoplasm and 
violet/brown nuclei. Immunohistochemistry against MBP (1:250, Abcam) was also performed to 
characterize the demyelination ratio. 

Oligodendrocyte-neuron coculture in decellularized sciatic nerves 

Decellularized sciatic nerves were softly and carefully injected with 50 µL cell suspension containing 

1106 oligodendrocytes/mL and 1105 neurons/mL in DMEM/F12co. Sciatic nerves were seeded in 24-
well plates and incubated in DMEM/F12co at 37 °C, 5% CO2, for 3, 7, and 21 days. The medium was 
replaced every third day by fresh DMEM/F12co medium. After the incubation period, sciatic nerves were 
fixed with Carnoy’s solution (6:3:1 (v/v) ethanol:acetic acid:chloroform) for 24 h and sectionned 

longitudinally (4 M) using a microtome. The nerves were stained with H & E, and oligodendrocytes and 
neurons were identified by immunohistochemistry against MBP, PLP, and NFP. All experiments were 
performed in triplicate after every incubation.  

Densitometry and statistical analysis  

ImageJ and GraphPad Prism softwares were used to measure the density units (DUs) in the control and 
test nerves to make a subsequent comparative analysis. For the statistical analysis of the 
immunohistochemistry results, six randomized power fields of every slide were analyzed with the ImageJ 
software version v5, which was used to quantify the number of positively stained cells and the optical 
DUs. All data are presented as means ± SEM. All statistical analyses, including normality of data 
distribution testing, were performed using GraphPad Prism 7.01 and IBM SPSS version 22, and a 
corrected p-value < 0.05 was considered significant. 

 
Results 

Characterization of hADSCs, oligodendrocytes and neurons by immunocytochemistry 

We selectively isolated mesenchymal stem cells from adipose tissue lipoaspirate. Primary culture cells 
from the lipoaspirates were 85% positive for both CD90 and CD105, and 90% positive for CD34, com-
pared with the negative control (Fig. 1A-D). Adherent cells displayed a spindle shape, resembling the 
typical mesenchymal stem cell phenotype. Fig. 1G shows differentiated hADSCs displaying round and 
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voluminous cell bodies, integrating long and tiny multiple prolongations, suggestive of the oligodendro-
cyte-like appearance. Immunohistochemical characterization showed that, after differentiation into OLC, 
there was 22.26 ± 5.12% NFP expression, 13.36 ± 7.25% MBP expression, and 15.37 ± 5.73% PLP ex-
pression. Neither MBP nor PLP were detected in non-differentiated hADSCs, compared with the OLC 
(Fig. 1H). We also found that 76.8 ± 10.4% of hADSCs preserved the fibroblast-like morphology of the 
mesenchymal stem cell phenotype. The immunohistochemistry of the NFP marker in the control cells and 
neurons is shown in Fig. 1I-L. 
 

 

Figure 1. Morphological characterization and cell surface markers of hADSCs, oligodendrocytes, and neurons. 
(A) CD105-negatively stained jejunum. (B) CD105-positively stained central vein endothelium in the human liver. 
(C) hADSCs stained in the third passage, showing a typical mesenchymal stem cell phenotype. (D) Unstained 
hADSCs. (E) MBP-negatively stained white matter, processed with no primary antibody. (F) MBP-positively stained 
human brain tissue. (G) hADSCs differentiated into oligodendrocytes and stained with MBP. (H) hADSCs stained 
with the anti-MBP primary antibody. (I) NFP-negatively stained C6 cells, processed with no primary antibody. (J) 
NFP-positively stained C6 cells. (K) hADSCs differentiated into neurons and stained with anti-NFP primary anti-
body. (L) hADSCs stained with anti-NFP primary antibody. Black arrows show cells with positive signal (with brown 
color), and yellow arrows show cells with negative signal. 

Molecular characterization of hADSCs-derived oligodendrocytes by qPCR 

Qualitative RNA expression was shown for GAPDH, Nestin, Olig2, CNPase, MOG, PDGFR-α, NG2, 
and O4 (Fig. 2A). When compared to undifferentiated hADSCs, OLC differentiated from hADSCs show 
a significant increase in Nestin, CNPase, and PDGFR-α gene expression (p < 0.05) (Fig. 2B), supporting 
an early and late oligodendrocyte differentiation phenotype. Also, the expression of MBP and PLP genes 
was higher in OLC (p < 0.05) (Fig. 2C). There was no expression of Olig2, MOG, NG2, and O4 in 
differentiated cells (OLC). 
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Figure 2. Expression levels of oligodendrocyte representative genes. (A) Agarose gels showing amplified PCR 
products of Nestin, Olig2, CNPase, MOG, PDGFR-α, NG2, O4 genes, and GADPH as a housekeeping gene. (B) 
Gene expression levels of Nestin, CNPase, and PDGFR-α in hADSCs, oligodendrocytes, and brain (positive control) 
(from three independent experiments, performed in triplicate). (C) Relative expression (2-ΔΔCt) of MBP and PLP 
genes in cells treated to differentiate compared to untreated cells. Quantitative analysis of qPCR data using one-way 
ANOVA followed by the Bonferroni post-hoc test (n = 2, performed in triplicate). *p < 0.05.   

OLC and NLC coculture 

We characterized the differentiation of hADSCs into NLC. Figure 3A shows the phenotypic traits of NLC, 
displaying a pyramidal cell body with one or two long emerging prolongations and a dendrite-like ap-
pearance. Immunohistochemical analysis also confirmed that 10.50 ± 4.49% of cells were expressing NFP 
(Fig. 3D). We observed that hADSCs-derived oligodendrocytes and neurons could fully coexist and in-
teract with each other, preserving the typical morphology and cell lineage identity at least 15 days post-
differentiation (Fig. 3D-G). Notably, co-culturing oligodendrocytes-neurons dramatically increased cell 
differentiation markers, showing an increase in MBP-positive cells from 13.65 ± 7.73% to 81.54 ± 8.26%, 
in PLP-positive cells from 15.37 ± 5.73% to 89.28 ± 8.23%, and in NFP-positive cells from 10.50 ± 4.49% 
to 22.26 ± 5.12% (Fig. 3H). These data confirm that hADSCs-derived oligodendrocytes and neurons can 
coexist and interact with each other, favoring phenotypic and molecular differentiation profiles for each 
lineage. 

 

 
Figure 3. Morphological characterization and cell surface markers of oligodendrocytes and neurons in cocul-
ture, as observed under an inverted bright-field microscope. (A) hADSCs differentiate into oligodendrocytes (the 
yellow arrow shows the cell body and red arrows the cytoplasmic extensions). (B) hADSCs differentiate into neurons. 

(C) hADSCs. (D) Immunohistochemistry against MBP in oligodendrocytes in coculture with neurons (10 magnifi-

cation). (E) Immunohistochemistry against NFP in neuron coculture with oligodendrocytes (40 magnification). (F) 
Positively stained MBP in oligodendrocyte coculture with neurons. (G) Positive staining for PLP (black arrow) in 
oligodendrocytes in coculture with neurons; the yellow arrow shows a negatively stained cell. (H) Percentage of cells 
positively stained for NFP, MBP, and PLP markers for oligodendrocytes alone (black bars), and in coculture with 
neurons (gray bars). 

Decellularized sciatic nerves as scaffolds 

Rat sciatic nerves were decellularized through exposure to 3% Triton X-100 and 4% sodium deoxycholate 
solutions for 15 days (see Materials and Methods). We confirmed that decellularized sciatic nerves ex-
hibited absence of cell nuclei (Fig. 4A, B). No morphological changes were observed on collagen fibers 
in decellularized nerves compared with non-decellularized sciatic nerves (Fig. 4A, B), confirming that 
the decellularization protocol does not affect the ECM. Of note, myelin staining in decellularized nerves 
was dramatically decreased (Fig. 4C, D). These data are compatible with a reliable experimental protocol 
of sciatic nerve decellularization that efficiently depletes myelin from nerves, keeping the ECM unaltered 
and providing a proper scaffold. 
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Figure 4. Decellularization of rat sciatic nerves. (A) H & E staining of non-decellularized sciatic nerves; black 
arrows denote cell nuclei. (B) H & E staining of the decellularized sciatic nerve; absence of black arrows denotes the 
absence of cell nuclei. (C) Immunohistochemistry of non-decellularized sciatic nerves against MBP, confirming my-
elin integrity. (D) Immunohistochemistry of demyelinated sciatic nerves against MBP, confirming myelin absence. 

OLC and NLC coculture using the decellularized nerves as a scaffold  

DAPI-stained decellularized sciatic nerves exhibited absence of cell nuclei and remnants of genetic ma-
terial (Fig. 5A). Scaffold recellularization by co-culturing hADSCs-derived OLC and NLC shows full 
and homogeneously conserved DAPI-stained nuclei resembling OLC and NLC (Fig. 5A, B), confirming 
proper cell implantation inside the sciatic nerve. Also, time-dependent decellularized/demyelinated lon-
gitudinal scaffold tracts substantially ablated MBP synthesis to 0.47 ± 0.14 DUs by days 3, 7, and 21 (Fig. 
5J-L), compared with control scaffolds showing preservation of MBP staining to 74.3 ± 6.3 DUs values 
(Fig. 5D-F). Notably, recellularization of scaffolds by the coculture of OLC and NLC substantially re-
covered MBP synthesis, showing 8.9 ± 0.88 DUs by day 3 (p < 0.0001) (Fig. 5C, G), 7.34 ± 0.11 DUs by 
day 7 (Fig. 5C, H), and 5.10 ± 0.11 DUs by day 21 (p < 0.0001) (Fig. 5C, I), when compared with decel-
lularized/demyelinated scaffolds (Fig. 5C, J-L). The morphological appearance of myelin by day 3 shows 
an irregular distribution and becomes stable, acquiring a tract-like arrangement resembling control sciatic 
nerve tracts, which are preserved by day 21 (Fig. 5C). 
 

 

Figure 5. Recellularization of sciatic nerves with hADSCs-derived oligodendrocytes and neurons. (A) Decellu-

larized and (B) recellularized sciatic nerve with oligodendrocytes and neurons stained with DAPI (4 magnification). 
(C) DUs of immunohistochemistry against MBP denote myelin levels; nerve without decellularization as a control 
(D-F), recellularized with oligodendrocytes and neurons (G-I) and decellularized (J-L) sciatic nerve by days 3, 7, 

and 21 (15 magnification). ns, not significant; *p < 0.05. 
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Discussion 

Diseases of the central and peripheral nervous systems remain a challenge for clinical therapeutics. Major 
neurodegenerative diseases involve damage in oligodendrocyte-myelin and axon-neuron interactions. 
Scaffold assistance in cell therapy from hADSCs-derived cells might be an ideal source for treatment, 
based on their cell specificity, abundance, and availability [19,20]. In contrast to the classical stem cell 
therapeutic approaches, fully differentiated cells might integrate mature functional dynamics, create 
higher intercellular crosstalk at the cell-cell junction, and efficiently communicate with host cells [21]. In 
vitro differentiation of stem cells into other specific cell lineages will decrease the potency of these cells 
and increase the risk of tumor development [22].  
Previous studies have shown that hADSCs actively differentiate into selective cell identities, including 
ectodermal, mesodermal, and endodermal lineages. Their differentiation into neurons and glial cells has 
also been widely explored. In this work, we differentiated hADSCs into oligodendrocytes with the method 
reported by Abbaszadeh and colleagues [16], and successfully achieved 81% bone marrow stromal cell 
transdifferentiation into OLC. Our results show that hADSCs-derived cells display a typical oligodendro-

cyte morphology in two-dimensional (2D) and 3D matrices, along with PDGFR- and CNPase gene ex-
pression; however, maturation markers (MBP and PLP) were expressed in < 15% of cells. Recently, Zhou 
and co-workers demonstrated that mesenchymal stromal cells from human bone marrow with hADSCs 
had higher growth factor expression, promoting axonal growth and less demyelination in a SCI murine 
model [23]. Additional reports have shown that stem cells, such as spermatogonia stem cells, endometrial 
stromal cells, mouse induced pluripotent stem cells (IPS), and human IPS, can also differentiate into 
oligodendrocytes, reporting > 80% of cells expressing Olig2, which, along with the PDGFR-α gene, re-
sembles the expression signature of OPC based on the MBP and glial fibrillary acidic protein (GFAP) 
genes [13,21,24–27]. The coculture and the oligodendrocyte medium contain PDGF, which, through 
PDGFR, leads to a rapid increase in the proportion of oligodendrocyte precursors. However, we did not 
use different concentrations, so it is not an inducer of differentiation, and we did not detect Olig2 expres-
sion in OLC, potentially because Olig2 expression defines the OPC state. Olig2 expression is dependent 
on T3 concentration. Throughout the duration of our study and with the T3 concentrations used, Olig2 
was not detectable. We believe that the detection of Olig2 may require higher concentrations than those 
assayed in this work. We also evaluated the differentiation percentage of OLC using immunohistochem-
istry of MBP as a protein marker of mature oligodendrocytes, associated with myelinization. Furthermore, 
we differentiated NLC using the protocol by Jang and co-workers [28]. Cells exhibited neuron-like mor-
phology in 2D cultures and expressed the NFP marker, which efficiently confirms the presence of the 
major structural protein in the axonal network of neurons. Other markers that have been proposed for the 
identification of the maturation of oligodendrocytes and neurons are MBP, MAG, MOG, GalC and eno-
lase 2, neuron-specific enolase (NSE), neuronal nuclear protein (NeuN), microtubule-associated protein 
2 (MAP2), beta-III tubulin and growth associated protein 43 (GAP-43), but they were not evaluated in 
this work [3]. 
In a recent work, a 1:1 ratio of glial cells to neurons was shown in brain, but the posterior gray matter of 
the human spinal cord within the T8-T11 vertebral region was in the 11:1 to 13:1 range. This is the main 
area where damage occurs in patients with SCI [29]. Our work proposed a simple method that improves 
myelin expression of oligodendrocytes by coculturing OLC and NLC at a 10:1 ratio, exposed to FBS and 
growth factors such as trans-retinoic acid, T3, bFGF, PDGF, heregulin, and forskolin, in short culture 
periods. Our results demonstrated an increase in MBP immunoreactivity in 80% of the cells after seven 
days of coculture. Furthermore, we preserved the mutual interplay between oligodendrocytes and neurons 
as cell monolayers, denoting a typical 2D organization. Some authors have suggested that a 2D culture 
cannot precisely allow cell interactions to reproduce functional cell dynamics [30]. 3D structures, such as 
organoid methodologies or scaffolds, are required to achieve this goal [13,31].  
Growth factors, such as bFGF and forskolin, which are not normally present in the oligodendrocyte dif-
ferentiation medium, were added to the coculture medium. In turn, bFGF was added to the coculture 
medium at concentrations 10-fold higher than those usually used to differentiate oligodendrocytes using 
the protocol by Abbaszadeh and colleagues [16], as the fibroblast growth factor (FGF)/fibroblast growth 
factor receptor (FGFR) pathway plays a central role in the cell cycle of oligodendrocytes and their pro-
genitors. Furthermore, it has been found that it could be a target to improve myelination and increase 
OLC differentiation. In vivo studies have shown that FGFR2 ablation in oligodendrocytes, but not FGFR1 
signaling, attenuates myelin gene expression and myelin growth. As it was recently demonstrated, FGFR2 
might play an important role in the reception and transmission of FGF signals, potentially presented by 
axons, to promote myelin growth [32]. In future studies, it would be interesting to explore if this mecha-
nism applies to myelination using different bFGF concentrations in a coculture medium.  
Another growth factor used in the culture medium was forskolin, which activates cyclic adenosine mono-
phosphate (cAMP) synthesis, leading to the activation of neuroprotective signal cascades, and has been 
reported to regulate neuronal specification and to promote axonal regeneration. Both FGF2 and forskolin 
are FDA-approved reagents. Therefore, they may be involved in the clinical setting [33]. The culture 
medium was tested on both oligodendrocytes and neurons alone, which, in turn, allowed the conclusion 
that NLC and OLC, in combination with coculture media, enhance marker detection. In Fig. 3A, we show 
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oligodendrocytes with classic morphology in 3D culture, as compared with previous reports [34]; how-
ever, evidence of cell interaction and functionality is needed. We tested the differentiation of the coculture 
of OLC and NLC in decellularized rat sciatic nerves as scaffolds based on this proposal. 
Acellular scaffolds are designed by selective chemical methods to provide structural support for cell 
growth, allowing axonal regeneration, high availability, low immunogenicity, and an intact 3D structure 
resembling nervous tissue [35–37]. The sciatic nerve, when used as a scaffold, can provide a more favor-
able environment for cell survival, as well as a trophic support for cells. A recent study showed that this 
environment was not fully favored, as researchers used a fully decellularized scaffold, preserving the 
ECM only, but not growth factors that would have helped promoting further cellular differentiation [38]. 
Among its advantages, this technology provides unlimited availability, low immunogenicity, and an intact 
3D structure, similar to that of nerve tissue [39]. It was important to eliminate all cell remnants and to 
determine the basal levels of myelin in decellularized nerves in order to assess the potential of the OLC 
and NLC coculture and growth factors. We performed sciatic nerve decellularization by exposing the 
nerve to 3% Triton X-100 and 4% sodium deoxycholate solutions for 15 days [18]. We successfully pro-
duced a stable and defined scaffold that lacked cell bodies, as evidenced by the absence of DAPI staining 
and immunohistochemistry against MBP [40]. Chemical decellularization has been shown to variably 
remove growth factors from tissues and cells, which might limit cell differentiation and proliferation [36]. 
While some reports have documented that decellularization by chemical treatments can preserve remnants 
of growth factors that increase cell growth, we did not evaluate if changes in growth factors were affected 
or promoted in our experimental design [41]. These changes could be a workable aim for future experi-
mental approaches [42,43]. Finally, one of the most significant contributions of our work is the positive 
increase in myelination of the scaffold upon coculturing OLC and NLC. After three days of coculturing, 
we detected an increase in MBP immunoreactivity in the decellularized sciatic nerve. We may expect that 
the results observed with OLC and NLC will be the maximum amount of myelin detected, as demon-
strated on 2D culture. It was important to determine the distribution of each type of cell within the scaf-
fold. However, it was difficult to detect NLC due to their low percentage in the scaffold.  
OPC are susceptible to oxidative stress, directly influencing oligodendrocyte differentiation. Hence, 
changes in oligodendroglial function in response to differences in oxygen concentrations may also be 
mediated via hypoxia-inducible factor 1α (HIF-1α). In recent studies, in OLN93 cells (oligodendroglia 
cell line derived from primary rat brain glial cultures) under 5% O2, HIF-1α knockdown decreased the 
expression of MBP and CNPase, similar to that observed at 21% O2 [44]. Other authors have shown that 
oxygen deprivation for 48 h does not significantly change MBP expression of differentiated oligodendro-
cytes; however, chronic hypoxia may induce myelin loss and neurodegeneration [45]. As expected, MBP 
expression shows a time-dependent decrease from day 3 to day 21. We propose that this decrease is due 
to a low concentration of growth factors and/or oxygenation in the culture medium and the scaffold, since 
it is tentative to expect a lack of infiltration into the tissue [46]. However, it would be interesting to 
measure HIF-1α levels in future studies, to ascertain the role it plays in cell differentiation. 
Previous work has shown that IPS-derived OPC could rescue a mouse model of hypomyelination that 
required over 120 days [47]. Additionally, it was also shown that an injectable peripheral nerve matrix 
can improve cell transplantation efficacy in the repair of SCI by using Schwann cells [48,49]. According 
to the authors, peripheral nerve, as an experimental model, provides generous support for spinal cord 
survival and myelination, axon growth, and locomotor recovery in rats [48]. Other reports propose that 
allografts of decellularized nerves could be used to connect and direct axonal growth after SCI, and are a 
key element in future clinical applications [50]. This evidence supports our current experimental work, 
underlining the advantages of scaffolds from decellularized nerves based on their accessibility and bio-
compatibility with resident cell lineages. In any case, a greater understanding and comprehension of the 
scaffold’s biology and its interaction with oligodendrocytes and neurons in an in vivo model is required 
to ensure the absence of an immunogenic response in the host and the functionality in the cell microenvi-
ronment under vascular flow. Based on our experimental evidence, for future studies, it is necessary to 
evaluate other components that align axon growth and to analyze electrical conduction to validate the 
functionality of scaffold myelination. 
In conclusion, we established a model to enhance the myelinating activity of OLC using NLC, growth 
factors, and nerves as scaffolds. 
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