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Abstract  
MiR-219 and miR-338 (miR-219/miR-338) are oligodendrocyte-specific microRNAs. The overexpression 
of these miRs in oligodendrocyte precursor cells promotes their differentiation and maturation into oligo-
dendrocytes, which may enhance axonal remyelination after nerve injuries in the central nervous system 
(CNS). As such, the delivery of miR-219/miR-338 to the CNS to promote oligodendrocyte precursor cell 
differentiation, maturation and myelination could be a promising approach for nerve repair. However, 
nerve injuries in the CNS also involve other cell types, such as microglia and astrocytes. Herein, we investi-
gated the effects of miR-219/miR-338 treatment on microglia and astrocytes in vitro and in vivo. We found 
that miR-219/miR-338 diminished microglial expression of pro-inflammatory cytokines and suppressed as-
trocyte activation. In addition, we showed that miR-219/miR-338 enhanced oligodendrocyte precursor cell 
differentiation and maturation in a scratch assay paradigm that re-created a nerve injury condition in vitro. 
Collectively, our results suggest miR-219/miR-338 as a promising treatment for axonal remyelination in the 
CNS following nerve injuries. All experimental procedures were approved by the Institutional Animal Care 
and Use Committee (IACUC), Nanyang Technological University (approval No. A0309 and A0333) on 
April 27, 2016 and October 8, 2016. 
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Introduction 
MicroRNAs (miRs) are post-transcriptional regulators. They 
prevent translation or trigger degradation to inhibit protein 
expression (Ambros, 2004; Bartel, 2004). A single miR can 
silent an extensive network of downstream targets since 
miRs are only needed to be partially complementary to their 
target mRNAs (Lam et al., 2015). Therefore, RNA interfer-
ence using miRs offers a potent therapeutic strategy.

MiR-219 and miR-338 (miR-219/miR-338) are highly ex-
pressed in oligodendrocytes (OLs) (Dugas et al., 2010; Zhao 
et al., 2010). They regulate oligodendrocyte development by 
targeting negative regulators of OL differentiation (Zhao et 
al., 2010; Galloway and Moore, 2016). Transfection of miR-
219/miR-338 into mouse OL precursor cells (OPCs) en-
hanced the percentage of myelinating OLs by 5.1-fold (Zhao 
et al., 2010). Meanwhile, in vitro fiber-mediated reverse 
transfection of miR-219/miR-338 improved OL maturation 
by 5-fold (Diao et al., 2015b). Furthermore, these miRs have 
a crucial role in the formation and maintenance of myelin. 
Mir-219 delivery enhanced remyelination and promoted 
functional recovery in multiple sclerosis rodent models, 
while the deletion of miR-338 in miR-219-deficient mice ex-
acerbated the dysmyelination phenotype (Wang et al., 2017). 
Our recent study also showed that rats implanted with miR-

219/miR-338-loaded scaffolds possessed a higher number of 
oligodendroglial lineage cells and a formation of more com-
pact myelin sheaths post-spinal cord injuries (SCI) (Milbreta 
et al., 2018). 

OLs are highly vulnerable to cell necrosis after nerve in-
juries (Almad et al., 2011; Alizadeh et al., 2015). Their loss 
causes axon demyelination, which further exacerbates nerve 
degeneration. Correspondingly, the proliferation rate of 
OPCs increases markedly after nerve injuries to compensate 
for OL loss (Almad et al., 2011; Li and Leung, 2015). Despite 
such spontaneous response, remyelination remains sub-op-
timal, possibly because these OPCs cannot differentiate and 
mature into myelinating OLs (Jiang et al., 2008; Alizadeh 
et al., 2015). Thus, the delivery of miR-219/miR-338 to the 
CNS to promote OPC differentiation, maturation, and my-
elination may be a promising treatment for nerve injuries.

However, biological responses following injuries in the 
CNS are complicated and involve many cell types besides 
OPCs. Upon injuries, microglia and astrocytes are activated 
and undergo dramatic alteration in morphology, expression 
of cell surface molecules and release of cytokines (Hausmann, 
2003; Markiewicz and Lukomska, 2006; Lull and Block, 
2010). The activation of these cells is beneficial and detri-
mental on nerve repair concurrently (Loane and Byrnes, 
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2010; Burda et al., 2016). In addition, astrocyte reactivity also 
influences the development of OL lineage and remyelination 
(Clemente et al., 2013; Domingues et al., 2016). Therefore, it 
is critical to look at the effects of miR-219/miR-338 on other 
glia cells before employing these miRs as therapeutics. 

Here, we investigated the effects of miR-219/miR-338 on 
gene silencing and activation of microglia and astrocytes in 
vitro and in vivo. A hemi-incision model at C5 level of the 
rat spinal cord was chosen as a proof-of-concept for nerve 
injuries in the CNS (Figure 1A). We also examined the ef-
fects of miR-219/miR-338 on OL maturation in vitro, in the 
context of an injured astrocyte-OPC co-culture, an injury 
mimicking condition. 
  
Materials and Methods
Scaffold fabrication
Aligned poly (ε-caprolactone-co-ethyl ethylene phosphate) 
(PCLEEP) fiber-hydrogel scaffold for in vivo implantation
The aligned PCLEEP copolymer (Mw = 40,509, Mn = 17,288) 
was synthesized according to a previous method (Wang et 
al., 2009). Thereafter, PCLEEP (25% wt%) was dissolved in 2, 
2, 2-trifluoroethanol (TFE, ≥ 99.0 %, Sigma, St. Louis, MO, 
USA) and electrospun via the two-pole air gap electrospin-
ning method (Jha et al., 2011). Briefly, after loading into a 
syringe, the PCLEEP polymer solution was charged at +10 
kV and dispensed at a flow rate of 1.9 mL/h. Thereafter, the 
PCLEEP fibers were formed and deposited between two sta-
tionary collector poles (–5.0 kV) bridging a 5.0 cm air gap 
area. Every set of aligned PCLEEP fibers was retrieved after 
1 minute of electrospinning. Following that, the fibers were 
sterilized under ultraviolet light for 30 minutes.

The aligned PCLEEP fiber-hydrogel scaffolds were fab-
ricated according to our reported method (Nguyen et al., 
2017; Milbreta et al., 2018). Briefly, a cylindrical mold (5.0 
mm in length and 4.5 mm in inner diameter) was sterilized 
and pre-set with four bundles of PCLEEP fibers. Meanwhile, 
rat-tail collagen type I (10.08 mg/mL, Corning, Corning, NY, 
USA) was mixed with 10× phosphate-buffered saline (10× 
PBS, Thermo Fisher Scientific, Waltham, MA, USA), 1.0 N 
NaOH (Sigma), and deionized water (DI) water to obtain a 
final collagen concentration of 6.0 mg/mL. For miR incorpo-
ration, miRs (100 μM, Thermo Fisher Scientific) (3.75 μL of 
negative control (NEG)-miR or 7.5 μL of a mixture of miR-
219, miR-338-3p, and miR-338-5p with equal volume) and 
7.5 μL of TransIT-TKO (MirusBio, Madison, WI, USA) were 
complexed for 15 minutes and then added into 100 μL of the 
collagen mixture in place of DI water. To obtain scaffolds 
with aligned nanofibers, the collagen mixture was added into 
the pre-set mold and then incubated at 37°C for 45 minutes 
to enable hydrogel formation. Following that, the scaffolds 
were frozen at –80°C, lyophilized overnight, and then kept at 
–20°C until further experiments.

Aligned PCL-DPP-PCL fibers for in vitro experiments
The fluorescent poly (ε-caprolactone) polymer (denoted 
as PCL-DPP-PCL) (average Mn = 38,300 g/mol, Mw/Mn = 
2.0) was synthesized according to the previously reported 

method (Wang et al., 2015). To fabricate aligned fibers, poly 
(ε-caprolactone) (PCL, 12 wt%, Sigma) and PCL-DPP-PCL (2 
wt%) polymers were dissolved together in TFE. After loading 
into a syringe that was capped with a blunt needle (22-gauge), 
the copolymer solution was electrically charged at +10 kV 
and dispensed at 1.5 mL/h. The aligned fibers were then 
deposited onto a negatively charged rotating target (–4 kV, 
525 × g) that was set at a distance of 14 cm. Thereafter, the 
scaffolds were punched into circular shapes with a diameter 
of 16 mm to fit 24-well tissue culture plates for downstream 
cellular studies. 

Poly-DOPA and PDL coatings of PCL-DPP-PCL scaffolds
PCL-DPP-PCL scaffolds were pre-wet with 70% ethanol 
followed by DI water. Thereafter, they were incubated in 
0.5 mg/mL of 3,4-dihydroxy-L-phenylalanine (DOPA, Sig-
ma), which was dissolved in poly-DOPA coating buffer that 
comprised of 10 mM Bicine (Sigma) and 250 mM NaCl 
(pH 8.5, Sigma) for 4 hours at 150 r/min. The scaffolds were 
then washed with DI water three times, 30 min/time and 
lyophilized overnight. Subsequently, they were incubated 
in poly-D-lysine solution (PDL, 5.0 μg/mL, Sigma) at 37°C 
and 100 r/min overnight. On the next day, the scaffolds were 
washed twice with PBS (10010-023, Thermo Fisher Scientif-
ic) for 15 minutes each time and then immersed in Dulbec-
co’s modified Eagle’s medium (DMEM, 11960-044, Thermo 
Fisher Scientific) until cell seeding.

Scaffold characterization
The aligned PCL-DPP-PCL fibers and aligned PCLEEP 
fiber-collagen hydrogel scaffolds were sputter-coated with 
platinum (JFC-1600; JEOL, Akishima, Tokyo, Japan) at 10 
mA for 120 and 140 seconds, respectively. Thereafter, the 
samples were examined using a scanning electron micro-
scope (JEOL, JSM-6390 LA) at an accelerating voltage of 10 
kV. Following that, fiber diameters were quantified using the 
ImageJ software (http://imagej.nih.gov/ij/) on scanning elec-
tron microscope images, with at least 100 fibers being mea-
sured. In addition, the aligned PCL-DPP-PCL fibers were 
also examined and imaged using a Zeiss LSM 800 inverted 
confocal microscope (Carl Zeiss Pte. Ltd., Singapore).

Preparation of poly-L-lysine solution-coated coverslips 
for microglia culture
Glass coverslips (13 mm diameter) were incubated in po-
ly-L-lysine solution (40 μg/mL, Sigma) for 1.5 hours at 37°C. 
Thereafter, the coverslips were washed with sterile DI water 
three times, air-dried, and kept at room temperature until 
use.
 
Animals
Adult female (6–8 weeks old, 200–250 g, n = 6) and 
time-pregnant Sprague-Dawley rats (n = 10) were purchased 
from In Vivos Pte Ltd. (Singapore). All experimental proce-
dures were approved by the Institutional Animal Care and 
Use Committee (IACUC), Nanyang Technological Univer-
sity (approval No. A0309 and A0333) on April 27, 2016 and 
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October 8, 2016. 

SCIs and scaffold implantation
SCI was performed according to our reported protocol 
(Nguyen et al., 2017; Milbreta et al., 2018). Briefly, the rats 
were anesthetized with an intraperitoneal injection of a 
ketamine (73 mg/kg) and xylazine (7.3 mg/kg) cocktail. 
Following that, a 1/3 incision was created at C5 level on the 
right side of the spinal cord (Figure 1A). Thereafter, a 1.0-
mm long scaffold was implanted into the lesion site so that 
its aligned fibers were arranged parallel to the long axis of 
the spinal cord. Animals were divided into two treatment 

groups randomly: NEG-miR group (n = 3) and miR-219/
miR-338 group (n = 3). At day 4 post-implantation, rats 
were anesthetized and a 4-mm portion of the spinal cord, 
including the injury site was taken out (Figure 1A) and 
kept in ice-cold Hanks’ Balanced Salt solution (HBSS, Ther-
mo Fisher Scientific). These spinal cord samples were then 
lysed and total RNAs were isolated for PCR within 1 hour 
of retrieval.

Primary cell isolation and culture
Cells from P1–2 neonatal rat cortices were isolated according 
to our reported protocol (Diao et al., 2015a) and then seeded 

* *

*
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* *

*

*
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Figure 1 Effects of miR-219/miR-338 on gene expression at 4 days post-implantation in vivo. 
(A) Schematic illustration and photograph of the in vivo spinal cord samples (dashed rectangle) with scaffold implantation (solid triangle), which 
were collected for PCR. Real-time PCR results of (B) miR-218/miR-338 downstream targets; (C) oligodendroglial, oligodendrocyte precursor cell 
and oligodendrocyte markers; (D) microglia activation markers and (E) astrocyte activation markers. Data are presented as the mean ± SD. *P < 0.05, 
**P < 0.01 (n = 3; Student’s t-test). CNP: 2′,3′-Cyclic nucleotide 3′-phosphodiesterase; GFAP: glial fibrillary acidic protein; GM: gray matter; IL: 
interleukin; MAG: myelin-associated glycoprotein; MBP: myelin basic protein; NG2: neural/glial antigen 2; Olig2: oligodendrocyte transcription 
factor; PDGFR: platelet-derived growth factor receptor; TNF: tumor necrosis factor; WM: white matter. 
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in T75 flasks (1 × 107 cells/flask, Corning). DMEM20S medi-
um, which consisted of DMEM, 20 % fetal bovine serum (FBS, 
11995-065, Thermo Fisher Scientific), 4 mM L-glutamine 
(G8540, Sigma), 1 mM sodium pyruvate (P2258, Sigma), 50 
U/mL penicilin and 50 μg/mL streptomycin (P/S, 15140-122, 
Thermo Fisher Scientific), was used and replaced every 3 
days. After 10 days, the flasks were shaken at 37°C, 250 r/min 
for 30 minutes to isolate microglia. The purified microglia 
were then seeded onto the poly-L-lysine solution-coated cov-
erslips (20,000 cells/coverslip) and cultured in glial medium 
that comprised of DMEM GlutaMAX (10569-010, Thermo 
Fisher Scientific), 10 % FBS, and 1 % P/S.

After harvesting microglia, the flasks were added with 
fresh DMEM20S medium and then re-shaken at 37°C, 200 
r/min for 18–20 hours. Following that, the cell suspension 
was collected and filtered through a 20 μm sterile screening 
pouch (Sefar Inc., Depew, NY, USA). The purified OPCs in 
the flowthrough were seeded onto the DOPA-PDL coated 
PCL-DPP-PCL scaffolds (50,000 cells/scaffold) and cultured 
in DMEM high glucose (11995065, Thermo Fisher Scientif-
ic) supplemented with modified SATO (Bechler et al., 2015), 
1% P/S, insulin-transferrin-sodium selenite liquid media 
supplement (ITS, Sigma), 0.5% FBS, and freshly prepared 
10 ng/mL of platelet-derived growth factor-AA (PDGF-AA, 
100-13A, PeproTech, Rocky Hill, NJ, USA) and 10 ng/mL 
of fibroblast growth factor-basic (100-18B, PeproTech). On 
the next day, scaffolds were flipped over and placed on top of 
the injured astrocyte cultures as shown in Figure 2E for the 
injured astrocyte-OPC co-cultures.

The remaining flasks, after replaced with the glial medium, 
were further shaken for 6–8 hours at 37°C, 250 r/min to re-
move residual OPCs. The medium was then discarded, and 
the flasks were rinsed with PBS and trypsinized by 0.25% 
Trypsin (25200-072, Thermo Fisher Scientific) for 5 minutes 
to isolate astrocytes. The astrocytes were seeded onto 13 mm 
glass coverslips at a density of 20,000 or 50,000 cells/cover-
slip for astrocyte and scratch assay cultures respectively. All 
cultures were then maintained in glial medium. 

MiR transfection
TKO with equal volume of miR-219/miR-338 were com-
plexed in DMEM for 15 minutes. At 24 hours after cell 
seeding, 100 μL of the miR/TKO complexes was added into 
each well. After initial optimization, miR:TKO volume ratio 
1:1 (0.25 μL miRs (100 μM)/well) was chosen for all in vitro 
experiments since this condition did not affect cell viability 
and it was also the ratio used in the in vivo study.

Cell viability assay 
At 2 days post-transfection, three coverslips from three 
independent cultures for each experimental group were col-
lected and live-dead assay was conducted using the LIVE/
DEAD® cell viability kit (Thermo Fisher Scientific) following 
the manufacturer’s protocol. All samples were examined and 
captured via a Leica DMi8 inverted microscope and ImageJ 
software was used to quantify the images. For each group, at 
least 500 cells were quantified.

Immunocytochemistry 
At indicated time points, coverslips and scaffolds were fixed 
with 4% ice-cold paraformaldehyde (Millipore, Burlington, 
MA, USA). Thereafter, the samples were permeabilized 
with 0.3% Triton X-100 (Sigma) in PBS for 15 minutes and 
then blocked in 10% normal goat serum (Sigma) for 1 hour. 
Subsequently, the samples were incubated with primary 
antibodies that were diluted in 5% normal goat serum at 
4°C overnight followed by secondary antibodies, which 
were diluted in PBS for 1.5 hours. The secondary antibod-
ies, including Alexa Fluor 488-conjugated goat anti-rabbit/
rat IgG (1:500 dilution), Alexa Fluor 555-conjugated goat 
anti-mouse IgG (1:1000 dilution), and Alexa Fluor 633-con-
jugated goat anti-rabbit IgG (1:500 dilution), were obtained 
from Invitrogen (Carlsbad, CA, USA). DAPI (1:1000 dilu-
tion, Thermo Fisher Scientific) was used for nuclear stain-
ing. All samples were then mounted and examined using 
the Leica DMi8 inverted microscope (Leica Microsystems 
(SEA) Pte. Ltd., Singapore) and the Zeiss LSM800 inverted 
confocal microscope.

Evaluation of cell purity
After 24 hours of culture, the purity of isolated OPCs, mi-
croglia, and astrocytes was verified by neural/glial antigen 
2 (NG2), Ox-42, and glial fibrillary acidic protein (GFAP) 
immunofluorescent staining, respectively. Rabbit anti-NG2 
(1:200 dilution) and mouse anti-Ox-42 (1:200 dilution) were 
procured from Millipore. Rabbit anti-GFAP (1:2000 dilu-
tion) was purchased from Dako, Glostrup, Denmark. Immu-
nofluorescent staining followed the methods described in 
the immunocytochemistry section.

Evaluation of cell morphology
At 4 days post-transfection, microglia and astrocytes were 
fixed and stained with Ox-42/DAPI and GFAP/DAPI, re-
spectively. Immunofluorescent staining followed the meth-
ods described in the immunocytochemistry section. Cell 
morphology was then evaluated using the Leica DMi8 in-
verted microscope at magnifications of 10× and 20×.

Injured astrocyte-OPC co-culture
Astrocytes were cultured until confluent (8–10 days) and 
scratched with two glass pipettes held together at a fixed dis-
tance of 0.5 cm apart (Figure 2E). OPC-seeded scaffolds were 
flipped over and placed on top of the injured astrocyte culture 
immediately after the astrocytes were scratched (Figure 2E). 
The co-cultures were then transfected using the same protocol 
as stated above. The co-cultures were fixed for immunos-
taining at 4 and 7 days after transfection. The proportion of 
MBP-positive mature OLs was expressed as a percentage of oli-
godendrocyte transcription factor (Olig2)-positive oligoden-
droglial lineage cells. Rat anti-MBP (1:100 dilution) and rabbit 
anti-Olig2 (1:500 dilution) were obtained from Millipore. At 
least 200 Olig2-positive cells were counted for each group.
 
Real-time PCR
Spinal cords and cells were lysed by Trizol® (Sigma). RNA 
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was then extracted and reverse transcription was carried out 
using M-MLV transcriptase (Promega, Madison, WI, USA) 
according to manufacturers’ protocols. Thereafter, real-time 
PCR was conducted using the iQ SYBR Green Supermix 
(Bio-Rad, Hercules, CA, USA) in a StepOnePlus™ system 
(Applied Biosystems, Foster City, CA, USA). The following 
program was used: 10 minutes at 95°C, 15 seconds at 95°C 
followed by 1 minute at 59°C for 40 cycles. Primers were 
purchased from Integrated DNA Technologies Pte. Ltd., 
Singapore. The sequences of the primers that were used are 
shown in Additional Table 1. Since all the primers displayed 
similar amplification efficiencies under the parameters used, 
the ΔΔCt method (Livak and Schmittgen, 2001) was adopted 
for analysis of fold change. Finally, the Neg-miR group was 
used to normalize all the results.

Statistical analysis
All results are presented as mean ± SD. The Student’s t-test 
was used to analyze the results between two groups or of 
a group at two different time points. When samples had 
equal variances, the variations between groups were ex-
amined using one-way analysis of variance followed by the 
Turkey’s post hoc test. Otherwise, the Kruskal-Wallis and 
Mann-Whitney U tests were utilized. A P-value ≤ 0.05 was 
considered statistically significant.

Results
Evaluation of gene expression after in vivo scaffold 
implantation 
MiR-219/miR-338-encapsulated scaffolds downregulate 
downstream targets of delivered miRs
Sox6, Hes5, ZFP238, and FoxJ3 are downstream targets of 
miR-219 and miR-338 (Dugas et al., 2010; Zhao et al., 2010). 
Our results showed that at 4 days after implantation of the 
miR-219/miR-338-encapsulated scaffolds post-SCI, the ex-
pression of all these four targets was silenced (Figure 1B). 

MiR-219/miR-338-encapsulated scaffolds promote OPC 
marker expression
To investigate the effects of miR-219/miR-338 on oligo-
dendroglial development, we evaluated the levels of gene 
expression of oligodendroglial lineage marker (Olig2) (Lu et 
al., 2000; Zhou et al., 2000), OPC markers (PDGFR-α (Gallo 
and Chew, 2009) and NG2 (Kucharova and Stallcup, 2010)) 
and OL markers (CNP (2′,3′-cyclic nucleotide 3′-phosphodi-
esterase), MBP (myelin basic protein), and MAG (myelin-as-
sociated glycoprotein) (Baumann and Pham-Dinh, 2001; van 
der Goes and Dijkstra, 2001). As indicated in Figure 1C, at 
4 days post-implantation, there was no change in the expres-
sion of Olig2 among the experimental groups. Meanwhile, 
both PDGFR-α and NG2 were significantly up-regulated 
in the miR-219/miR-338 group as compared to NEG-miR 
treatment (1.2 vs. 1.0 and 1.6 vs. 1.0, P ≤ 0.05). However, the 
expression of MBP, MAG, and CNP were decreased with 
miR-219/miR-338 treatment. 

MiR-219/miR-338-encapsulated scaffolds repress the 
expression of pro-inflammatory cytokines
Microglia and astrocytes are activated in response to nerve 
injuries. Depending on the environmental stimuli, activat-
ed microglia may acquire a pro-inflammatory phenotype 
(Orihuela et al., 2016; Kirkley et al., 2017). This phenotype is 
often associated with the increase in expression and release 
of pro-inflammatory cytokines, such as TNF-α, IL-1α, and 
IL-1β (Lull and Block, 2010; Orihuela et al., 2016; Kirkley et 
al., 2017). We specifically looked into these pro-inflammato-
ry cytokines because their production and release after SCI 
contribute mainly to wound healing and neuropathic pain 
(Zhang and An, 2007). As illustrated in Figure 1D, when 
treated with miR-219/miR-338, TNF-α was significantly 
down-regulated as compared to NEG-miR treatment at 4 
days post-implantation (0.1 vs. 1.0, P ≤ 0.05). On the other 
hand, the expression of IL-1α and IL-1β appeared unaltered 
under the experimental conditions.

MiR-219/miR-338-encapsulated scaffolds inhibit astrocyte 
activation in vivo
Similar to microglia, astrocytes also undergo various alter-
ations in gene expression upon activation (Zamanian et al., 
2012). In particular, GFAP, Vimentin, and Serpina3 expres-
sions are usually up-regulated in reactive astrocytes (Eliasson 
et al., 1999; Zamanian et al., 2012). These reactive astrocytes 
form glial scar, which in turn acts as a physical barrier and 
inhibits axonal regeneration (Stroncek and Reichert, 2008; 
Kawano et al., 2012). Our results show that the expression 
of GFAP was reduced by half when treated with miR-219/
miR-338 (P ≤ 0.01; Figure 1E). In contrast, the expression of 
Vimentin and Serpina3 were not significantly altered. 

Effects of miR-219/miR-338 on activation of glial cells 
in vitro
To gain better understanding of how miR-219/miR-338 
modulate microglial and astrocyte responses, we carried 
out miR transfection in microglial and astrocyte cultures in 
vitro. Our results show that miR-219/miR-338 did not affect 
the viability of microglia and astrocytes (data not shown). 
Next, we evaluated the extent of cellular activation by analyz-
ing changes in cell morphology and expression of activation 
markers (Eliasson et al., 1999; Lull and Block, 2010; Zamani-
an et al., 2012).

MiR-219/miR-338 suppressed microglia activation: As 
shown in Figure 2A, no significant difference in microglial 
morphology was observed among the experimental groups. 
Meanwhile, microglial expression of the pro-inflammatory 
cytokines, TNF-α, IL-1α and IL-1β, became significantly 
down-regulated at 4 days with miR-219/miR-338 treatment 
(P ≤ 0.05; Figure 2B). 

MiR-219/miR-338 suppressed astrocyte activation: Treat-
ment of miR-219/miR-338 in vitro reduced the expression of 
Vimentin and Serpina3, in comparison with the NEG-miR 
group at 4 days post-transfection (P ≤ 0.05) while no differ-
ence in cellular morphology was detected (Figure 2C and D). 
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Figure 2 Effects of miR-219/miR-338 on microglia, astrocyte, and injured astrocyte-OPC co-cultures. 
(A) Fluorescent micrographs of microglial in (Ai) the untreated group; (Aii) the NEG-miR group and (Aiii) the miR-219/miR-388 group. (B) Gene 
expression of microglia activation markers at 4 days post-transfection. Data are presented as the mean ± SD. Student’s t-test was used. *P < 0.05, 
**P < 0.01 (n = 3). (C) Fluorescent micrographs of astrocytes in (Ci) the untreated group; (Cii) the NEG-miR group and (Ciii) the miR-219/miR-
388 group. (D) Gene expression of astrocyte activation markers at 4 days post-transfection. Student’s t-test was used. *P < 0.05 (n = 3). (E) The 
set-up of the injured astrocyte-OPC co-culture. (F) Images of electrospun PCL-DPP-PCL fibers taken by (Fi) SEM and (Fii) Confocal microscope 
at 568 nm wavelength. (G, H) Fluorescent micrographs of the co-cultures in the untreated (Gi, Hi), NEG-miR  (Gii, Hii) and miR-219/miR-338 
groups (Giii, Hiii). (I) Quantification of the percentage of MBP+ cells at 4 and 7 days post-transfection. *P < 0.05, vs. other groups at the same time 
point (One-way analysis of variance followed by Tukey’s post hoc test or the Kruskal-Wallis and Mann-Whitney U tests). ###P < 0.001, vs. the same 
group at 4 days (n = 3; Student’s t-test). CNP: 2′,3′-Cyclic nucleotide 3′-phosphodiesterase; GFAP: glial fibrillary acidic protein; IL: interleukin; 
MBP: myelin basic protein; miR: microRNA; NEG-miR: negative control miR; Olig2: oligodendrocyte transcription factor; OPC: oligodendrocyte 
precursor cell; PCL-DPP-PCL: fluorescent poly (ε-caprolactone) polymer; SEM: scanning electron microscope; TNF: tumor necrosis factor. 

*
**

**

**

*

*

*
*

*
###

OPC differentiation and maturation in the injured 
astrocyte-OPC co-cultures
Here, we employed PCL-DPP-PCL aligned fibers to mimic 
axons in OPC cultures in order to investigate only features 

of oligodendrocytes that are related to myelination but in-
dependent of influence from axons. As shown in Figure 
2F, bead-free and uniformly aligned fibers with an average 
diameter of 2.0 ± 0.3 μm were obtained. Importantly, the 
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PCL-DPP-PCL fibers were highly fluorescent in a uniform 
manner and demonstrated robust photostability throughout 
the course of this study.

To assess how miR-219/miR-338 modulates oligoden-
drocyte differentiation in the presence of activated/injured 
astrocytes, we evaluated the percentage of MBP+ OLs using 
injured astrocyte-OPC co-cultures. As shown in Figure 2G–
I, when OPCs and injured astrocytes were both transfected 
with miRs, we observed significant higher rate and extent of 
OL differentiation and maturation. In particular, miR-219/
miR-338 transfection significantly enhanced the differentia-
tion of OPC into MBP+ cells as early as day 4 and this effect 
remained significant after 7 days of culture. Taken together, 
miR-219/miR-338 favored oligodendrocyte development in 
vitro.

Discussion
Nerve injuries in the CNS is often followed by axon demye-
lination due to a dramatic loss of OLs (Almad et al., 2011). 
Although there is an increase in OPC proliferation to com-
pensate for that loss, axon remyelination remains sub-opti-
mal due to unknown factors that inhibit OL differentiation 
and maturation (Jiang et al., 2008; Almad et al., 2011; Aliza-
deh et al., 2015). In search for possible methods to modulate 
remyelination, our previous work showed that miR-219/
miR-338 cocktail, coupled with fiber topography, was able 
to enhance OL differentiation and maturation (Diao et al., 
2015a, b). In addition, we developed a nanofiber platform 
that can provide localized and sustained delivery of drugs 
and nucleic acids (Nguyen et al., 2017). Using this platform, 
we were able to delivery miR-219/miR-338 non-virally in 
vivo and successfully enhanced remyelination post-SCI (Mil-
breta et al., 2018). Thus, a combining miR-219/miR-338 with 
our scaffold design is a potential therapeutic treatment for 
nerve injuries. 

However, besides OPCs, the biological responses following 
nerve injuries in the CNS also involve microglia and astro-
cytes. As such, miR-219/miR-338 could possibly affect these 
cells, thus resulting in unascertained results upon treat-
ment. Recently we have seen that, although our miR-291/
miR-338-incoproated scaffolds remarkedly promoted remye-
lination within the injured CNS, no improvement on neurite 
outgrowth was detected (Milbreta et al., 2018). Hence, in or-
der to optimize the miR-219/miR-338 treatment, this study 
was done to identify any potential effects that these miRs 
may have on microglia and astrocytes. 

Sox6, Hes5, ZFP238, and FoxJ3 are proteins that are in-
volved in enhancing OPC proliferation while inhibiting OL 
differentiation (Dugas et al., 2010; Zhao et al., 2010). Thus, 
by inhibiting the expression of these genes, miR-219/miR-
338 promote OL differentiation (Dugas et al., 2010; Zhao 
et al., 2010). In this study, the implantation of miR-219/
miR-338-encapsulated scaffolds resulted in the significant 
downregulation of all four downstream targets at 4 days 
post-injury. Together with our previous reports (Nguyen et 
al., 2017; Milbreta et al., 2018), this result further confirms 
the pronounced capability of our scaffold in miR delivery and 

gene silencing in vivo, while providing essential structural 
support and topographical signals for neotissue formation. 

PDGFR-α and NG2 are widely used as OPC markers. 
Here, we showed that PDGFR-α and NG2 expression levels 
increased significantly when treated with miR-219/miR-
338 in comparison with NEG-miR treatment. One possible 
reason for this observation may be the fact that miR-219 
promotes the differentiation of neural precursor cells into 
OPCs, as demonstrated by Fan et al. (2017). With the success 
in knocking down various inhibitors of OPC differentiation, 
the miR-219/miR-338-incorporated scaffolds were expected 
to enhance OL differentiation and maturation. However, the 
expression levels of the middle and late OL markers (CNP, 
MBP, and MAG) decreased in the miR-219/miR-338 group 
with respect to the NEG-miR group. While the reason for 
this observation remains unknown, it is possible that these 
miRs may require more time, beyond 4 days post-injury, to 
exert their effects and enhance OL marker expressions. In-
deed, our previous work showed that there was a significant 
increase in MBP expression in the miR-291/miR-338-incop-
roated scaffolds at 4 weeks post-implantation (Milbreta et al., 
2018). Therefore, future works that aim to evaluate oligoden-
drocyte development should consider a long-term study of 
at least 4 weeks and beyond.

On the other hand, our miR-219/miR-338-incorporated 
scaffolds markedly decreased the expression of TNF-α at 4 
days post-implantation. Furthermore, in vitro microglial ex-
pressions of the three pro-inflammatory cytokines, TNF-α, 
IL-1α, and IL-1β, were all reduced significantly at 4 days 
post-transfection when treated with miR-219/miR-338 while 
no difference in cellular morphology was detected among 
the experimental groups. Taken together, these results sug-
gest that miR-219/miR-338 decreased microglia activation. 
Furthermore, a previous study demonstrated that treatment 
with an IL-1 receptor antagonist for the first 3 days after SCI 
in rats markedly reduced injury-induced apoptosis (Nesic et 
al., 2001). Thus, the use of miR-219/miR-338 may be benefi-
cial in reducing cell death following nerve injuries. 

Similar to microglia, our results showed that astrocytes 
were more quiescent when treated with miR-219/miR-
338 since the in vivo expression of GFAP was significantly 
reduced by half at 4 days post-implantation. Moreover, 
treatment of miR-219/miR-338 in vitro also diminished the 
expression of Vimentin and Serpina3 when compared to the 
negative control group at 4 days post-transfection without 
affecting the cellular morphology. Altogether, our data im-
plied that miR-219/miR-338 suppressed astrocyte activation. 
As such, miR-219/miR-338 treatment may be helpful in re-
ducing glial scar formation. Moreover, by suppressing astro-
cyte activation, these miRs would also hinder the secretion 
of factors implicated in the inhibition of remyelination from 
reactive astrocytes, such as TNF-α, IFN-γ, hyaluronan, and 
ET-1 (Domingues et al., 2016; Kıray et al., 2016). However, 
these effects might only be temporary since there was no sig-
nificant difference in GFAP protein expression between miR-
219/miR-338 and NEG-miR treated groups starting 1 week 
post-SCI (Milbreta et al., 2018).
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To study how miR-219/miR-338 modulate OPC differenti-
ation and maturation in the injury-mimicking condition, we 
co-cultured OPCs with scratched astrocyte cultures. Astro-
cyte scratch assay has been utilized to evaluate drug efficacy 
on different processes during scar formation along the lesion 
site, including alterations in protein expression, cellular 
shape and migration (Höltje et al., 2005; Parmentier-Batteur 
et al., 2011). On the other hand, OLs require close interac-
tions with axons for precise myelination in the CNS. Thus, it 
is challenging to separately examine neuronal and oligoden-
droglial effects on myelination in their in vitro co-cultures 
(Lee et al., 2012). To resolve this, fibers mimicking axons 
can be employed to investigate only features of OLs that are 
related to myelination. A study by Lee et al. showed that 60% 
of OL lineage cells ensheathed large fibers of 2.0–4.0 μm di-
ameter, while only ~5% ensheathed 0.2–0.4 μm fibers (Lee et 
al., 2012). In addition, 2.0 μm aligned fibers promoted more 
MBP expression as compared to 300 nm or 700 nm aligned 
fibers (Diao et al., 2015a). Taken together, in this study, we 
employed highly fluorescent and photostable PCL-DPP-PCL 
aligned fibers with an average diameter of 2.0 ± 0.3 μm for 
OPC culture and visualization (Diao et al., 2016). 

We evaluated the percentage of matured OL, as identified 
with MBP+ signals, in the injured astrocyte-OPC co-culture. 
When OPCs and injured astrocytes were both transfected 
with miRs, we observed significantly higher rate and extent 
of OL differentiation and maturation. Especially, OL matura-
tion increased by 2.3-fold as compared to the negative con-
trol at 7 days. Meanwhile, our previous study showed that 
when treated with miR-219/miR-338, MBP expression in 
OPC cultures was increased by ~2.0-fold (Diao et al., 2015b). 
Thus, miR-219/miR-338-transfected injured astrocytes 
seemed to further support the differentiation and matura-
tion of miR-219/miR-338-transfected OPCs. Moreover, in 
the absence of miR-219/miR-338, miR transfection might be 
toxic since NEG-miR treatment significantly reduced MBP 
expression with respect to the untreated group at 7 days, 
thus highlighting the importance of the choice of miRs used 
for nerve injury treatment.

In conclusion, the microglia and astrocyte cellular re-
sponses towards miR-219/miR-338 were investigated in this 
study with the aim to provide insights to the translational 
applications of these miRs for the treatment of nerve in-
juries. Specifically, miR-219/miR-338 reduced microglial 
expression of pro-inflammatory cytokines and suppressed 
astrocyte activation both in vivo and in vitro. Furthermore, 
these miRs also promoted OPC maturation in the injured as-
trocyte-OPC co-culture. Altogether, our results suggest that 
miR-219/miR-338 might be further explored as a potential 
treatment for nerve injuries.
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Additional Table 1 Sequences of primers for real time-PCR
Gene Sequence (5’-3’) Product size (bp)

1 GAPDH
Forward TCTCTGCTCCTCCCTGTTCT

104
Reverse TACGGCCAAATCCGTTCACA

2 18S
Forward GCAATTATTCCCCATGAACG

123
Reverse GGCCTCACTAAACCATCCAA

3 RPL13A
Forward GTGGTGGTTGTACGCTGTGA

107
Reverse CGAGACGGGTTGGTGTTCAT

4 Sox6
Forward AATGGCGAGGATGAAATGGAAG

117
Reverse GCAAACAAAAGCTCCTCAGTTG

5 Hes5
Forward ATGCGTCGGGACCGCATCAAC

150
Reverse GGCGAAGGCTTTGCTGTGCTTC

6 PDGFR-
Forward GTTGGAGCTTGAGGGAGTGAA

91
Reverse AAAATCCGATAGCCCGGAGG

7 FoxJ3
Forward CAACCTTCCAGAACGAGATAAA

703
Reverse TGCTAGGAGAGTGCTGATAG

8 ZFP238
Forward TGAAGACGAAGGCGAAGATGAC

173
Reverse AGGGGCTGGCTACTGTTTTTCC

9 TNF-
Forward CCACACCGTCAGCCGATT

81
Reverse TCCTTAGGGCAAGGGCTCTT

10 IL-1
Forward ACATCCGTGGAGCTCTCTTTACA

87
Reverse TTAAATGAACGAAGTGAACAGTACAGATT

11 IL-1
Forward GCTGTGGCAGCTACCTATGTCTTG

120
Reverse AGGTCGTCATCATCCCACGAG

12 GFAP
Forward TGGCCACCAGTAACATGCAA

134
Reverse CAGTTGGCGGCGATAGTCAT

13 Vimentin
Forward GCGAGAGAAATTGCAGGAGGA

111
Reverse CGTTCAAGGTCAAGACGTGC

14 Serpina3
Forward CTCTCAGGTGGTCCACAAGG

107
Reverse GAGGGTACAGTTTCGCAGACA

15 Olig2
Forward TAACTCTTTGGCTGAACGAACA

183
Reverse CAGTGCTCTGCGTCTCTTCTAA

16 NG2
Forward GTTGCTCTGGGGTTGGTTAATT

90
Reverse CCATATACTCCAGGGCTTCCAT

17 CNP
Forward ATGCCCAACAGGATGTGGTG

154
Reverse GATGAGGGCTTGTCCAGGTC

18 MBP
Forward TTCTTTAGCGGTGACAGGGGTG

123
Reverse GACTACTGGGTTTTCATCTTGGGTC

19 MAG
Forward ACAGCGTCCTGGACATCATCAACA

85
Reverse ATGCAGCTGACCTCTACTTCCGTT

CNP: 2',3'-Cyclic nucleotide 3'-phosphodiesterase; GAPDH: glyceraldehyde-3-phosphate dehydrogenase;
GFAP: glial fibrillary acidic protein; IL: interleukin; MAG: myelin-associated glycoprotein; MBP: myelin
basic protein; NG2: neural/glial antigen 2; Olig2: oligodendrocyte transcription factor; PDGFR:
platelet-derived growth factor receptor; TNF: tumor necrosis factor.


