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Objectives: In the premature newborn, perinatal inflammation mediated by microglia contributes significantly to
neurodevelopmental injuries including white matter injury (WMI). Brain inflammation alters development through
neuroinflammatory processes mediated by activation of homeostatic microglia toward a pro-inflammatory and neu-
rotoxic phenotype. Investigating immune regulators of microglial activation is crucial to find effective strategies to
prevent and treat WMI.
Methods: Ex vivo microglial cultures and a mouse model of WMI induced by perinatal inflammation (interleukin-
1-beta [IL-1β] and postnatal days 1–5) were used to uncover and elucidate the role of microRNA-146b-5p in microglial
activation andWMI.
Results: A specific reduction in vivo in microglia of Dicer, a protein required for microRNAs maturation, reduces
pro-inflammatory activation of microglia and prevents hypomyelination in our model of WMI. Microglial miRNome analysis in
the WMI model identified miRNA-146b-5p as a candidate modulator of microglial activation. Ex vivo microglial cell culture
treated with the pro-inflammatory stimulus lipopolysaccharide (LPS) led to overexpression of immunomodulatory miRNA-
146b-5p but its drastic reduction in the microglial extracellular vesicles (EVs). To increase miRNA-146b-5p expression, we used
a 3DNA nanocarrier to deliver synthetic miRNA-146b-5p specifically to microglia. Enhancing microglial miRNA-146b-5p over-
expression significantly decreased LPS-induced activation, downregulated IRAK1, and restored miRNA-146b-5p levels in EVs.
In ourWMImodel, 3DNAmiRNA-146b-5p treatment significantly preventedmicroglial activation, hypomyelination, and cogni-
tive defect induced by perinatal inflammation.
Interpretations: These findings support that miRNA-146b-5p is a major regulator of microglia phenotype and
could be targeted to reduce the incidence and the severity of perinatal brain injuries and their long-term
consequences.
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Preterm neonates are susceptible to white matter injury
(WMI) that causes persistent neurological deficit, such

as cognitive, sensory, and motor impairments.1,2 The pres-
ence of systemic and cerebral inflammation and, specifically,
activation of microglia, are prominent processes associated
with WMI in preterm born infants.3–5 Microglia mature
through specific developmental stages with unique trans-
criptomic signatures and functional repertoires.6 The “pre-
microglia” of the preterm born infant brain undertake a criti-
cal role in developmental processes, such as synaptic prun-
ing7 and oligodendrocyte maturation.8 Immune response-
mediated activation of pre-microglia (to pro-inflammatory
and neurotoxic phenotypes) during brain development
results in long-term negative consequences for brain structure
and function,3,5 including WMI.3,9,10 Thus, understanding
the molecular mechanisms that regulate immune and neu-
rodevelopmental functions in pre-microglia is an absolute
prerequisite for the prevention and treatment of WMI.

MicroRNAs (miRs) are a family of small non-coding
RNAs11 which are major regulators of gene expression,
fine-tuning the expression level of their mRNA targets by
affecting mRNA stability and protein translation through
partial sequence complementation. Functional miRs arise
from the stepwise processing of a primary (pri)-miRNA
through a series of nuclear and cytoplasmic enzymes, of
which the RNase III enzyme DICER plays a critical
role.12 Circulating miRs, found both within and outside
of the extracellular vesicles (EVs), also provides a powerful
form of cell-to-cell communication.13 Epigenetic modula-
tion of cell function by miRs has been shown to be crucial
in various aspects of immune cell biology, ranging from
developmental to effector functions.14,15 The immuno-
modulatory miR-146 family, including both miR-146b-
5p and miR-146a-5p, is known to act as a negative feed-
back mechanism in a wide variety of immune cells16 to
prevent overstimulation of the inflammatory response and
promote resolution.17 They are overexpressed in activated
microglial cell cultures and associated with neu-
roinflammation in several adult brain disease models.18,19

Although almost identical, these two miRs can have dis-
tinct expression patterns and possible roles in disease,20–22

their functions remain poorly known, especially in the
context of the immature brain.

To study WMI and poor developmental outcomes,
we used our model of WMI in mouse pups induced by a
systemic exposure to IL-1β between postnatal day
1 (P1) and 5 (P5).9,10,23,24 This model recapitulates the
human hallmarks of WMI (ie, microglial activation, white
matter injury affecting cingulum, corpus callosum,
external capsule, and anterior commissure, grey matter
abnormalities, and cognitive impairments).9,10,23–26 We
previously demonstrated a direct causal link between

pro-inflammatory microglial activation and the develop-
ment of WMI in this model.10 We also carefully charac-
terized the specific microglial gene and protein response to
systemic immune challenge over time in this model,10

characterizing markers that we use to understand the role
of miRs in the present study. We used in this study a
combination of microglia-specific transgenic mice, micro-
glial specific-transcriptomics, ex vivo microglial cultures,
model of perinatal WMI, and a novel microglia-targeting
3DNA nanoparticle to reveal an important role for miR-
146b-5p in regulating microglial activation in the context
of developmental brain injury.

Materials and Methods
Experimental protocols were approved by the institutional
guidelines of the Institut National de la Santé et de la Recherche
Medicale (Inserm, France; Approval 2012-15/676-0079 and
2012-15/676-0083), the Ethics Committee and the services of
the French Ministry in charge of Higher Education and
Research according to the directive 2010/63/EU of the
European Parliament (#9286-2016090617132750).

Mice
Experiments were performed on OF1 strain mice (Charles River,
France) or Transgenic (Tg) mice born in our animal facility. Tg
mice B6.129P-Dicertm1Bdh/J mice, and B6.129P2-Lyz2tm1
(cre)Ifo/J (LysMCre) mice were purchased from The Jackson Lab-
oratory (USA). Heterozygous LysMCre/+: Dicerfl/+ (LysMCre:
Dicerfl/+) mice were obtained by crossing Dicerfl/fl with
LysMCre/Cre mice. Control LysMCre/+: Dicer+/+ (LysMCre:
Dicer+/+) mice were obtained by crossing LysMCre/Cre with
C57bl6/J mice. Animals were observed twice a day to evaluate
any distress sign from pups according to a clinical score including
feeding, respiratory rates, and weight gain.

Perinatal White Matter Injury Induced by IL-1β
IL-1β exposure was carried out as previously described.9,10,23 A
total of 5 μL of phosphate-buffered saline (PBS) containing 10 μg/
kg of IL-1β (R&D Systems, USA) was injected intra-peritoneally
(i.p.) in male pups twice a day on post-natal days (P) P1 to P4 and
once in the morning at P5. Because sensitivity to inflammation is
higher in C57Bl6/J mice, LysMCre: Dicerfl/+ and LysMCre:
Dicer+/+ received 5 μL of PBS containing 5 μg/kg per injection of
murine IL-1β. Control mice were injected with 5 μL of PBS.

Perinatal Exposure to Poly: IC
A total of 5 μL of PBS containing 10 mg/kg of Poly: IC (Sigma-
Aldrich) was injected intra-peritoneally (i.p.) in male pups at P4
and P5 at 14 hours apart. Control mice were injected with 5 μL
of PBS.

O4+ and CD11B+ Magnetic Cell Sorting
Brains without cerebellum were collected for cell dissociation.
Magnetic coupled antibodies anti-CD11B (Microglia) and anti-
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O4 (Immature oligodendrocytes at P5) were used for cell isola-
tion according to the manufacturer’s protocol (Miltenyi Biotec,
Germany) and as previously described.9,10,25 Cells were pelleted
and conserved at �80�C.

MiRNome Analysis
RNA from CD11B+ cells from the brains of the LysMCre/+: Dicerfl/
+ and LysMCre/+: Dicer+/+ mice treated with PBS or IL-1β at P5
were extracted using miRNeasy Mini Kit (Qiagen). Quality control,
quantification, and annotation was performed using pipeline ncPRO-
seq27 by Genomeast Platform (Strasbourg, France). It includes quality
control, mapping of reads to the mm10 genome assembly (with
bowtie version 1.0.0, Langmead et al, 2009), annotation with
miRBase release 22.1 for the microRNAs, Repbase and Rfam 11 data-
base for other small non-coding RNAs. The differential expression
analysis was performed using DESeq2 (version 1.26.0, R package28).
Differentially expressed (DE) miRs in microglia were performed as
described in the Results section and heatmap was generated using
Morpheus https://software.broadinstitute.org/morpheus/), Z-scores
are calculated for each row.

Microarrays and Data Pre-Processing
RNA from CD11B+ cells and O4+ cells from the brains of
mice exposed to IL-1β or PBS at P5 were extracted (Trizol) and
quality assurance (Agilent100 bioanalyzer) determined by Mil-
tenyi Biotech. RNA sample was hybridized to Whole Mouse
Genome Oligo Microarray and Mouse microRNA microarray
(Agilent Technologies). Fluorescence signals were detected using
Agilent’s Microarray Scanner System. The Agilent Feature
Extraction Software (FES) was used to read out and process the
microarray image files. Differential gene and miR expressions
were calculated respectively using Rosetta Resolver gene expres-
sion data analysis system (Rosetta Biosoftware) and Gen-
eSpringGX software (Agilent Technologies). DE miRs in
microglia were performed as described in the Results section.
Heatmap was generated using Morpheus and Hierarchical clus-
tering was realized using Euclidean distance. DE mRNA under
IL-1β condition in microglia were identified under two criteria:
(1) FDR (Benjamini and Hochberg adjusted p values) <0.05 and
(2) fold change (FC) value: �1.5 < FC >1.5. The predicted tar-
gets of each DE miRs were identified using miRDB http://
mirdb.org that used bioinformatics tool MirTarget. Venn dia-
gram was generated using Venny2.1 (https://bioinfogp.cnb.csic.
es/tools/venny/index.html). Statistical significance of Venn’s dia-
gram intersection was evaluated by calculating hypergeometric
p value. Functional analyzes were done using DAVID 6.8
(https://david.ncifcrf.gov) and REVIGO (http://revigo.irb.hr).

Ex Vivo Microglia Cell Culture
After removing the cerebellum, CD11B+ microglia from naive
P7 mouse brains were isolated using magnetic cell sorting as
described above except microglia were not spun down and frozen
but suspended in Macrophage-Serum Free Media (SFM Media,
Gibco, France) with 1% penicillin/streptomycin (Gibco, France)
at a concentration of 6 � 105 cells/mL. Twelve-well culture con-
taining 1 mL/well of cell suspension and μ-Slide 8 Well Glass

Bottom containing 250 μL/well of cell suspension (Ibidi, Bio-
valley, France) were used, respectively, for reverse transcription
quantitative polymerase chain reaction (RT-qPCR) and immu-
nofluorescence analysis. Medium was changed 24 hours later and
stimulation started the day after. The μ-slides were fixed at room
temperature with 4% formaldehyde for 20 minutes.

Drugs and Treatments with 3DNA miRNA-146b-
5p Cy3
Ex vivo microglia were treated for 24 hours with 50 ng/mL of
mouse IL-1β or 30 ng/mL of mouse IL-4 (Miltenyi, France) or
10 ng/mL of LPS-EB Ultrapure (Sigma, France). Cells were
incubated with 10 nM of 17(S)-Rvd1 (Bertin Pharma, France)
for 30 minutes before addition of LPS. Ex vivo microglia were
first treated with 200 ng/mL of 3DNA Cy3 miR-146b-5p or
3DNA Cy3 scramble negative miRNA (miR SCR; Stock solu-
tions 225 ng/uL 3DNA, 1.557uM siRNA, Genisphere, USA)
for 6 hours and then stimulated for 24 hours with LPS or IL-1β.

Mouse pups were injected by i.p. way at P0 and at P1 in
the morning with either 3DNA Cy3 miR-146b-5p or 3DNA
Cy3 miR SCR (200 ng/injection) along with either PBS or IL-
1β. At P3, animals were euthanized 2 hours after PBS or IL-1β
injections. For long-term studies 3DNA co-injection was also
done at P3. To analyze uptake of 3DNA in the brain, animals
were euthanized 4 hours after i.p. injection at P1. The 3DNA
injected by i.p. way crossed the blood–brain-barrier to target
microglia.10

Extracellular Vesicle Isolation and Analysis
The EVs were isolated from 4 mL of SFM medium from
4 � 106 PBS- or LPS-stimulated ex vivo microglia (24 hours).
The methodology used is a slight modification of method used
by Gabrielli and collegues.29 The medium was pre-cleared by
2 centrifugations at 300 � g for 10 minutes. EVs containing
microvesicles and exosomes together were pelleted from the
supernatant by a centrifugation step at 100,000 � g for 1 hour
with an ultracentifuge (Beckman XL-90). Tunable Resistive
Pulse Sensing (TRPS) technique, by Izon qNano instrument
(Izon, New Zealand), was used to measure the size distribution
and concentration of EVs. Izon EV reagent kit was used for both
pretreating the pore and suspending EVs in order to prevent EV
binding to the pore or spontaneous EV aggregation. EV pellets
were re-suspended in a volume of 100 μL. NP200 nanopore
(100–400 nm diameter range; Izon) was used for sample analysis
and the same nanopore was used throughout the experiment.
The values for applied voltage, pressure and pore stretch were
kept constant for all EV samples and relative calibration particle
recordings. CPC200 calibration particles (carboxylated polysty-
rene particles diluted following the manufacturer’s instruction;
Izon) were used as standards. Data acquisition and analysis were
performed using Izon Control Suite software (version V3.2).

RNA Extraction and Quantification of Gene
Expression by Real-Time qPCR
MicroRNAs and mRNA from CD11B+ or O4+ cells were
extracted with miRNeasy Mini Kit (Qiagen). MicroRNAs and
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mRNA from the ex vivo microglial cultures were extracted with
NucleoSpin microRNA kit (Macherey-Nagel). The mRNAs
from tissue were extract using RNeasy Lipid tissue Mini kit
(Qiagen). RNA isolation from EVs used Nucleospin miRNA
plasma kit (Macherey-Nagel). MicroRNA and mRNA were sub-
jected respectively to reverse transcription using miScript II RT
kit (Qiagen) and iScript cDNA synthesis kit (Bio-Rad). Quanti-
tative PCR was performed as previously described10 or for the
microRNA, using miScript SYBR Green PCR kit according to
the manufacturer’s protocol (Qiagen). MicroRNAs and mRNA
levels were calculated using the 2 delta Ct method30 (relative to
control values) after normalization with SnorD68 as the reference
miR and Rpl13a mRNA as the reference mRNA.

Measurements of reactive oxygen species
Production by Luminometry
A total of 20,000 CD11B+ cells were resuspended in Hanks’
Balanced Salt Solution (HBSS; Invitrogen, Thermo Fisher Life
Technologies) and incubated with luminol (50 μM; Sigma) for
10 minutes at 37 �C in the dark. Basal reactive oxygen species
(ROS) productions were assayed in duplicate. Immediate analysis
was done using a luminometer (Centro LB 960; Berthold Tech-
nologies) in 96-well plate. The signal was recorded at the end of
every 3 minutes cycles over a 20 minutes period, in Relative
Light Units (RLUs). Results were analyzed from the area under
the curve (AUC) of luminescence over the 20 minutes and pres-
ented relative to control values.

Western Blot Analysis
Western blot analysis of MBP was performed on protein lysates
from anterior cerebrum at P10 as previously described10 using
rat anti-MBP (Millipore MAB386 1: 500) and anti-βACTIN
(Sigma-Aldrich AC-74, 1: 20,000) for staining.

Immunohistofluorescence
Immunohistofluorescence on brain sections was done as previ-
ously described10 using goat anti-IBA1 (Abcam, Ab5076, 1:
500) and mouse anti-Cy3 (COO992, Sigma 1: 250) antibodies
and fluorescent conjugated secondary antibodies to goat IgG
(Molecular Probe, A-11055, 1: 1,000) and mouse IgG (Jackson
Immuno Research, 715-165-150, 1: 1,000). Images were
acquired in sequential mode using a Leica TCS SP8 confocal
scanning system (Leica Microsystems).

Immunocytofluorescence
Immunofluorescence staining on Ibidi chambers was performed
as previously described10 using goat anti-IBA1 (Abcam, Ab5076,
1: 500) and rabbit anti-IRAK1 (Abcam, Ab238, 1: 500) anti-
bodies and fluorescent conjugated goat IgG (Jackson Immuno
Research, 705-165-147, 1: 1,000) and rabbit IgG (Molecular
Probe, A21206, 1: 1,000) secondary antibody. All sections were
digitized under the same conditions using Leica TCS SP8 confo-
cal microscope. IRAK1 immunofluorescence was calculated in
each cell individually as Integrated Density (product of area and
mean gray value above threshold) using NIH Fiji software
(http://imagej.nih.gov/ij/)31 on 15 pictures with a total cell count

of 115 to 185 cells per condition. All manual cell counts were
performed in a blinded manner.

Immunohistochemistry
At P15 brains were processed to paraffin sections by immediate
immersion for in 4% formaldehyde for 4 days at room tempera-
ture, prior to dehydration and paraffin embedding.
Section (16 μm) was realized using a microtome. Immuno-
staining was performed as previously described23 using mouse
antibody to MBP (MAB382, Millipore, 1: 500) and APC
(Calbiochem, 1: 2,000) The intensity of the MBP immuno-
staining in the anterior corpus callosum and the number of APC
+ cells were assessed respectively by a densitometry analysis and
cell counter through NIH Fiji Software (http://imagej.nih.gov/ij/
).31 Optical density was deduced from grey scale standardized to
the photomicrograph background. Corpus callosum were defined
as region of interest. One measurement per
section (on 55,000 μm2 area) and four sections were analyzed in
each brain.

Electron Microscopy Analysis of Corpus
Callosum
Corpus callosum of P30 mice was analyzed by electron micros-
copy, as previously described.10 The G ratio (axon diameter/total
fiber diameter) was used to evaluate the thickness of the myelin
sheath. A total of 1,400 measurements of myelinated axons per
animal were performed, using the Fiji version of ImageJ.10 The
axons were pooled by size according to their small (0.2–0.4 μm),
medium (0.4–0.8 μm) or large (>0.8 μm) diameter.

P2 and P8 Behavioral Tests
Ultrasonic vocalizations (USV) are recorded at P2 with an ultra-
sound microphone (Noldus), sensitive to frequencies of 30 to
90 kHz for 1 minute. The pup isolated to the litter, is placed
into a container (H 4,5 cm � L 10 cm � l 10 cm), inside of a
hermetic polystyrene box (H 23 cm � L 37 cm � l 24 cm) to
attenuate outside sounds. The box temperature is 23.2 degrees.
The microphone is placed at 10 cm above pup head. USV are
recorded and analyzed with UltraVox XT3.1 software.

The nest odor preference test evaluates maternal odor rec-
ognition by pups at P8. The measuring platform (L 20 cm � l
13 cm) was composed of 3 zones (each L 7 cm � l 13 cm): nest
(home nest shavings), neutral (empty zone), and clean zone
(clean shaving). The isolated P8 pup was placed in the neutral
area and the camera (at 30 cm above) recorded its displacement
for 1 minute 3 times in a row. The mean time spent in each area
was measured. The pups’ temperatures were measured before
both tests. Analyses were blinded for experimental groups.

Statistical Analysis
Data were expressed as mean value with standard error of the
mean (SEM). Using GraphPad Prism Software, data were tested
for normality using the Kolmogorov–Smirnov normality test.
Multiple comparisons in the same data set were analyzed by
1-way analysis of variance (ANOVA) or 2-way ANOVA with
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the Bonferroni post hoc test. Single comparisons were made
using two-tailed Student’s t test or the Mann–Whitney test.

Results
As previously demonstrated,10,23 in our model of WMI,
aberrant pro-inflammatory microglial activation causes a
block in oligodendrocyte maturation, myelin deficit, and
cognitive defect (for a summary, see the schematic repre-
sentation in Fig 1A). Building on these findings, to iden-
tify the role of miR-based post-transcriptional regulation
in pre-microglia response to inflammation in the develop-
ing brain, we crossed constitutive LysM promoter-driven
Cre recombinase mouse line10,32,33 with the floxed Dicer
alleles line and compared microglia from LysMCre/+: Dic-
erfl/+ mice to LysMCre/+: Dicer+/+ control mice. There
was a significant down-regulation of Dicer mRNA in iso-
lated CD11B+ microglia from P5 LysMCre/+: Dicerfl/+

mice revealed by qRT-PCR analysis (see Fig 1B).
We performed a miRNome analyses of microglia

from LysMCre/+: Dicerfl/+ and LysMCre/+: Dicer+/+ mice
treated with PBS or IL-1β at P5. We first identified DE
miRs between LysMCre/+: Dicerfl/+ and LysMCre/+:
Dicer+/+ mice in PBS condition. Twelve miRs are
strongly regulated (adjusted p value <0.05 and FC value:
�1.5 < FC >1.5, see Fig 1C, Table S1) by Dicer defi-
ciency in microglia. Eleven miRs are strongly down-
regulated in microglia from LysMCre/+: Dicerfl/+ mice. Its
belonging to miR-18334 cluster (miR-182/183/96), miR-
200 cluster 1 (miR 141/200c), and miR-200 cluster
2 (miR-200a/200b/429),35 Several studies suggested that
miR-183/96,34,36 miR-141-3p,37,38 and miR 200b39

inhibit microglial activation. As shown in Fig 1C, IL-1β
exposure decreased expression of all family members of
these 3 clusters In LysMCre/+: Dicer+/+ control mice but
increased them in LysMCre/+: Dicerfl/+ mice. MiR-195
the only upregulated microglial miRs in LysMCre/+: Dic-
erfl/+ mice is known to prevent microglial activation.40

We next identified microglial DE miRs between
LysMCre/+: Dicerfl/+ and LysMCre/+: Dicer+/+ in the IL-
1β condition (see Fig 1D, Table S1) and identified 7 miRs
(adjusted p value <0.05). These miRs are downregulated
in LysMCre/+: Dicerfl/+ in PBS condition but to a lesser
extent than DE miRs presented in Figure 1C. MiR-9 and
miR-98 are known to promote microglial activation41 and
inhibit the microglial phagocytosis,42 respectively. Overall,
miRNome analysis in LysMCre/+: Dicerfl/+ revealed (i) a
strong downregulation regulation of microglial miRs
known to plays pleiotropic roles in immunity and micro-
glial activation, and (ii) a dysregulation of these miRs
under the IL-1β condition, justifying a phenotyping of
microglia to reveal the effect of such modifications.

The qRT-PCR analysis of isolated CD11B+
microglia from P5 LysMCre/+: Dicerfl/+ mice injected with
IL-1β showed a significant reduction in the induction of
Nos2, Il1rn, and Il4ra mRNAs compared to IL-1β
LysMCre/+: Dicer+/+ animals (see Fig 1E). However, Igf1
mRNA level were still decreased in LysMCre/+: Dicerfl/+

animals treated with IL-1β. Taken together these results
show a reduction in microglial activation in LysMCre/+:
Dicerfl/+ mice during IL-1β exposure compared to control
mice. Alternatively, qRT-PCR analysis of isolated CD11B
+ microglia from P5 LysMCre/+: Dicerfl/+ mice exposed
to polyinosinic: polycytidylic acid (Poly: IC, 2 i.p. injec-
tions at P4 and P5) demonstrated a significant over-
expression of Nos2, Il1rn, Il4ra, and Socs3 mRNAs
compared to Poly: IC LysMCre/+: Dicer+/+ animals (see
Fig 1F). Poly: IC is a double-stranded homopolymer used
to activate Toll-Like receptor 3 (TLR3), suggesting that
effect of Dicer deficiency on microglial inflammatory
response is specific to the inflammatory stimuli and associ-
ated intracellular pathways.

We next establish the effect of the lower microglial
activation on myelination in LysMCre/+: Dicerfl/+ mice
exposed to IL-1β. We showed that LysMCre/+: Dicer+/+

but not in LysMCre/+: Dicerfl/+ have a significant reduc-
tion in mRNA encoding several myelin proteins including
Mbp (Myelin basic protein), Mog (myelin oligodendrocyte
glycoprotein), and Plp (myelin proteolipid protein) at P10
(Fig 2A). LysMCre: Dicer+/+ but not in LysMCre:
Dicer�/+ also demonstrated a significant reduction in
MBP protein level (see Fig 2B,C). This suggests that
microglial Dicer deficiency could prevent the myelin pro-
tein deficit induced by IL-1β.

Having established an miR-based post-
transcriptional regulation of microglial activation that
impact myelin gene expressions in our WMI model, we
then explored the extent to which miRs could potentially
control mRNA expression in microglia. For this, we per-
formed both a miRNome and transcriptome analyses of
microglia from mice treated with PBS or IL-1β at P5, the
developmental stage when we first detect a dysfunction in
immature oligodendrocyte (OL) maturation due to activa-
tion of microglia.10,23 First, we identified which of the
microglia miRs were modulated by IL-1β by comparing
microglia (CD11B+ cells) from brains of mice treated
with PBS or IL-1β at P5. We identified 34 miRs (Fig 3A)
that were: (1) highly expressed in microglia with a median
intensity >4, and (2) significantly regulated by IL-1β in
microglia with an adjusted p value <0.05. Of these
34 miRs, 17 miRs were significantly up-regulated by IL-
1β and 17 miRs were significantly downregulated by IL-
1β in microglia (see Table S1). Functional enrichment
analysis of these 34 miRs using DAVID 6.843 defined a
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FIGURE 1: Effect of partial Dicer depletion in microglial activation. (A) Schematic representation of WMI overtime in IL-1β model.
(B) Relative expression in P5 microglia from LysMCre: Dicerfl/+ and LysMCre: Dicer+/+ treated with phosphate-buffered saline (PBS)
or IL-1β (n = 4–8/group, mean � SEM) of Dicer mRNA. (B, C) MiRNome analysis in LysMCre: Dicerfl/+, and LysMCre: Dicer+/+ treated
with PBS or IL-1β (n = 4/group). Heatmap representation of significant dysregulated microglial miRs in LysMCre: Dicerfl/+ versus
LysMCre: Dicer+/+ treated with PBS (C) and IL-1β (D). The mRNA encoding a validated set of markers to phenotype microglia10,67 in
LysMCre: Dicerfl/+ and LysMCre: Dicer+/+ treated with PBS or IL-1β (n = (5–12/group, mean � SEM) (E) or with PBS and Poly:IC
(n = 5–8/group, mean � SEM) (F). One-way analysis of variance (ANOVA) with Bonferroni test. The + p < 0.05, ++ p < 0.01 and ++

+ p < 0.001 comparing LysMCre: Dicer+/+ PBS with LysMCre: Dicer+/+ IL-1β or Poly:IC. * p < 0.05, ** p < 0.01 and *** p < 0.001
comparing LysMCre: Dicer+/+ IL-1β or Poly:IC to LysMCre: Dicerfl/+ with IL-1β or Poly: IC.
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set of representative gene ontology (GO) terms related to
cellular stress in response to infection/inflammation,
hematopoietic stem cell differentiation, and myelination
(see Fig 3B, Table S2). We then generated a Venn dia-
gram to depict the overlap between the predicted targets
of dysregulated microglial miRs established using
MirTarget in the online database miRDB (Table S3) and
the significant differentially expressed (DE) mRNA by IL-
1β exposure in microglia. DE genes of P5 microglia from
microarray analysis were identified under two criteria:
adjusted p value <0.05 and FC value: �1.5 < FC >1.5
(see Fig 3C, Table S3). Venn diagram revealed that more
than 40% (1,371/3,303, p = 2.3 � 10�09) of microglial
DE genes by IL-1β could be driven by altered levels of
miRs (see Fig 3C). Functional enrichment analysis using
DAVID 6.8 and REVIGO44 of these 1,371 genes defined
a set of representative GO terms, including immune sys-
tem processes, cell adhesion, migration, and angiogenesis
(see Fig 3D, Table S2). These analyses suggest that perina-
tal inflammation can result in dysregulated microglial
miRs that can partially drive the conversion of homeo-
static immature microglia toward immune-activated
phenotype.

Next, we wanted to know if this miR signature was
specific to microglia. We compared the miRs repertoire

(miRNome) modulated by IL-1β in microglia (CD11B+
cells) with immature OLs (O4+ cells) from our WMI
model to identify miRs highly enriched in microglia (see
Fig 3A). Noteworthy, microglia specific cluster modulated
by IL-1β contained 3 downregulated miRs (miR-5,131,
3,091-5p, and 125a-3p) and one strongly upregulated
miR-146b-5p (see Table S1). GO terms associated with
the immunomodulatory miR-146 revealed links to pro-
cesses relevant to perinatal brain injury, such as cellular
response to tumor necrosis factor and oxygen levels but
also myelination (see Table S2). RT-qPCR analysis con-
firmed the high enrichment of the miR-146b-5p in
microglia compare to immature OLs (see Fig 3E) and its
sustained up-regulation upon IL-1β exposure (see Fig 3F).
In contrast, the microglial miR-146a-5p was not regulated
in microglia (see Fig 3E,F). These results provided a
strong rationale for choosing miR-146b-5p for further
studying its role in microglial activation.

To study the role of miR-146b-5p in microglial acti-
vation, we first characterized its regulation in microglia
under different conditions. We isolated ex vivo early
microglia (P7) by magnetic cell sorting and used three
classical stimuli that are known to differentially activate
microglia (Fig 4A): (1) IL-4-stimulated microglia display
an anti-inflammatory phenotype; (2) IL-1β-stimulated

FIGURE 2: Effect of partial Dicer depletion in microglia on white matter injury (WMI). (A) Relative expression of mRNA encoding
myelin proteins in anterior cerebrum at P10 of LysMCre: Dicerfl/+ and LysMCre: Dicer+/+ animals treated with phosphate-buffered
saline (PBS) or IL-1β (n = 6–11/group, Mean � SEM). One-way analysis of variance (ANOVA) with Bonferroni test. The + p < 0.05, +
+ p < 0.01 and +++ p < 0.001 comparing LysMCre: Dicer+/+ PBS with LysMCre: Dicer+/+ IL-1β. * p < 0.05, ** p < 0.01 and ***
p < 0.001 comparing LysMCre: Dicer+/+ IL-1β to LysMCre: Dicerfl/+ with IL-1β. (B) Representative image of ACTIN and MBP immuno-
blot and (C) Quantification of the four isoforms of MBP in the anterior brain of mice at P10. Protein levels were normalized to ACTIN
and are presented as a fold-change relative to PBS. (n = 6–12/group, Mean � SEM) Student t test is used to compare PBS to IL-1β in
LysMCre: Dicer+/+ and in LysMCre: Dicerfl/+ * p < 0.05. [Color figure can be viewed at www.annalsofneurology.org]
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microglia exhibit a mixed phenotype with fluctuation in
the expression of pro-, anti-inflammatory, and immune-
regulatory genes; and (3) LPS-stimulated microglia display
a pro-inflammatory/immuno-regulator phenotype with a
marked decrease of anti-inflammatory gene expression.
Our results showed that miR-146b-5p expression was sig-
nificantly increased by IL-1β and LPS stimulation but not
by IL-4 (see Fig 4B). Next, we tested whether miR-146b-

overexpression was functionally able to limit acute inflam-
mation in microglia. For this, we used a pro-resolving
lipid mediator, resolvinD1 (RvD1), known to induce sev-
eral immunomodulatory microRNAs including the miR-
146b-5p in immune cells.45,46 Using this approach, we
first showed that RvD1 induced a significant increase of
miR-146b-5p in microglia (see Fig 4B). Further, we
showed that in the presence of RvD1, microglial cells

FIGURE 3: The miRNome analysis of microglia in the white matter injury (WMI) model. (A) Heatmap representation of significant
dysregulated microglial miRs in cell sorted microglia and oligodendrocyte progenitors (OPCs) from animals at P5 treated with IL-
1β (n = 6/group, Adjusted p value <0.05). (B) Functional enrichment analysis of the microglial differentially expressed miRs. Gene
Ontology (GO) terms with a Bonferroni p value <0.05. (C) Venn’s diagram shows the significant overlap between the predicted
targets of dysregulated miR and the significant differentially expressed (DE) genes in microglia from animals at P5 treated with
IL-1β (n = 6/group, Adjusted p value <0.05). (D) set of representative GO term with a Bonferroni p value <0.05 from functional
analysis of the 1,371 genes in the intersection area. (E) Specific enrichment of miR-146a and b family in microglia and OPC from
animal at P5 treated with IL-1β (n = 7/group, mean � SEM, One-way analysis of variance (ANOVA) with Bonferroni test, ***
p < 0.001. (F) miR-146a and b expression in microglia during and after IL-1β exposure (n = 5–21/group, mean � SEM). Two-way
ANOVA corrected by Bonferroni test *** p < 0.001 compare IL-1β to phosphate-buffered saline (PBS) treated animals at
each time.
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treated with LPS (see Fig 4C) had significantly decreased
levels of pro-inflammatory (Nos2 and Tnfa mRNA) and
immuno-modulatory markers (Il1rn, Il4ra, and Socs3
mRNA). We observed no obvious effect on anti-
inflammatory markers. Taken together these results
suggested that increase in miR-146b-5p could function to
limit acute inflammation in microglia.

Based on the above results we hypothesized that the
increase in miR-146b-5p under pro-inflammatory

stimulus was an attempt to limit inflammation and that
further increasing expression of miR-146b-5p could func-
tion as an in vivo therapeutic strategy. To achieve delivery
of miR-146b-5p, we used a 3DNA nanocarrier Cy3 fluo-
rescent tag conjugate that is specifically internalized by
microglia.10 First, we demonstrated that synthetic miR-
146b-5p conjugated with the 3DNA nanocarrier Cy3 tag
was rapidly internalized by ex vivo microglia (Fig 5A). A
major target of miR-146b is the IRAK1 serine–threonine

FIGURE 4: The miR-146b-5p expression in ex vivo microglia. (A) Heatmap representation of relative expression to unstimulated
condition of mRNA encoding a validated set markers to phenotype ex vivo microglia10,67 after 24 hours of stimulation with IL-4,
IL-1β, and lipopolysaccharide (LPS; n = 7–8/group). (B) Relative expression to unstimulated condition of miR-146b-5p in ex vivo
microglial after 24 hours of stimulation with IL-4, IL-1β, LPS, and Resolvin D1 (RvD1) stimulus (n = 6–13, mean � SEM). One-way
analysis of variance (ANOVA) corrected by Dunnet test, ** p < 0.01 and *** p < 0.001. (C) Relative expression of mRNA
encoding a validated set markers to phenotype microglia10,67 after RvD1 treatment of primary microglia under 24 hours of
stimulation with phosphate-buffered saline (PBS) or LPS (n = 6–7/group, mean � SEM). One-way ANOVA with Bonferroni test.
The + p < 0.05, ++ p < 0.01 and +++ p < 0.001 comparing vehicle + PBS with to vehicle + LPS * p < 0.05, ** p < 0.01 and
*** p < 0.001 comparing vehicle + LPS with RvD1 + LPS.
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kinase found in both the cytoplasm and nucleus and
involved in the toll-like receptor/interleukin-1 signaling
pathways.47 Therefore, to examine the effectiveness of
miR-146b-5p overexpression, we first evaluated IRAK1
immunoreactivity under LPS exposure and demonstrated
a significant increase of IRAK1 immunoreactivity in both
cytoplasm and nucleus (see Fig 5B,C). The 3DNA Cy3
miR-146b-5p treatment significantly prevented LPS-
induced overexpression of IRAK1 (see Fig 5B,C) and
curbed LPS-induced overexpression of pro-inflammatory
(Nos2, Ptgs2, and Tnfa mRNA) and immuno-modulatory
markers (Il1rn, Il4ra, and Socs3) as compared to 3DNA
Cy3 conjugated with scramble miR (SCR; see Fig 5D).

The 3DNA Cy3 miR-146b-5p also significantly increased
the basal expression level of anti-inflammatory marker
(Cd206 and Lgals3 mRNA) in PBS-treated ex vivo
microglia (see Fig 5D). In addition, Lgals3 mRNA induc-
tion upon LPS exposure was reversed by 3DNA Cy3
miR-146b-5p (see Fig 5D). Overall, these results show
that overexpression of miR-146-5p in microglia reduced
the pro-inflammatory/immuno-regulator phenotype
induced by LPS through downregulation of IRAK1.

An important way for miRs to mediate paracrine
and autocrine signaling is through EVs. We investigated
the levels of miR-146b-5p in EVs from ex vivo microglia
stimulated with LPS. The EV’s quantification via tunable

FIGURE 5: Specific delivery of synthetic miRNA-146b-5p in ex vivo microglia using 3DNA nanocarrier modulates activation of
primary microglia. (A) The 3DNA Cy3 coupled to miR-146b-5p uptake by ex vivo microglia after 30 hours of stimulation. Images
were acquired using confocal microscopy (scale bar = 35 μm). (B) IRAK1 immunohistochemistry of ex vivo microglia after 3DNA
Cy3 miR scramble (SCR) or miR-146b-5p transfection and 24 hours lipopolysaccharide (LPS)-stimulation. Images were acquired
using confocal microscopy (scale bar = 20 μm). (C) Integrated density of IRAK1 immuno-reactivity in IBA1+ cells relative to
control group (n = 60 cells/group, mean � SEM). One-way analysis of variance (ANOVA) corrected by Bonferroni test. +++

p < 0.001 comparing 3DNA Cy3 miR SCR + phosphate-buffered saline (PBS) with 3DNA Cy3 miR SCR + LPS and *** p < 0.001
comparing 3DNA Cy3 miR SCR + LPS with 3DNA Cy3 miR-146b-5p + LPS. (D) Relative expression of mRNA encoding a
validated set markers to phenotype microglia10,67 after 3DNA Cy3 coupled to miR SCR or miR-146b-5p treatment of ex vivo
microglia under 24 hours of stimulation with PBS or LPS (n = 5–7/group, mean � SEM). One-way ANOVA with Bonferroni test. +
p < 0.05, ++ p < 0.01 and +++ p < 0.001 comparing 3DNA Cy3 miR SCR + PBS with 3DNA Cy3 miR SCR + LPS * p < 0.05, **
p < 0.01 and *** p < 0.001 comparing 3DNA Cy3 miR SCR + LPS with 3DNA Cy3 miR-146b-5p + LPS. (E) Relative quantification
(n = 3/group, mean � SEM) and representative graph of range of size of EVs in LPS versus PBS. (F) Relative expression of miR-
146b-5p in EVs from 24 hours of LPS stimulation versus PBS (n = 14–16, mean � SEM). Student’s t test *** p < 0.001. (G) miR-
146b-5p level in EVs from ex vivo microglia relative to control group. (n = 2-3/group, mean � SEM). Mann and Whitney test. *
p < 0.05 compare 3DNA Cy3 miR SCR + LPS to 3DNA Cy3 miR-146b-5p + LPS.

FIGURE 6: Relative expression of mRNA encoding a validated set markers to phenotype microglia10,67 after 3DNA Cy3 coupled
to miR scramble (SCR) or miR-146b-5p treatment of ex vivo microglia under 24 hours of stimulation with phosphate-buffered
saline (PBS) or IL-1β (n = 14-21/group, mean � SEM). One-way analysis of variance (ANOVA) with Bonferroni test. + p < 0.05, +
+ p < 0.01 and +++ p < 0.001 comparing 3DNA Cy3 miR SCR + PBS with 3DNA Cy3 miR SCR + IL-1β * p < 0.05, ** p < 0.01
and *** p < 0.001 comparing 3DNA Cy3 miR SCR + IL-1β with 3DNA Cy3 miR-146b-5p + IL-1β.
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resistive pulse sensing revealed that LPS did not modify
the number of EVs produced by microglia as compared to
unstimulated cells. The EV’s diameters were, however,
larger in the LPS condition (see Fig 5E) as recently
described in LPS simulated-BV2 microglial cell line.48

RT-qPCR analysis of EV content showed a significant
reduction in the level of miR-146b-5p in EVs in contrast
to the significant increase in the level of miR-146b-5p at
the intracellular level (see Fig 5F). Importantly, 3DNA
Cy3 miR-146b-5p treatment restored and in fact signifi-
cantly increased miR-146b-5p in EVs (see Fig 5G).
Together, our results showed that overexpression of miR-
146b-5p not only decreases pro-inflammatory factors in
microglia but also restores miR-146b-5p levels in the
EV. Finally, we demonstrated in ex vivo microglia, that
3DNA Cy3 miR-146b-5p significantly prevented IL-1β-
induced overexpression of pro-inflammatory (Ptgs2 and
Tnfa mRNA) and immuno-modulatory markers (Il1rn,
Il4ra, and Socs3) as compared to 3DNA Cy3 conjugated
with scramble miR (SCR; Fig 6) suggesting that miR-
146b-5p could reduce pro-inflammatory microglial activa-
tion induced by different inflammatory stimuli.

Because our overarching research goal is to design
therapies for perinatal brain injuries, we then tested the
neuroprotective abilities of the overexpression of miR-
146b-5p in vivo in our WMI model. We had previously
shown that 3DNA Cy3 injected intraperitoneally crossed
the brain–blood barrier to target microglia specifically.10

Therefore, we used 3DNA nanocarrier Cy3 tag conjugates
as a cargo to specifically deliver synthetic miR-146b-5p
in vivo. We first demonstrated that 3DNA Cy3 linked to
scramble miR (our control condition) or 3DNA Cy3
miR-146b-5p, injected i.p. at P0 and P1 before IL-1β
exposure, were taken up specifically by IBA1+ cells define
as microglia (Fig 7A). Next, we showed that 3DNA Cy3
miR-146b-5p pretreatment significantly prevented dys-
regulation of microglial pro-inflammatory, anti-inflamma-
tory, and immuno-regulatory markers (see Fig 7B),
reduced ROS releasing (see Fig 7C) induced by IL-1β,

and significantly lowered cortical levels of Ccl2 and Il1b
mRNAs (see Fig 7D). Together, these results demon-
strated that indeed 3DNA Cy3 miR-146b-5p blocked
microglial activation and limited brain inflammation cau-
sed by IL-1β exposure.

We analyzed ultrasonic vocalization from P2 pups
isolated to the litter and assessed behavior of P8 pups
using nest odor preference test to determine if these
improved microglial gene profiles had functional implica-
tions. P2 pups treated with IL-1β demonstrated a signifi-
cant reduced number of calls during maternal separation
(see Fig 7E). Pretreatment with 3DNA Cy3 miR-146b-5p
did not modify effect of IL-1β. P8 Pups demonstrated a
robust preference for the home nest shavings (nest zone)
and poorly explored the area containing clean shavings
(clean zone). Early inflammatory exposure significantly
decreased time in nest zone and drastically increase time
spent in the clean zone suggesting a deficit in maternal
odor recognition (see Fig 7F). Pretreatment with 3DNA
Cy3 miR-146b-5p almost completely abolished that
behavioral deficit (see Fig 7F).

Finally, we also tested whether 3DNA Cy3 miR-
146b-5p prevented hypomyelination in our model of
WMI as this is a hallmark of the neuropathology in this
model in the clinical cases. Pretreatment with 3DNA Cy3
miR-146b-5p significantly prevented the IL-1β-induced
decrease in Mbp, Mobp, Mog, and Plp mRNA (Fig 8A)
and MBP protein level at P10 in anterior cerebrum (see
Fig 8B,C). The 3DNA Cy3 miR-146b-5p also signifi-
cantly prevented the typical loss of MBP in the corpus cal-
losum at P15 induced by IL-1β exposure (see Fig 8D,F).
The number of Adenomatosis Polyposis Coli (APC)-
positive cells (a marker of myelinating oligodendrocytes)
was not altered by exposure to systemic inflammation (see
Fig 8E,G) suggesting a lower production of MBP by oli-
godendrocytes, which was prevented by the miR-146b-5p
treatment. Importantly, this protective effect was long last-
ing. The upward shift of the logarithmic regression curves
of the scatterplot of axon diameter against G-ratio (see

FIGURE 7: The 3DNA coupled to miR-146b-5p modulates neuroinflammation and behavioral deficit in white matter injury (WMI)
model. (A) The 3DNA Cy3 coupled to miR-146b-5p uptake by microglia 6 hours after P1 intraperitoneal injection. Image were
acquired using confocal microscopy (scale bar = 20 μm). (B) Relative expression of mRNA encoding a validated set markers to
phenotype microglia10,67 (n = 7–16/group, mean � SEM) and (C) reactive oxygen species (ROS) production (n = 11–12/group,
mean � SEM) by isolated CD11B+ microglia from P3 brain of mice injected with phosphate-buffered saline (PBS) or IL-1β and
treated by 3DNA Cy3 miR scramble (SCR) or miR-146b-5p. (D) Relative expression of Ccl2 and Il1b mRNA in anterior cerebrum
from P3 brain of mice injected with PBS or IL-1β and treated by 3DNA Cy3 miR SCR or miR-146b-5p (n = 6–7/group,
mean � SEM). In all panels: one-way ANOVA with Bonferroni test. + p < 0.05, ++ p < 0.01 and +++ p < 0.001 3DNA Cy3 miR
SCR + PBS to 3DNA Cy3 miR SCR + IL-1β. * p < 0.05, ** p < 0.01 and *** p < 0.001 compare 3DNA Cy3 miR SCR + IL-1β to
3DNA Cy3 miR-146b-5p + IL-1β. (E) Number of Ultrasonic vocalizations per minute analysis in P2 pups during maternal
separation (n = 20–29 animals/group, mean � SEM). (F) The nest odor preference test evaluates maternal odor recognition by
measuring mean time spent by P8 pups in the nest, neutral, and clean zone (mean of 3 trials of 1 minute, n = 20–29 animals/
group, mean � SEM).
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Fig 8I) demonstrated a significant increase of G-ratio in
the corpus callosum (indicative of a decrease of myelin
thickness) in IL-1β exposed animals (see Fig 8J) and was
not present in those pretreated with 3DNA Cy3 miR-
146b-5p (see Fig 8H–J).

In conclusion, 3DNA Cy3 miR-146b-5p pre-treat-
ment was able to normalize microglial activation, reversed
hypomyelination, and prevented maternal odor recogni-
tion defect induced by early inflammation exposure. Such
results highlight the importance of miR-146b-5p in
microglia-mediated injury in the developing brain and
opens avenues for future works focused on post-injury
treatments.

Discussion
Our data collectively demonstrate that regulation of miR-
146b-5p is an important mechanism for damping inflam-
mation in developing brain during an inflammatory chal-
lenge. This effect was exploited to develop an
experimental miR based strategy for the prevention of
long-lasting defects in myelination due to activation of
microglia in our well-characterized mouse model of WMI.

We used the widely used LysMCre strain to induce
recombination of Dicer in microglia. Aside recombination
in significant numbers of microglia, recombination in
LyMCre mice occur in monocytes, macrophages, and neu-
trophil populations.49 Despite these limitations in the
interpretation, several studies have used this approach to
unravel key roles of microglia50,51 and microglia/
macrophages in brain pathology. Remember that whatever
the role played by the peripheral myeloid cells in our
model of WMI, we demonstrated that pro-inflammatory
microglial activation is the cue driver of hypomyelination
induced by early exposure to inflammation.10

We first demonstrated using LysMCre/+: Dicerfl/+

mice that miRNA-mediated post-transcriptional regulation
of mRNA targets in pre-microglia are required for inflam-
matory microglial activation and subsequent induction of
myelin protein genes deficits in our model of WMI.9,10,23

We also demonstrated that Dicer mRNA deficit lead to
hyper-responsiveness to Poly: IC immune challenge.

It must be noted that, Varol et al52 showed that
Dicer mRNA deletion using inducible Cx3cr1CreER driver
lead to microglial hyper-responsiveness to a single LPS
injection in adulthood. Both Poly: IC and LPS experi-
ments demonstrated that Dicer deficit exacerbate Toll-like
receptor (TLR)-mediated microglial activation. Con-
versely, Dicer deficit attenuated IL-1 receptor-mediated
microglial activation. This suggest that miRNAs modulat-
ing the microglial inflammatory response is specific to the
stimuli and the receptor-pathway activated and conse-
quently dependent of microglial phenotype induced by
such stimulations. Overall, these results highlighting the
importance of miRNA-based post-transcriptional regula-
tion of microglial activation.

Our miRNome analysis of microglia from our WMI
model identified 34 dysregulated miRs, including several
miRs that have been previously described as regulators of
microglial pro-inflammatory activation.15 Among them,
immunoregulatory miRNA-146b-5p stood out because of
its high expression level in microglia as compared to oligo-
dendrocyte progenitors (OPCs) and by being one of the
strongest regulated miR in our analysis. Transcription of
miR-146 family members is increased by active NF-kB in
response to inflammation. Direct targets of miR-146a/b
identified using 30-UTR luciferase reporter assays are IL-
1R-associated kinase 1 (IRAK1) and tumor necrosis factor
6 (TRAF6).16,53 IRAK1 and TRAF6 are downstream of
TLRs and IL-1 receptors (IL-1R) signaling pathways that
activate NF-κB transcriptional response.54 Thus, miR
146 family acts as a negative feedback regulator of NF-κB
signaling.16,55 In the mouse, mir-146a is found in an
intergenic region of chromosome 11 and miR-146b is
found within the first intron of the protein coding gene
Mfsd13a on chromosome 19.21 Although the mature
sequences for miR-146a and miR-146b are highly con-
served and differ only by 2 nucleotides outside of the seed
region, we demonstrated here that microglial miR-146b

FIGURE 8: The 3DNA coupled to miR-146b-5p prevents hypomyelination in the white matter injury (WMI) model. (A) Relative
expression of mRNA encoding myelin genes in anterior cerebrum from P10 mice injected with phosphate-buffered saline (PBS)
or IL-1β and treated by 3DNA Cy3 miR scramble (SCR) or miR-146b-5p (n = 15-16/group, mean � SEM). (B, C) Quantification of
the four isoforms of Myelin Basic protein (MBP) in the anterior brain of mice at P10. Protein levels were normalized to ACTIN
and are presented as a fold-change relative to PBS 3DNA Cy3 miR SCR group (n = 5–6 animals/group, mean � SEM).
Representative pictures (scale bar = 100 μm) and quantification of MBP (D, F) and APC+ myelinating oligodendrocytes (E, G) in
corpus callosum from P15 mice injected with PBS or IL-1β and treated by 3DNA Cy3 miR SCR or miR-146b-5p (n = 6–7/group,
mean � SEM, Student t test, * p < 0.05). (H) Electronic microscopy pictures of axons in corpus callosum of P30 mice injected with
PBS or IL-1β and treated by 3DNA Cy3 miR SCR or miR-146b-5p (scale bar = 20 μm). (I) Logarithmic regression curves of the
scatterplot of axon diameter against G-ratio in corpus callosum from (blue) PBS 3DNA Cy3 miR SCR mice, (red) from IL-1β 3DNA
Cy3 miR SCR mice, and (green) IL-1β 3DNA Cy3 miR-146b-5p mice (n = 3/group). (J) Measure of axonal G-ratio from EM pictures
(n = 3/group, mean � SEM). In all panels: one-way analysis of variance (ANOVA) with Bonferroni test. + p < 0.05, ++ p < 0.01
and +++ p < 0.001 3DNA Cy3 miR SCR + PBS to 3DNA Cy3 miR SCR + IL-1β. * p < 0.05, ** p < 0.01 and *** p < 0.001
compare 3DNA Cy3 miR SCR + IL-1β to 3DNA Cy3 miR-146b-5p + IL-1β.
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but not miR-146a is upregulated in mice pups by expo-
sure to a systemic inflammatory challenge. Little is known
about the regulation or functional significance of either
miR-146a or miR-146b but previous evidence of selective
regulation of the two miR-146 isoforms has been reported
in Alzheimer’s disease where upregulation of miR-146a56

and downregulation of miR-146b has been observed in
patients with brain injuries57,58 and in paradigms of liver
function and angiogenesis.20,22

A major strength of the current study is our ability
to increase in vivo the levels of miR-146b specifically in
microglia using 3DNA nanotechnology. Previous studies
from our laboratory have demonstrated that microglial
activation is directly responsible for myelin injury and
poor behavioral outcomes.10 As such, it is likely that direct
effects of miR-146b on microglial activation were respon-
sible for the positive effect on myelination and behavior.
Maternal–pup interactions involve USV and maternal
olfactory recognition. Until pups open their eyes maternal
recognition occurs through olfactory cues. USV analysis
and the maternal odor test could be used to evaluate social
interaction.59,60 Several studies have demonstrated that
prenatal exposure to inflammation impaired social interest
because of motivational impairment61 in rats during
infancy persisting in adulthood and across genera-
tions.59,62 Here, we demonstrated that postnatal exposure
to inflammation the first week of life induced impairment
of social interest (reduced USV and less maternal recogni-
tion) which, at least in part, reduced by the miR-146b-5p
by 3DNA treatment.

Nanoparticle delivery systems are investigated
preclinically and have already been introduced in the
clinic. Systemic administrations have been US Food and
Drug Administration-approved for treating a variety of
cancers,63 suggesting that 3DNA or other nanoparticle
drug delivery systems represent a promising therapeutic
strategy.

An important finding of this study was that micro-
glial activation led to a decrease in miR-146b levels in
EVs. Cell–cell communication via factors loaded into EV
plays a critical role during inflammation.64 Whether the
lower miR-146b levels in EVs could impact other cells in
the developing brain remains to be investigated but litera-
ture relative to miR-146a suggest it has significant effects.
MiR-146a originating from EVs play a crucial role in den-
dritic spine formation and synaptic stability.64 The synap-
tic arborization in our WMI model is significantly
decreased.20 Such findings are common across models of
inflammatory exposure in the perinatal period.65,66 So we
would speculate that inflamed microglia through over-
expression and trafficking modification of miR-146b
toward EVs promote resolution of inflammation to the

detriment of these developmental functions that promote
neuron maturation. The restoration in the EVs of higher
level in miR-146b-5p by 3DNA treatment could lead
direct effects on neuron differentiation, a hypothesis that
remains to be tested.

This study demonstrates that miR-146b (but not
miR-146a) acts as a negative feedback mechanism against
inflammatory activation specifically in microglia in our
WMI model. We harnessed this intrinsic negative feedback
mechanism as an immunoregulatory-based therapy and we
were able to resolve microglial activation and improve func-
tional and myelin outcomes. This demonstrates that miR
mediated therapies may have a future as efficient strategies
to protect the developing brain against WMI.
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