MicroRNA-124 loaded nanoparticles enhance brain repair in Parkinson’s disease
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Abstract

Modulation of the subventricular zone (SVZ) neurogenic niche can enhance brain repair
in several disorders including Parkinson’s disease (PD). Herein, we used biocompatible
and traceable polymeric nanoparticles (NPs) containing perfluoro-1,5-crown ether
(PFCE) and coated with protamine sulfate to complex microRNA-124 (miR-124), a
neuronal fate determinant. The ability of NPs to efficiently deliver miR-124 and prompt
SVZ neurogenesis and brain repair in PD was evaluated. In vitro, miR-124 NPs were
efficiently internalized by neural stem/progenitors cells and neuroblasts and promoted
their neuronal commitment and maturation. The expression of Sox9 and Jaggedl, two
miR-124 targets and stemness-related genes, were also decreased upon miR-124 NP
treatment. In vivo, the intracerebral administration of miR-124 NPs increased the
number of migrating neuroblasts that reached the granule cell layer of the olfactory
bulb, both in healthy and in a 6-hydroxydopamine (6-OHDA) mouse model for PD.
MiR-124 NPs were also able to induce migration of neurons into the lesioned striatum
of 6-OHDA-treated mice. Most importantly, miR-124 NPs proved to ameliorate motor
symptoms of 6-OHDA mice, monitored by the apomorphine-induced rotation test.
Altogether, we provide clear evidences to support the use of miR-124 NPs as a new
therapeutic approach to boost endogenous brain repair mechanisms in a setting of

neurodegeneration.
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Introduction

Neurogenesis occurs constitutively in the subventricular zone (SVZ) of the adult
mammalian brain, including in humans [1]. Within this region, neural stem cells
(NSCs) can self-renew, proliferate and give rise to new neurons, astrocytes and
oligodendrocytes. In rodents, newborn neurons generated in the SVZ migrate
through the rostral migratory stream (RMS) towards the olfactory bulb (OB)
where they fully differentiate as mature interneurons [2]. Adult neurogenesis
homeostasis is altered in several brain disorders including Parkinson’s disease
(PD) [3]. PD is characterized by the loss of dopaminergic (DA) neurons present
in the substantia nigra (SN) and degeneration of DA terminals in the striatum,
leading to movement coordination impairments and cognitive deficits. Several
factors have already been reported to improve functional recovery in PD animals
models by increasing endogenous neurogenesis and migration of newly born
neurons into the lesioned striatum [4,5]. However, an efficient therapy aiming at
full regeneration has not yet been found. Therefore, it is imperative to find new
platforms to efficiently deliver pro-neurogenic factors to NSCs and to boost the
endogenous regenerative capacity of adult brain.

A tightly controlled network of intrinsic and extrinsic signals, including small
non-coding RNAs (e.g. microRNAS) [6-9] regulate the neurogenic niche.
MicroRNAs (miR) are able to regulate hundreds of genes [10] at the post-
transcriptional level by inhibiting mMRNA translation or inducing mMRNA
degradation [11]. MiR-124 is one of the most abundant miR in the adult brain
[12]. The expression of miR-124 is initiated during the transition from NSC to
progenitor cell and it is enhanced with neuronal maturation [13,14]. Several
studies have shown that the overexpression of miR-124 induces neuronal
differentiation of both progenitor cells [15,16] and HelLa cells [10]. More
recently, lentiviral overexpression of the miR-124 precursor (among other
factors) was capable of inducing the differentiation of human neonatal foreskin
fibroblasts into functional mature neurons [17,18]. In vivo, miR-124
overexpression in the SVZ niche increased the number of newborn neurons
without affecting their migratory capability [13,14]. Additionally, miR-124 is
intimately associated with brain pathologies and neurodegenerative disorders,

such as PD. Indeed, within the miR-124 validated targets, one-fourth are de-



regulated in PD (49 genes out of 202, MIRECORDS database) [19]. Significant
decrease of miR-124 was described in the SN of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-intoxicated mice (PD mouse model) as well as in
MNO9D dopaminergic neurons treated with methyl phenyl pyridinium (MPP)
iodide, while its overexpression improved cell survival [20,21]. Therefore,
increasing miR-124 intracellular levels likely stands for a novel therapeutic
strategy to improve functional outcome in PD (reviewed by Sun et al 2015 [3]).
Due to the short half-life and poor stability of miR, their efficient delivery into
cells in a safe and controlled way remains a challenge [22]. Viral vectors have a
high capacity to deliver miR, however safety issues such as immunogenicity and
the risk of triggering oncogenic transformation limits its translation potential
[23]. Non-viral vectors such as polymeric nanoparticles (NPs), which avoid these
safety issues, have been used by us and others to efficiently deliver
proneurogenic molecules, including miR, into cells [7,23-25]. As so, we
hypothesized that the use of polymeric NPs to deliver miR-124 could promote
neurogenesis of SVZ NSCs both in vitro and in vivo and ultimately promote brain
repair. To confirm this hypothesis we used a NP formulation formed by
poly(lactic acid-co-glycolic acid) (PLGA) and perfluoro-1,5-crown ether (PFCE),
a fluorine compound that can be tracked non-invasively by **F-MRI, and coated
with protamine sulfate to complex miR-124 [26]. The neurogenic potential of this
NP formulation was assessed both in physiologic conditions and in a 6-
hydroxydopamine (6-OHDA) mouse model for PD. We have found that miR-
124-loaded NPs (miR-124 NPs) enhanced neuronal differentiation and
axonogenesis in vitro. Accordingly, mRNA and protein levels of both Sox9 and
Jaggedl, two key non-neuronal genes, were also decreased upon miR-124 NP
treatment. In vivo, a single administration of miR-124 NPs into the lateral
ventricles of both healthy and 6-OHDA-lesioned mice was able to significantly
increase the number of migrating neuroblasts that reached the granule cell layer
of the OB. Importantly, miR-124 NPs also potentiated the migration of SVZ-
derived new neurons towards the 6-OHDA lesioned striatum and decreased the
motor impairments found in 6-OHDA treated mice. Altogether, our results
support the therapeutic potential of miR-124 NPs as an enhancer of endogenous

brain repair mechanisms.



Materials and Methods
Preparation of PLGA NPs.

PLGA NPs were prepared as described by Gomes and colleagues [26]. Briefly, PLGA
(Resomers 502 H; 50:50 lactic acid/glycolic acid) (Boehringer Ingelheim Lda,
Ingelheim, Germany) was covalently conjugated to fluoresceinamine (Sigma-Aldrich
Co. LLC). NPs were prepared by dissolving PLGA (100 mg,) in a solution of
dichloromethane/trifluoro-ethanol (1:8) containing PFCE (100 mg) (Fluorochem,
Derbyshire, UK). This solution was then added dropwise to a poly(vinyl alcohol) (PVA)
solution (5% w/v in water) and stirred. NPs were centrifuged and washed with distilled
water before freeze-drying. NPs were coated with protamine sulfate (PS) in 1:1 ratio by
agitation at room temperature (RT). After this incubation period, NPs were dialyzed
(MWCO of 50 kDa) against distilled water, frozen and lyophilized to obtain a dry

powder that was stored in a desiccator at RT.

Complexation of NPs with miR and cell transfection.

NPs were weighed and sterilized under ultraviolet light before being resuspended in
SVZ cell culture medium devoid of growth factors and sonicated (Transsonic T460/HH,
Elma Schmidbauer GmbH, Singen, Germany). To this suspension (1 to 20 pug/mL final
concentration, specified in the text) a total of 200 nM of miR (miR-124 or scramble-
miR, both from GE Healthcare Dharmacon Inc., Chicago, USA) were added and
allowed to complex for 45 min at 37 °C with intermittent agitation (Figure 1A). Void
NPs were prepared using the same procedure but without adding miR. Cells were then
incubated with void or miR-loaded NPs for 4 h at 37 °C in an incubator with 5% CO-
and 95% atmospheric air. All miR are from GE Healthcare Dharmacon Inc. and were
provided annealed, desalted and in the 2’-hydroxyl form and were resuspended in sterile
RNA free water. MiR-124 mature sequence is S’ UAAGGCACGCGGUGAAUGCC3’.

Characterization of NPs.

Particle size and zeta potential of NP suspensions were determined using light scattering
via a Zeta PALS zeta potential analyzer and ZetaPlus Particle Sizing Software
(Brookhaven Instruments Corporation, NY, USA). Size measurements were performed

at 25 °C, and data were recorded at a 90° angle, with an equilibration time of 2.5 min



and individual run times of 60 s. The average diameters described are number-weighted
average diameters. The zeta potential of NPs was determined in aqueous solutions, at 25
°C.

SVZ cell cultures and experimental treatments.

SVZ cell cultures were prepared from 1 to 3 day-old C57BL/6 mice as described by us
[27]. Briefly, brains were removed and placed into HBSS solution supplemented with
100 U/mL penicillin and 100 pg/mL streptomycin (all from Life Technologies,
Carlsbad, CA, USA). SVZ fragments were dissected from 450 pum-thick coronal brain
sections and digested in 0.025% trypsin, 0.265 mM EDTA (all from Life Technologies),
followed by mechanical dissociation. The single cell suspension was diluted in serum-
free medium (SFM) composed of Dulbecco's modified Eagle medium [(DMEM)/F12 +
GlutaMAX™-])] supplemented with 100 U/mL penicillin, 100 pg/mL streptomycin, 1%
B27 supplement, 10 ng/mL epidermal growth factor (EGF), and 5 ng/mL basic
fibroblast growth factor-2 (FGF)-2 (all from Life Technologies) and plated onto
uncoated petri dishes (Corning Life Science, NY, USA) and allowed to develop in an
incubator with 5% CO, and 95% atmospheric air at 37 °C. In these conditions, SVZ
cells grow in suspension and generate neurospheres that are rich in neural and
progenitor stem cells at distinct stages of differentiation and with proliferative and self-
renewing abilities, as previously shown by us . Five to six-day-old
neurospheres were seeded onto 0.1 mg/mL poly-D-lysine- (PDL; Sigma-Aldrich Co.
LLC, St. Louis, MO, U.S.A.) coated glass coverslips, or in PDL-coated 6-well plates for
quantitative (q)PCR analysis and in 24-well plates for all the remaining experiments, in
SFM medium devoid of growth factors. Two days after, medium was renewed and the
cell monolayer was allowed to develop for different time frames in the presence of void,

scramble-miR or miR-124 NPs.

Internalization studies.

SVZ cells were transfected with 10 pug/mL of fluorescein-labeled NPs (FITC-NPs)
complexed with 400 nM of miR-Dy547 (GE Healthcare Dharmacon Inc.) for 4 h at 37
°C, rinsed and maintained in SFM medium devoid of growth factors for 24 h. Thereafter
cells were fixed with 4% paraformaldehyde (PFA), permeabilized and blocked with 6%
bovine serum albumin (BSA; Amresco LLC, Solon, USA) and 0.5% Triton X-100



(Fisher Scientific, Pittsburgh, PA, USA) in 0.1 M of phosphate buffered-saline (PBS)
for 1 h at RT. SVZ cells were then incubated overnight (ON) with the following
primary antibodies: mouse monoclonal anti-nestin (1:100, Abcam Plc., Cambridge,
UK), rabbit polyclonal anti-GFAP (1:200, Abcam PIc.), goat polyclonal anti-FITC
(1:200, Abcam PlIc.), goat polyclonal anti-DCX (1:200, Santa Cruz Biotechnology, Inc.,
Dallas, TX, U.S.A.) and mouse monoclonal anti-FITC (1:100, Sigma-Aldrich Co.
LLC), all prepared in 0.3% BSA and 0.1% Triton X-100 solution. The secondary
antibodies used were the following: Alexa Fluor 647 donkey anti-mouse, Alexa Fluor
350 goat anti-rabbit, Alexa Fluor 488 donkey anti-goat or mouse and Alexa Fluor 647
donkey anti-goat (all 1:200, Life Technologies). Whenever appropriated, nuclei were
stained with Hoechst-33342 (4 ug/mL in PBS, Life Technologies) for 5 min at RT.
After, cells were mounted in Fluoroshield Mounting Medium (Abcam Plc.) and
photomicrographs taken using a confocal microscope (AxioObserver LSM 710, Carl

Zeiss, Jena, Germany).

Pl incorporation.

SVZ cells were treated with NPs and maintained in culture for 48 h after transfection.
Propidium iodide (PI; 5 pg/mL; Sigma-Aldrich Co. LLC) was added in the last 10 min
of the experimental protocol. Subsequently, cells were fixed with 4% PFA for 10 min,
stained with Hoechst-33342 (4 ug/mL, Life Technologies) for 5 min at RT and mounted
in Fluoroshield Mounting Medium (Abcam Plc.). Photomicrographs of Pl incorporation

were taken using an Axiolmager microscope (Carl Zeiss, Gottingen, Germany).

TUNEL assay.

SVZ cells were fixed with 4% PFA and permeabilized in 0.25% Triton X-100 for 30
min at RT. After permeabilization cells were incubated for 10 min with 3% H.O.. Cells
were then allowed to react for terminal transferase (0.25 U/L) biotinylated dUTP (6 M)
nick-end labeling of fragmented DNA in TdT buffer (pH 7.5) (all from Roche, Basel,
Switzerland) for 1 h at 37 °C in a humidified chamber. The enzymatic reaction was
stopped by rinsing with PBS. Cells were then incubated for 1 h with rhodamine (1:200,
Vector Laboratories, Burlingame, CA, USA), rinsed and stained with Hoechst-33342 (4

pg/mL in PBS; Life Technologies) as described previously. Then, cells were mounted



in Fluoroshield Mounting Medium (Abcam Plc.). Photomicrographs were obtained

using an Axiolmager microscope (Carl Zeiss).

BrdU incorporation.

5-bromo-2'-deoxyuridine (BrdU; 10uM, Sigma-Aldrich Co. LLC) was added to cultures
4 h before the end of the experiment. Thereafter, cells were fixed in 4% PFA and BrdU
was exposed following permeabilization with 1% Triton X-100 for 30 min at RT and an
incubation with 1 M HCL for 40 min at 37 °C. Nonspecific binding sites were blocked
with 6% BSA and 0.3% Triton X-100 for 1 h, followed by incubation with anti-BrdU
Alexa-Fluor 594 conjugated antibody (Life Technologies) prepared in 0.3% BSA and
0.3% Triton X-100 for 2 h at RT. Cells where then stained with Hoechst-33342 and
mounted in Fluoroshield Mounting Medium (Abcam Plc.). Photomicrographs of BrdU
incorporation were taken using a confocal microscope (AxioObserver LSM 710, Carl

Zeiss).

Immunocytochemistry.

SVZ cultures were fixed with 4% PFA, permeabilized and blocked for non-specific
binding sites for 1 h with 0.25% Triton X-100 and 3% BSA (cytoplasmatic staining) or
6% BSA (nuclear staining). Cells were subsequently incubated ON at 4 °C with primary
antibody. Cells were then incubated for 1 h with the corresponding secondary antibody
followed by Hoechst-33342 nuclear staining, and mounted in Fluoroshield Mounting
Medium (Abcam Plc.). Primary antibodies used were: rabbit polyclonal anti-ki67 (1:50,
Abcam Plc.); mouse monoclonal anti-GFAP (1:200, Abcam Plc.); goat polyclonal anti-
DCX (1:200, Santa Cruz Biotechnology, Inc.); mouse monoclonal anti-NeuN (1:100,
Merck Millipore, Darmstadt, Germany); rabbit polyclonal anti-Olig2 (1:200, Merck
Millipore); rabbit polyclonal Phospho-JNK (1:100, Cell Signaling, Beverly, MA, USA);
mouse polyclonal anti-Tau (1:200, Cell Signaling); rabbit polyclonal anti-sox9 (1:200,
Merck Millipore); goat polyclonal anti-jaggedl (1:100, Santa Cruz Biotechnology,
Inc.), all prepared in 0.3% BSA and 0.1% Triton X-100. Secondary antibodies used
were: Alexa Fluor 546 donkey anti-rabbit or mouse or goat and Alexa Fluor 488 donkey
anti-mouse or rabbit (all 1:200, Life Technologies). Photomicrographs were taken using
an Axiolmager microscope or AxioObserver LSM 710 confocal microscope (both from
Carl Zeiss).



Quantitative PCR (gPCR) analysis.

Total RNA was isolated from SVZ cell cultures according to the illustra RNAspin mini
RNA isolation kit manufacturer’s instructions (GE Healthcare Life Sciences, Cleveland,
OH, USA). cDNA was prepared from 1 pg total RNA using the iScript cDNA synthesis
kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Briefly, 1 ug of RNA was mixed
with 4 pL of 5x reaction mix and 1 uL of reverse transcriptase followed by the reaction
in a T100 thermal cycler (Bio-Rad Laboratories, Inc.): 5 min at 25 °C, 30 min at 42 °C
and 5 min at 85 °C. qPCR was performed by adding 0.5uL of sample cDNA to 5uL
SYBR Green PCR master mix (Bio-Rad Laboratories, Inc.) and 1 pL of GAPDH, Sox9
or Jagl primers (all Qiagen, Austin, TX, USA) in a total volume of 10 uL. The
thermocycling reaction was performed in a CFX Connect real-time system (Bio-Rad
Laboratories, Inc.): 3 min at 94 °C followed by 40 cycles of 15 s at 94 °C denaturation
step, 30 s at 60 °C annealing and elongation step. Quantification of target genes was
performed relative to the reference gene GAPDH using the comparative Ct method, as

previously reported by us [7,25].

In vivo studies.

All animal experimental procedures were performed in accordance with institutional
animal house, national and European Community guidelines (86/609/EEC,;
2010/63/EU). Adult male C57BL/6 mice (Harlan Laboratories Models, SL, Castellar,
Spain) with 10-12 week-old were used. All mice were housed in the same room and in
similar cages under controlled conditions: 12 h light/dark cycle in room temperature (22

°C) and ad libitum access to food and water.

Stereotaxic injections and BrdU administration.

Mice were anesthetized with an intraperitoneal (i.p.) injection of ketamine (90 mg/kg of
mouse weight; Imalgene 1000, Merial, Lyon, France) and xylazine (10 mg/kg of mouse
weight; Rompun 2%, Bayer, Leverkusen, Germany) before placing them in the digital
stereotaxic frame (51900 Stoelting, Dublin, Ireland). An incision was performed with a
scalpel to expose the mouse skull and scales were defined after setting the zero at the
bregma point. An intraventricular injection of 2.5 pL of miR-124 NPs (1 pg/mL of NPs



loaded with 200 nM miR-124) or saline solution (0.9% NaCl) was performed in the
right hemisphere (Anterior-posterior: —0.5 mm, Medial-lateral: —0.7 mm, Dorsoventral:
—2.9 mm) [8] using a Hamilton syringe at a speed of 0.5 pL/min. To unveil the effect of
our NP formulation in a mouse model for PD, mice were subjected to a double
stereotaxic injection to deliver the 6-OHDA toxin into the right striatum and the NPs
into the right lateral ventricle, as described previously. A total of 10 pg of 6-OHDA
(Sigma-Aldrich Co. LLC) dissolved in 0.02% of ascorbic acid (Fagron, Inc., St. Paul,
MN, USA) was injected per animal in the right striatum (Anterior-posterior: —0.6 mm,
Medial-lateral: —2.0 mm, Dorsoventral: —3.0 mm) [31] with a Hamilton syringe at a
speed of 0.2 pL/min. After injections, mice were kept warm (37 °C) until they recovered
from surgery. Four experimental groups were tested: 1) mice injected with saline both
in the striatum and in the lateral ventricle — “Healthy Saline”; 2) mice injected with
saline in the striatum and miR-124 NPs in the lateral ventricle- “Healthy miR-124 NP”;
3) mice injected with 6-OHDA in the striatum and saline in the lateral ventricle- “6-
OHDA Saline”; 4) mice injected with 6-OHDA in the striatum and miR-124 NPs in the
lateral ventricle- “6-OHDA miR-124 NP”. To label dividing cells, BrdU dissolved in a
sterile solution of 0.9% NaCl was administered i.p. (50 mg/kg of animal weight) in the
following three days (every 12 h) after the stereotaxic procedure (Figure 7A). Mice
were maintained in controlled conditions during the four weeks of experimental
procedure before being euthanized. For internalization studies 3 puL of 10ug/mL of
FITC-NPs complexed with 400nM of miR-Dy547 (dissolved in saline solution) were
injected into the lateral ventricle of mice as described above and 24 h after injection the

mice were euthanized.

Apomorphine-induced rotation test.

At week 2 post-stereotaxic injections, the mice received in the neck a subcutaneous
injection of 0.5mg/kg of apomorphine hydrochloride (Sigma) dissolved in 1% ascorbic
acid and 0.9% NaCl. Mice were placed in round testing bowls for 45 min and their
behavior was recorded using a digital camera. Number of net contralateral turns =
contralateral turns — ipsilateral turns; data are presented as percentage of 6-OHDA

saline mice.

Immunohistochemistry.



Mice were deeply anesthetized with a mixture of ketamine and xylazine, and then
perfused intracardially with saline solution followed by 4% PFA. Brains were surgically
removed and post-fixed with 4% PFA for 24 h, followed by immersion in a 30%
sucrose solution (Fisher Scientific) until sunk. Thereafter, brains were cryopreserved
and 40 um-thick coronal sections from the olfactory bulb (OB) or SVVZ/striatum regions
were collected in series of six slices (spaced 240 um from each other), using a cryostat
(CM 3050S, Leica Microsystems, Wetzlar, Germany). Immunostaining of tissue
sections was performed by adapting the experimental protocol described elsewhere [32].
Briefly, tissue sections were rinsed in PBS and incubated with 2 M HCI for 25 min at 37
°C to induce DNA denaturation and exposure of BrdU. Tissue sections were then
incubated in blocking solution — 2% of horse serum (Life Technologies) and 0.3%
Triton X-100 in PBS — for 2 h at RT, followed by a 48 h incubation at 4°C with the
following primary antibodies: rat monoclonal anti-BrdU (1:500, AbD Serotec, Raleigh,
NC, U.S.A.), and goat polyclonal anti-DCX (1:1000, Santa Cruz Biotechnology, Inc.),
or mouse monoclonal anti-NeuN (1:1000, Merck Millipore). Thereafter, sections were
incubated for 2 h at RT with Hoechst (1:10,000) and the respective secondary
antibodies: Alexa Fluor 488 donkey anti-rat, Alexa Fluor 546 donkey anti-goat or anti-
mouse (all 1:1000; from Life Technologies). Then, a simplified version of this protocol
was used for internalization studies. Briefly, 40 pm-thick coronal sections were
incubated in blocking solution for 1 h at RT and then incubated for 48 h at 4°C with the
goat polyclonal anti-FITC (1:500, Abcam Plc.). Thereafter, sections were incubated for
2 h at RT with Hoechst (1:10,000) and the secondary antibody, Alexa Fluor 488 donkey
anti-goat (1:1000, Life Technologies). Finally, sections were mounted in Fluoroshield
Mounting Medium (Abcam Plc.). Photomicrographs were obtained using an

AxioObserver LSM 710 confocal microscope (Carl Zeiss).

Statistical analysis.

Analysis of immunocytochemistry experiments were performed at the border of seeded
neurospheres, where cells formed a pseudo-monolayer. The experiments were
performed in three independent cultures, unless stated otherwise, and for each
experimental condition at least 2 coverslips were assayed per culture. Percentage of
fragmented nuclei, TUNEL", PI*, BrdU", Ki67%, Ki67"/DCX", Ki67*/GFAP*, NeuN*,
GFAP*, Olig2*, Sox9" and Jagged1* was calculated from cell counts in five independent



microscopic fields (approximately 150 cells per field) from each coverslip with a 40x
magnification. Quantification of neurite ramification number and total neurite length
positive for P-JNK was performed in 4 independent cultures, with at least 2 coverslips
per condition, in approximately 20 non-overlapping fields per coverslip (40x
magnification).

Quantification of DCX*, DCX*/BrdU* and NeuN*/BrdU" cell number was performed in
the SVZ, OB (granule (GCL) and glomerular (GL) layers) and striatum of at least 3
animals, as described previously by us [8]. For the SVZ, 5 slices spaced by 240 um each
were used. Cells were counted along the ventricle lateral wall from three different
Zaxis-positions per field in a 40x magnification (totaling approximately 35 fields per
mouse hemisphere). To obtain an unbiased density estimate, fields with the same mean
total volume and total number of SVZ cells were selected. In the OB, two fields of GCL
and six fields of GL from three different Zaxis-positions per field from 4 slices spaced
by 240 um each were counted per animal. In the striatum, two different Zaxis-positions

from nine fields from 5 slices spaced by 240 um each were counted per animal.

The software used for cell countings was ImageJ (NIH Image, Bethesda, MD, USA).
Data were expressed as mean + standard error of mean (SEM). Statistical significance
was determined with GraphPad Prism 6 software (GraphPad, San Diego, CA, USA) by
using ANOVA followed by Dunnett's or Bonferroni's test or unpaired two tailed

Student's t test, with p < 0.05 considered to represent statistical significance.

Results and Discussion

miR-loaded NPs are efficiently internalized by SVZ cells.

Novel polymeric PLGA-based NPs developed by us were used to deliver miR-
124 into SVZ cells (Figure 1A). These NPs have an average size of ~210 nm and
are coated with protamine sulfate, a cationic peptide that confers a positive
surface charge (+5.7 £ 1.2 mV, n=3) to the NP, allowing their complexation with
miR (negatively charged molecule) (+1.7 £0.7 mV, n=3). Moreover, NPs have in
its core PFCE, a nontoxic fluorine compound commonly used in nuclear
magnetic resonance (NMR) imaging applications, allowing in vivo non-invasive
tracking of NPs (Figure 1A) [26,33]. First, the ability of distinct SVZ cell

phenotypes to internalize NPs was evaluated by confocal analysis. Primary SVZ



cell cultures contain a mixture of stem (type B cells) and progenitor cells (type C
cells) able to proliferate and generate neurons and glial cells [34]. SVZ cells were
treated with 10 pg/mL of FITC-labeled NPs complexed with Dy547-labeled miR
mimic (a fluorescent scramble-miR) for 4 h, washed out to remove non-
internalized NPs, and maintained in culture for additional 24 h. A fluorescence
scramble-miR was used since it does not alter significantly the formulation
characteristics, such as size, zeta potential, complexation, and it is easier to track.
The intracellular uptake of miR NPs by neural stem/progenitor cells and
neuroblats was evaluated by co-staining doublecortin (DCX), glial fibrillary
acidic protein (GFAP) or nestin (Figure 1B, C, D). At this time point, primary
SVZ cultures contain approximately 10-20% neurons, 15-20% astrocytes and 70-
80% immature cells (nestin*/GFAP") (data not shown). We have found that miR-
Dy547 NPs were efficiently internalized by neuroblasts (DCX-positive (DCX");
Figure 1B), type B cells (GFAP*/nestin*; Figure 1C, D), immature progenitor
cells (nestin® cells; Figure 1C arrow), and by astrocytes (GFAP*; Figure 1D
arrowhead). The development of efficient and safer delivery systems for miR is a
major concern, since naked miR delivery presents a poor uptake efficiency
caused mainly by miR hydrophilic nature and negative charge [22,23]. Our NP
formulation proved to be efficient in both delivery and protection of miR. In fact,
we showed recently that the same NP formulation was able to rapidly release miR
in human umbilical vein endothelial cells (HUVEC), with only 50% of miR-
Dy547 co-localizing with FITC-NPs at 24 h post-transfection [26]. Moreover, the
retention of about 30% of NPs or miR-Dy547 within the endolysossomal
compartments was associated with the ability of the NP formulation to present
miR to the RNA-induced silencing complex (RISC) machinery. This
characteristic culminated in a higher biologic effect than the commercial
transfection system SIPORT, either in normoxia or hypoxia conditions [26]. In
SVZ cells, miR-Dy547 and FITC-NPs labeling was located preferentially in
aggregates during the initial hours but at 24 h post-transfection it was found
spread all over the cell cytoplasm including in the cellular processes of type B
cells, immature progenitor cells and new neurons (Figure 1B-D). The huge
heterogeneity in cell phenotypes and density found in SVZ cultures hamper an
extensive tracking of miR-Dy547 FITC-NPs inside SVZ cells. Nevertheless,
mMiR-Dy547 FITC-NPs were found internalized in all SVZ cell types analyzed



suggesting that this formulation represents an efficient miR delivery vector.
Importantly, our formulation was efficiently internalized and able to deliver miR-
124 into stem/progenitor and immature cells, the cell population that in response
to increased levels of miR-124 may differentiate into mature neurons. In
accordance, internalization in mature neurons was not analyzed due to its already

high basal expression of miR-124
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Figure 1. MiR loaded NPs are internalized by SVZ stem/progenitor cells. (A)
Composition and physical properties of miR NPs. (B, C, D) Photomicrographs of SVZ
stem/progenitor cells after transfection with 10 ug/mL of FITC-NPs (green) complexed
with miR-Dy547 (red) and stained against immature neuronal marker DCX (white), and
nuclear marker Hoechst (blue) (B) or the immature progenitor marker nestin (white) and
the glial marker GFAP (blue) (C, D). FITC-NPs and miR-Dy547 were found internalized
in all cell types analyzed. White arrow shows a cell that is only positive for nestin
(immature cell) and arrowhead shows a cell exclusively positive for GFAP (astrocyte).
Cells positive for both nestin and GFAP markers (type B cells) are also observed (C, D).
Scale bar: 10 pm.

Cellular toxicity of NPs.



Next, the toxic effect of NPs on SVZ cells was assessed by nuclear
condensation/fragmentation (Figure 2A), terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) (Figure 2B, D) and propidium iodide
(PI) incorporation (Figure 2C, E) analysis. MiR-124 and void NPs at 1, 10 and 20
png/mL were added to cells for 4 h. Thereafter, cells were rinsed to discard non-
internalized NPs and maintained in culture medium for 48 h. A first screening in
terms of cell toxicity was performed by quantifying the number of
fragmented/condensed nuclei (labeled with Hoechst). Concentrations up to 1
pg/mL of void NPs and up to 10 pg/mL of miR-124 NPs did not induce
significant nuclear condensation/fragmentation as compared with non-treated
cells (Figure 2A). Scramble-miR NPs at 10 pg/mL were nontoxic as well (105.6
+ 13.6, n=3). Parameters such as composition, size, and superficial charge among
other factors influence NP toxicity. NPs with higher surface charge generally
present higher toxicity [35], which may explain the highest cytotoxicity of void
(+5.7 £ 1.2 mV) versus miR NPs (+1.7 £0.7 mV). Importantly, 1 pg/mL NPs
either complexed or not with miR revealed no cytotoxicity. This concentration
was then used to evaluate apoptosis and necrosis in SVZ cells treated with void
NPs or miR NPs (scramble-miR or miR-124) by TUNEL and PI staining,
respectively. We have found that 1 pg/mL NPs (void, scramble-miR or miR-124)
did not induce apoptosis (Figure 2B, D) or necrosis/late-apoptosis (Figure 2C, E).
Based on these results, 1 pg/mL NPs complexed with miR-124 was selected to

perform the subsequent experiments.
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Figure 2. Viability studies in SVZ cells treated with NPs. SVZ stem/progenitor cells
were treated for 4 h with NPs and then maintained in culture for 2 days. Percentage of
(A) cells with nuclear condensation/fragmentation, (B) TUNEL™" apoptotic cells and (C)
propidium iodide (P1)* necrotic cells. Representative confocal digital images of (D)
TUNEL, (E) PI, and Hoechst (blue) stainings in control cultures and in miR-124 NP
treated cultures. Both TUNEL and P1 stainings are shown in red. Scale bar: 20 um.
Data are expressed as mean = SEM (n=3-13). **P < 0.01, ***P < (0.001 using Dunnett’s
multiple comparison test and compared with control. (B, C) Data are presented as

percentage of control (set to 100%). ns, non-significant.

miR-124 NPs prompt neuroblasts proliferation

Next, we examined the effect of miR-124 NPs in cell proliferation by analyzing
5-bromo-2'-deoxyuridine (BrdU) and Ki67 staining 48 h after cell treatments.
BrdU is a marker for cells undergoing S phase of the cell cycle, while all cycling
cells (G1, S, G2 and M phases) express the Ki67 marker. Overall, total cell
proliferation was not affected as compared with control cultures (Figure 3A, B).
However, cells treated with miR-124 NPs showed a higher number of
proliferating neuroblasts (Ki67"/DCX™; Figure 3C, E) and a lower number of
proliferating astrocyte-like cells (Ki67"/GFAP*; Figure 3D, F) when compared

with the respective controls. Thus, our results indicate that miR-124 NPs favor



neuroblast proliferation while decreasing the proliferation of astrocytic-like cells.
In accordance, others have showed that viral overexpression of miR-124 is able
to promote the commitment of type C progenitor cells towards a neuronal fate
while reducing the stem/progenitor cell pool [13,14]. In physiological conditions,
the expression of mir-124 is also increased during the transition from progenitors

towards mature neuronal cells [13,14].
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Figure 3. MiR-124 NPs favor neuroblast proliferation. SVZ stem/progenitor cells were
treated for 4 h with NPs and then maintained in culture for 48 h. (A, B) Bar graphs depict
the percentage of BrdU* and Ki67* cells, respectively. Percentage of (C) DCX" or (D)
GFAP" cells co-labeled with Ki67 staining. Representative fluorescence
photomicrographs of (E) DCX/Ki67 and (F) GFAP/Ki67 immunostainings in control
cultures and in miR-124 NP treated cultures. Nuclei are shown in blue, Ki67 in green
and, DCX and GFAP in red. Scale bar: 20 um. White arrows depict double-positive
cells. Data are expressed as mean £ SEM (n=2-3). *P < 0.05, **P < 0.01 using
Bonferroni's multiple comparison test. (A, C, D) Data are presented as percentage of

control (set to 100%).

miR-124 NPs induce neuronal differentiation by repressing key non-neuronal

genes.



The ability of miR-124 NPs to induce neuronal differentiation was then assessed. As
shown in Figure 4, miR-124 NPs led to a 2.5-fold increase in the number of mature
neurons (NeuN; Figure 4A, B) while reducing to approximately 25% the number of
astrocytes (GFAP; Figure 4C, E) as compared with scramble-miR NP-treated cells. No
effects were found in terms of oligodendrocyte differentiation (oligodendrocytes
transcription factor 2 (Olig2); Figure 4D, F). Although the oligodendrocytic lineage is
dependent on Olig2 expression, a subpopulation of stem/progenitor cells also express
Olig2 [36]. These data are in accordance with the results shown in Figure 3. Moreover,
Akerblom and colleagues reported an increased number of astrocytes after miR-124
inhibition [14] and Neo and colleagues showed that miR-124 was able to control the

choice between neuronal or astrocytic differentiation [37].

miR-124 targets include several non-neuronal-related genes including Sox9 (Notch
downstream effector involved in glial fate specification and in the maintenance of stem
cells in an undifferentiated state) [13,38,39] and jaggedl (Notchl ligand involved in
stem cell self-renewal) [13,38,40], among others. Therefore, the mRNA and protein
levels of Sox9 and Jaggedl (Jagl) were evaluated by gPCR and immunocytochemistry,
respectively. As expected, miR-124 NPs induced a reduction of approximately 30% in
MRNA (Figure 5A) and a reduction of almost 50% in protein levels (Figure 5B, C, D,
E) of both Sox9 and Jaggedl. Altogether, our results indicate that miR-124 NPs
modulate SVZ cells fate and downregulate Sox9 and Jaggedl, leading to a robust
enhancement of neurogenesis and a slight reduction in the number of astrocytes.
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Figure 4. MiR-124 NPs promotes neuronal differentiation over glial differentiation. SVZ
stem/progenitor cells were treated for 4 h with NPs and then maintained in culture for 7
days. (A) Representative fluorescence photomicrographs of NeuN immunostaining (red)
in control cultures and cultures transfected with 1 pg/mL of miR-124 NPs. Hoechst was
used for nuclear staining (blue); scale bar: 20 um. (B) Percentage of NeuN-
immunostained neurons, (C) GFAP-immunostained astrocytes and (D) Olig2-
immunostained oligodendrocytes in SVZ cultures. Representative fluorescence
photomicrographs of (E) GFAP (green) and (F) Olig2 (red) immunostainings in control
cultures and in miR-124 NP treated cultures. Nuclei are shown in blue. Scale bar: 20 pm.
Data are expressed as mean £ SEM (n=3-6). *P < 0.05, ***P < 0.001 using Bonferroni's
multiple comparison test. In (B) data are presented as relative to control (set to 100%)
and the statistics compares miR-124 NPs against all other experimental conditions

(control, void and scramble NPs).
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miR-124 NPs promote axonogenesis.

Axon formation and neurite outgrowth are essential processes for the maturation and
integration of newborn neurons; these processes are dependent on c-Jun N-terminal
kinases (JNK) pathway activation [41]. To evaluate the effect of miR-124 NPs on
neuronal maturation and axonogenesis, SVZ cells were transfected with miR-124 NPs
for 4 h and the activation of SAPK/JNK pathway was analyzed 24 h post-transfection
by immunocytochemistry against phospho (P)-JNK, the JNK active form. MiR-124 NPs



induced a 1.6 and 2-fold increase in the number (Figure 6A) and length (Figure 6B) of
P-JNK™ axons emerging out of the neurospheres, respectively. Accordingly, in miR-124
NP-treated cultures P-JNK immunoreactivity was robust while control cultures showed
a more diffuse and weak staining (Figure 6C). Also, as reported previously by us, the P-
JNK staining co-localized with Tau, a microtubule-associated protein able to modulate

the stability of axonal microtubules in mature and immature neurons [29,30].

JNK can phosphorylate and activate several transcription factors in the nucleus,
including c-Jun, which may transduce cell death signals . As shown in Figure
6C, P-JNK immunoreactivity was localized in Tau-positive axons, but not in the
nucleus, suggesting that miR-124 NPs promote axonogenesis instead of inducing
apoptosis. Additionally, neither apoptosis nor late-apoptosis/necrosis was induced by 1
pMg/mL miR-124 NPs (Figure 2B, C, D, E). Indeed, growing literature supports a role of
JNK in cell proliferation, survival, and differentiation. For instance, it was shown that
JNK1 and the JNK pathway-specific scaffold protein, JSAP1, promote neural
differentiation of embryonic stem cells . Activated JNK may also foster
axonogenesis and neuronal polarization by targeting cytoskeletal proteins, such as the

Tau protein

Our results are also in accordance with a previous report showing that miR-124 is able
to control neurite outgrowth during neuronal differentiation presumably by regulating
cytoskeleton proteins [15]. Additionally, it has been shown by others that miR-124
promotes neurite elongation in human neuroblastoma and mouse P19 cell lines by
repressing Rho-associated coiled-coil forming protein kinase 1 (ROCK1), an upstream
repressor of the phosphoinositide 3-kinase (P13K)/Akt pathway [49]. In sum, the
activation of the SAPK/INK pathway found in Tau-expressing axons suggests that miR-

124 NPs enhance axonogenesis and neuronal maturation in SVZ cells.
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Figure 6. MiR-124 NPs activate the SAPK/IJNK pathway in Tau™ axons. SVZ
stem/progenitor cells were treated for 4 h with NPs and then maintained in culture for 24
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(um) of P-JNK™ fibers per neurosphere. (C) Representative fluorescence
photomicrographs of P-SAPK/INK (green), Tau (red), and Hoechst (blue) staining in
control cultures and in miR-124 NP treated cultures; scale bar: 20 um. Data are
expressed as mean + SEM (n=3-5). *P < 0.05, ** P < 0.01 using Bonferroni's multiple

comparison test.

MiR-124 NPs increase the number of migrating neuroblasts that reach the
OB and the lesioned striatum leading to motor amelioration of the PD
symptoms

Next, we evaluated the effect of miR-124 NPs in SVZ neurogenesis in a mouse
model for PD. For that purpose, miR-124 NPs were unilaterally injected into the
lateral ventricle, followed by 3 days of intraperitoneal injections with BrdU
(every 12h) (Figure 7A). MiR-124 NPs were injected into the right lateral
ventricle to facilitate the interaction with type B cells, which project one cilium
each into the ventricle lumen [34]; alternatively, miR-124 NPs may interact with
ependymal cells to induce a paracrine effect over SVZ stem/progenitor cells.
Indeed, miR-Dye 547 loaded FITC-NPs delivered into the ventricular lumen were
easily detected, lining the lateral ventricle of the SVZ, at 24 h after administration
(Figure 7B). Then, to unveil the effect of our NP formulation in a pre-clinical

mouse model for PD, mice were subjected to a double stereotaxic injection to



deliver 6-OHDA into the right striatum and the NPs into the right lateral ventricle
(Figure 7A). This mouse model for PD (10 pg 6-OHDA in the striatum) was
chosen based in the following parameters: reduced SVZ neurogenesis (about 40%
reduction in DCX*/BrdU" cells in the SVZ, Figure 7D), dopaminergic
degeneration (about 50% dopaminergic death in the SN: 48.1 = 6.1, n=10 mice),
functional motor deficits (Figure 9D), and low mortality rates (in opposite to
models such as involving injections in the SN or in the medial forebrain bundle).
Mice were euthanized 4 weeks after stereotaxic surgeries and the number of
neuroblasts (DCX™), and proliferating neuroblasts (DCX*/BrdU*) were quantified
in the SVZ (Figure 7) and in the GCL and GL of the OB (Figure 8). First, we
found that miR-124 NPs were not able to alter the total number of DCX" (Figure
7C) and DCX*/BrdU* cells (Figure 7D, E-H) in the SVZ of both healthy and 6-
OHDA-treated mice as compared with the respective saline group. Nevertheless,
the levels of proliferating neuroblasts (DCX*/BrdU™" cells) in 6-OHDA-treated
mice were approximately 50% lower than in healthy mice. This may indicate a
negative influence of striatal dopamine depletion over neuroblast proliferation
and/or migration into lesioned regions (striatum) or into the OB. However, the
total number of neuroblasts (DCX*; Figure 7C) was not affected by dopamine
depletion.

GCL and GL of the OB are the endpoint of SVZ-derived cells. In healthy
animals, a significant increase in the number of DCX™ (Figure 8A) and
DCX*/BrdU™" (Figure 8B, C, D) cells was found in the GCL of mice treated with
miR-124 NPs as compared with saline animals. It is plausible that these
neuroblasts result not only from the division of stem/progenitor cells into
neuronal progenitors (DCX*/BrdU™), but also from the neuronal commitment of
cells that have not undergone mitosis, or from late dividing cells generated after
the BrdU pulse (total DCX™ cells). Then, we found that the number of DCX™ and
DCX*/BrdU™ cells was not significantly different between healthy saline and 6-
OHDA saline mice (without miR-124 NP treatment). Interestingly, miR-124 NPs
increased the number of DCX™ (Figure 8A, C, D) and DCX*/BrdU™" (Figure 8B,
E, F) cells found in the GCL of 6-OHDA-treated animals as compared with miR-
124 NP-treated healthy mice. This may suggest that miR-124 NPs promote an
overall increase in migrating neuroblasts in PD animals. Importantly, migrating

neuroblasts reach the GCL fully differentiated into mature neurons



(NeuN*/BrdU") (Supplementary Figure 1). Although we do not know the
neuronal phenotype generated by DCX" neuroblasts found in the GCL, we do
know that the GCL contains mostly SVVZ-derived GABAergic interneurons
[50,51].

In physiological conditions neuroblasts originated in the SVZ migrate through the
rostral migratory stream towards the OB. However, upon brain damage,
neuroblasts can also migrate towards the lesion replacing damaged or dead
neurons [34]. Accordingly, some proliferating neuroblasts (DCX*/BrdU™)
(Supplementary Figure 2) as well as mature neurons (NeuN*/BrdU*) (Figure 9A,
B, C) were found in the striatum of 6-OHDA-treated mice, demonstrating that
DA depletion per se activated endogenous brain repair mechanisms. Importantly,
miR-124 NPs further increased the number of mature neurons found in the
lesioned striatum of 6-OHDA-treated mice (Figure 9A, B, C). As expected, the
levels of NeuN™/BrdU™ cells in the striatum were almost inexistent in healthy
mice. Our in vivo data suggest that miR-124 NPs reinforce the migration of SVZ-
derived neurons towards the lesioned striatum of 6-OHDA treated mice, likely as
an attempt to promote brain repair.

It is known that unilateral injections of 6-OHDA in mice and/or rats have the
advantage, when compared with other PD mice models, of presenting side-biased
motor impairments . Apomorphine is a dopamine receptor agonist that at
low doses causes contralateral turning by stimulating both supersensitive D1 and
D2 receptors preferentially on the denervated side (contralateral side)
Apomorphine-rotation test is used not only to characterize the extent of lesion but
also to detect therapeutic effects. To unveil if our treatment has any impact into
the amelioration of PD symptoms in the 6-OHDA-lesioned mice we performed a
behavioral analysis based on the apomorphine-rotation test (Figure 9D). Two
weeks after the stereotaxic injections, apomorphine was administrated
subcutaneously and rotation to the contralateral or ipsilateral side registered for
45 min. As expected, healthy mice, both saline and miR-124 NP treated mice,
exhibited a net rotation near zero, while 6-OHDA-lesioned saline mice presented
a significant increase in the net contralateral rotations that was reversed at some
extent in miR-124 NP treated mice (Figure 9D). Although any significant
differences were found in the levels of dopaminergic neurons in the SN of 6-
OHDA-lesioned mice (saline and miR-124 NPs, data not shown), the boost of



neurogenesis caused by our formulation seems to partly rescue the motor
impairments of 6-OHDA-lesioned mice.

Previous reports showed that miR-124 overexpression promotes neurogenesis and
decreases SVZ proliferation in physiological conditions. Moreover, it does not
interfere with migration nor OB integration [13,14], but it endorses a preferential
integration of new neurons into the GCL rather than the GL [14]. Accordingly,
we showed that a single intracerebroventricular administration of miR-124 NPs is
able to modulate SVZ neurogenesis, culminating in the enrichment of new
neurons in the GCL of the OB. Then, we hypothesized that miR-124 NPs are also
able to boost neurogenesis in a mouse model for PD. PD pathology can cause
neurogenesis impairment despite the controversy on this matter (reviewed by Van
den Bern et al, 2013 [55]). For example, injection of 6-OHDA in mice led to a
reduction in SVZ proliferation [56,57], yet the levels of neuroblasts in SVZ and
RMS were not affected and a higher survival of neurons in the OB was detected
[57]. We also observed a reduction in SVZ proliferation caused by 6-OHDA that
did not interfere with migration or OB integration. Even in pathological
conditions, a single dose of miR-124 NPs was able to efficiently increase the
number of migrating neuroblasts reaching the GCL to levels higher than the ones
obtained when miR-124 NPs were administered in healthy animals. Importantly,
miR-124 NPs potentiated the migration of SVZ-derived neurons towards the
striatal damaged area. The above mentioned alterations culminated with the
amelioration of the behavior of PD mice injected with miR-124 NPs. Although
the levels of dopaminergic neurons in the SN of 6-OHDA challenged mice were
similar between saline and miR-124 NP treated mice (data not shown), we
anticipate that the higher levels of new neurons found in the striatum of 6-
OHDA-treated miR-124 NP mice may contribute to the recovery outcome. Yet,
future studies are needed to further disclose the involvement of other cells and/or
mechanisms induced by miR-124 NPs responsible to induce motor recovery, such
as neuroprotection or reduction of neuroinflammation . Taken
together, our results suggest that miR-124 NPs are an attractive future therapeutic
approach to potentiate the endogenous recovery of the injured brain, namely in
PD.
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Figure 7. MiR-124 NPs do not affect the number of proliferating SVZ neuroblasts both
in the healthy and in the 6-OHDA mouse model of PD. (A) Experimental design for the
in vivo experiments consisting in an intracerebroventricular injection with miR-124 NPs
or saline solution followed by the injection of 6-OHDA into the right striatum. Then,
mice received BrdU injections (every 12 h) during the following 3-day upon surgery.
After 4 weeks mice brains were collected for processing. (B) Representative
photomicrographs of SVZ 24 h after injection, into the lumen of the lateral ventricle of
mice, of 10 pg/mL of FITC-NPs (green) complexed with miR-Dy547 (red) and stained
against the nuclear marker Hoechst (blue). (C, D) Bar graphs depict total (C) DCX* and
(D) DCX*/BrdU" cells counted in the SVZ. Data are expressed as mean = SEM (n=3-5
mice) *P < 0.05 using Student’s unpaired t-test as compared with saline healthy mice.
(E-H) Representative confocal digital images of BrdU (green), DCX (red) and Hoechst
(blue) staining observed in the SVZ of healthy (saline (D) or miR-124 NPs (E)) and 6-
OHDA-injected mice (saline (F) or miR-124 NPs (G), respectively). Scale bar: 20 pum;
white arrows indicate DCX*/BrdU" cells.
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Figure 8. MiR-124 NPs induce migration of SVZ-derived neuroblasts towards the
granule cell layer (GCL). (A, B) Bar graphs depict the effect of miR-124 NPs in the total
number of (A) DCX* and (B) DCX*/BrdU~ cells in the granule cell layer (GCL) and
glomerular layer (GL) of healthy or 6-OHDA-lesioned mice. Data are expressed as mean
+ SEM (n=3-5 mice) *P <0.05, **P < 0.01, ***P < 0.001 using Bonferroni's multiple
comparison test. (C-F) Representative confocal digital images of BrdU (green), Hoechst
(blue) and DCX (red) staining observed in the GCL of healthy mice (saline (C) or miR-
124 NPs (D)) or 6-OHDA-injected mice (saline (E) or miR-124 NPs (F)), respectively.
Scale bar: 20pum; white arrows indicate DCX*/BrdU™* cells.
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Figure 9. MiR-124 NPs induce integration of mature neurons into the lesioned striatum
of 6-OHDA-treated mice and ameliorate the PD phenotype. (A) Bar graph depict the
effect of miR-124 NPs on the total number of NeuN*/BrdU~ cells found in healthy or 6-
OHDA-lesioned mice. (B, C) Representative confocal digital images of BrdU (green),
Hoechst (blue) and NeuN (red) staining observed in the striatum of 6-OHDA-treated
mice (saline (B) or miR-124 NPs (C). Scale bar: 20 um; white arrows highlight
NeuN*/BrdU" cells. (D) Bar graph illustrates the net rotation to the contralateral side of
healthy or 6-OHDA-lesioned mice. Data are expressed as mean = SEM (n=4-6 mice)
#P<0.05, **P < 0.01, ***P < 0.001 using Bonferroni's multiple comparison test. (D)
Results are set to 100%; # displays the difference between 6-OHDA-lesioned saline and
miR-124 NPs mice.

Conclusions

To the best of our knowledge, this is the first report showing not only the ability
of a NP formulation to modulate the endogenous neurogenic niche in PD but also
its ability to ameliorate PD motor symptoms. Notably, we were able to
demonstrate the pro-neurogenic potential of miR-124 NPs both in physiologic
conditions and in a pre-clinical mouse model for PD. MiR-based therapies have
been emerging in the last few years. Indeed, some clinical trials using miR-based
therapies are being performed [61]. Nevertheless, one of the major concerns in
the translation of miR-based therapies to the clinic is the efficient delivery of
these molecules into cells. The physicochemical properties of miR (hydrophilic
nature and negative charge) as well as their easy cleavage by nucleases make the
transfection efficiency a challenge by itself [22,23]. We have developed a novel
polymeric NP formulation which was efficiently internalized by NSCs, enhanced
neurogenesis both in physiological and pathological conditions and can be traced
by °F MRI technique [26]. The theranostic feature of our NPs makes it an
attractive model to future clinical studies and an alternative to the NPs being
currently used for MRI clinical application, such as superparamagnetic iron oxide
NPs. Other important feature is the use of Food and Drug Administration (FDA)-
approved materials in its composition [26] which can be engineered in terms of
surface ligands making its delivery more specific and facilitating the translation
to the clinic. Altogether, the NP formulation developed by us can overcome

issues related with safety and traceability that other miR-delivery agents such as



viral vectors and liposomes cannot [22,23]. Most importantly, the formulation has
already shown to be efficient in the delivery of miR into endothelial cells [26].
The biological effects of miR delivery previously described were higher than the
ones obtained by commercial transfection reagents [26]. Herein, we proved that
the uptake of miR-124 NPs by SVZ stem/progenitor cells resulted in the
repression of Sox9 and Jaggedl proteins and the activation of SAPK/IJNK
pathway, promoting an increase in neurogenesis and axonogenesis. In vivo, a
single administration of a small amount of miR-124 (0.5 pmol) delivered by our
NP formulation increased the number of migrating SVZ-derived neuroblasts that
reached the GCL of the OB, both in healthy and a PD mouse model. Importantly,
mir-124 NPs also potentiated the migration of S\VVZ-derived neurons into the 6-
OHDA lesioned striatum. The formulation promoted not only neurogenesis at the
SVZ-OB axis but also the migration and maturation of new neurons into the
lesioned striatum, indicating its value as a strategy to improve brain repair for
PD. Moreover, our formulation also leads to motor amelioration of the PD
symptoms found in 6-OHDA lesioned mice. As so, evidences of behavior
improvement in pre-clinical models of PD can open new avenues in the
development of novel therapeutic approaches. The systemic delivery of miR-124
NPs by intravenous or intraperitoneal injections should be considered in future
studies to circumvent the need of an invasive stereotaxic surgery. To maximize
the ability of NPs to cross the BBB, NPs should be coated with ligands or
antibodies that are recognized by receptors/transporters or epitopes on brain
endothelial cells In line with recent data showing beneficial effects
induced by miR-124 on PD (neuroprotective agent) [20,21], Alzheimer’s disease
(alleviated cell death) [64], stroke (decreased infarct volume)[58,65], among
others [3], our results provide clear evidences to support the use of miR-124 NPs
as a new therapeutic approach to boost endogenous brain repair mechanisms in a

setting of neurodegeneration.
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