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ABSTRACT

ABSTRACT

The subventricular zone (SVZ) and the hippocampal subgranular zone (SGZ) comprise
two main germinal niches in the adult mammalian brain. Within these regions there are self-
renewing and multipotent neural stem cells (NSC) which can ultimately give rise to new
neurons, astrocytes and oligodendrocytes. Understanding how to efficiently trigger NSC
differentiation is crucial to devise new cellular therapies aimed at repairing the damaged brain.
A vast array of proteins and molecules have been described to modulate NSC fate and tested in
innovative therapeutic applications, however with little success so far. Of note, retinoic acid
(RA) is a potent differentiating factor critical for both developing and adult neurogenesis.
Unfortunately, concerns related to solubility, stability, concentration or spatial and temporal
positioning can hinder its desirable effects. The use of biomaterials emerges as the ideal
support to overcome these limitations and consequently boost NSC differentiation. Therefore,
the aim of this thesis was to develop a safer and more efficient therapeutic platform based on
RA-loaded nanoparticles to induce neurogenesis from the resident NSC present in the adult
brain.

In Chapter 3 we reported the use of RA-loaded polymeric nanoparticles as a potent tool to
induce the neuronal differentiation of SVZ cells. Intracellular delivery of RA by nanoparticles
activated RA receptors, decreased stemness and increased proneurogenic gene expression.
Importantly, this work reported for the first time a nanoparticle formulation able to modulate
the SVZ neurogenic niche in vivo. We further compared the dynamics of the initial stages of
differentiation between SVZ cells treated with RA-loaded polymeric nanoparticles and
solubilized RA. However, the balance between biomaterials and differentiating factors must be
well established, since bioaccumulation in off-target areas and the uncontrolled release can
generate undesired side-effects. For that reason, we further optimized our formulation to be
remotely controllable. Accordingly, in Chapter 4 we developed a light-responsive nanoparticle
formulation to control the release of RA while delivering it intracellularly with spatial and

temporal precision. The stimulus used to trigger RA release from nanoparticles was light (405
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nm laser), which demonstrated neurogenic capabilities by itself by activating -catenin through
the transient induction of mitochondrial- and NADPH oxidase-mediated reactive oxygen
species (ROS). This cellular response to light culminated in the upregulation of RA receptor
alpha (RARa), resulting in enhanced RA-induced neurogenesis. In conclusion, this combinatory
therapy induces an amplified neurogenic effect, offering great advantages to potentiate
neuronal differentiation of NSC while allowing a temporal and spatial remote control of RA
release.

The nanoparticle formulations herein developed may ultimately offer new perspectives
for brain regenerative strategies, focused in the modulation of endogenous NSC found in the
adult brain. The protection of RA from degradation, intracellular delivery and spatial and
temporal precision gathered by RA-loaded nanoparticles may be the grounds for the

development of an innovative therapy for brain regeneration against injury and degeneration.

KEYWORDS: Retinoic acid, stem cells, cell differentiation, nanoparticles, brain repair
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RESUMO

As zonas subventricular (SVZ) e subgranular do hipocampo (SGZ) constituem os dois
principais nichos neurogénicos no cérebro do mamifero adulto. Nestas regides, existem células
estaminais dotadas de multipoténcia e auto-renovagdo, ¢ que podem originar novos neuronios,
astrocitos e oligodendrocitos. A compreensdao dos mecanismos de diferenciacdo neuronal ¢
crucial para o desenvolvimento de novas terapias celulares dirigidas a reparacdo do cérebro
lesionado. Para este proposito, tém sido descritas e testadas varias proteinas e moléculas
promissoras, embora com pouco sucesso. O acido retindico (RA) ¢ um destes agentes pro-
neurogénicos que se tem destacado por potenciar a neurogénese durante o desenvolvimento e
na idade adulta. Infelizmente, parametros tais como a solubilidade, estabilidade e concentracdo
ou posicionamento espacio-temporal comprometem o seu potencial terapéutico. A utiliza¢do de
biomateriais surge assim como o suporte ideal para contornar estas limitagdes e
consequentemente potenciar a diferenciagdo neuronal. Assim, o objectivo principal desta tese
foi desenvolver uma plataforma mais segura e eficaz baseada na aplicagdo de nanoparticulas
com RA encapsulado para impulsionar o processo neurogénico em células estaminais neurais
no cérebro adulto.

No Capitulo 3, reportamos a utilizacdo de nanoparticulas com RA encapsulado como
uma ferramenta com potencial de induzir diferenciagdo neuronal de células da SVZ. A entrega
intracelular de RA através de nanoparticulas levou a ativacdo de recetores de RA, diminuiu a
capacidade estaminal e aumentou a expressio de genes pro-neurogénicos. E de salientar que
este trabalho demonstrou a capacidade destas mesmas nanoparticulas modularem o nicho
neurogénico da SVZ in vivo. Adicionalmente, comparamos a dinamica da expressao genética
das fases iniciais de diferenciacdo induzida pelas nanoparticulas com RA encapsulado ou por
RA solubilizado. No entanto, a bioacumula¢do em areas do organismo que ndo as pretendidas e
a libertacdo continua destes agentes podem induzir efeitos secundarios indesejados. Neste
sentido, otimizamos a formulagdo previamente descrita no Capitulo 3 de forma a ser controlada

remotamente. Assim, no Capitulo 4 desenvolvemos uma formulagdo que ¢ sensivel a luz



RESUMO

permitindo a libertacdo intracelular de RA com precisdo espacio-temporal. O estimulo utilizado
para desencadear a libertacdo de RA foi luz com comprimento de onda de 405 nm. O estimulo
com luz promoveu o aumento transiente de espécies reativas de oxigénio (ROS) mediadas pela
NADPH oxidase e presentes na mitocondria culminando com a ativagdo da P-catenina e
aumento de diferenciagao neuronal. Esta resposta celular a luz aumentou ainda os niveis de
expressao do receptor RA-alfa (RARa), resultando num aumento de neurogénese induzida por
RA.

Em suma, as formulagdes de nanoparticulas desenvolvidas no curso deste trabalho
oferecem novas perspetivas para o desenvolvimento de estratégias de regeneracdo cerebral,
com o enfoque na modulagdo das fontes endogenas de NSC no cérebro adulto. A protecdo do
RA contra a degradagdo, a entrega intracelular e precisdo espacio-temporais mediados por
nanoparticulas com RA encapsulado podem ser os fundamentos para o desenvolvimento de

uma terapia inovadora para a regeneracao do cérebro contra lesdes e degeneracao.

PALAVRAS-CHAVE: Acido retinoico, células estaminais, diferenciacdo celular,

nanoparticulas, reparacao cerebral
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CHAPTER1

1.1 - NEURAL STEM CELL NICHES

The classical view of adult mammalian brain presented it as an immutable organ,
incapable of generating new neurons. However, in the past decades, exciting data revealed that
multipotent and self-renewing neural stem cells (NSC) with the ability to differentiate into
neurons, astrocytes, and oligodendrocytes existed in defined neurogenic niches (Reznikov
1991; Luskin 1993; Alvarez-Buylla et al. 1998; Sanai et al. 2004). Thus, the persistence of
these germinal regions through life further reinforces the idea that new neurons may be used to
restore dysfunctional circuitries. Therefore, the modulation of endogenous neurogenesis raises
many expectations for the treatment of several brain disorders such as neurodegenerative
diseases, stroke, head trauma, among others.

In rodents, neurogenesis is primarily confined to two germinal niches, the subventricular
zone (SVZ) located between the lateral ventricles and the parenchyma of the striatum and the
subgranular zone (SGZ) of the hippocampus and (Lim et al. 2014). Outside these two regions,
neurogenesis is limited, being the SVZ the largest germinal center in the adult brain. This
region contains slowly dividing radial astrocyte-like NSC that express phenotypic markers of
immaturity such as nestin and sex determining region Y-box 2 (Sox2). These cells are known as
type B cells and represent a small subset of the total astrocytic population in the SVZ. Type B
cells hold stem cell properties, a feature that discriminates this astrocytic subtype from mature,
differentiated astrocytes (Doetsch et al. 1999a). In fact, in opposition to multiciliated
ependymal cells (E cells) that line the lateral walls of the ventricle, B cells possess a single
short cilium that is in direct contact with the cerebrospinal fluid (CSF). Hence, these cells are
responsive to external cues from both ventricle lumen (via CSF) and blood vessels. Neural stem
cells (type B) give rise to actively proliferating type C cells, which in turn generate immature
neuroblasts (type A cells) (Morshead ef al. 1994). Neuroblasts, as well as clusters of rapidly
dividing type C cells, are surrounded by processes of type B cells (Doetsch et al. 1997). In the
anterior and dorsal SVZ, chains of neuroblasts condense to form the rostral migratory stream
(RMS) (Lois et al. 1996; Lledo et al. 2006). Therefore, neuroblasts migrate through the RMS

towards the olfactory bulb along tubular structures formed by specialized astrocytes. After
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reaching the olfactory bulb, neuroblasts integrate the cortical layers, mainly as new GABAergic
granule- and GABAergic or dopaminergic periglomerular-interneurons (Lledo et al. 2006; Ming
et al. 2011a). These SVZ-derived newly-born neurons contribute to olfactory discrimination
and memory (Chambers et al. 2004). Figure 1.1a represents the SVZ cytoarchitecture as well as
a representative digital image of neuroblasts (doublecortin-positive) present in both the dorsal
SVZ and RMS (Figure 1.1b).

The SGZ is located in the dentate gyrus, between the hippocampal molecular layer and
the hilus, and contains radial (known as type I or B cells) and nonradial glia-like (type II or D)
cells that are tightly associated with blood vessels to form foci of proliferating cells (Palmer ef
al. 2000). Similarly to their subventricular counterparts (type B), SGZ astrocytes seem to
operate as NSC and give rise to transiently amplifying progenitors that, in turn, generate

neuroblasts (type III or G cells).

a Cc
> Blood vessel

—— Blood vessel

Blood vessel

@

A

Figure 1.1 - Neurogenesis in the adult rodent brain. (a) Schematic representation of the
cytoarchitecture of the subventricular zone (SVZ) stem cell niche. Neural stem cells (type B
cells) proliferate and give rise to transit amplifying progenitors (type C cells) that differentiate
into neuroblasts (type A cells). Neuroblasts then migrate long distances through the rostral
migratory stream (RMS; b) towards the olfactory bulb (OB), where they fully differentiate into
GABAergic or dopaminergic interneurons. (¢) In parallel, neural stem cells (type B or type |
cells) present in the subgranular layer of the hippocampus, give rise to type D (or type II)
progenitors that initially differentiate into new neurons (type G or type III cells) that migrate
short distances into the granular cell layer, where they ultimately differentiate into mature
granular neurons. Newly born neurons present in both the SVZ (a), RMS (b) and SGZ (c) were
labeled with doublecortin (green). Hoechst staining (blue) labels cell nuclei. From Santos et al.
2012b.
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Unlike SVZ, the progeny of SGZ astrocytes does not migrate a long distance before
maturation. Instead, differentiating SGZ neuroblasts migrate locally to the granule cell layer
(GCL) where they spread dendrites and project axons towards CA3 to form new granule
neurons (Seri et al. 2004). These new neurons extend their dendrites deeper into the molecular
layers as they differentiate and become involved in processes of learning and memory (Shors e?
al. 2001; Schmidt-Hieber et al. 2004; Tashiro et al. 2006). Figure 1.1c illustrates the SGZ
structure and includes a representative digital image of newborn neurons (stained with
doublecortin; green) present in the dentate gyrus (DG) of the adult rodent brain hippocampus.

SVZ and SGZ type B cells share multiple characteristics with astrocytes. These cells
express the intermediate filament component glial fibrillary acidic protein (GFAP), a typical
marker of mature astrocytes and, structurally, they display bundles of intermediate filaments
and gap junction complexes (Doetsch ef al. 1999a; Seri et al. 2001). The physical and chemical
contact with blood vessels allows the maintenance of an undifferentiated stem cell state (Shen
et al. 2004; Shen et al. 2008; Tavazoie et al. 2008). Additionally, in response to injury, NSC
proliferate, migrate towards the injured site and differentiate into new neurons. Due to these
unique characteristics, NSC were considered to be an inexhaustible source of new neurons that
can be recruited to promote brain repair in a context of neurodegeneration. Nevertheless, this
endogenous regenerative program is inefficient and only a few NSC-derived newly born
neurons are able to survive under the injured environment (Santos et al. 2012a). For that reason,
the study of molecular cues able to promote survival, proliferation, differentiation, or migration
is crucial. The in vitro study of NSC is possible through the neurosphere assay (Figure 1.2).
This assay consists of growing isolated NSC in serum-free medium (SFM) containing
mitogenic growth factors in a nonadhesive substrate. However, in vitro expansion of NSC
artificially selects clones with proliferative and self-renewal properties. This is caused by the
presence of growth factors namely endothelial growth factor (EGF) and fibroblast growth
factor-2 (FGF-2). EGF-responsive cells include type C cells and a small subset of activated type
B cells. Type C cells represent about 70% of neurosphere-forming cells isolated from SVZ
(Doetsch et al. 2002). Thus, neurospheres do not fully represent the stem cell population

present in vivo. Moreover, the higher number of passages neurospheres are subjected to, the
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more biological properties are changed. In fact, it was reported that 67% of adult NSC genes
are lost in C17.2 NSC cell line-derived neurospheres and 29% of C17.2-derived neurosphere
genes are not present in adult NSC (Parker et al 2005). Although its limitations, the
neurosphere assay is still considered a reliable tool to expand stem/progenitor cells for use in

basic research or replacement therapies (Gil-Perotin et al. 2013) (Figure 1.2).

Figure 1.2 - Neural stem cells present in the subventricular zone can give rise to neurons,
astrocytes and oligodendrocytes. /n vitro, the stem/progenitor cells dissected from the
subventricular region (SVZ- in red; A), constantly proliferate in serum-free medium under the
continuous presence of growth factors, originating free floating spherical neurospheres (B). (C)
Removal of growth factors and adherence onto a matrix such as poly-lysine induces
differentiation and migration at the border of neurospheres to form a pseudomonolayer of cells.
Nestin (green; D) immature SVZ cells co-expressing or not GFAP (red; D) can give rise to
astrocytes, neurons (immunoreactive to doublecortin - in green; E) and oligodendrocytes
(immunoreactive to oligodendrocyte marker O4 - in green; F). Hoechst staining (blue) labels
cell nuclei. Scale bar is 50 pm; LV, lateral ventricles. From Santos ef al. 2012b.

In 1998 a landmark paper by Eriksson et al. unequivocally demonstrated that
neurogenesis was also occurring in the adult human brain, particularly in the SGZ. In fact, the
same study also reported the presence of proliferating cells with a morphology similar to rat
neural progenitor cells in the SVZ (Eriksson ef al. 1998). The human SGZ niche

cytoarchitecture is similar to the rodent one. However, conservation of structure across species
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does not imply identical function or proliferation ratios. In rodents, proliferation is high in both
the SVZ and SGZ, while in humans proliferation is prominent in the SVZ but limited in the
SGZ (Curtis et al. 2012). On the other hand, SVZ cytoarchitecture in the adult human brain is
distinguishable from the rodent one. SVZ astrocytes (GFAP-positive) do not contact directly
with ependymal cells, instead, there is a gap devoid of cells that separate these two. However,
these astrocytes present NSC features in vitro, with some astrocytes exhibiting in vivo a long
process that contacts the ventricular surface, a characteristic similar to rodent type B cells
(Sanai ef al. 2004; Quifiones-Hinojosa et al. 2006). Regarding cellular phenotypic distribution,
the human SVZ exhibits less neuroblasts than the rodent brain, demonstrating a ratio of type B :
C:Acellsof3:1:1 in human compared to 2 : 1 : 3 in rodent (Doetsch et al. 1997; Curtis et
al. 2005). Additionally, thus far there is no consensus regarding the existence of an adult human
RMS. A ventral extension of the lateral ventricle presenting DCX- and GFAP-positive cells,
resembling the RMS, was described during the second trimester of gestation. However, in this
period no neuroblast chain-like structures were detected in the olfactory bulb, indicating that
migration might occur to other destination (Guerrero-Cazares et al. 2011). In fact, new neurons
generated from SVZ were found to migrate not only to the olfactory bulb but also to the
prefrontal cortex in children up to 18 months old (Sanai et al. 2011). After birth, it has been
described that SVZ proliferation and migration tends to decrease, with no detectable RMS
during adulthood (Quifiones-Hinojosa et al. 2006; Sanai et al. 2011). Moreover, new neurons
were also described to migrate and incorporate the adjacent striatum in the adult brain (Ernst et
al. 2014). Conversely, a migratory chain of early progenitor cells (CD133-positive),
proliferating cells (PCNA-positive), astrocytes and type B cells (GFAP-positive) and migrating
neuroblasts (polysialylated neural cell adhesion molecule (PSA-NCAM)-positive) was detected
in a unpredictably organized fashion around a lateral ventricular extension in a path resembling
rodent RMS but rotated 75 degrees (Curtis et al. 2007; Kam et al. 2009). The displacement of
human RMS compared to rodent is explained by the overdeveloped human frontal lobe,
pushing the olfactory tract more caudally (Kam et al. 2009). Nevertheless, assuming that the
ventriculo-olfactory system is endowed with progenitor cells and that it covers a greater brain

extention than the SGZ, the SVZ niche comprises a broader potential for brain repair therapies.
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1.1.1 - CONTACT AND SOLUBLE FACTORS THAT MEDIATE NEURAL STEM CELL

DIFFERENTIATION

The differentiation of NSC progeny is regulated by diffusible signals and contact with
neighboring cells and extracellular matrix (ECM) components (Ming et al. 2011b; Watt et al.
2013). A profound knowledge of the cellular and molecular mechanisms driving/inhibiting
differentiation in the neurogenic niches is crucial to identify molecules that can be used for
brain therapy. For instance, astrocytes from the SGZ and SVZ, the so-called “niche astrocytes”
secrete factors supporting the emergence of neurons from stem/progenitor cells. The astrocyte-
derived Neurogenesin-1 binds to the bone morphogenetic protein 4 (BMP-4), blocking its pro-
gliogenic effect on hippocampal progenitors (Ueki et al. 2003). Moreover, astrocytes from both
the SGZ and SVZ release sonic hedgehog that, in turn, induces proliferation and instructs
progenitor cells to differentiate into neurons (Jiao et al. 2008a). On the other hand, astrocytes
from non-neurogenic areas such as the adult neocortex secrete ephrin-A2 and -A3 that bind to
EphA7 receptors and limit endogenous neural progenitor cell proliferation (Jiao et al. 2008b)
(Figure 1.3).

One of the most studied and complex family of soluble factors belong to the Wnt
pathway. The Wnt family includes 19 secreted glycolipoproteins able to bind to different
receptors and trigger different cellular responses. These responses are divided into canonical
(B-catenin-dependent) and non-canonical (B-catenin-independent) Wnt signaling pathways.
Such processes include neural induction and patterning of the developing brain, cell
proliferation, fate specification, polarization and migration, axon guidance, synaptogenesis,
neuronal maintenance and regeneration and most importantly adult neurogenesis (reviewed by
(Niehrs 2012)). Importantly, both canonical and non-canonical pathways are required for
neuronal differentiation in adult neural stem cells. Lentiviral expression of a dominant-negative
form of Canonical Wntl in the dentate gyrus is capable of decreasing neurogenesis in an
expression level-dependent way. Rats with strongly reduced levels of neurogenesis revealed
impaired long-term retention of spatial and object recognition memory. On the other hand,

social transmission of food preference behavior was not altered, confirming that only
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neurogenesis-dependent functions of the hippocampus are affected (Jessberger et al. 2009).
Moreover, knockout of Wnt-7a was followed by a reduction in the number of SGZ newborn
neurons and impaired mouse dendritic development in a canonical fashion (Qu et al. 2013).
Similarly, the SVZ niche is also regulated by Wnt7a. Wnt7a is secreted by niche astrocytes (but
not olfactory bulb astrocytes), and it is responsible for enhancing NSC self-renewal and
proliferation through a non-canonical mechanism (Moreno-Estelles et al. 2012). Therefore,
Wnt7a displays a dual role by activating both canonical and non-canonical pathways depending
on the neurogenic niches. The complexity exhibited by the Wnt pathway indicates a tight

control of neurogenesis by these secreted factors.
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Figure 1.3 - Factors mediating neural stem cell differentiation. Astrocytes and basal lamina
extensions (fractones) from endothelial cells can establish contact with neural stem cells and
induce neuronal differentiation. Differentiation can also be induced by factors secreted by these
cells plus neuron-derived neurotransmitters.

Similarly to astrocytes, endothelial cells of the brain vasculature are a source of factors that
regulates neurogenesis (Shen ef al. 2004). Endothelial cell-derived factors such as brain-derived
neurotrophic factor (BDNF), angiopoietins and vascular endothelial growth factor (VEGF),
mediate neuronal differentiation of progenitor cells in the SVZ and/or the SGZ (Jin et al. 2002;

Lee et al. 2009; Liu et al. 2009; Rosa et al. 2010). Additionally, SVZ ependymal cells secrete
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Noggin to antagonize BMP-4 favoring neuronal over glial fate (Lim et al. 2000). Finally,
neurotransmitters and neuropeptides co-released from neuronal projections were shown to
influence neurogenesis. Pharmacological studies and specific neuronal projection ablation point
to a pro-neurogenic effect of both dopamine and serotonin in the SVZ (reviewed by (Young et
al. 2011)) (Figure 1.3).

In addition to soluble factors, cell-to-cell contact was also shown to increase the
neurogenic capacity of NSC. Contact-mediated neurogenesis in the SVZ niche was reported to
involve Ephrin-B2, a membrane-bound protein found in astrocytes (Nomura et al. 2010). This
process was later unveiled in the SGZ. Astrocytic Ephrin-B2 interacts with EphB4 receptor
present in NSC and induces neurogenesis through B-catenin activation (Ashton et al. 2012).
Astrocytes can also negatively regulate neurogenesis through the Notch pathway. Notch ligand,
Jaggedl, increases Notch signaling in neural stem cells, and inhibits neuronal differentiation
(Wilhelmsson et al. 2012). Moreover, the basal lamina secreted by brain endothelial cells in the
SVZ extends its projections to contact stem/progenitor cells (Mercier et al. 2002). These
protruding structures, named fractones, are rich in laminin and N-sulfated heparan sulfates and
capture FGF-2 to regulate neurogenesis in the SVZ (Kerever et al. 2007; Mercier et al. 2012)

(Figure 1.3).

1.1.2 - MOLECULAR FEATURES REGULATING NEURAL STEM CELL IDENTITY

NSC differentiation and fate determination is not only established by extracellular cues
(as mentioned previously), but also by intracellular events (e.g. DNA methylation, histone
modifications, transcription factors, non-coding RNA) on several distinct signaling pathways
(Mohamed Ariff et al. 2012). Different transcription factors, and their spatial and temporal
action, result in different outcomes on the neurogenic process. Classic transcription factors
involved in self-renewal and undifferentiated state of embryonic stem cells (ESC) are Sox2,
octamer-binding transcription factor 4 (Oct-4) and Nanog (Takahashi et al. 2007). Noteworthy,
the induced expression of these factors is capable of reversing the differentiated state of mature
fibroblasts into induced pluripotent stem cells, presenting the same cardinal features as ESC

(Suh et al. 2007). Sox2 is constitutively expressed in NSC, however, its downregulation
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accompanies the process of differentiation. Thereby, Sox2 can be used as a marker for
multipotent NSC able to self-renew and differentiate (Suh et al. 2007). In addition, Oct-4 is
known to induce pluripotency not only in adult mouse cells (Kim et al. 2009c¢), but also in
human NSC (Kim et al. 2009b). Most importantly, Oct-4 gene knockdown induces cell
differentiation (Niwa et al. 2000; Zaehres et al. 2005). Accordingly, Nanog expression was
shown to be required for the maintenance of NSC pluripotency (Mitsui et al. 2003; Kim et al.
2009b). These key regulators are involved in embryonic neurogenesis and maintain their
functions throughout adulthood (Suh ef al. 2009a).

Gene expression results from a tight cooperation between transcription factors and
epigenetic modulators. Epigenetics refer to heritable changes in gene expression or cellular
phenotype without altering the underlying DNA sequence (Ma et al. 2010). Epigenetic
regulation may include covalent DNA methylation, non-coding RNA and histone modifications.
DNA methylation strongly regulates NSC multipotency throughout development. During
midgestation, NSC differentiate exclusively into neurons, even when exposed to astrocytogenic
factors (e.g. ciliary neurotrophic factor) (Takizawa et al. 2001). This selective differentiation
occurs because the astrocytic gene promoters are hypermethylated, and for that reason binding
of signal transducer and activator of transcription 3 (STAT3)-complex to the glial fibrillary
acidic protein (GFAP) sequence is hampered. At late gestation, astrocytic gene promoters
become demethylated enabling both neuronal and glial differentiation (Qian et al. 2000).

Histone modifications are more complex and considered the most important epigenetic
events during NSC differentiation. In order to compact the eukaryotic genome, DNA is
wrapped around histones, forming the nucleosome. Condensed chromatin (heterochromatin) is
associated with gene silencing whereas active loose euchromatin is required for
transcriptionally active sites (Jenuwein ef al. 2001). Two of the core histones (H3 and H4) have
an N-terminal tail protruding from the nucleosome. This tail is subjected to post-translational
modifications including acetylation, methylation, phosphorylation, ubiquitylation, sumoylation,
glycosylation, and adenosine diphosphate ribosylation (Kouzarides 2007). Therefore, histone
modifications on specific aminoacid residues play a key role in the regulation of gene

transcription, by controling how genomic DNA is packaged, and therefore its access to
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transcriptional machinery. Among all the histone modifications, acetylation and methylation of
lysine (K) residues are the most intensely studied and decoded.

Histone acetylation is a mechanism involved in the control of adult neurogenesis
especially in the differentiation of SVZ and SGZ NSC (Hsieh ef al. 2004). Histone acetylation
is mediated by two enzymes, histone acetyl transferase (HAT) and histone deacetylase (HDAC)
(Hsieh et al. 2005). HAT catalyzes the acetylation of N-terminal lysine residues, hampering
their positive charge and consequently reducing the interaction with the negatively charged
DNA. This conformational change from heterochromatin to euchromatin facilitates gene
expression. On the other hand, HDAC promotes the deacetylation of histones and consequently
the condensation of chromatin to heterochromatin, impeding gene transcription (Hsieh et al.
2005). Importantly, Jawerka and colleagues have recently demonstrated that HDAC2 controls
neurogenesis, possibly involving the suppression of Sox2 after NSC differentiation (Jawerka et
al. 2010). Moreover, using a pharmacological approach with valproic acid (VPA), an inhibitor
of HDAC, NSC differentiate into a neuronal phenotype. The increased neurogenesis and
impaired gliogenesis is obtained due to NeuroD, a neurogenic transcription factor that becomes
upregulated with the inhibition of HDAC (Hsieh et al. 2004). Using another HDAC inhibitor,
sodium butyrate, NSC proliferation following cerebral ischemia is further increased in both
SVZ and SGZ (Kim et al. 2009a). Noteworthy, oligodendrogenesis also relies on HDAC
activity, since postnatal administration of VPA has been shown to delay the myelin-forming
oligodendrogenesis (Marin-Husstege et al. 2002; Shen et al. 2005) (Figure 1.4).

Histone methylation is considered to be the most enduring histone modification.
However, the recently confirmed existence of histone demethylases started questioning this
idea. Histone methylation occurs when methyl groups are added to lysine (K) or arginine (R)
residues of histone tails and are catalyzed by a family of conserved proteins, the histone
methyltransferases (Wen et al. 2009). Unlike histone acetylation, histone methylation depends
on the methylation site to induce or repress gene transcription. For example, histone H3
methylation at K9 and K27 along with histone H4 methylation at K59 results in gene-silent
heterochromatin, whereas histone H3 methylation at K4, K36, and K79 is associated with

transcription-active euchromatin (Yoo et al. 2006; Kouzarides 2007).
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Recently, various studies focusing on lineage specification genes such as Dix2, Mashl,
Ngnl, Olig2 and Hesl, revealed that a tight control of epigenetic activation and repression is
required for cell lineage differentiation. DIx2 (distal-less homeobox 2) was shown to instruct
neuronal differentiation and maintain proliferation of SVZ precursors (Brill ef al. 2008; Suh et
al. 2009b). Mashl (achaete-scute complex homolog-like 1, also known as Asc/I) is a key basic
helix-loop-helix (bHLH) transcription factor essential during neurogenesis, being involved in
the production and commitment of NSC while inhibiting their astrocytic potential (Ito et al.
2003; Kageyama et al. 2005). In addition to its role in neurogenesis, Mashl also plays a role in
oligodendrocyte development (Kim et al. 2007; Jessberger et al. 2008). Accordingly, Jessberger
and colleagues reported that induced over-expression of Mashl in hippocampal NSC, in vivo,
redirected their fate from neurons to oligodendrocytes (Jessberger et al. 2008). Ngnl
(Neurogeninl) is another bHLH transcription factor that was described to suppress astrocytic
differentiation in vitro and in vivo, via the suppression of STAT3 target genes (Cai et al. 2000).
Ngnl is expressed during the neurogenic period of neocortical development. Also, Ngnl is
induced and essential for NSC neuronal differentiation (Sun et al. 2001). Moreover, Kim and
collaborators have shown that Ngnl/ is able to commit pluripotent embryonal carcinoma P19
cells to adopt a neural cell phenotype. The authors have identified the epigenetic events on the
Ngnl gene throughout the stages of differentiation. The first stage is repressive and it is
characterized by the recruitment of H3K27-trimethylated(me3) on the Ngn/ promoter region.
The following stages include the association of H3K4me3 and the resultant Ngn/ gene
activation (Kim et al. 2004). Olig2 (Oligodendrocyte transcription factor 2), also a bHLH
transcription factor, is required for oligodendrocyte and motor neuron specification in the
spinal cord (Takebayashi ef al. 2002). However, the sustained expression of Olig? in
motoneuron progenitors prevents their terminal differentiation by inhibiting Ngn2
(Neurogenin?2) (Lee ef al. 2005). Moreover, constitutive overexpression of Olig2 in human NSC
promotes oligodendrocytic differentiation (Maire et al. 2009) (Figure 1.4). Functions of the
above mentioned transcription factors are downregulated by another set of factors, Hes/ and
Hes5 (Kageyama et al. 2008). Hesl and Hes5 are bHLH transcription factors, but they have a

distinct DNA-binding site resulting in transcriptional repression (Kageyama et al. 2015).
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Figure 1.4 - Epigenetic alterations define neural stem-cell identity. The presence of
condensed chromatin at several genes on neural stem cells impedes differentiation and favors
the immature stem cell state. When stem cells are exposed to differentiating factors, histone
modification and chromatin remodeling promotes gene transcription. The main genes involved
in the maintenance of multipotency and in the processes of neurogenesis, astrocytogenesis and
oligodendrogenesis by neural stem cells are depicted. Neurogenic genes such as Mashl and
Ngnl are also capable of repressing astrocytogenesis.

The most recently discovered small non-coding RNA (small interfering RNA (siRNA),
microRNA (miRNA) and piwi-interacting RNA (piRNA)) are known to affect gene regulation
(He et al. 2004). The role of miRNA has been extensively studied in NSC differentiation.
miRNA is generally characterized by a single strand RNA composed of 20-25 nucleotides that
can bind to the 3’ or 5° untranslated region of mRNA (Lytle et al. 2007). This binding causes
the formation of a tight complex that represses translation (Rana 2007). Among other actions,
the overexpression of miR-9 and miR-124, two predominantly neural miRNA expressed by
SVZ cells, promotes neuronal differentiation (Akerblom et al. 2012). miR-124 downregulates

several target genes, among them the Notch ligand Jaggedl, the astrocytic transcription factor
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Sox9, and the enzyme histone H3 Lys-27 histone methyltransferase, Ezh2 (Neo et al. 2014).
miR-9 targets members of the Hes (hairy and enhancer of split) gene family. When expressed,
this family of genes inhibit differentiation by repressing pro-neural genes (Coolen et al. 2013).
These miRs are complex and target various transcription factors, but both result in the
inhibition of STAT3-complex activation. This complex, as mentioned previously, is responsible
for the expression of GFAP and astrocytogenesis. Different miRNA regulate neurogenesis in
the SGZ. The most predominant are miR-184 and miR-137. The increment in their levels leads
to an increase in NSC proliferation whereas lower levels results in neuronal and astrocytic
differentiation (Mohamed Ariff et al. 2012) In this case, miR-184 binds to Mbdl, a protein that
represses methylation-induced gene expression (Liu et al. 2010) while miR-137 reduces lysine

27 of histone H3 methylation via the inhibition of methyltransferases (Szulwach et al. 2010).

1.2 - REGULATION OF NEUROGENESIS IN BRAIN HEALTH AND DISEASE

Dementia conditions induced by AD, PD and stroke (among others), had an estimated
global economic impact in 2010 of $604 billion US dollars. Additionally, the number of people
with dementia is expected to double every 20 years, together with the global ageing of the
population (Abbott 2011). An integrated approach to tackle such epidemia is needed, including
preventive strategies to protect the evolution of dementia. Currently, there is no cure for AD or
PD. But, the recovery of the injured areas by repopulation with new neurons and the stimulation
of the reestablishment of neural circuitry will likely be part of the solution. Given that adult
NSC have the potential to differentiate and migrate in response to brain damage, the disclosure
of mechanisms and molecules involved in this process will contribute to the development of
novel therapeutic strategies. SVZ is the most proliferative neurogenic niche and its neuroblasts
naturally possess the ability to migrate long distances. Therefore, SVZ is the neurogenic niche
of choice for the development of broad therapeutic strategies for brain repair. Though, the
chemoattraction and disengagement of migration processes are yet to be fully understood. Cell

replacement therapy will greatly benefit from the ability to control the mechanisms involved in

23



CHAPTER 1

modulating the migration of neuroblasts. Changes that occur upon brain injury such as altered
levels of growth factors, neurotransmitters, hormones, cytokines and chemokines, among other
signaling molecules, may affect neurogenic regions. Remarkably, these alterations seem to
work together with the objective of restoring brain integrity (Martino et al. 2011).

In the injured brain, NSC receive external cues from activated astrocytes and microglia
as well as from the blood vessels surrounding their niches (Kernie ef al. 2010). Some of these
cues have already been described. For example, excitotoxicity-derived glutamate release is
detrimental but, on the other hand, the same glutamate directly and indirectly (via production of
neurotrophic factors) induces the proliferation and neuronal differentiation of NSC (Mattson
2008). In addition, inflammatory mediators released by immune cells, such as tumor necrosis
factor alpha (TNF-a), nitric oxide (NO) and reactive oxygen species (ROS) also promote post-
injury neurogenesis (Estrada et al. 2005; Bernardino et al. 2008; Carreira et al. 2010).
However, a fine tuning of concentrations and temporal resolution is required, since an
exacerbated or chronic inflammatory response can significantly reduce both proliferation and
differentiation of NSC (Ekdahl ez al. 2009).

Among these, ROS are particularly interesting since they are part of the normal NSC self-
renewal, proliferation, differentiation and survival processes (Prozorovski et al. 2015).
Endogenous sources of ROS are vital for the dynamic regulation of these processes. Human
neurogenic niches are physiologically under a relatively hypoxic environment and this
environment is responsible for supporting and maintaining NSC in their undifferentiated state
(Mohyeldin et al. 2010). Moderate ROS levels are required for stem-cell differentiation and
renewal, mainly via the activation of mitogen-activated protein kinases (MAPK) whereas high
ROS levels lead to stem-cell exhaustion or apoptosis. On the other hand, decreased ROS levels
impair stem cell function (Schieber et al. 2014). Increased mitochondrial ROS production is
responsible for growth factor withdrawal-induced neurogenesis in vitro (Rharass et al. 2014).
Hydrogen peroxide is considered the primary type of signaling ROS and acts mainly via the
oxidation of proteins containing thiol groups (Sena et al. 2012). Accordingly, superoxide
dismutase knockout mice, which have deficient superoxide conversion into hydrogen peroxide,

present increased glial differentiation of SGZ cells (Huang et al. 2012a).
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Stroke is the consequence of blood supply disruption to the brain, mainly caused by
ischemia, hemorrhage or cardiac arrest. Importantly, cell proliferation in neurogenic niches is
increased after ischemia and newly-generated neurons are found on areas external to the SVZ
(Lin et al. 2015). In the SVZ niche, the number of type B GFAP-positive NSC that are in
contact with the CSF via their apical processes were found to be increased 30 days after
permanent middle cerebral artery occlusion (MCAO) in mice (Zhang et al. 2014a). This
phenomenon further highlights the responsiveness of NSC to external cues and the potential of
neurogenic regions present in the adult mammalian brain. Notably, migration towards ischemic
regions continues for up to a year after stroke in rats (Thored et al. 2007). Neuroblasts that
departed from SVZ were found differentiated into striatal neurons within the lesioned area
(striatum) of rodent models of ischemia (Arvidsson et al. 2002). Noteworthy, this detour in
migration also seems to depend on existing vasculature, just like in the RMS, indicating that
post-injury angiogenesis is a critical requisite for brain repair (Thored et al. 2007). However, as
a consequence of redirected neuroblasts, fewer cells reach the olfactory bulb (Kernie et al.
2010). Several factors were identified as responsible for neuroblast-detoured migration towards
peri-infarct regions. In broad terms, these factors include matrix metalloproteases, chemokines
and pro-angiogenic factors (Kernie et al. 2010). From the total number of neuroblasts that reach
the lesioned region, only few of them survive, differentiate and/or integrate as new mature
neurons. Though the reason for this failure is uncertain, studies point at inflammatory
microenvironment as the limiting step (Arvidsson et al. 2002; Parent ef al. 2002). In fact, the
human SVZ of post-mortem ischemic patients has an increased overall cell proliferation that
includes an increase in neuronal precursors (reactive for neuron-specific class III beta-tubulin
(BI-tubulin) and PSA-NCAM antibodies) (Marti-Fabregas et al. 2010). Additionally,
proliferative neuroblasts (Ki67 and DCX double positive cells) are increased in the infarct core
of stroke patients (Jin et al. 2006).

In a chronic condition such as Alzheimer’s disease (AD), neurogenesis is also affected.
AD is the most prevalent type of dementia characterized by synaptic and neuronal loss in areas
as the entorhinal cortex, hippocampus and neocortex, which are essential areas for memory and

other mental abilities. How neurogenesis is altered in AD is still a matter of debate. Jin and
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colleagues reported the presence of proliferating (TUC-4-positive) neuroblasts by
immunohistochemistry (DCX, PSA-NCAM, neurogenic differentiation 1 (NeuroD)) in both
SGZ of dentate gyrus and in CA1 of hippocampus, the main region affected by AD pathology.
Additionally, the presence of neuroblast markers was higher in AD patients versus control (Jin
et al. 2004). Nevertheless, as also referred by the authors, this comparison was made by western
blotting technique in separate membranes, where AD samples-loaded membrane had one single
same-blot control which does not clearly demonstrate this assumption. Contrarily, neurogenesis
does not seem to increase in young pre-senile AD patients. There was an increased proliferation
(Ki67-positive) in AD hippocampus but it was not associated with neurogenesis (DCX-
positive). It was rather reflecting a gliotic (GFAP-positive) and vascular (Von Willebrand factor
(VWF)-positive) response (Boekhoorn et al. 2006). One possibility is that neurogenesis is only
triggered after the pre-senile phase and that AD pathology initially affects both glial and
vascular components. On the other hand, in Parkinson’s disease (PD) neurogenesis seems to be
decreased. PD is a neurodegenerative disorder characterized by the degeneration of dopamine
(DA) neurons in the substantia nigra pars compacta (SNpc) leading to striatal DA depletion.
Post-mortem brains of PD patients present reduced SVZ proliferation and decreased PBIII-
tubulin- and nestin-positive cells in the SGZ. Importantly, this decrease is more robust in PD
patients with dementia (Hoglinger et al. 2004). In the same study, the authors suggest that the
generation of neural precursor cells is impaired as a consequence of dopaminergic denervation,
a hallmark of PD (Hoglinger et al. 2004). Accordingly, in non-demented patients treated with
levodopa (the precursor of dopamine used to treat PD), SVZ proliferation was increased
(O'Sullivan et al. 2011).

Overall, increased cell proliferation and neuronal differentiation following lesion
strongly supports the existence of an endogenous mechanism for brain repair. However, these
physiological processes are not as effective as they appear to be at a first glance. Actually,
neurogenesis seems to be an unproductive process. Few new neurons that are able to
successfully migrate and differentiate, survive for longer than a month (Lledo ef al. 2006). It is
likely that endogenous regenerative processes after brain injury are not sufficiently activated

and/or inhibitory programs sufficiently activated. Therefore, it seems critical to clearly
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understand the balance between pro and anti-neurogenic factors to design new efficient brain

repair strategies.

1.3- RETINOIC ACID

Retinoic acid (RA) is a metabolic product of retinol (vitamin A). Its name origin is
derived from the retina, the region where the class of retinoids were first described in
association to eye development (Wald 1968). RA plays an important role in the developing
mammalian nervous system and it is essential for anteroposterior patterning and development
of the spinal cord and hindbrain structures (Maden 2002). RA also regulates both neural
development and plasticity, long-term potentiation (LTP) and long-term depression (LTD)
(Chiang et al. 1998), neurite outgrowth (Corcoran et al. 1999), axon outgrowth (Maden 2007),
and neuronal differentiation (Crandall et al. 2004; Sakai et al. 2004).

In the nucleus, retinoid signal is transduced by heterodimers formed between the retinoic
acid receptors (RAR) and the retinoid X receptors (RXR), both members of the nuclear
receptor superfamily (Kastner et al. 1997; Krezel et al. 1999). Each receptor consists of three
isotypes (a, B and y) encoded by separate genes (A, B and G). For each isotype, at least two
isoforms are generated by differential promoter usage and alternative splicing (Gutierrez-
Mazariegos et al. 2014). These receptors heterodimerize and bind to a DNA sequence called
retinoic acid-response element (RARE), activating gene transcription upon ligand binding
(Bastien ef al. 2004) (Figure 1.5). The most abundant RAR isotypes are RARa and RARYy. In
the entire human genome obtained from breast cancer cell line MCF-7, approximately 4,000
RARy and more than 7,000 RARa binding sites were detected by chromatin
immunoprecipitation. Noteworthy, more than 3,000 binding sites were shared by both
receptors, indicating that RARa has more exclusive DNA binding sites than RARy (Hua ef al.
2009). Many genes have been reported to increase or decrease expression after RA signaling.
These genes include metabolic enzymes, ionotropic receptors, transporters and signaling

molecules, among others (reviewed by (Lane et al. 2005)) (Figure 1.5).
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Figure 1.5 - Retinoic acid (RA) mechanisms of action. RA acts primarily via its nuclear
receptors retinoic acid receptor (RAR) and retinoid X receptor (RXR). These receptors
heterodimerize and bind to a specific DNA sequence called retinoic acid response element
(RARE) activating gene transcription upon ligand binding. RAR is also present in membrane
lipid rafts. Upon binding to RA, these receptors activate mitogen-activated protein kinases
(MAPK). MAPK are recruited do the nucleus were they, among other actions, phosphorylate
histone tails and RA receptors. Phosphorylation induces conformational changes that enable
RA to activate the transcription of a distinct subset of genes.

Ligands can bind to both monomeric and dimeric receptors and each subunit can
independently bind to its agonist. RAR is activated by all-trans retinoic acid and its 9-cis
isomer, while RXR is only activated by 9-cis RA. Although RAR agonists can autonomously
activate transcription through a RAR—RXR heterodimer, RXR is unable to respond to RXR-
selective agonists in the absence of a RAR ligand in vitro (Gilardi et al. 2014; le Maire et al.
2014). This phenomenon is referred to as RXR subordination or silencing. The significance of
this subordination is presumably to avoid interference between multiple RXR-partner signaling
pathways. However, recent in vivo data is contradictory. RXRa homodimers were shown to
regulate the transcription of inflammatory cytokines responsible for leukocyte recruitment by
myeloid cells, unveiling a novel role for RXRa in the regulation of innate immunity (Nuiez et

al. 2010).
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It was recently established that RAR also regulates non-nuclear and non-transcriptional
effects, namely the activation of kinase cascades (Al Tanoury et al. 2013) (Figure 1.5).
Accordingly, non-nuclear RARa was found in membrane lipid rafts (Piskunov ef al. 2012). This
pool of RA interacts with Gaq proteins or PI3K to activate the p38 or p42/p44 (Erk) MAPK
pathways, respectively in a cell type-dependent fashion (Masia et al. 2007; Piskunov et al.
2012). Once activated, these MAPK translocate to the nucleus, and phosphorylate nuclear
factors, including histone tails and nuclear RAR (Bruck et al. 2009). Noteworthy, RARal
phosphorylation by protein kinase A (PKA) was described to be required for RA-induced
parietal endodermal differentiation of F9 mouse embryonal carcinoma cells (Rochette-Egly et
al. 2000). Additionally, RA-induced neuronal differentiation of mouse embryonic stem cells
requires nuclear RARY2 phosphorylation. Phosphorylation controls the recruitment of RARYy2
to a small subset of gene promoters by binding an unusual RARE consisting of two direct
repeats separated by seven base-pairs (Al Tanoury ef al. 2014).

To activate gene expression, RA receptors have to compete with repressive
heterochromatin structures to allow the recruitment of transcription machinery. In this regard,
receptors bound to RARE are subjected to ligand-induced conformational changes that cause
the dissociation of corepressors and the recruitment of coactivators. Upon association with
larger complexes that involve chromatin-modifying and -remodeling activity, heterochromatin
is uncondensed into euchromatin. Consequently, RNA polymerase II and general transcription
factors (GTFs) are directed to the promoter to initiate gene transcription (Dilworth ef al. 2001).
It is also hypothesised that the non-nuclear kinase-dependent RA effect aids the recruitment of
RAR to inaccessible RARE by phosphorylating histone tails. This process loosens chromatin
and exposes new RARE binding sites (Piskunov et al. 2014). Additionally, nuclear RA action
further increases histone modifications. Kashyap and colleagues reported extensive histone
modifications in response to RA, such as H3K27me3, H3K4me3 and H3 acetylation (acH3)
levels at the Hoxa cluster response (Kashyap ef al. 2011).

The involvement of RA on adult neurogenesis is evident. Rats with Vitamin A deficiency
show downregulated RAR expression, depression of LTP and severe defects in spatial learning

and memory, suggesting that RA is required for the maintenance of memory mechanisms and
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neuronal plasticity in the hippocampus (reviewed by (Maden 2007)). Moreover, depletion of
RA in adult mice leads to decreased neuronal differentiation and cell survival within the SGZ
(Jacobs et al. 2006). Similarly, administration of disulfiram (RA synthesis inhibitor) to neonatal
mice decreased cell proliferation in the SVZ. Regarding the same study, the authors also
demonstrated that electroporation of dominant-negative RARa and RXRa into the SVZ of
mouse sagittal slice cultures blocked neuroblast migration to the olfactory bulb and altered the
morphology of neuronal progenitors (Wang et al. 2005). Importantly, defective RA signaling
has been implicated in the onset of brain diseases. In AD, co-administration of RAR and RXR
agonists effectively reduced insoluble AP peptides and improved cognitive deficits in an animal
model of the disease (Kawahara et al. 2014). In post-mortem brains of Parkinson’s disease (PD)
patients, retinaldehyde dehydrogenases (Raldhl/Aldhlal) mRNA levels, a RA-synthesizing
enzyme, were down-regulated in substantia nigra dopaminergic neurons (Anderson et al.
2011). Accordingly, RA was able to prevent dopaminergic neuronal death in a mouse model of
PD (Esteves et al. 2015). Moreover, RA has also been shown to promote neurological
functional recovery in rats subjected to stroke (Li e al. 2008). Retinyl palmitate, a derivate of
RA, demonstrated neuroprotective effects in the mouse hippocampus following stroke
(Shimada et al. 2013). One of the few studies that have examined the effects of RA in stroke-
induced neurogenesis reported that RA-enriched diet further increases SVZ neurogenesis after
transient MCAO in rats (Plane et al. 2008) (Figure 1.6).

However, RA-based therapies are unsettled, in a sense that this molecule is rapidly
metabolized by cells, has poor water solubility and requires a defined range of concentrations to
exert its positive effects (Szuts et al. 1991; McCaffery et al. 2006) posing difficulties in the
delivery of therapeutic doses. Therefore, the use of nanoparticles (NP) is a powerful strategy to

overcome these limitations by ensuring protection and intracellular delivery of RA.
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Figure 1.6 - Therapeutic potential of retinoic acid (RA). Scheme summarizing the
regenerative effects of RA signaling in animal models of neurodegenerative diseases. . (A) RA
promotes neurological functional recovery and neuroblast migration towards the ischemic area
in ischemic stroke models. (B) RA protects against ventricular enlargement, shrinking of the
hippocampus and accumulation of amyloid plaques and neurofibrillary tangles in Alzheimer’s
disease models. (C) RA protects against degeneration of dopaminergic neurons in the
substantia nigra in Parkinson’s disease models Given its neuroprotective and neurogenic
activities, RA-based therapies are a promising platform for brain regenaration.

1.4 - TYPES OF MICRO- AND NANOCARRIERS TO MODULATE THE ACTIVITY

OF ENDOGENOUS NSC

The potential of stem cells to differentiate into almost any kind of cell type within their
germinal layer, allied to their unlimited expansion ability, has opened up room for their use in
regenerative medicine strategies. Nevertheless, until stem cell-based therapies can be
considered as a reliable clinical strategy, several challenges will need to be overcome, such as
the control over stem cell self-renewal, the control over differentiation into specific cell
lineages, the in vivo delivery, and the integration into the host milieu (Hwang et al. 2008).
Micro- and nanoparticles may be a platform to modulate the differentiation and activity of
endogenous NSC and to manipulate and track exogenous NSC transplanted into the brain
(Ferreira et al. 2008b; Ferreira 2009). Regardless of their composition, materials should display
basic characteristics: high stability to protect the incorporated biomolecules, biodegradability to
allow them to be removed or excreted after cargo delivery, and biocompatibility. These
advanced materials may be engineered to incorporate multiple features providing simultaneous
targeting and tracking capabilities in a single biomaterial (Ferreira et al. 2008a; Santos et al.

2012b; Srikanth et al. 2012). In addition, these materials might be conjugated with multiple
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protein ligands to enable control over multivalent interactions (Conway et al. 2014). For this
purpose it is important to use biopolymers that are present throughout the human body and have
multiple attachment points such as hyaluronic acid. In case of intracellular delivery, the
nanostructured materials should further include the capacity to efficiently cross the cellular
membrane, escape the endosomal compartment and accumulate in the cell cytoplasm (Maia et
al. 2011). But the role of these formulations may not be only related to the efficient delivery of
biomolecules.

Several micro- and nanomaterials have been developed in the last twenty years to release
drugs into the brain, and hence, these formulations may be used in NSC research. These include
liposomes, polymeric micro- and nanoparticles (e.g. formed by synthetic polymers including
poly(lactic acid), poly(glycolic acid), poly[lactide-co-glycolide], poly(alkylcyanoacrylate),
polyanhydride, poly[bis(p-carboxyphenoxy) propane-sebacic acid], polyethyleneimine (PEI) or
natural polymers including chitosan, alginate, gelatin, dextran sulfate), inorganic nanoparticles
(e.g. silica, gold), solid lipid nanoparticles (i.e., solid lipid matrices stabilized by surfactants),
micelles and dendrimers (reviewed by (Orive et al. 2009)). Diameter ranges from 10 to 1,000
nm for nanoparticles and 1 pm to 200 pm for microparticles. The optimal size changes
according to the final application, route of administration and type of drug to administer.
Additionally, the surface of the carriers can be functionalized in order to enhance brain uptake
through the blood-brain barrier (BBB) and to target specific cell populations in the brain. The
selection of the optimal formulation depends on the concentration of drug to be released,
hydrophilicity/hydrophobicity, the need for functionalization, intracellular/extracellular
targeting, among others.

The majority of proneurogenic modulators identified so far act through membrane
receptors, which simplifies the design and complexity degree of the delivery systems. However,
neuronal differentiation inductive agents have strikingly different physico-chemical
characteristics, which range from complex to simple proteins and to small molecules.
Therefore, the design of a controled release strategy will have to contemplate an architecture
that delivers neuronal differentiators in a successful and timely fashion under the most

appropriate concentration ranges. The purpose of intracellular versus membrane targeting
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presents an additional challenge. An intracellular drug delivery system must pass through the
cellular membrane; subsequently escape the endosomal degradation fate, before finally
addressing the target organelle, which might comprise another barrier, such as the
mitochondrial or nuclear membrane. Target localization can help define the necessary
dimensions of the drug delivery vehicle, since uptake of foreign material by cells is size-

dependent.

1.4.1 - BRAIN DELIVERY

Drug delivery to brain tissue can be achieved either through systemic, intranasal or local
administration. Delivery of systemically-administered bioactive agents to the brain is highly
restricted by the BBB. Several studies have shown a clear inverse relationship between NP size
and BBB penetration. Low diameter gold NP (15 nm) tend to accumulate more in the mouse
brain than large NP (3 fold increase for 100 nm and 250 times for the 200 nm NP) after
intravenous administration. However, it is unclear whether smaller NP (bellow 15 nm) are
advantageous for BBB permeation since 4 nm NP might be taken up by the reticuloendothelial
system or incorporated by the endothelial cells before reaching the brain (Sonavane et al.
2008). Therefore, the majority of studies describing brain delivery use NP with sizes between
10 to 20 nm. A similar inverse relationship between NP size and BBB penetration was also
observed with silica NP in vitro (Hanada et al. 2014). Importantly, NP shape also influences the
rate of cellular uptake and body distribution. Shapes can vary from spherical, disk-like, cubic,
rod-like, among other forms (Figure 1.7). Rod-shaped particles, for example, were described to
be more efficient in knocking down a therapeutic target for AD when infused into the lateral
ventricles of mice (Shyam et al. 2015). However, most of the studies have been performed with
spherical NP since they are relatively easy to prepare (Guerrero et al. 2010).

To maximize the ability of NP to cross the BBB, they can be coated with ligands or
antibodies that are recognized by receptors/transporters or epitopes on brain endothelial cells.
For example, NP coated with transferrin peptide, glucose, insulin or apolipoprotein E can cross
the BBB and accumulate in the brain. Additionally, NP can be coated with molecules that

specifically adsorb molecules from the blood which are recognized by the endothelial cells
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from the BBB. For example, a polysorbate 80 (Tween 80)-coating on poly(butyl cyanoacrylate)
NP leads to the adsorption of apolipoprotein E3 which enables them to cross the BBB
(Michaelis et al. 2006). Enhanced permeability through the BBB is also achieved by coating NP
with anti-fouling molecules such as poly(ethylene glycol) (PEG) (Alyautdin ef al. 2014) (Figure
1.7). Few reports explore the biodistribution of NP injected i.v. in distinct brain regions (that
can be specifically affected by neurodegenerative diseases) and the ability of NP to escape from
the vasculature into the brain parenchyma (Sousa et al. 2010; Wohlfart et al. 2012; Wiley et al.
2013). Therefore, it is imperative to test the ability of these nanoformulations to cross the BBB

with reliable in vitro and in vivo experimental models.
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Figure 1.7 - Main tunable nanoparticle (NP) features. NP shape (e.g. spherical, cubic, rod-
like) and size (1-1000 nm) can vary. NP can be coated with ligands to, for example, improve
blood circulation or facilitate BBB crossing (e.g. polyethylene glycol (PEG), transferrin
peptide, polysorbate-80, apolipoprotein E). Additionally, NP can be remotely disassembled by
stimuli such as pH, light and temperature.

The intranasal approach is a promising platform for brain delivery. This route was used
for the administration of NP containing basic fibroblast growth factor (bFGF) in
hemiparkinsonian rats, demonstrating therapeutic relevance (Zhao et al. 2014). Since growth
factors are important modulators of neurogenesis, it would be of particular interest to evaluate

this type of administration with other unstable molecules with clinical relevance (Figure 1.8).
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Finally, the local administration (e.g. intracerebroventricular (i.c.v.) injection) is more invasive,
but it also allows a precise delivery in high therapeutic doses for extended periods of time.
Therefore, to successfully reach the neural stem/progenitor cell niches, invasive approaches are
often used. VEGF for example, which is known to have neuroprotective and neurogenic
properties, was injected continuously for 3 days by the i.c.v. route, after induction of focal
cerebral ischemia (Sun et al. 2003). Despite the aggressiveness of this strategy, animals
recovered and demonstrated promising outcomes in parameters such as infarct size,
neurological performance and survival of newborn neurons in DG and SVZ (Sun et al. 2003)
(Figure 1.8).
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Figure 1.8 — Route of administration of nanostructured materials to target the brain.
Nanomaterials delivered by the intranasal route (A) target several brain regions, including
neurogenic and non-neurogenic regions. Intracerebral injections (B) maximize the amount of
materials and their cargo that interact locally with cellular components of the neurogenic niche,
such as the subventricular zone (SVZ). The intravenous or intraperitoneal administration (C)
may require surface coating of nanoparticles to allow an efficient passage through the BBB
(e.g. polyethylene glycol (PEG), transferrin peptide, polysorbate-80, apolipoprotein E3).
Nanomaterials are shown in green.
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With the rapid development of nanomedicine, a demand for biomaterials able to remotely
disassemble by an exogenous stimulus is urging. By doing so, such systems would provide a
spatial and temporal control of drug release while diminishing severe side effects on healthy
organs. Such stimuli include pH, specific enzymes, temperature, ultrasound, and light (Delcea
et al. 2011). However, few stimuli-responsive biomaterials have been developed to target
neural stem cells for brain repair. The stimulation of drug delivery by pH alterations is a
suitable strategy for pathologies such as tumors, ischemia and other conditions where pH is
altered by the accumulation of lactic acid. Accordingly, a pH-sensitive copolymer composed by
poly (urethane amino sulfamethazine) (PUASM) was designed for the controled release of
stromal cell-derived factor-1a (SDF-1a) in stroke. Targeted delivery of SDF-1a enhanced both
neurogenesis and angiogenesis, but did not influence cell survival or inflammation in a rat
model of MCAO (Kim et al. 2015).

Among the exogenous stimuli, light is particularly attractive as it can be remotely applied
with high spatial and temporal precision at a specific wavelength (ultraviolet, visible or near-
infrared (NIR) regions) in a non-invasive fashion. This strategy enables the development of a
one-time or repeatable drug release systems. However, the downside of light-responsive
materials is the low tissue penetration of visible and ultraviolet regions of the spectrum (Mura
et al. 2013). Nevertheless, NIR light (700-1000nm) covers the tissue-transparency window of
the spectrum with low absorbance by water and biological tissues (Konig 2000). Thus, NIR-
responsive materials are extremely promising for clinical applications. The NIR absorbing
capacity of nanomaterials such as carbon nanotubes and gold nanoshells has been used to
trigger the release of therapeutic cargo. Accordingly, Oct4 siRNA-loaded gold nanoshells were
used to differentiate human embryonic stem cells in vitro. Upon femto-second pulses of NIR,
siRNA was released to cellular cytosol and initiated the expression of differentiation markers.
Importantly, this approach did not demonstrate any evident adverse side effects. This study
provides proof of concept for the manipulation of stem cell differentiation by siRNA with

potential application in adult NSC-based therapy (Huang et al. 2015).
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1.5- NANOMEDICINE TO ENHANCE ENDOGENOUS NEUROGENESIS

The application and development of nanomaterial-based therapies will be next presented
in key examples of brain injury and/or degeneration as a means to boost neurogenesis and brain
regeneration.

In the human brain, stroke stimulates neurogenesis and neuroblast migration to the site of
injury. However, the number of neurons generated from the SVZ of post-ischemic brain is
insufficient (about 0.2% of the striatal cells lost), and the survival of these new neurons is
minimal. Due to the inherent repair potential of NSC, targeting the endogenous niche provides
a promising platform for the treatment of stroke. Biomolecule delivery by NP offers a
promising strategy to manipulate endogenous NSC niche after stroke. For example, polymeric
NP containing epidermal growth factor (EGF, which stimulates NSC proliferation) or
erythropoietin (EPO, which reduces cell apoptosis of the differentiated cells from NSC) have
been encapsulated in a hyaluronan methylcellulose hydrogel which was implanted in the
epicortical region of the brain (2-3 mm from the SVZ region). In these conditions, EGF was
completely released within the first week while EPO was released for three weeks. The
sequential release of both molecules induced the regeneration in the peri-infarct region, which
was correlated with the increase of NSC proliferation observed at the SVZ region (Wang ef al.
2013).

A promising therapeutic approach to PD involves the modulation of NSC from the SVZ
niche in order to obtain new dopaminergic neurons able to repopulate the lesioned striatum of
PD patients. One of the approaches is to induce the mobilization of NSC from the niche. For
example, the combination of hepatocyte growth factor (HGF)-loaded hydrogels with leukemia
inhibitory factor (LIF)-loaded NP significantly mobilized human NSC in vitro (Li et al. 2012).
Both molecules induce NSC migration according to their release profile, i.e., HGF and LIF
induced migration for approximately 2 and 5 weeks, respectively. A separate study has shown
that a multifunctional biomaterial comprising an injectable multifunctional gelatin-

hydroxyphenylpropionic acid hydrogel and dextran sulfate/chitosan polyelectrolyte complex NP
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containing stromal cell-derived factor 1a (SDF-1a) is very promising to treat cavitary brain
lesions to recruit endogenous NSC and enhance neural tissue regeneration (Lim et al. 2013).

NSC are ideal donor-cell sources for AD patients. The transplantation of NSC,
genetically altered or stimulated with proneurogenic factors such as BDNF, were able to rescue
spatial and memory deficits in several AD animal models (Park et al. 2012; Park et al. 2013;
Zhang et al. 2014b). Moreover, cell replacement in AD might also be achieved through the
induction of endogenous NSC from SGZ. The demonstration that NP containing bioactive
agents are capable of inducing neurogenesis and consequently reverse learning and memory
impairments in a rat model of AD has been recently reported (Tiwari et al. 2014).

Polymeric conjugates (100 nm) based on hyaluronic acid conjugated with multiple
molecules of ephrin-B2 and sonic hedgehog per polymer chain have been successfully used to
stimulate neurogenesis in normally quiescent regions of the brain (Conway et al. 2014). These
engineered multivalent ligands were developed to increase the half-life of proteins and
efficiency compared to corresponding monovalent ligands (spacing between ligands has an
important effect in modulating conjugate activity) (Conway et al. 2013). It was shown that
hyaluronic acid conjugated with 22 molecules of ephrin-B2 per polymer chain enhanced
neuronal differentiation. The multivalent ligand induced a six-fold increase in the fraction of
newly-divided cells expressing the early neuronal marker doublecortin in the adult rat striatum.
The main risk factor for developing AD is ageing. Noteworthy, the multivalent ligand partially

restored neurogenesis in geriatric rats (Conway et al. 2014).

1.6 - POTENTIAL USE OF BIOMATERIALS IN NEURODEGENERATIVE

DISEASES: NEW PERSPECTIVES

The modulation of NSC activity such as the control of their proliferation and
differentiation by nanotechnologies, would represent a significant step towards the
development of new therapeutic approaches for brain repair. However, several issues remain to

be solved for the clinical translation of this approach. An important issue is to identify NSC
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epitopes to specifically target this cell population in vivo. This will increase the specificity and
likely the efficiency of the nanomedicine platforms while reducing potential side effects. Some
peptides able to target NSC have been identified (Schmidt et al. 2007) and their use should be
explored in the near future. Another important issue is to better understand the NSC niche in
order to further manipulate adult NSC. In addition, an understanding of the pathology and
involved signaling pathways are critical elements to consider when selecting an appropriate
nanomaterial for brain repair therapy.

Although in many studies reported so far, the nanostructured materials acted in
neurogenic regions, in particular at the NSC niche, the materials might also boost neurogenesis
in non-neurogenic regions (e.g. striatum, cortex). In this case, the biomaterials should first
recruit NSC or neural progenitor cells to the non-neurogenic region, for example by the
delivery of SDF-la (Conway et al. 2014), and then induce neuronal differentiation by the
delivery of neurogenic factors. The accomplishment of this goal requires the development of
biomaterials that can release multiple bioactive molecules at different times and dosages. In
some cases, this might require the release of the biomolecule for several weeks until a specific
neuronal phenotype is obtained, and the differentiated cell integrates in the existing neuronal

circuitry.

1.7 - OBJECTIVES

Currently, there are no efficient and broad-spectrum therapies for neurodegenerative
diseases, a group of brain disorders that are increasingly impacting on society. Their main
common trait is the loss of neuronal tissue followed by cognitive and/or motor impairment. In
this sense, NSC-based therapy relies on a potent endogenous source of new neurons that not
only can replace dead cells but can restore neuronal circuits. This approach has encountered
some limitations in the past: insufficient number of new neurons reach the lesion site and the
ones that survive this hostile environment cannot efficiently differentiate and become mature

and functional. A well-known powerful inducer of neuronal differentiation is retinoic acid
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(RA), however, this molecule is rapidly metabolized by cells and has low solubility in aqueous
solutions. Hence, we have designed a new approach to overcome this obstacle by developing
nanoparticles as a suitable strategy to ensure its intracellular delivery. We have previously
demonstrated that this formulation efficiently induces the differentiation of adult neural stem
cells from the subventricular zone in vitro (Maia et al. 2011). However, we did not explore its

mechanisms or its cellular and molecular in vivo applicability.

Our aim is to evaluate the therapeutic potential of RA-loaded nanoparticles (RA-NP) for

brain regeneration. For that reason, we will take the following specific objectives:

1) To disclose the NSC differentiation mechanisms triggered by RA-NP. For that
purpose, we will compare the dynamics of initial stages of stem cell differentiation,
upon exposure to either RA-NP or free solubilized RA.

2) To assess the neurogenic capability of RA-loaded NP in vivo. We will deliver RA-NP
intracerebroventricularly in a mouse model and evaluate neurogenic gene expression.
The successful demonstration of RA-NP neurogenic potential in vivo establishes the
basis for the next objective.

3) To use light-responsive nanoparticles (LR-NP) to control RA stability and solubility
and deliver this molecule with high spatial and temporal precision. In particular, we
will test a formulation able to efficiently deliver a pro-neurogenic drug (RA) upon an

external stimulus, which is a major innovation of this work.
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All experiments were performed in accordance with European Community Council
Directives (2010/63/EU) and the Portuguese law (DL n° 129/92) for the care and use of

laboratory animals.

2.1 - PREPARATION OF NANOPARTICLES

2.1.1 - RA-loaded nanoparticles (RA-NP)

Nanoparticles (NP) were prepared by adding dropwise 0.6 mL of RA (2% w/v, in
dimethyl sulfoxide (DMSO)) into 12 mL of polyethylenimine PEI (1% w/v, in pH 8.0 borate
buffer). The formation of complexes between RA-PEI occurred immediately and was allowed
to proceed for 30 min with intense magnetic stirring. Then, 2.4 mL of dextran sulphate (DS)
solution (1% w/v) was added dropwise and stirred for another 5 min. Finally, 1.2 mL of ZnSO4
aqueous solution (1 M) was added and stirred for 30 min. Nanoparticles were centrifuged 3
times in 5% mannitol solution at 14,000 g for 20 min. Supernatants from each step were
collected to determine PEI and DS amounts in nanoparticles. Resulting nanoparticles were
frozen and lyophilized for 4 days to obtain a dry powder. Lyophilized nanoparticles were stored
at 4 °C. Void nanoparticles (blank) were prepared using the same procedure in the absence of

RA.

2.1.2 - Light-responsive RA-loaded nanoparticles (LR-NP)

For the preparation of LR-NP, a RA solution (24 pL, 50 mg/mL, in DMSO) and a solution
of PEI and 4,5-dimethoxy-2-nitrobenzyl chloroformate (PEI-DMNC) (66.7 pL, 150 mg/mL
respectively, in DMSO) were added simultaneously to an aqueous solution of DS (5 mL, 0.4
mg/mL) and stirred for 5 min. Then, an aqueous solution of ZnSO4 (120 puL, 1 M) was added
and stirred for 30 min. The nanoparticle suspension was dialyzed (Spectra/Por® 1 Regenerated
Cellulose dialysis membrane, MWCO 6000-8000 Da, Spectrum) for 24 h, in the dark, against

an aqueous solution of mannitol (5 %, w/v), lyophilized and stored at 4 °C before use.
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2.2 — SUBVENTRICULAR ZONE CELL CULTURE

Subventricular zone (SVZ) cells were obtained from 1-3 day-old C57BL/6 mice. Animals
were euthanized and brains placed into calcium- and magnesium-free Hank's balanced salt
solution supplemented with 100 U/mL penicillin and 100 pg/mL streptomycin (all from Life
Technologies, Carlsbad, CA, USA). Fragments of SVZ were dissected out of 450 pum-thick
coronal brain sections using a Mcllwain tissue chopper and SVZ fragments were digested in
0.025% trypsin, 0.265 mM EDTA (all from Life Technologies) (10 min, 37 °C), followed by
mechanical dissociation. Cell suspension was diluted in medium composed by Dulbecco's
modified eagle medium [(DMEM)/F12 + GlutaMAXTM-I)] 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). Cells
were then plated on uncoated Petri dishes at a density of 3,000 cells’cm” and allowed to

develop in an incubator with 5% CO?* and 95% atmospheric air, at 37 °C.

2.3 - CELL TREATMENTS

Six-day-old neurospheres were allowed to adhere for 2 days onto poly-D-lysine (0.1
mg/mL)-coated 6-well plates for western blots, qChIP and qRT-PCR and 24-well plates, for all
remaining experiments in Chapter 3; and 96-well plates for ROS quantification and 12-well p-
chamber slides (IBIDI, Martinsried, Germany) for all remaining experiments in Chapter 4. SVZ
cells were then allowed to develop in growth factor (EGF, FGF-2)-devoid medium for different
time frames in the presence of nanoparticles. Regarding laser experiments, cells were also
treated with the combination of LR-NP for 24 h followed by laser treatment (405 nm, 800
mW/cm®) treatment. Laser aperture was set to cover the area of one well. During laser
treatments, cell media was reduced to 80 pL/well to allow enhanced light penetration and
reduced dispersion. The distance between laser source and cells was kept constant in all

treatments (5 cm).
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To disclose the involvement of retinoic acid receptors in the proneurogenic effect exerted
by RA-NP, cultures were co-exposed to RA-NP and 2 uM BMS493 (inverse pan-RAR agonist;
Tocris, Missouri, USA) for 7 days. BMS493 treatment was renewed every 2 days. All the
inhibitors used were added to cell media 1 h before treatments, namely apocynin (5 uM, Sigma,
St. Louis, MO, USA), a broad nicotinamide adenine dinucleotide phosphate oxidase (Nox)
inhibitor and IWR-1-endo (5 uM, Santa Cruz Biotechnology, Santa Cruz, CA, USA), a Wnt
pathway inhibitor via proteasomal degradation of p-catenin. Controls including void

nanoparticles (blank) and DMSO (1:10,000) were also tested.

2.4 - HYPERSPECTRAL SCAN FROM CYTOVIVA

The Hyperspectral imaging system from CytoViva (CytoViva Inc., Auburn, AL) was used
to identify the presence of RA-NP within SVZ cell cytoplasm. The CytoViva hyperspectral
imager captures the unique reflectance spectra for each high resolution image pixel (down to 64
nm), enabling data to be presented as a spectral curve and RGB image. First, reference spectral
signatures were collected from multiple pixels of RA-NP dissolved and vortexed in aqueous
solution (water). Then the reference spectrum was compared to those obtained in cells treated
for 18 h with 10 ug/mL of RA-NP, or untreated cells (control). On our untreated sample, no

RA-NP spectrum was mapped.

2.5 - SINGLE CELL CALCIUM IMAGING

SVZ cultures treated for 7 days with 100 ng/mL RA-NP were loaded for 40 min at 37 °C
with 5 uM Fura-2 AM (Life Technologies), 0.1% fatty acid-free bovine serum albumin (BSA),
and 0.02% pluronic acid F-127, in Krebs buffer (132 mM NaCl, 1 mM KCIl, I mM MgClz, 2.5
mM CaCl%, 10 mM glucose, 10 mM HEPES, pH 7.4). After a 10 min post-loading period at
room temperature (RT), the coverslips were mounted on a RC-25 chamber in a PH3 platform

(Warner Instruments, Hamden, CT, USA) on the stage of an inverted Axiovert 200 fluorescence
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microscope (Carl Zeiss, Gottingen, Germany). Cells (approximately 100 cells per field) were
continuously perfused with Krebs and stimulated with 100 uM histamine or high-potassium
Krebs solution (containing 50 mM KCl, isosmotic substitution with NaCl) by the mean of a fast
pressurized (95% air, 5% CO’ atmosphere) system (AutoMate Scientific Inc., Berkeley, CA,
USA). Intracellular calcium concentration ([Ca®'];) was evaluated by quantifying the ratio of
the fluorescence emitted at 510 nm following alternate excitation (750 milliseconds) at 340 and
380 nm, using a Lambda DG4 apparatus (Sutter Instrument, Novato, CA, USA) and a 510 nm
longpass filter (Carl Zeiss) before fluorescence acquisition with a 40x objective and a
CoolSNAP digital camera (Roper Scientific, Tucson, AZ, USA). Acquired values were
processed using MetaFluor software (Universal Imaging, Downingtown, PA, USA). KCl and
histamine peaks given by the normalized ratios of fluorescence at 340/380 nm were used to
calculate the ratios of response. Percentage of cells displaying a neuronal-like profile was

calculated on the basis of the Histamine/KCl ratio (Agasse et al. 2008b) (Figure 2.1)
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Figure 2.1 - Single cell calcium imaging experimental protocol. (A) SVZ cells were
continuously perfused with Krebs during 15 min and stimulated with KCl 50 mM and
histamine 100 uM for 2 min. Neuron-like cells increase intracellular calcium concentration
([Ca2+]i) upon KCI stimulus (representative profile of response shown in red) whereas
immature-like cells increase ;Caﬂ]i when stimulated with histamine (representative profiles of
response shown in blue). [Ca”']; were determined by changes in the 340/380 nm ratio of Fura-2
AM fluorescence. (B) Representative fluorescence images depict a neron (red arrowhead) and
an immature cell (blue arrowhead) during KCI and histamine stimulus. Scale of non-
normalized ratio of fluorescence intensity is indicated at the right; blue and red indicate low
and high ratios, respectively. Adapted from (Agasse et al. 2008b).
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2.6 - WESTERN BLOT

SVZ cells were washed with 0.15 M phosphate-buffered saline (PBS) and incubated in
Radioimmunoprecipitation assay (RIPA) lysis buffer [0.15 M NaCl , 50 mM Tris-Base, | mM
EGTA, 5 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate (SDS), 10 mM dithiothreitol containing a cocktail of proteinase inhibitors (Roche,
Basel, Switzerland)] at 4 °C. Lysates were collected and protein concentration determined by
BCA assay (Thermo Scientific, Braunschweig, Germany). Samples were boiled for 5 min at 95
°C with Laemmli buffer and stored at -20 °C until use. Proteins (40 pg of total protein) were
resolved in 10% SDS polyacrilamide gels at 120V and then transferred to Amersham Hybond
PVDF membranes (GE Healthcare, Buckinghamshire, UK) with 0.45 um pore size in the
following conditions: 300 mA, 90 min at 4 °C in a solution containing 10 mM CAPS and 20%
methanol, pH 11). Membranes were blocked in Tris-buffer (TBS) containing 0.1% porcine
gelatin (Sigma) for 30 min at RT and incubated overnight at 4 °C with primary antibodies
diluted in blocking solution (Table 2.1). After rinsing three times with TBS, membranes were
incubated for 1 h, at RT, with secondary antibodies (Table 2.1) in blocking solution. GAPDH or
B-actin was used as endogenous control. Protein immunoreactive bands were visualized in a
ChemidocTMMP imaging system (Bio-Rad Laboratories, CA, USA), following membrane
incubation with NZY supreme ECL reagent (NZYTech, Lisbon, Portugal). Densitometric

analysis was performed using ImageJ software.

Table 2.1 — Primary (top) and secondary (bottom) antibodies used for western blot.

REACTIVITY SPECIES DILUTION COMPANY
DvI2 Mouse monoclonal 1:250 Santa Cruz
GAPDH Mouse monoclonal 1:500 Millipore
GFAP Rabbit monoclonal 1:20,000 Sigma
Nox1 Goat polyclonal 1:250 Santa Cruz
Nox4 Goat polyclonal 1:250 Santa Cruz
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NRX Goat polyclonal 1:250 Santa Cruz
Racl Rabbit polyclonal 1:250 Santa Cruz
RARa Rabbit polyclonal 1:1,000 St. John’s Lab.
B-actin Mouse monoclonal 1:20,000 Sigma
[-catenin (active) Mouse monoclonal 1:1,000 Millipore
[3-catenin (total) Rabbit polyclonal 1:4,000 Abcam
BIII-tubulin Mouse monoclonal 1:1,000 Cell Signaling
Anti-mouse Goat 1:5,000 Santa Cruz
Anti-rabbit Chicken 1:5,000 Santa Cruz

Legend: DvI2: Dishevelled 2; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; Nox:
Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase; NRX: Nucleoredoxin; Racl:
Rho Family, Small GTP Binding Protein Racl; RARa: Retinoic acid receptor alpha; HRP:
Horseradish peroxidase. Companies: Santa Cruz Biotechnology, Santa Cruz, CA, USA,
Millipore, Billeria, MA, USA; Sigma, St. Louis, MO, USA; St. John’s Laboratory, London, UK
Abcam, Cambridge, UK; Cell Signaling Technology, Beverly, MA, USA.

2.7 - IMMUNOSTAINING

2.7.1 - IMMUNOCYTOCHEMISTRY

Cells were fixed with 10% formalin solution, neutral buffered. After washing three times
with PBS, unspecific binding was blocked and cells permeabilized for 30 min, at room
temperature (RT) with a solution containing 3% BSA, 0.3% Triton X-100. Cells were kept
overnight at 4 °C in primary antibody solution (Table 2.2), then washed with PBS and
incubated for 1 h at RT with the corresponding secondary antibody (Table 2.2) together with
Hoechst 33342 (2 ug/ml; Life Technologies) for nuclear staining. Preparations were mounted in
Dako fluorescent medium (Dakocytomation Inc., Carpinteria, CA, USA) and images acquired

using a confocal microscope (LSM 710 or LSM 510 Meta confocal microscopes; Carl Zeiss).
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2.7.2 - IMMUNOHISTOCHEMISTRY

In order to

detect the presence

of RA-NP

in

subventricular

zone,

intracerebroventricularly injected mice (see section 2.15) were sacrificed after 24 h and the

brains removed and frozen with freezer spray (Thermo Scientific). Coronal brain sections were

cut on a freezing cryostat (-18 °C) at a thickness of 50 pm and mounted on Superfrost Plus

slides (Thermo Scientific). After sectioning, the preparations were fixed in Methanol/Acetone

(1:1 v/v) for 20 min at -20 °C. After washing three times with PBS, unspecific binding was

prevented by incubating with 3% BSA in PBS for 30 min, at RT. Slices were kept overnight at

4 °C with anti-FITC antibody (Table 2.2) in PBS containing 0.5% BSA solution. In the next

day, brain slices were washed with PBS and then incubated for 1 h, at RT, with Alexa Fluor

594 secondary antibody (Table 2.2). For nuclear labeling, cell preparations were stained with

Hoechst 33342 (2 pg/ml) in PBS for 5 min, at RT, and mounted in Dako fluorescent medium.

Fluorescent images were acquired using a confocal microscope (LSM 510 Meta, Carl Zeiss).

Table 2.2 — Primary (top) and secondary (bottom) antibodies used for immunostaining.

REACTIVITY SPECIES DILUTION COMPANY
8-0x0-dG Mouse monoclonal 1:100 Trevigen
DCX Goat polyclonal 1:100 Santa Cuz
DIx2 Rabbit polyclonal 1:200 Abcam

FITC Mouse monoclonal 1:100 Sigma

GFAP Mouse monoclonal 1:200 Cell Signaling
Nestin Mouse monoclonal 1:200 Abcam

NeuN Mouse monoclonal 1:100 Millipore
P-JNK Rabbit monoclonal 1:100 Cell Signaling
Sox2 Goat polyclonal 1:200 Santa Cruz
Tau Mouse polyclonal 1:200 Cell Signaling
[B-catenin (active) Mouse monoclonal 1:100 Millipore
B-catenin (total) Rabbit polyclonal 1:500 Abcam
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SECONDARY ANTIBODIES (ALEXA-CONJUGATED)

Anti-goat Donkey / Alexa 594 1:200 Life Technologies
Anti-goat Donkey / Alexa 488 1:200 Life Technologies
Anti-mouse Donkey / Alexa 594 1:200 Life Technologies
Anti-mouse Donkey / Alexa 488 1:200 Life Technologies
Anti-rabbit Donkey / Alexa 594 1:200 Life Technologies
Anti-rabbit Donkey / Alexa 488 1:200 Life Technologies

Legend: 8-0x0-dG: 8-0x0-7,8-dihydro-2-deoxyguanosine; DCX: doublecortin; DIx2: distal-less
homeobox 2; FITC: fluorescein isothiocyanate; GFAP: glial fibrillary acidic protein; NeuN:
neuronal nuclei; P-JNK: phospho-c-Jun N-terminal kinase; Sox2: sex determining region Y-box
2. Companies: Trevigen, Gaithersburg, MD, USA; Santa Cruz Biotechnology, Santa Cruz, CA,
USA; Abcam, Cambridge, UK; Sigma, St. Louis, MO, USA; Cell Signaling Technology,
Beverly, MA, USA; Millipore, Billeria, MA, USA; Life Technologies, Carlsbad, CA, USA

2.8 — PROPIDIUM IODIDE INCORPORATION

Propidium iodide (PI; 3 pg/mL, Sigma) was added to cell media 10 min before the end of
the 48 h treatments. Cells were fixed using 10% formalin solution, neutral buffered, rinsed with
PBS, stained with Hoechst-33342 (2 pg/mL), and mounted in Dako fluorescent medium.
Images of PI uptake labeling were acquired using a fluorescent microscope (Axioskope 2 Plus;

Carl Zeiss).

2.9 - SOX2 CELL PAIR ASSAY

Dissociated SVZ cell suspension obtained from freshly dissected SVZ explants were
plated onto poly-D-lysine coated glass coverslips at a density of 6400 cells/cm?. After seeding,
SVZ cells were grown in SFM containing 5 ng/ml EGF and 2.5 ng/ml FGF-2 (low EGF/FGF-2)
supplemented or not (control) with 100 ng/mL RA-NP for 24 h. Cells were then fixed in ice
cold methanol for 15 min at -20 °C and processed for immunocytochemistry against Sox2 and

DIx2 (Table 2.2).
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2.10 - SELF-RENEWAL ASSAY

SVZ cells were seeded at 2500 cells per well in 24-well cell culture plates in SFM
containing 5 ng/ml EGF and 2.5 ng/ml FGF-2 (low EGF/FGF-2) and supplemented or not
(control) with 100 ng/mL RA-NP. After 6 days, the number of primary neurospheres was
determined. Then, neurospheres were collected, dissociated as single cells using the Neurocult
dissociation kit (Stem Cell Technology, Grenoble, France) and seeded in low EGF/FGF-2
medium without any treatment. After 6 days, the number of secondary neurospheres was
determined. Data was obtained from counting the number of primary and secondary

neurospheres in each well, in quadruplicate, per independent cell culture.

2.11 - QUANTITATIVE CHROMATIN IMMUNOPRECIPITATION (QCHIP)

After treatment of SVZ cells with 100 ng/mL RA-NP for 1 and 2 days, cells were washed
with 0.15 M PBS and the chromatin was crosslinked to proteins by incubating cells with 1%
formaldehyde in PBS containing 50 mM MgCl?, for 15 min, at 37 °C. SVZ cells were then
incubated with 125 mM glycine, for 10 min at RT, washed twice with sterile 0.15 M PBS and
incubated with lysis buffer [1% SDS, 10 mM EDTA, 50 mM Tris pH 8.1, containing a cocktail
of proteinase inhibitors (Roche)], for 5 min. Samples were sonicated repeatedly on ice (using
Sonics & Materials, Model Vibra Cell™ VC 50, Parameters: power 20, time 10 x 30 sec with
30 sec intervals), to cleave genomic DNA. After the analysis of the genomic DNA fragments in
a 1% agarose gel, cell suspension was centrifuged at 10 000xg, for 5 min, at 4 °C. The
supernatant was diluted ten-fold in ice-cold dilution buffer [0.01% SDS, 1% Triton, 1.2 mM
EDTA, 16.7 mM Tris pH 8.1, 167 mM NacCl and a cocktail of protease inhibitors (Roche)].
Then, samples were pre-cleared with 30 pL of 50% blocked protein G-sepharose beads (Sigma)
in 0.15 M PBS, for 30 min at 4 °C, with rotation. Beads were afterwards eliminated by
centrifugation at 10 000xg, for 5 min, at 4 °C. While 1/10 was kept as the input, the remaining

portion, for each sample, was incubated with 10 pg mouse monoclonal antibody against
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Histone H3 tri-methylated on lysine 4 (H3K4me3; Abcam, Cambridge, UK), at 4 °C, overnight.
A negative control was done by incubating half of the respective sample with 10 pg of an
unrelated antibody [rabbit polyclonal anti-tumor necrosis factor receptor 1 (TNFR1); Santa
Cruz Biotechnology]. Immune complexes were captured by 1 h incubation with 40 pL of 50%
blocked protein G sepharose beads, at 4 °C. Then, protein G-sepharose beads were rinsed 7
times, for 10 min, in washing buffer (TE containing 150 mM NaCl and 0.5% nonyl
phenoxypolyethoxylethanol-40) and incubated with 50 pg/mL RNaseA/TE, for 30 min, at 37
°C. The input-lysate was prepared in the same way. Proteinase K (1 mg/mL) and SDS (0.5%)
were added to samples which were left overnight at 37 °C, before being incubated at 65 °C for 3
h for reverse crosslinking. After a centrifugation at 1,000 g, for 5 min, beads were discarded
and the DNA samples were purified by phenol-chloroform extraction and precipitated with 1 pg
glycogen, plus sodium acetate and ethanol. The DNA pellets were suspended in nuclease-free
water and DNA was then subjected to qPCR analysis with SybrGreen (iQ SYBR Green
Supermix; Bio-Rad).

For gene expression analysis, 2 pL of sample DNA or 1 uL of the respective input were
added to 10 pL SYBR Green Supermix, and the final concentration of each primer was 0.2 uM
in 20 pL total volume. The thermocycling reaction was initiated with activation of Taq DNA
polymerase by heating at 95 °C during 3 min, followed by 40 cycles of a 10 sec denaturation
step at 95 °C, a 30 sec annealing and elongation step at 64 °C. The fluorescence was measured
after the extension step by the iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad).
After the thermocycling reaction, a melting curve was performed with slow heating, starting at
55 °C and with a rate of 0.5 °C per 10 sec, up to 95 °C, with continuous measurement of
fluorescence, allowing detection of possible nonspecific products. The assay included a non-
template control (sample was substituted by RNase- DNase-free sterile water) and a standard
curve (in 10-fold steps) of DNA for assessing the efficiency of each set of primers. All reactions
were run in duplicates. Primers used in real-time analysis were as follows: GAPDH: forward
primer 5’-CAA GGC TGT GGG CAA GGT-3’ and reverse primer 5’-TCA CCA CCT TCT
TGA TGT CAT CA-3’ (Lim et al. 2009); Mashl: forward primer 5’-CCC TGG CCA GAA

GTG AGA-3’and reverse primer 5’-CTG GGT GTC CCA TTG AAA AG-3’; Neurogeninl
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(Ngnl) forward primer 5’-ATT ACG GGC ACG CTC CAG-3’, reverse primer 5’-CAG CTC
CTG TGA GCA CCA AG- 3’ (Wu et al. 2009). The threshold cycle (Ct) was measured in the
exponential phase and therefore was not affected by possible limiting components in the
reaction. Data analysis was performed with Bio-Rad iQ5 software. Recovery of genomic DNA
as a percentage input was calculated as the ratio of copy numbers in the precipitated immune

complexes to the input control. The relative expression of each gene was normalized against

GAPDH.

2.12 - CDNA SYNTHESIS AND QUANTITATIVE RT-PCR ANALYSIS

For cDNA synthesis, 1 pg of total RNA was mixed with 2.5 uM anchored-oligo-p(dT)18
primers, 1x PCR reaction buffer, 20 U RNase inhibitor, dANTPs (1 mM each) and 10 U AMV
Reverse Transcriptase in a 20 pl final volume (Roche). The reaction was performed at 55 °C for
30 min and stopped by 85 °C for 5 min step. The samples were then stored at -80 °C until
further use. For gene expression analysis, 2 puL of sample cDNA were added to 10 pL of
Evagreen Supermix (SsoFast Evagreen Supermix; Bio-Rad), and the final concentration of each
primer was 1/10 of total volume according to primers datasheet. The thermocycling reaction
was initiated with activation of Taq DNA polymerase by heating at 94 °C during 3 min,
followed by 40 cycles of a 15 sec denaturation step at 94 °C, and a 30 sec annealing and
elongation step at 60 °C for Mashl and 64 °C for Ngnl. Validated primer sets for use in real-
time RT-PCR were obtained from selected QuantiTect Primer Assays (Qiagen, Austin, Texas).
The fluorescence was measured after the extension step by the iQ5 Multicolor Real-Time PCR
Detection System (Bio-Rad). After the thermocycling reaction, the melting step was performed
with slow heating, starting at 55 °C and with a rate of 0.5 °C per 10 sec, up to 95 °C, with
continuous measurement of fluorescence, allowing detection of possible nonspecific products.
The assay included a non-template control and a standard curve (in 10-fold steps) of DNA for
assessing the efficiency of each set of primers. All reactions were run in duplicates. Ct values
were measured in the exponential phase. Data analysis was performed with Bio-Rad 1Q5

software (Bio-Rad). The relative expression of each gene was normalized against GAPDH,
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using the comparative Ct method as described by Pfaffl’s formula (Pfaffl 2001). The PCR
products were subjected to electrophoresis in a 1 % agarose gel stained with ethidium bromide.

Photographs were taken in a Gel-Doc Imaging System (Bio-Rad).

2.13 - CO-IMMUNOPRECIPITATION

DvI2 co-immunoprecipitation experiments were performed as described elsewhere
(Sandieson et al. 2014). SVZ cells were treated with laser alone and protein lysates were
collected 1 h after in nonyl phenoxypolyethoxylethanol-40 lysis buffer containing 50 mM Tris
pH 7.2, 100 mM NacCl, 0.1% NP-40, 10% glycerol, ] mM EDTA containing a cocktail of
proteinase inhibitors (Roche) at 4 °C. Protein concentration was determined by BCA assay
(Thermo Scientific) and 300 pg of total protein from each lysate was pre-cleared using 10 ul of
sepharose beads (Preotein A/G PLUS Agarose Immunoprecipitation Reagent, Santa Cruz)
during 1 h at 4 °C in a microtube rotator. Then, 1/10 of total volume from each sample was
stored as input for later processing and the remaining volume was split into two equal parts and
treated overnight at 4 °C with either 1 pg of anti-Dvl2 antibody or 1 ug of IgG normal mouse
serum as control (both from Santa Cruz). Antibody-protein complexes were immobilized on 30
uL of sepharose beads for 2 h at 4 °C in a microtube shaker. Bound protein was washed thrice
with NP-40 lysis buffer before being boiled during 5 min at 95 °C with Laemmli buffer. SDS-
polyacrylamide gel separation, transfer and signal detention was perfomed as described in the

section “2.6 - Western Blot”.

2.14 - INTRACELLULAR ROS QUANTIFICATION

SVZ cells plated on 96-well plates were culture in DMEM/F-12 medium devoid of phenol

red and supplemented with 100 U/mL penicillin, 100 pg/mL streptomycin and 1% B27

supplement (all from Life Technologies). Cells were treated with laser alone for different time

points and 10 min before the end of the experiment, 2',7'-dichlorodihydrofluorescein diacetate

54



CHAPTER 2

(DCFDA) or MitoSOX red (both from Life Technologies) was added to cell media in order to
reach a final concentration of 50 uM and 5 uM respectively. DCFDA is a fluorogenic dye that
allows the measurement of cellular peroxide levels, while MitoSOX detects mitochondrial
superoxide species. After 10 min, cells were washed with warm medium and the emitted

fluorescence was read in a microplate spectrophotometer plate reader at Ex/Em(DCFDA):

485/530 nm and Ex/Em(MitoSOX): 510/580 nm.

2.15 - IN VIVO EXPERIMENTS

Adult male mice (8-10 weeks old) were anesthetized with intraperitoneal injection of
2,2,2-tribromoethanol (avertin; 240 mg per gram of mice weight). After reaching full
anaesthesia, mice were placed on the stereotaxic frame (Stoelting 51600, Dublin, Ireland).
Scalp was disinfected with Betadine™ and an incision was made along the midline with a
scalpel. With the skull exposed, scales were taken after setting the zero at the bregma point (X,
AP: +0.70; Y, ML: -0.75; corresponding to the right lateral ventricle). The skull was drilled and
the syringe was lowered until the target (Z, DV: -2.85). The intracerebroventricular injection of
100 ng/mL RA-NP or void nanoparticles (blank), dissolved in 0.15 M PBS, was performed with
a Hamilton syringe (Hamilton, Reno, NV, USA) at a speed of 0.5 pL/min during 5 minutes.
After the needle was removed and the incision sutured, mice were kept warm during recovery
(37 °C). Three, four or seven days after injection, mice were sacrificed and the brains were
removed and frozen with freezer spray (Thermo Scientific). Coronal brain sections were cut on
a freezing cryostat (-18 °C) at a thickness of 10 pm and mounted on polyethylene naphthalate
(PEN)-membrane slides (Carl Zeiss) which were previously treated by UV irradiation for 30
min at 254 nm. After sectioning, the slides were fixed using ethanol 90% (v/v). Laser
microdissection and pressure catapulting (LMPC) of SVZ region was carried out using a PALM
MicroBeam IP system featuring a 337 nm nitrogen laser (Carl Zeiss), and a 20x LD-
PlanNeoFluar objective (Carl Zeiss). A total of 6 mm” of tissue sample was collected directly in

the cap of microfuge tubes. The same stereotaxic coordinates were always used to circumscribe
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the SVZ region by LMPC analysis. After LMPC, the tissue sample was immediately process for

mRNA extraction and the protocol followed was as described previously for gRT-PCR analysis.

2.16 - STATISTICAL ANALYSIS

All experimental conditions were performed in triplicate from 3 independent cell
cultures, unless stated otherwise. For SCCI experiments and NeuN immunocytochemistry,
measurements were performed in the pseudomonolayer of cells surrounding the seeded SVZ
neurospheres. The percentage of neuronal-like responding cells (Hist/KCl ratio <0.8) was
calculated on the basis of one microscopic field per coverslip, containing approximately 100
cells (40x magnification).

For the cell pair assay, 60 cell pairs per condition were counted, in triplicates from 5
independent cultures. Number of neurospheres in self-renewal assays were measured counting
the total number of neurospheres per well (from a 24-well plate) in quadruplicate of 5
independent cultures. Quantification of the number of neuritic ramifications, as well as the total
neuritic length positive for P-JNK, per neurosphere, was performed in 3 culture preparations, in
approximately 20 non-overlapping fields per coverslip (in triplicate, 20x magnification). The
analysis software used was ImageJ (NIH Image, Bethesda, MD, USA). For qChIP and qRT-
PCR in vitro experiments, samples were pooled from a 6-well plate, per experimental
condition. For in vivo experiments, a minimum of 3 animals were used per experimental
condition.Immunocytochemistry counting was performed in 5 random fields per replicate from
3 independent cultures. A minimum of 1500 cells per culture were counted. All experiments
included untreated controls or treatment with void nanoparticles whenever nanoparticles were
used. Data are expressed as mean + standard error of mean (SEM). Statistical significance was
determined with GraphPad Prism 5 (Graph pad, San Diego, CA, USA) by using ANOVA
followed by Dunnet’s, Bonferroni’s or unpaired two-tailed Student’s t test, with P < 0.05

considered to represent statistical significance.
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3.1- INTRODUCTION

The subventricular zone (SVZ) represents the main germinal neurogenic niche in the
adult mammalian brain. Within this region there are self-renewing and multipotent neural stem
cells (NSC) which can ultimately give rise to new neurons, astrocytes and oligodendrocytes
(Doetsch et al. 1999a; Ming et al. 2011a). Therefore, driving SVZ stem/progenitor cell
differentiation towards the desired cell phenotype may be a promising platform to influence
brain regenerative capacities in the setting of diseases such as Parkinson’s (PD), Alzheimer’s
(PD) and Huntington’s (HD) diseases (Sanai ef al. 2011).

A potential approach to drive the differentiation of SVZ cells in vivo involves the
efficient delivery of proneurogenic biomolecules into the brain (Santos et al. 2012b). Yet the
lack of sustained bioavailability is a major issue in these platforms. The efficacy of these
approaches is limited likely due to the poor effect in inducing and controlling the
differentiation of SVZ cells. Therefore, the development of new nanoparticle formulations able
to release proneurogenic factors and provide a sustainable therapeuric effect in the SVZ cell
niche is an utmost need.

Central nervous system injury is accompanied by an increased activity of retinaldehyde
dehydrogenase. This enzyme is responsible for the conversion of retinaldehyde to retinoic acid
(RA) (Maden 2007). In this context, RA represents a molecule of great importance to modulate
neurogenesis, specially the all-frans RA isoform. Retinoid signaling is transduced by
heterodimers formed between the retinoic acid receptors (RAR), and the retinoid X receptors
(RXR), which are members of the nuclear receptor superfamily. These receptors
heterodimerize and bind to a DNA sequence called retinoic acid-response element (RARE),
thereby activating gene transcription upon agonist-binding (le Maire et al. 2014). RA is capable
of inducing neurite outgrowth and neuronal differentiation from various cell sources, such as
embryonic stem cells (ESC) (Rochette-Egly 2015), NSC (Janesick et al. 2015) and dorsal root

ganglia (Paschaki et al. 2012). Regardless of its referred effects, RA is rapidly metabolized by
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cells, has low solubility in aqueous solutions and requires a fine tuning of concentration
window to achieve its results, posing difficulties in the delivery of therapeutic doses.
Nanoparticles (NP) can be a powerful strategy to overcome these limitations by ensuring
controled release of RA. Recently, we reported that the intracellular delivery of retinoic acid-
loaded NP (RA-NP) was effective in driving the neuronal differentiation of SVZ neural stem
cells in vitro (Maia et al. 2011). However, it was unclear the molecular mechanisms of RA
action following intracellular delivery were unclear and the in vivo proneurogenic potential of
the formulation was not demonstrated. Here, we show that RA reduces SVZ cell self-renewal
while inducing the expression of proneurogenic genes and functional neuronal differentiation in
vitro. Importantly, RA-NP injected into the brain of an animal model contributes to the
successfull commitment of NSC present in the SVZ niche towards neuronal progenitors
expressing Mashl and Neurogeninl (Ngnl). The NP formulation described herein is a very
promising agent to drive the neuronal commitment of SVZ cells both in vitro and in vivo for

brain regenerative therapies.

3.2 - RESULTS AND DISCUSSION

3.21 - RA-NP INDUCE NEURONAL DIFFERENTIATION VIA NUCLEAR RAR
ACTIVATION

NP were prepared by the electrostatic interaction of polyethylenimine (PEI, polycation)
complexed with RA and dextran sulfate (DS, polyanion) according to a methodology reported
previously by us (Maia et al. 2011). RA-NP have a DS/PEI ratio of 0.2, an approximate
diameter of 220 nm and positive net charge (zeta potential of ~16 mV) (Figure 3.1A).
Moreover, RA-NP are not cytotoxic when used in concentrations equal or below 10 pg/mL and
do not impact SVZ cell proliferation (Maia et al. 2011). NP (10 pg/mL) conjugated with
fluorescein isothiocyanate (FITC) are internalized by SVZ cells after 18 h of exposure and
accumulate in cell cytoplasm, as confirmed by immunocytochemistry and by hyperspectral

imaging system (CytoViva) analysis (Figure 3.1B to G). These results are in line with previous
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Figure 3.1. SVZ neural stem/progenitor cells internalize RA-NP. (A) Composition and
physical properties of RA-NP. Representative confocal digital images of untreated (control; B)
or 10 pg/mL FITC-labeled RA-NP-treated SVZ cells for 24 h (C; FITC labeling in green and
Hoechst in blue). Hyperspectral scanned image of RA-NP in solution (D) and correspondent
reference spectra library of the signatures of each detected NP (E). Hyperspectral scan of one
SVZ cell with internalized RA-NP (F) and the same photo revealing each pixel matching the
nanoparticle library reference spectra in red (G).

findings, demonstrating that that RA-NP are efficiently internalized by SVZ cells and escape
endo-lysosomal fate. NP were detected by confocal microscopy as soon as 1 h after treatment
and continued accumulating throughout 24 h, were they reached its maximum internalization
(Maia et al. 2011).

Several reports have suggested the involvement of RA in the modulation of both neural
plasticity and neurogenesis in the adult brain (reviewed in (Maden 2007)). In fact, we have
recently demonstrated that a formulation of polymeric RA-loaded NP could be used in vitro to
control the differentiation of NSC (Maia et al. 2011). We showed that NP concentrations above

100 ng/mL (RA payload of 4 nM RA) and bellow 1 pg/mL of nanoparticles (40 nM RA
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payload) promoted a robust neuronal differentiation as detected by neuronal nuclei (NeuN,
mature neuron marker) immunocytochemistry (Figure 3.2A). Remarkably, the RA
concentration present in 100 ng/mL of nanoparticles (4 nM RA), was not able to induce SVZ
differentiation; this was only achieved with 10 uM of free RA. This meant that this formulation
offered a significant advantage by achieving a proneurogenic effect with a RA concentration
~2500-fold lower than the one needed with free RA (Figure 3.2A). The lowest concentration of
RA-NP required to differentiate SVZ cells (100 ng/mL) was used throughout this study together
with the equivalent RA concentration they carry (4 nM) and a neurogenic concentration (10
MM) to compare the initial stage dynamics of differentiation between RA-NP and free
solubilized RA.

The process of neuronal differentiation is mediated by the interaction of RA with its
receptors. For that reason, we evaluated whether RA delivered intracellularly by RA-NP was
acting via its functional receptor, RAR, in the process of neuronal differentiation. For this
purpose, SVZ cells were cultured in differentiation conditions for 7 days, in the presence of 100
ng/mL RA-NP. At this concentration, NP have no cytotoxic effect (Maia ef al. 2011). As shown
in Figure 3.2B, 100 ng/mL RA-NP significantly increased the number of NeuN-positive mature
neurons (20.2 = 1.9% versus Control: 11.2 £ 1.2%; P < 0.005) and its proneurogenic effect
was completely prevented by 2 pM BMS493, an inverse agonist of RAR (10.4 + 1.4; P <
0.005). BMS493 binding induces analogous conformational changes in all three RAR subtypes,
inhibiting their action (Germain et al. 2009). In accordance with our data, Yu and colleagues
reported that RA-induced transition of stem cells into neuronal progenitors is RAR dependent
in P19 stem cells. Curiously, these authors further demonstrated that only at a later stage,
during the maturation process of neuronal progenitors into mature neurons, RA shifts its action
through the activation of another nuclear receptor able to heterodimerize with RXR, the
peroxisome, proliferator-activated receptor (PPAR) (Yu et al. 2012).

Next, we evaluated the functionality of the newly differentiated neuronal cells by single
cell calcium imaging (SCCI) analysis. For that purpose, we measured the variations of
intracellular calcium concentration ([Ca*'];) in single SVZ cells, following KCI and histamine

(Hist) stimulations, where Hist/KCl ratios below 0.8 are characteristic of SVZ-derived
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neuronal-like cells (Agasse et al. 2008b). As shown in Figure 3.2C, RA-NP induced a
significant increase in the percentage of cells presenting Hist/KCl ratios below 0.8 and this
effect was also mediated by nuclear RAR activation (Control: 7.9 + 2.1%; RA-NP: 36.9 +
3.4%; RA-NP+BMS493: 6.8 + 2.0%; P < 0.001). An increased expression of BIll-tubulin, a
microtubule element expressed exclusively in neurons, was also found increased in RA-NP

treated cultures but not in cultures co-treated with BMS493 (Figure 3.2D).
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Figure 3.2. RA-NP induce functional neuronal differentiation via nuclear RAR activation.
SVZ cultures were treated for 7 days and the following parameters were evaluated: (A)
Percentage of NeuN-positive neurons using varying concentrations of RA-NP or free RA. Data
are expressed as mean percentage of control + SEM (n=6). ***P < 0.001 vs. control using
Bonferroni’s multiple comparison test. Adapted from (Maia et al. 2011). (B) Percentage of
NeuN-positive neurons as a percentage of the total number of cells. SVZ cells were exposed for
7 days to 100 ng/mL RA-NP and/or to the inverse agonist BMS493 (2 uM). Data are expressed
as mean = SEM (n=6). ** P < 0.01 using Bonferroni’s multiple comparison test. (C)
Percentage of neuronal-like responding cells (Hist/KCI below 0.8). Data are expressed as mean
+ SEM (n=17 coverslips from 6 independent cultures). #rEHp < 0,001 using Bonferroni’s
multiple comparison test. (D) Percentage relative to control of 50 kDa BIII-tubulin protein
expression, a neuronal marker, and (E) 55 kDa GFAP protein expression, an astrocytic marker,
both normalized to 42 kDa B-actin. Below each graph, a representative Western blot is shown.
Data are expressed as mean = SEM (n=5). Control values were normalized to 100%. *P < 0.05
using paired Student’s t test.
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Additionally, RA-NP-derived neuronal differentiation did not affect astrocytic
differentiation (Figure 3.2E). This is in accordance with other results showing that rat NSC
treated with free RA (1 uM) for 7 days increased neurogenesis without affecting astrocytic
differentiation (Chu et al. 2015). Importantly, BMS493, void nanoparticles (blank) or DMSO
per se (at the dilution used to prepare the free RA) had no effect on neuronal differentiation
(Figure 3.2B). Altogether, our results suggest that RA-NP, acting via RAR binding, induce a

robust proneurogenic effect in SVZ cell cultures.

3.2.2. - RA-NP SUSTAIN STEM/PROGENITOR CELL COMMITMENT

Mammalian neural stem/progenitor cells can divide symmetrically or asymmetrically,
either retaining their undifferentiated character or undergoing differentiation, and this decision
can be modulated by extrinsic signals (Shitamukai et al. 2012). To investigate the effect of RA
released from NP in the symmetry of cellular divisions, single SVZ cells were plated for 24 h in
the presence of 100 ng/mL RA-NP and 4 nM or 10 uM of solubilized RA. After treatment, cells
were immunostained for Sox2 and DIx2. Sox2 is a transcription factor expressed in self-
renewing and multipotent NSC (Episkopou 2005), whereas immunodetection of DIx2 labels
SVZ-derived progenitors (Doetsch et al. 2002). Therefore, we quantified the pattern of Sox2
expression in DIx2-positive SVZ cell divisions (Figure 3.3A). Uncommitted stem/progenitor
cells divide symmetrically into two positive NSC daughter cells (Sox2 +/+), whereas cells
committed to differentiate divide asymmetrically into a stem/progenitor and a committed cell
(Sox2 +/-), or terminally into two equally committed cells (Sox2 -/-). Noteworthy, after RA-NP
exposure, we observed a shift in the type of cell divisions towards terminal symmetric divisions
(Sox2 -/-; Control: 26.7 + 1.6%; RA-NP: 40.8 + 3.1%; P < 0.001) in parallel with a significant
reduction in the number of Sox2 +/+ cell divisions (Control: 51.1 + 3.8%; RA-NP: 29.6 + 1.9%;
P < 0.001; Figure 3.3B). These data indicate that RA-NP increased progenitor cell commitment
and reduced NSC self-renewal capacity. In accordance, it was shown that RA derived from the
meninges is essential for corticogenesis by inducing the switch from symmetric to asymmetric

divisions of radial glia during development (Siegenthaler et al. 2009).
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Figure 3.3. RA-NP induce the commitment of SVZ NSC. A) Representative confocal digital
images of Sox2 -/-, +/-, +/+ cell pairs revealed by Sox2 (red), DIx2 (green) and Hoechst (blue)
labeling. (B) Bar graph demonstrates the percentage of Sox2 +/+, +/-, -/- daughter cells per total
cell pairs after treatment with 100 ng/mL RA-NP, 4 nM RA or 10 uM RA for 24 h. Data are
expressed as mean £ SEM (n=5); ***P < 0.001 using Bonferroni’s multiple comparison test;
(C) Bar graph shows the percentage of primary neurospheres (NS) generated upon 100 ng/mL
RA-NP exposure and the resultant secondary NS cultured in untreated medium. Control values
were normalized to 100%. Data are expressed as mean = SEM (n = 4); *P < 0.05, ***P <0.001
using paired Student’s t test.
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A similar result was obtained with 10 uM RA, although 4 nM RA was not able to shift
cell divisions towards a commited state. Further reinforcing these observations, SVZ
neurospheres exposed to 100 ng/mL RA-NP generated a lower number of primary neurospheres
(88.0 = 5.0%; P < 0.05) and less secondary neurospheres (79.8 + 6.9%; P <0.001) as compared
to control (set to 100%). Secondary neurospheres were obtained from cells dissociated from the
primary neurospheres untreated or treated with RA-NP (Figure 3.3C). This result is consistent
with a loss of self-renewal induced by RA. In summary, our data indicates that RA-NP reduces
stemness and direct early immature stem/progenitor cells towards a committed progenitor fate,
ultimately leading to the expansion of late precursors and neuronal differentiation. Our results
further emphasize that the biological efficacy of RA-NP requires a concentration of 4 nM of
encapsulated RA, a concentration that is 2500-fold lower than the one required with soluble

RA.

3.2.3 - RA-NP PROMOTE AXONOGENESIS

A newborn neuron must be able to sprout a single axon and multiple neurites in order to
integrate a pre-existing neuronal circuitry. c-Jun N-terminal kinase (JNK) pathway, also
referred to as stress-activated kinase (SAPK), appears to play an important role in neuronal
differentiation and maturation. Indeed, the JNK pathway is involved in neurite outgrowth and
axonogenesis (Oliva et al. 2006; Bernardino et al. 2012). To evaluate the role of RA released
by NP in the axonogenesis, neurospheres were exposed to RA-NP for 6 h and the
phosphorylation of JNK was evaluated by immunocytochemistry. According to Figure 3.4, RA-
NP induced a robust increase in the phosphorylation of JNK (P-JNK: active form) in growth
cone-like projections and in axons emerging out of the neurospheres, while control cultures
showed a diffuse or faint P-JNK staining. Moreover, RA-NP treatment increased by
approximately 3-fold the total number (Control: 0.80 = 0.05%; RA-NP: 1.95 + 0.31% P < 0.05;
Figure 3.4A) and length (Control: 357.2 + 29.7%; RA-NP: 948.1 + 327.6% P < 0.005; Figure
3.4B) of P-JNK-positive ramifications.

In line with previous studies from our group (Agasse et al. 2008a; Bernardino et al. 2008;

Bernardino et al. 2012), the results obtained with RA-NP also show that P-JNK
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immunoreactivity co-localized with Tau, a microtubule-associated protein mainly present in
new differentiating axons (Figure 3.4C). In addition, this short-timed effect suggests that RA is
acting in a non-nuclear and non-transcriptional way. In fact it was recently established that non-
nucler RAR are present in membrane lipid rafts and can activate kinase cascades (Piskunov et
al. 2012). Accordingly, RA was reported to stimulate neurite outgrowth in murine SH-SY5Y
neuroblastoma cells in a non-genomic way via the activation of JNK and p38 MAPK
(Fujibayashi et al. 2015). Altogether, our results suggest that RA-NP promote axonogenesis and

axon outgrowth through the JNK pathway activation in Tau-positive axons.
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Figure 3.4. RA-NP activate the JNK pathway in Tau-positive axons. Bar graphs depict (A)
number of ramifications and (B) total length (um) of ramifications per neurosphere. Data are
expressed as a mean = SEM (n = 3). *P < 0.05, **P < 0.01, using paired Student’s t test. (C)
Representative confocal digital images of the P-JNK (green), Tau (red) and Hoechst staining
(blue), in control cultures and in cultures exposed to 100 ng/mL RA-NP for 6 h. Double-
labeling of P-JNK and Tau in growth cone-like structures and axons was seen in RA-NP treated
cultures.

3.2.4 - RA-NP SUSTAIN THE EXPRESSION OF MASH1 AND NGN1 PRONEUROGENIC
GENES IN VITRO

RA induces conformational changes in the nuclear receptors bounded to RARE, causing
the dissociation of co-repressors and the recruitment of co-activators that comprise histone
modifiers, RNA polymerase Il and general transcription factors (Gudas 2013). Histone
modifiers are capable of covalent modifications like acetylation, phosphorylation and
methylation on the N-terminal tails of core histones (Tyssowski et al. 2014). Methylation of

histone lysine residues is a critical determinant of active and silent gene expression states.
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Histone 3 tri-methylated on lysine 4 (H3K4me3) correlates strongly with active transcription
(Santos-Rosa et al. 2002). Therefore, we performed quantitative chromatin
immunoprecipitation (qChIP) studies to monitor the presence of H3K4me3 at Mashl and
Neurogeninl (Ngnl) promoter regions. Mashl (also recognized as Ascll) and Ngnl are two
basic helix-loop-helix (bHLH) proteins that are strongly associated with neuronal
differentiation (Oh et al. 2013; Imayoshi ef al. 2015). Basic helix-loop-helix (bHLH) proteins
exist in most stages of neural lineage, which play crucial roles in determining cell fates and are
essential in neurogenesis (Huang et al. 2014). Accordingly, we observed an increase in
H3K4me3 recruitment to Mashl promoter region one day after RA-NP treatment (3.4 + 1.3
fold; P < 0.05), whereas the enhancement of H3K4me3 associated with the Ngnl promoter
region was only detected on the second day after treatment (2.7 + 0.8 fold; P < 0.05; Figure
3.5A). These observations suggested that RA-NP treatment enhances the transcriptional activity
of Mash1 and Ngnl promoters, thus we further examined Mash1l and Ngnl mRNA expression
through quantitative RT-PCR (qQRT-PCR). In line with qChIP results, Mash1 and Ngnl mRNA
levels were increased three days after cell treatment with 100 ng/mL RA-NP (Mashl: 1.9 = 0.5
fold; Ngnl: 3.5 = 1.2 fold; P < 0.05; Figure 3.5B). Surprisingly, solubilized RA at 10 pM
increased Ngnl (1.9 £ 0.5 fold; P < 0.05), but not Mashl mRNA levels. Additionally, the
expression of both Mashl and Ngnl genes was also evaluated 2 days after cell treatment;
however, no effect was observed in all conditions tested (Figure 3.5B). As expected, 4 nM RA
was not able to induce the overexpression of both proneurogenic genes.

The epigenetics behind RA-induced neuronal differentiation seem to be different between
free RA and RA-NP. NSC are a heterogeneous population of cells comprising immature
multipotent cells and commited progenitors which have a variable epigenetic signature and
genetic profile. For example, Mashl is expressed predominantly in transit amplifying C cells
(GFAP-negative, Nestin-, EGFR- and Ki67-positive) but also in a small subset of slow-dividing
B stem cells (GFAP- and Nestin-positive) (Kim et al. 2007; Kim et al. 2011). Adittionally,
Ngnl is higly expressed in proliferating progenitors undergoing late cell divisions (Lundell et
al. 2009). Based on these data, we postulate that RA-NP may be targeting a broader population

of cells than free RA. Moreover, it cannot be excluded that the intracellular machinery involved
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in the Mash1 and Ngnl expression may respond differently to the continuous release of RA by
RA-NP versus one-time treatment of free RA. Thus, SVZ cells may be differentially responsive
to distinct platforms of RA delivery (NP versus free RA), ultimately resulting in distinct
dynamics of gene expression. Of note, it was recently described that RAR/RXR binding sites
redistribute to different gene /oci during RA-induced differentiation of F9 mouse embryonal
carcinoma cells (Chatagnon et al. 2015). This event leads to differentially expressed genes
when in the presence of ligand. Thus, it is conceivable that the continuous release of RA by NP
can activate redistributed RAR/RXR resulting in the transcription of additional genes compared
to one-time treatment with free RA.

Altogether, our data suggest that RA-NP increase a robust commitment of mouse SVZ
cells towards the neuronal lineage by epigenetic modifications and subsequent mRNA

expression of proneurogenic genes (Ngnl and Mashl).
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Figure 3.5. RA-NP promote the expression of proneurogenic genes in vitro. (A) Bar graphs
show the fold increase of H3K4me3 associated with the promoter regions of Mashl and Ngnl
assessed by qChIP and (B) the fold increase of the respective mRNA expression for both genes,
measured by qRT-PCR, in control, 100 ng/mL RA-NP, 4 nM RA and 10 uM RA-treated cell
cultures for 1 and 2 days (qChIP) or 2 and 3 days (qQRT-PCR). Data are expressed as fold
increase relative to control (set to 1), mean = SEM (n=5-7); *P < 0.05 using Bonferroni’s
multiple comparison test. A representative agarose gel for Mashl and Ngnl qRT-PCR
amplicons in control (-) and RA-NP treated (+) cells for 3 days is shown bellow the graph.
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3.2.5 - RA-NP MODULATE THE EXPRESSION OF PRONEUROGENIC GENES IN THE IN
VIVO SVZ NEUROGENIC NICHE

Next, we evaluated the proneurogenic potential of RA-NP in vivo, at the SVZ cell niche.
We delivered RA-NP intracerebroventricularly (i.c.v.), directly into the ventricular lumen. As
shown in Figure 3.6A, internalized FITC-labelled RA-NP were easily detected, lining the lateral
ventricle (LV) of the SVZ in treated mice but not in saline-injected animals. In vivo, SVZ
cellular progeny is mainly derived from quiescent type B stem cells that give origin to rapidly
dividing transit-amplifying C cells, which ultimately generate newly born neurons (Figure 3.7).
These type B stem cells expand a cilium through the monolayer of ependymal layer
surrounding the ventricles in order to contact the cerebrospinal fluid (CSF) (Doetsch et al.
1999b). Therefore, RA-NP can affect the neurogenic microenvironment by contacting with
ependymal cells (paracrine effect) or by the direct contact with the cilium displayed by SVZ
GFAP-positive stem cells (type B cells) that contact the ventricle lumen.

Later on, SVZ was collected by laser microdissection (Figure 3.6B) and mRNA levels of
Mashl and Ngnl, were quantified by qRT-PCR. Similarly to in vitro results, the SVZ of
animals treated with RA-NP overexpressed both Mashl and Ngnl. However, Mash1 and Ngnl
revealed different timings of expression: Mashl mRNA levels only increased after 7 days post-
injection (1.9 + 0.4 fold; P < 0.05), while Ngnl mRNA levels increased after 3 days (1.5 + 0.1
fold; P < 0.05) and were maintained up to 7 days after injection (1.4 + 0.2 fold; P < 0.05; Figure
3.6C). No changes were detected in animals injected with DMSO or blank for Mash1 (DMSO:
1.0 £ 0.1; blank: 0.9 £ 0.2) and Ngnl (DMSO: 1.1 + 0.0; blank: 1.0 £ 0.1) expression levels.
Differences between the in vitro and in vivo kinetics might be ascribed to differences in cellular
composition. /n vitro, SVZ progeny is mostly derived from the highly mitotic transit-amplifying
C cells and not the quiescent stem cells such as type B cells in vivo (Figure 3.7). The cells
exposed to epidermal growth factor (EGF) grow to form neurospheres that are multipotent and

self-renewing (Doetsch et al. 2002).
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Figure 3.6. RA-NP induce the expression of proneurogenic genes in the SVZ neurogenic
niche in vivo. (A) Confocal digital images indicating the presence of FITC-labeled RA-NP
(red) lining the lateral ventricles 1 day after i.c.v. injection with RA-NP, but not in saline-
injected animals (control). (B) Representative digital images of the laser microdissection
procedure depicting a mouse brain slice containing the lateral ventricle; I: Identification of the
SVZ region; II: SVZ was circumscribed and separated from unwanted cells; III: Laser shots
catapulted the SVZ tissue into a lid of a PCR tube. (C) Bar graphs indicate the fold increase of
mRNA expression for Mash1 and Ngnl, measured by qRT-PCR, in control, 100 ng/mL RA-NP,
4 nM RA and 10 uM RA-treated animals, for 3, 4 or 7 days after i.c.v. injection. Data are
expressed as fold increase relative to control (set to 1), mean + SEM (n=5-10); *P < 0.05 using
Bonferroni’s multiple comparison test.
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It should be noted that differences in gene expression of SVZ cells in vivo and in vitro
(neurospheres) have been also described in the setting of stroke (Liu et al. 2007). These
changes end up being complementary, but the genes triggered are not the same. Seven days
after stroke, only 8 out of the 23 genes upregulated in vitro were also upregulated in vivo (Liu et
al. 2007).

The delivery of high (10 uM), but not low (4 nM), concentrations of soluble RA into the
ventricular lumen had a different impact in gene expression than in vitro. In line with in vitro
results, 4 nM RA was ineffective in inducing the in vivo expression of Mashl and Ngn1 (Figure
3.6C). However, in contrast with in vitro results, 10 uM RA induced a robust increase in the
expression of Mashl, 7 days post-injection (2.2 £ 0.5 fold; P < 0.05), but had no effect on Ngnl
mRNA levels. Importantly, it has been demonstrated that the expression of Mashl alone is
sufficient to induce neuronal differentiation (Vierbuchen et al. 2010; Voronova et al. 2011).
These results highlight existing differences in the differentiation dynamics of SVZ cells in in
vivo and in vitro conditions likely because of their intrinsic composition (see above).
Furthermore, given the fact that the CSF is being constantly filtered and renewed by the choroid
plexus (Johanson et al. 2011), it is possible that this could interfere with the free RA injected.
Therefore, one can assume that cells were exposed to different kinetics of RA exposure in vitro
and in vivo.

Overall, our results indicate that SVZ cells treated with RA-NP or solubilized RA have
clearly different dynamics of neuronal differentiation between in vitro and in vivo. These
differences are likely ascribed to variances in phenotypic composition of SVZ, but also in
changes related to the uptake and intracellular delivery of RA when solubilized versus
encapsulated in a NP formulation as described in the previous section. Our results further
indicate that, similarly to in vitro results, RA-NP are more efficient in differentiating SVZ cells
than solubilized RA since a lower amount of RA is needed (4 nM versus 10 uM) and the

epigenetic events are more robust.
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3.3 - CONCLUSIONS

In conclusion, this work reports three important findings. First, we demonstrate the
differentiation mechanism mediated by RA released from a polymeric NP within NSC. NP
were used to facilitate cellular internalization, intracellular positioning and concentration of RA
above its solubility limit (approximatelly 63 ng/mL) at physiologic pH (Szuts et al. 1991). Our
results show that RA released from NP interacted with RAR, activated JNK signaling pathway,
and induced the methylation of histone lysine residues which in turn induced the expression of
proneurogenic genes such as Ngnl and Mash1. Second, we successfully demonstrated that a NP
formulation could be used in vivo to control the differentiation of NSC. Although a previous
study has shown that NP formulations may be an efficient platform to transfect SVZ cells in
vivo with plasmid DNA expressing the nucleus-targeting fibroblast growth factor receptor type
1 (Bharali et al. 2005), to the best of our knowledge this was the first study to demonstrated the
ability to control in vivo the neuronal differentiation of SVZ cells by small molecules delivered
by NP. Notably, our formulation offers a significant advantage over free solubilized RA, by
circumventing the use of solvents like DMSO, and by achieving a proneurogenic effect with a
RA concentration ~2500-fold lower than the one needed with free RA. Third, our study is the
first to show the dynamics of initial stages of stem cell differentiation both in vitro and in vivo
after exposure to a NP formulation containing a biomolecule or a solubilized biomolecule. The
study of the differentiation profile of stem cells in both conditions is important to design more
effective formulations to modulate the stem cell niche. Our results show that RA-NP were more
robust in maintaining the signature of gene expression (although with different kinetics) both in
vitro and in vivo than solubilized RA (Figure 3.7). Although not explored, the NP formulation
described herein can be engineered at surface level to display stem cell targeting sequences in
order to maximize its location and effect. Following recent advances in the use of RA for AD
(Szutowicz et al. 2015), hippocampal memory deficits (Kawahara et al. 2014), PD (Esteves et
al. 2015) and stroke (Kong et al. 2015) therapy, our results provide the foundations for the use
of RA-NP to modulate in vivo the differentiation of neural stem cells and open new

perspectives for the treatment of neurodegenerative diseases.
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Figure 3.7. Dynamics of initial stages of differentiation between SVZ cells treated with
RA-NP and solubilized RA. (A) In vivo, the SVZ contains a subpopulation of neural stem
cells, or type B cells (b; yellow), that contact with ependymal cells (e; gray), the ventricular
lumen and blood vessels (BV; red). Type B cells originate rapidly dividing transit-amplifying C
cells (c; blue), which in turn generate neuroblasts, or type A cells (a; green). These neuroblasts
will ultimately differentiate into mature neurons. Upon i.c.v. injection with solubilized RA or
RA-NP, the SVZ population overexpresses Mash1l and Mash1/Ngnl, respectively. (B) In vitro,
SVZ cells form neurospheres, mainly composed by EGF-responsive type C cells (blue). Under
differentiation conditions, neurospheres give rise to a mixed population of progenitors in
different stages of differentiation, neurons, oligodendrocytes and astrocytes. Upon treatment
with solubilized RA or RA-NP, the SVZ population overexpresses Ngnl and Mash1/Ngnl,
respectively.
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CHAPTER 4

4.1 - INTRODUCTION

RA-based therapies are unsettled, in a sense that this molecule is rapidly metabolized by
cells, has poor water solubility and requires a defined range of concentrations to exert its
positive effects, posing difficulties in the delivery of therapeutic doses. Therefore, the use of
nanoparticles (NP) is a powerful strategy to overcome these limitations by ensuring protection
and intracellular delivery of RA. In fact, we have recently demonstrated that a formulation of
polymeric RA-loaded NP could be used to control the differentiation of NSC (Maia ef al. 2011;
Santos et al. 2012a). Despite the neurogenic properties of RA, this biomolecule is also known
for its teratogenicity and for affecting numerous systems of the body including the CNS (Maden
2002). Therefore, the development of synthetic nanocarriers that can be remotely disassembled
by light and release the RA in specific CNS cell populations in the right time could be of high
value. Light is a promising trigger for remote activation since it allows high spatial and
temporal resolution (Fomina ef al. 2010; Yavlovich et al. 2010). Even if light-responsive NP
distribute to other tissues, they will only release their content upon light stimulation (Mura et
al. 2013). Herein, we propose to use light-responsive RA-loaded nanoparticles (LR-NP) to
control the differentiation of NSC. The stimulus used to trigger RA release from nanoparticles
was a blue light (405 nm laser), which demonstrated neurogenic capabilities by itself and
increased RA receptor alpha (RARa) levels, thereby enhancing the neurogenic effect obtained
from nanoparticle-released RA. Therefore, using our combinatory therapy we obtain an
amplified neurogenic effect. Moreover, our light-responsive formulation offers great
advantages regarding temporal and spatial control of RA release and efficiently induces SVZ
neurogenesis. The successful development of this platform will provide innovative and efficient
applications for brain regenerative therapies by inducing neurogenesis from the resident

endogenous NSC present in neurogenic niches of the adult brain.
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4.2 - RESULTS AND DISCUSSION

4.2.1 - LIGHT-RESPONSIVE RA-LOADED NP

The light-responsive polymeric NP were prepared by reacting poly(ethyleneimine) (PEI)
with 4,5-dimethoxy-2-nitrobenzyl chloroformate (DMNC), a light-responsive photochrome, and
then precipitating the PEI-DMNC conjugate (with or without RA) against an aqueous solution
of dextran sulfate (DS). NP were formed due to the hydrophobicity of PEI-DMNC conjugate
and the electrostatic interaction of PEI-DMNC (polycation) with DS (polyanion). To stabilize
the NP formulation, zinc sulfate was added (Tiyaboonchai et al. 2001; Maia et al. 2011). NP
with a diameter of 110 nm and a zeta potential of 25 mV were prepared. PEI was selected as
initial NP block because it facilitates the cellular internalization of NP and subsequent escape
from endosomes (Boussif ef al. 1995; Maia et al. 2011) while DMNC was selected because it
responds rapidly to light and the degradation products are relatively non-cytotoxic (Dvir et al.
2010). RA-loaded NP were tested by exposing them to a blue laser (405 nm, 80 mW) for few
minutes, and confirming the presence of released RA by photo-disassembled NP to the aqueous

solution (Boto et al. in preparation).

4.2.2 - CELL VIABILITY STUDIES

We first evaluated light- and light-responsive RA-loaded NP (LR-NP)-induced
cytotoxicity by propidium iodide (PI) uptake. PI is a cell death marker incorporated by necrotic
and late-apoptotic cells. To establish proof of concept of our strategy, an energetic wavelength
was required to maximize the release of RA from NP. The wavelength used (405 nm) is within
the most energetic section of the visible light spectrum. We performed a single laser treatment
with increasing duration. Using our protocol of light exposure, 60 sec of 405 nm exposure at
300 mW/cm® (60s), which corresponds to a fluence of 18 J/cm?, was the longest exposure time
that did not affect cell viability (Figure 4.1A). Regarding LR-NP, no significant effect on cell
death was observed for all the experimental groups tested with nanoparticle concentrations up

to 20 pg/mL, including blank nanoparticles and the conjugation of LR-NP followed by 60 sec
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of laser exposure (Figure 4.1B). This highest non-toxic concentration (20 pg/mL) was selected
for LR-NP cellular internalization studies. DMNC (4,5-dimethoxy-2-nitrobenzyl
chloroformate), the photo-cleavable compound used to trigger RA release has fluorescent
properties, enabling NP detection by confocal microscopy. Visualization of cytoplasmic NP
was obtained within 4 h of incubation and reached its maximum after 24 h (Figure 4.1C). No

signal was detected in untreated control cells.
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Figure 4.1. Cell viability and tracking studies of light-responsive RA-loaded nanoparticles
(LR-NP) in SVZ cells. Percentage of propidium iodide (PI)-positive cells in cultures exposed
to (A) 405 nm laser and/or (B) LR-NP 2 days after treatment. Data are expressed as percentage
of total cells (mean + SEM; n = 3). *P < 0.05, **P < 0.05, ***P < 0.001 vs. control using
Bonferroni's Multiple Comparison Test. (C) Representative confocal digital images of
internalized LR-NP (20 pg/mL; red). (D) Representative confocal images of LR-NP
internalization by different subventricular zone cell phenotypes, namely (sex determining
region Y)-box 2 (Sox2), nestin, glial fibrillary acidic protein (GFAP) and doublecortin (DCX)
24 h post treatment. All phenotypic markers are shown in green and nuclei in blue. Scale bars =
10pm.
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This is in line with our previous studies (Maia ef al. 2011) and others (Varkouhi et al.
2011; Benjaminsen et al. 2013) where PEI-based nanoparticles were associated to a rapid
escape from endo-lysosomal fate. The effect through which PEIl-based NP escape
endolysosomes is still debatable. The “proton sponge” effect is thought to be the main
responsible mechanism for endosome rupture and NP escape (Varkouhi ef al. 2011). However,
this mechanism was recently questioned since no lysosomal pH alterations happen when PEI is
present (Benjaminsen et al. 2013). Nevertheless, PEI buffering capacity is thought to facilitate
its interaction with the endo-lysosome membrane, creating tension and opening pores (Bieber ef
al. 2002). By escaping into the cytoplasmic compartment, NP and their cargo evade the acidic
pH-induced degradation. In the present work, LR-NP internalization was homogenous
throughout the cell culture, indicating that no preferential cellular uptake was occurring,
similarly to the results obtained with our previous polymeric formulation (Maia et al. 2011).
This was confirmed by co-labeling different SVZ cell phenotypes after 24 h, namely (sex
determining region Y)-box 2 (Sox2)-positive self-renewing and multipotent cells, nestin-
positive progenitor cells, glial fibrillary acidic protein (GFAP)-positive astrocytic cells and
doublecortin (DCX)-positive neuronal precursor cells/neuroblasts (Figure 4.1D). Noteworthy,

our target population, the self-renewing multipotent stem/progenitors, internalize LR-NP.

4.2.3 - NEURONAL DIFFERENTIATION ANALYSIS

Based on the previous results, LR-NP concentration up to 20 pug/mL and laser exposure
time up to 60 sec were then used to evaluate the neurogenic potencial of our formulation
(Figure 4.2). Remarkably, 60 sec of laser alone significantly increased the number of NeuN-
positive mature neurons 7 days after a single treatment (312.9 = 8.3%; P < 0.001). This
neurogenic effect was further enhanced when cells were pre-treated with 0.6 pg/mL LR-NP
before 60 sec of laser exposure (443.2 + 36.4%; P < 0.05) but not when 0.6 pg/mL blank NP
were used (307.2 + 9.1%). The enhancement of neurogenesis detected upon 0.6 pg/mL LR-NP
in combination with 60 sec is attributed to laser-induced release of RA. Noteworthy, neuronal
differentiation was less evident when using higher concentrations of LR-NP, indicating that

RA-induced neurogenesis is dose dependent. Accordingly, we have previously reported that RA
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has an optimal concentration window to drive the neuronal commitment of SVZ cells (Maia et
al. 2011). A minor increase in NeuN-positive cells was detected for LR-NP alone treatment (no
laser exposure; 0 sec), meaning that some RA might be leaking from LR-NP. However, these
results are not statistically significant. Interestingly, 30 sec of laser exposure required a higher
concentration of LR-NP (2 pg/mL) to achieve an amplified neurogenic effect (234.8 = 34.5%; P
< 0.01). By repeating the 30 sec laser treatment 24 h after the first stimulation, no differences in
neuronal differentiation were detected (245.7 = 39.2%; P < 0.01; data not shown). For that
reason, and to avoid repeated exposure-induced cytotoxicity, we proceeded with our established

protocol of one single 405 nm laser treatment.
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Figure 4.2. Light-responsive RA-loaded nanoparticle (LR-NP) treatment and 405 nm laser
shining induce neuronal differentiation. (A) SVZ cells were treated with LR-NP (0.2-20uM)
alone (0s; no laser exposure) or in combination with a single 405 nm laser treatment for 30 or
60 sec. Percentage of NeuN-positive neurons relative to untreated control cells was determined
by immunocytochemistry 7 days after treatment (mean + SEM; n = 3). *P < (.05, **P < 0.05,
*#%P < 0.001 vs. control and "P < 0.05 vs. 60s alone using Bonferroni's Multiple Comparison
Test. (B) Representative confocal digital images of NeuN (red) immunocytochemistry (nuclei
in blue). Scale bar = 20pm.

To the best of our knowledge, there are no reports describing blue light-induced neuronal
differentiation of NSC. However, blue light-induced differentiation was reported for other types
of stem cells. As an example, one single exposure to UVB was reported to activate hair follicle
melanocyte precursors and originate epidermal melanocytes via cell extrinsic mechanisms
involving growth factor release (Ferguson et al. 2015). Moreover, a separate study reported that

epidermal keratinocytes and epidermal melanocytes secrete Wnt7 upon UVB exposure.
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Secreted Wnt7 was then responsible for melanocyte stem cell differentiation through the
activation of Wnt/B-catenin signaling pathway (Yamada et al. 2013). Additionally, recent data
using low-level laser therapy revealed that near-infrared (NIR) light (700-1400nm) improves
neurological performance in traumatic brain injury (Huang et al. 2012b; Xuan et al. 2013;
Xuan et al. 2014). In fact, 18 J/em?® of NIR, the same fluence we obtain with 60 sec, was able to
increase the number of new neurons in a mouse model of traumatic brain injury (Xuan et al.
2014). Additionally, NIR was also reported to differentiate human dental pulp stem cells both
in vitro and in vivo through the activation of endogenous latent transforming growth factor—beta

1 (TGF-B1) (Arany et al. 2014).

4.2.4 - EVALUATION OF NSC COMMITMENT

To better understand the effect of 405 nm laser alone or in combination with LR-NP on
the initial steps of cell commitment, Ki67-positive proliferating cells were co-labeled for
different neural phenotypes 2 days after treatment. For that reason, treatments were narrowed to
60 sec of laser, 0.6 pg/mL of LR-NP or the combination of both. This concentration of LR-NP
was chosen based on the neurogenic potential demonstrated in combination with 60 sec of laser
treatment (Figure 4.2). Albeit not significantly, a decreased number of proliferating cells when
using light alone or in combination with LR-NP was detected (Figure 4.3A), possibly due to
UV-induced G2/M delay (Bulavin et al. 2001). G2/M is a DNA repair checkpoint that prevents
damaged cells from entering mitosis. There were no alterations detected in the number of
proliferative Nestin- and Sox2-positive cells, meaning that the stem-like population of self-
renewing and multipotent cells is not affected in detriment to neuronal differentiation (Figure
4.3B, C). This result has high therapeutic relevance considering that SVZ neurogenic niche can
be mobilized without exhausting its stem population. As expected, the number of proliferating
DCX-positive neuroblasts was significantly increased in both 60 sec laser (65.3 £ 11.0%; P <
0.05) and LR-NP+60s (80.7 = 5.1%; P < 0.01) comparing to control (40.7 £ 6.6%), but not in
LR-NP alone condition (Figure 4.3D). In contrast to neuronal differentiation results (Figure
4.2A), there was no statistical significance in neuroblast proliferation between 60s laser and

LR-NP+60s treatments, although an increasing trend for LR-NP+60s was detected. One
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possibility is that some neural stem/progenitor cells are undergoing conversion into neurons

without cell division. Direct differentiation of stem cells was recently described and it is

accompanied by a decrease of the NSC pool (Barbosa et al. 2015).
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Figure 4.3. Light (405 nm laser) and light-responsive RA-loaded nanoparticles (LR-NP)
induce neuronal commitment. (A) Percentage of Ki67-positive cells 2 days after treatment
with 60 sec of 405 nm laser, 0.6 pg/mL LR-NP+60s or 0.6 pg/mL LR-NP. Within Ki67-positive
cells, different phenotypes were co-labeled, namely (B) nestin, (C) (sex determining region Y)-
box 2 (Sox2), (D) doublecortin and (E) glial fibrillary acidic protein (GFAP) (mean = SEM; n =
3). *P < 0.05, **P < 0.05 vs. control using two-tailed unpaired Student t-test. Representative
confocal digital images of (F) DCX/Ki67 and (G) GFAP/Ki67 immunostainings. White
arrowheads depict double-positive cells. Scale bar = 20um.
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Accordingly, there is a decreasing trend for proliferating Nestin-positive cells in LR-
NP+60s-treated cells that, if derived from direct conversion, might contribute to the statistical
difference found 7 days after treatment (LR-NP+60s vs 60s; Figure 4.2A). The observed
increase in proliferating neuroblasts was accompanied by a decrease in GFAP-positive
astrocytic cell proliferation (Figure 4.3E). In this case there were no differences between the
significance of 60s laser treatment (3.7 + 1.5%; P < 0.05) and LR-NP+60s laser (3.7 + 1.0%; P
< 0.05) versus control (6.1 = 1.2%). Since we have previously reported that RA-loaded
polymeric nanoparticles do not affect astrocytic differentiation (Santos ef al. 2012a), this result
might indicate that decreased astrocytic proliferation is a characteristic restricted to laser-

induced differentiation.

4.2.5 - LIGHT INDUCES TRANSIENT MITOCHONDRIAL OXIDATIVE STRESS

To disclose the mechanisms behind the neuronal differentiation induced by blue light, we
focused our study using laser treatments alone. High energy wavelengths can induce
mitochondrial DNA (mDNA). mDNA damage leads to mitochondrial dysfunction, resulting in
higher levels of superoxide production (Raha et al. 2000). Accordingly, we observed a
significant increase in mitochondrial superoxide 30 min after 60s (152.7 + 7.1%; P < 0.05),
reaching its maximum at 1 h (158.9 = 7.2%; P < 0.05) and decreasing back to basal levels at 7h
(Figure 4.4A). Treatment with 30 sec of laser exposure was not capable of inducing significant
superoxide alterations. Mitochondrial superoxide dismutes into hydrogen peroxide (H,O,)
spontaneously or enzymatically by manganese superoxide dismutase (MnSOD), the main
dismutase in mitochondria (Finkel 2011). In opposition to the negatively charged superoxide
anion, hydrogen peroxide readily permeates biological membranes, thus escaping mitochondria.
For that reason we also evaluated cytosolic H,O, levels and found a significant increase 3 h
after 60s (258.7 + 17.8%; P < 0.05) reaching its peak at 7 h (288.6 = 31.2%; P < 0.01). After 36
h, basal peroxide levels were rescued (Figure 4.4B). In fact, tightly regulated mROS transiently
shift as part of cellular processes. Physiologically, low levels of mROS work as signaling
pathways in processes such as differentiation, autophagy, metabolic adaptation and immune

cell activation (Sena et al. 2012). Rharass and colleagues demonstrated that the primary trigger
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for neuronal differentiation upon growth factor depletion in human neural progenitor cells is
the generation of Ca*"-mediated mROS. Interestingly, they reported that after growth factor
depletion mROS reached a maximum increase of ~200% at 1 h and this increase was
significantly but not completely restored at 3 h (no further time points were tested) (Rharass et
al. 2014). Xavier and colleagues also corroborate our findings by reporting a transient increase
in superoxide mROS 1 h after the induction of NSC differentiation (Xavier et al. 2014). These
results are in line with the ones obtained by us when using 60 sec, indicating that 405 nm laser

exposure is capable of triggering processes occurring at early stages of NSC differentiation.
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Figure 4.4. Light (405 nm laser) induces transient mitochondrial ROS production and
DNA damage. Graph depicts (A) mitochondrial superoxide levels or (B) cytosolic peroxide
levels throughout time after 30 or 60 sec of laser exposure (mean + SEM; n=3). *P < 0.05, **P
< 0.05, ***P < 0.001 vs. control using Bonferroni's Multiple Comparison Test. (C) Graph
depicts cytosolic peroxide levels 7 h after treatments; Apo — Apocynin; Data are expressed as
percentage of control (mean £ SEM; n = 3). ***P < 0.001 vs control, "*P > 0.001 vs. 60 sec
using two-tailed unpaired Student t-test. (D) Representative confocal digital images of 60 sec
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Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (Nox) are superoxide-
generating enzymes that participate in several biological processes such as host defense, protein
post-translational processing, cellular signaling, gene expression regulation, and cell
differentiation. Increased activity of Nox enzymes is also associated with pathological
conditions such as cardiovascular and neurodegenerative diseases (reviewed by Bedard et al.)
(Bedard et al. 2007). To evaluate Nox participation in this process, we have selected the 7 h
time point, in which we have found the highest increase in cellular ROS, to pre-treat cells with
apocynin (Apo), a routinely used Nox inhibitor (Figure 4.4C). Apo-pre-treated cells presented
peroxide levels similar to untreated control and statistically different from 60 sec of laser
treatment alone (Apo+60s: 101.8 & 24.4%; 60s: 303.2 + 9.8%; P < 0.001).

Oxidative DNA lesions such as the induction of 8-0x0-7,8-dihydro-2-deoxyguanosine (8-
oxo0dG) also occur upon UV exposure in both nuclear and mitochondrial DNA (Besaratinia et
al. 2005). This type of lesion was transiently detected 3 h after 60 sec of laser treatment (Figure
4.4D). However, 8-oxodG was primarily detected in cytoplasm rather than the cell nucleus,
indicating that mitochondrial DNA (mDNA) is more vulnerable to laser-induced damage than
nuclear DNA. This singularity is in accordance with other reports describing mDNA to be more
susceptible to lesions during oxidative stress events associated or not with ageing (Raha et al.
2000). As a matter of fact, mDNA damage was reported to be a reliable UV-induced oxidative
stress marker (Birch-Machin et al. 2013). Nevertheless, in our setup the increase in 8-oxodG is

transient and completetly reversed 6 h after treatment.

4.2.6 - INVOLVEMENT OF THE NOX FAMILY IN ROS GENERATION

Our results demonstrated that upon light exposure, mROS are increased and mDNA is
affected. Mitochondrial sources of ROS include complexes I and Il and Nox4. Nox4 is the
only constitutively active Nox isoform. This enzyme is also implicated in processes generated
by damage signals (Tang et al. 2014). Western blot results demonstrated that Nox4 is
upregulated 1 h after 60 sec (263.3 = 31.0%; P < 0.05; Figure 4.5A). Nox4 was reported to be

the only Nox enzyme involved in fate determination and differentiation of neural crest stem
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cells during embryogenesis (Lee et al. 2014). Moreover, Nox4-derived ROS promote
embryonic stem cell differentiation into smooth muscle cells (Xiao et al. 2009) or cardiac cells
(Li et al. 2006). For cardiovascular differentiation of embryonic stem cells by
mechanotransduction, the involvement of both Nox4 and Nox1 enzymes are critical in early
stages of differentiation (Sauer et al. 2008). Other Nox isoforms can also be activated. In fact, it
was described that mROS trigger Nox1 action by stimulating phosphoinositide 3-kinase (PI13K)
and Rho GTPase Racl (Lee et al. 2006). Active Racl induces the activation of the Nox
complex. Accordingly, we have detected an increase in both Racl (167.9 = 20.0; P < 0.05) and
Nox1 (230.0 = 71.1%; P < 0.05) expression at 3 h (Figure 4.5C). Noteworthy, other processes
occurring during DNA repair can also activate Racl. The enzyme 8-oxoguanine DNA
glycosylase-1 (OGG1), responsible for 8-oxodG excision, together with free 8-oxodG base pairs
released during DNA repair also activate Racl, leading to increased Nox-derived ROS levels
(Hajas et al. 2013). DNA damage also induces phosphorylation of histone H2AX, activating

Racl GTPase and Nox1, resulting in increased ROS (Kang et al. 2012).
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Figure 4.5. Light (405 nm laser) treatment increases NADPH oxidase (Nox) and Racl
expression. Graph depicts the percentage relative to control of (A) Nox4, (B) Racl and (C)
Nox1 protein expression normalized to GAPDH in cultures exposed to 405 nm laser (30 or 60
sec) after 1, 3, 6 and 12 h. Data are expressed as percentage of control + SEM (n = 3-4). *P <
0.05 vs control using two-tailed unpaired Student t-test. (D) Representative Nox4 (65 kDa),
Racl (20 kDa), Nox1 (65 kDa) and GAPDH (37 kDa) western blots.
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Importantly, all the processes described here activate Racl. This enzyme is also
implicated in neurogenic processes occurring in both adult neurogenic niches, the SVZ and
subgranular zone (SGZ) of the hippocampus. Racl is required for normal proliferation, survival
and differentiation of SVZ progenitors in the developing forebrain (Leone ef al. 2010) and
synaptic plasticity, dendritic spine structure, hippocampal spatial memory and learning-evoked

neurogenesis in the SGZ (Haditsch et al. 2009; Haditsch ef al. 2013).

4.2.7 - DISSOCIATION OF DVL FROM NRX ACTIVATES B-CATENIN

Mitochondrial superoxide-derived cytosolic hydrogen peroxide is considered the primary
type of signaling ROS, acting mainly via the oxidation of proteins containing thiol groups (Sena
et al. 2012). Examples of such proteins include glutathione, protein phosphatases,
peroxiredoxin, thioredoxin (TRX) and nucleoredoxin (NRX). NRX is a TRX-like protein that
interacts with Dishevelled (Dvl), a key player downstream from Wnt receptors (Funato et al.
2006). During Wnt signaling activation, Dvl stabilizes B-catenin that, in turn, translocates to the
nucleus and induces neurogenic gene transcription through the activation of T cell factor (TCF)
and/or lymphoid enhancer factor (LEF) (Reya et al. 2005). In the absence of ROS, NRX is
bound do Dvl inactivating its functions. However, increased ROS levels oxidize NRX thiol
groups leading to structural changes that result in Dvl dissociation. Free Dvl is then capable of
activating Wnt/B-catenin signaling pathway (Funato ef al. 2006). This pathway is divided into
canonical (PB-catenin-dependent) and noncanonical (B-catenin-independent) Wnt signaling
pathways. Both are essential in the developing and adult brain and are activated distinctly
depending on the ligands and receptors involved. Wnt signaling can drive neural stem cell self-
renewal, expansion, asymmetric cell division, maturation and differentiation (reviewed by
(Bengoa-Vergniory et al. 2015)). During the process of NSC neuronal differentiation, Dv12 was
reported to dissociate from NRX after 1 h of growth factor depletion (Rharass et al. 2014).
Accordingly, our co-immunoprecipitation studies confirmed that 60 sec of laser treatment
induces the dissociation between DvI2 and NRX after 1 h (Figure 4.6A). Again, 30 sec revealed
to be insufficient to trigger mechanisms associated with neuronal differentiation. Moreover,

this redox sensitive dissociation of DvI2 was accompanied by an increase in -catenin levels.
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Active B-catenin was detected as soon as 2 h after 60s (Figure 4.6B). Importantly, our data is in
accordance with the processes reported to occur at early stages of NSC differentiation, namely
Dvl dissociation and f-catenin activation (Rharass ef al. 2014). Quantification by western blot
confirmed a significant increase in B-catenin activation (196.2 + 42.0%; P < 0.05; Figure 4.6C).
Noteworthy, this effect was not detected when cells were pre-incubated with apocynin (120.5 +

15.9%).
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Figure 4.6. Light (405 nm laser) dissociate DvI2 from NRX and activate p-catenin. (A)
Anti-DvI2 co-immunoprecipitation of neural stem cell lysates 1 h after treatment with 405 nm
laser (30 or 60 sec) or IgG as control; DvI2 (92 kDa), NRX (55 kDa). (B) Representative
confocal images of active B-catenin (green), total B-catenin (red) and nuclei (blue) in control
cultures and in cultures 2 h after exposure to 60 sec. Scale bar = 50um. (C) Graph depicts the
ratio of active B-catenin to total B-catenin levels normalized to GAPDH 2 h after treatment.
Apo — Apocynin; Data are expressed as percentage of control (mean + SEM n=3-4). *P < 0.05
vs. control, using Bonferroni's Multiple Comparison Test. A representative western blot of
active B-catenin (95 kDa), total B-catenin (95 kDa) and GAPDH (37 kDa) is shown below the
graph.
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4.2.8 - RETINOIC ACID RECEPTOR ALPHA (RARa) UPREGULATION ENHANCES
NEURONAL DIFFERENTIATION

To confirm the above-mentioned proposed mechanisms, neuronal differentiation was
evaluated by NeuN (mature neuronal marker) expression in the presence of Apo (Nox inhibitor)
and IWR-1-endo (IWR; inhibitor of B-catenin action). As predicted, both inhibitors were able to
independently suppress 60s-induced neuronal differentiation. However, pre-treatment with Apo
or IWR generated different outcomes in combination with LR-NP (0.6 pg/mL) and 60s.
IWR+LR-NP+60s-induced differentiation (290.8 + 19.2%) was significantly higher than
Apo+LR-NP+60s (194.0 = 14.0%; P < 0.05). By dissecting the proposed mechanism of
differentiation, we may suggest that IWR acts downstream of Apo. While Apo inhibits the
initial formation of ROS, IWR only inhibits the later-stage P-catenin action. These results
indicate that LR-NP+60s treatment includes another variable affecting neuronal differentiation
that was not present using laser alone. When cells are exposed to LR-NP-released retinoic acid,
ROS also activate additional mechanisms that may enhance RA-induced neuronal
differentiation. One of which, particularly relevant, was recently reported by Cao and
colleagues demonstrating that moderate ROS stabilize RARa through NF-kB signaling (Cao et
al. 2015). In turn, increased levels of RARa enhance RA-induced differentiation. We confirmed
this hypothesis by western blotting. Notably, increased protein levels of RARa were detected

12 h after 60s treatment (248.3 + 62.8%; P < 0.05; Figure 4.7B).
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Figure 4.7. Light (405 nm laser)-induced ROS increase retinoic acid receptor alpha
(RAR@) levels resulting in enhanced neurogenesis from light-responsive RA-loaded
nanoparticles (LR-NP). (A) SVZ cells were treated with LR-NP (0.6 pg/mL) and/or 405 nm
laser (30 or 60 sec) alone or in combination with apocynin (Apo) or IWR-1-endo (IWR).
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Percentage of NeuN-positive neurons relative to untreated control cells was determined by
immunocytochemistry 7 days after treatment (mean = SEM; n=3-4).*P < 0.05, ***P < (0.001 vs.
control; P < 0.005, P < 0.001 vs. 60s alone; **P < 0.005, %P < 0.001 vs. LR-NP+60s using
Bonferroni's Multiple Comparison Test. P < 0.05 using two-tailed unpaired Student t-test (B)
Graph depicts percentage relative to control of RARa protein expression normalized to GAPDH
in cultures exposed to 405 nm laser (30 or 60 sec) (mean = SEM; n = 3). *P < (.05 vs control
using two-tailed unpaired Student t-test. A representative western blot of RARa (51 kDa) and
GAPDH (37 kDa) is shown below the graph.

4.3 - CONCLUSIONS

We report an innovative and efficient platform to differentiate adult neural stem cells by
using light-responsive RA-loaded nanoparticles (Figure 4.8). The main finding we report is that
LR-NP can efficiently induce neurogenesis upon light (405 nm laser) exposure by enabling the
intracellular delivery of RA, therefore offering great advantages regarding temporal and spatial
control of RA release. Additionally, we demonstrated the mechanisms by which light alone has
neurogenic properties. In fact, one single pulse of 60 sec (300 mW/cm?, 18 J/em® fluence)
transiently induces the generation of mitochondrial Nox-derived ROS to levels similar to the
ones found during earlier stages of induced neuronal differentiation (Rharass et al. 2014;
Xavier et al. 2014). Cytoplasmic ROS dissociate Dvl2 from NRX, resulting in [-catenin-
induced neurogenesis. Based on the capacity to induce mitochondrial ROS other wavelengths
such as NIR might act via similar mechanisms, demonstrating that, when finely tuned, light is
capable of triggering ROS-involved physiological processes. Other major finding is that laser-
induced ROS up-regulate the expression of retinoic acid receptor alpha (RARa), which
enhances RA-induced neurogenesis, further highlighting the relevance of our combinatorial
treatment for brain regenerative therapies. In this sense, our approach relying on the modulation
of SVZ endogenous stem cells for the generation of new neurons is very promising and may
potentially replace dead cells and restore neuronal circuits in neurodegenerative diseases such
as Huntingtons’s disease, PD and stroke. Additionally, another neurogenic niche is affected in
AD, the SGZ of the dentate gyrus in the hippocampus. It is known that stimulating neurogenesis
in this region is beneficial to halt AD progression. By aiming LR-NP treatment and targeting
laser stimulus to the NSC of the hippocampus, our therapy is also expected to delay disease

progression and/or promote reversion, further highlighting its broad applicability. The
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successful development of this platform may provide innovative and efficient therapeutic
applications for a large spectrum of brain repair strategies.
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Figure 4.8. Combinatorial treatment of light-responsive retinoic-acid loaded nanoparticles
(LR-NP) and light (405 nm laser) induces neural differentiation. Treatment is summarized
in the present scheme. Neural stem cells were treated with LR-NP (black dots) and light (blue).
Light is capable of 1) inducing the production of reactive oxygen species (ROS) and the release
of retinoic acid (RA) from LR-NP, 2) increasing -catenin activity, leading to the expression of
neurogenic genes, and 3) increasing retinoic acid receptor alpha expression, sensitizing the cell
for RA-induced expression of neurogenic genes. Altogether, LR-NP together with light induces
a neuronal differentiation increase of approximately 450%.
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The innovation of the work herein presented resides in the efficient induction of neuronal
differentiation in vivo and efficient delivery of a pro-neurogenic drug upon an external stimulus
by nanoparticulate systems. RA is one powerful pro-neurogenic molecule when delivered
intracellularly, and nanoparticles provide the perfect platform to ensure this task. Noteworthy,
in Chapter 3 we reported the use of RA-loaded polymeric nanoparticles to induce the neuronal
differentiation of subventricular zone neural stem cells. The intracellular delivery of RA via
nanoparticles activated nuclear retinoic acid receptors, decreased stemness, and increased a
more robust proneurogenic gene expression than free RA. Additionally, we described for the
first time a nanoparticle formulation able to modulate in vivo the subventricular zone
neurogenic niche.

However, the in vivo use of biomaterials and differentiating factors must be well
established, since bioaccumulation and concomitant toxicity can originate undesired side-
effects. For that reason, in Chapter 4 stimuli-responsive RA-loaded nanoparticles were
developed. The stimulus used was light (405nm laser) which demonstrated neurogenic
capabilities through the transient induction of NADPH oxidase-mediated ROS and B-catenin
activation improving the neurogenic potential of RA via its receptor RARa. Therefore, an
amplified neurogenic effect was obtained when using this combinatory therapy. Nevertheless,
to prove the feasibility of this approach, in vivo studies still need to be conducted. With the
successful demonstration of in vivo applicability, RA-loaded nanoparticles can be further
optimized. Using a near-infrared (NIR)-responsive molecule such as 2-diazo-1,2-
naphthoquinones (DNQ) to trigger the release of RA, it would be possible to bypass the
invasive implantation of fiber-optic required for blue light treatments. NIR has high clinical
relevance since it covers the tissue transparency window of the spectrum while sharing similar
biological effects with blue light, namely the induction of neurogenesis and mitochondria-
derived ROS. Thus, it is conceivable that the combinatorial effect of light- and RA-induced
neurogenesis can be also observed with this wavelength. Nonetheless, further studies still need

to be conducted to confirm this premise.
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Therefore, our work covers key aspects essential for the development of a new brain
regenerative therapy based on the controlled delivery of RA and opens new perspectives for the

treatment of brain injury and neurodegenerative diseases.
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