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Abstract

Neurogenesis describes the process of neuronal birth and is based on the presence of only
one subtype of cells called neural stem cells. Over the last decades, many studies
demonstrated that neurogenesis is not only limited to the developing brain, but also takes
place in the adult mammalian brain. In the ventricular-subventricular zone, neural stem
cells are mainly generating neuronal precursor cells that migrate into the olfactory bulb
under homeostatic conditions. Upon injury neural stem cells have the capability to send
precursor cells into lesioned areas of the striatum. However, the capacity for brain
regeneration is fairly limited. The epigenetic landscape, here DNA methylation, seems to
play a significant role in regulating injury induced neurogenesis. Recent studies in the
Ana Martin-Villalba laboratory identified the transcription factor ISL1 as a possible
candidate to bind to demethylated regions in the Epigenome of neural stem cells in mice

with ischemic injury.

Here, we successfully generated an Isll overexpressing adeno associated virus, that
specifically targets cells in the neural stem cell containing walls of the lateral ventricle.
Further, cellular and molecular characteristics of Isl1 overexpression in adult neural stem

cells was analyzed in vitro and in vivo.

This study reveals a potential strategy to repopulate the injury site upon ischemia and may

open potential strategies for regenerative medicine within the adult brain.
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Zusammenfassung

Neurogenese beschreibt den Prozess der neuronalen Entwicklung und basiert auf nur
einem Subtyp von Zellen, den neuralen Stammzellen. In den letzten Jahrzehnten haben
viele Studien gezeigt, dass die Neurogenese nicht nur auf das sich entwickelnde Gehirn
beschriankt ist, sondern auch im erwachsenen S&ugetiergehirn stattfindet. In der
ventrikuldr-subventrikuldren Zone produzieren neurale Stammzellen hauptsichlich
neuronale Vorlduferzellen, die unter homoostatischen Bedingungen in die Bulbus
olfactorius wandern. Nach einer Verletzung haben neurale Stammzellen die Fahigkeit,
Vorlduferzellen in lddierte Bereiche des Striatums zu senden. Die Fahigkeit zur
Regeneration des Gehirns ist jedoch ziemlich begrenzt. Die epigenetische Landschaft,
hier die DNA-Methylierung, scheint eine bedeutende Rolle bei der Regulierung der
verletzungsinduzierten Neurogenese zu spielen. Jiingste Studien im Labor von Ana
Martin-Villalba identifizierten den Transkriptionsfaktor ISL1 als mdglichen Kandidaten
fiir die Bindung an demethylierte Regionen im Epigenom neuraler Stammzellen bei

Maiusen mit ischdmischer Schadigung.

Hier konnten wir erfolgreich ein Isll-liberexprimierendes Adeno-assoziiertes Virus
generieren, das spezifisch auf neurale Stammzellen in den Wiénden des lateralen
Ventrikels zielt. Weiter wurden die zelluldren und molekularen Eigenschaften der Isl1-

Uberexpression in adulten neuralen Stammzellen in vitro und in vivo analysiert.

Diese Studie zeigt eine mogliche Strategie auf, um die Lasionen nach Ischdmie neu zu
bevolkern und konnte potentielle Strategien fiir die regenerative Medizin im erwachsenen

Gehirn er6ffnen.
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Introduction

1.1 Neurogenesis

The human brain is often compared with a supercomputer. It is able to perform multiple,
highly complicated tasks simultaneously. To achieve this, about 85 billion neurons are
working together with the same number of assisting cells (Azevedo et al., 2009). The cells
responsible for transmitting information with electric signals within the brain, the
neurons, occur in a variety of different subtypes, regarding their molecular, structural and
functional identity. Glial cells are responsible to support the neurons metabolism, the
immune system and the transmission of information. They mainly occur in three different

subtypes, astrocytes, micro-glia and oligodendrocytes (Tanaka and Ferretti, 2009).

Upon brain injuries, the capacity for self-repair is fairly limited. One reason might be the
complex structure and organization of the adult brain. To understand the regeneration
upon tissue damage in the adult brain, it is important to get insight into the process of

adult neurogenesis under injury conditions.

1.1.1 Developmental neurogenesis

In the mouse, brain development starts between gestational day 7 and 9 (E7-9). The
ectodermal neural tube forms neuroepithelial cells that undergo several rounds of
symmetric divisions to increase their number. From E9-10, these neuroepithelial cells
transform to so called radial glia (RG). RG are the origin of almost all, if not all,
astrocytes, neurons and oligodendrocytes in the CNS, generated during development.
Often called neural stem cells (NSCs) of the embryonic brain (Gotz and Barde, 2005).
The term glia is used due to the astroglial cell properties like the expression of the
astrocyte specific glutamate aspartate transporter (GLAST), brain lipid-binding protein
(BLBP) and intermediate filaments like nestin (Kriegstein and Alvarez-buylla, 2011).
RG divide mostly asymmetrically maintain self-renewal and to generate intermediate
progenitor cells (IPCs) that populate an arising subventricular zone (SVZ). IPCs
differentiate either directly into neurons or after a number of symmetric divisions to first
increase their own number (Kriegstein and Alvarez-buylla, 2011). To reach their final

place in the cortical plate, newly differentiated neurons migrate along the radial process
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of the RG. The final neuron subtype is determined by a combination of temporal and

spatial cues (Custo Greig et al., 2013).
1.1.2 Adult neurogenesis

In most brain areas, developmental neurogenesis ends after the early postnatal period.
However, in two main regions of the adult brain, a certain NSC population is kept
throughout life. These brain compartments are the subgranular zone (SGZ) of the
hippocampal dentate gyrus (DG) and the ventricular-subventricular zone (V-SVZ) of the
lateral ventricle. Here, NSCs proliferate and give rise to new neurons, a process referred

as adult neurogenesis.

Historically, it was believed for a long time, that the amount of neurons is fixed in the
adult brain, and no neurogenesis occurs after the postnatal period (Kempermann et al.,
2006). However, already in the early 20" century, Allen postulated that neurogenesis
continues throughout life (Allen, 1912). The link between cell proliferation and
generation of new neurons in the adult brain was made by Joseph Altman, first in the
hippocampus (Altman, 1963), and some years later in the V-SVZ (Altman, 1969). By
today, it is well known, that the adult brain harbors stem cells with the capacity of self-
renewal and differentiation like most other tissues in mammalians (Bergmann et al., 2012;
Ernst et al., 2014). NSCs from the V-SVZ differentiate into olfactory neurons. Their main
functions are circuit plasticity and odor discrimination (Lledo et al., 2008). Other than V-
SVZ NSCs, neural stem cells from the SGZ give rise to granule neurons in the DG. Their
main functions are memory, mood and learning (Ming and Song, 2011). As this thesis
will mainly focus on V-SVZ NSCs, their cellular and functional properties will be

explained in more detail.
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Figure 1 The NSC lineage within the V-SVZ. Schematic view of the Ventricular-Subventrucular Zone
with the main cell types involved. Quiescent neural stem cells become active NSC to then divide into trasit
amplifying cells. After division, TAPs become neuroblasts and migrate along the rostal migratory stream
towards the olfactory bulbs. E., Ependymal cell; Bv., Blood vessle; Mg., Microglia. Adapted from (lhrie
and Alvarez-Buylla, 2011).

The SVZ-NSCs are organized in a pinwheel like structure (Figure 1). Quiescent neural
stem cells (QNSCs) have apical processes to interact with the cerebrospinal fluid (CSF)
in the ventricle. To receive signals from the blood stream, they have long basal,
cytoplasmic processes to interact with blood vessels (Doetsch et al., 1997). Most NSCs
in the V-SVZ are in a non-dividing quiescent state. It was suggested that at any given
time about 8% of all NSCs exit the quiescent state to enter the cell cycle to maintain the
NSC pool. These cells are referred to as active NSCs (aNSCs) (Ponti et al., 2013). More
recent studies suggest that the vast majority of QNSCs divide symmetrically, whereas 20-
30% symmetrically self-renew and can remain in their niche for several months bevor
differentiating. 70-80% undergo consuming division to generate progeny (Obernier et al.,
2018). However, the self-renewal capacity of NSCs drops with the number of NSCs
within the same niche (Basak et al., 2018).

Single cell RNA sequencing revealed that the transition from gNSC to aNSC involves at

least three steps. Dormant or qNSC1 cells get activated upon certain cell signals or after

_3-
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a brain injury and become primed quiescent or qNSC2. Upon further lineage progression,
they become aNSC1 and are able to enter the cell cycle as active dividing or aNSC2.
During this lineage progression, the cell metabolism changes drastically (Llorens-

Bobadilla et al., 2015).

aNSCs divide to generate transit amplifying cells (TAPs). TAPs lose their processes
towards the ventricle and blood vessels (Ihrie and Alvarez-Buylla, 2011; Obernier et al.,
2018). They further divide symmetrically to generate more TAPs or differentiate into
neuroblasts (NBs). NBs further divide and gather in chains through which they migrate
tangentially towards the olfactory bulbs (OB). The migration path is referred to as rostral
migratory stream (RMS) (Lledo et al., 2006; Lois et al., 1996; Massalini et al., 2009).
After the NB reaches the OB, it migrates to different positions within the granule cell
layer and the glomeruli to differentiate into various olfactory interneuron types,
depending on the origin within the V-SVZ (Figure 2) (Lim and Alvarez-Buylla, 2014;
Lledo et al., 2008).

Dorsal NSCs differentiate to superficial granule cells (GCs) and anterior TH-positive
periglomerular cells (PGCs). Ventral NSCs produce deep GCs and calbindin-positive
periglomerular cells. Other regions of the V-SVZ, like the dorsal wall facing the cortex
and the medial wall facing the septum or aNSCs from within the RMS, form different
types of interneurons in the OBs (Alonso et al., 2008; Kohwi et al., 2007; Merkle et al.,
2013). It has been shown, that isolated NSCs from one area of the V-SVZ can be
transplanted to another area and still produce interneurons from the original origin. For
example, ventral NSCs transplanted into the V-SVZ still produce calbindin-positive, but
not TH-positive PGCs (Lim and Alvarez-Buylla, 2014).

By today, it remains unclear how many regions exist in the V-SVZ and how many
different types of interneurons can be produced in the adult mammalian brain. However,
it is clearly understood that the V-SVZ is subdivided into different regions that produce

different types of interneurons and GCs.



1| Introduction

r EPL

GRL

Figure 2 Regional origins of NSCs within the V-SVZ. Schematic view of the adult
mouse brain with colorized lateral ventricles. Neural stem cells (NSCs) from the
Ventricular-Subventricular zone (V-SVZ) differentiate and migrate towards the rostral
migratory stream (RMS) to give rise to certain olfactory bulb (OB) interneurons. The type
of OB interneuron depends on the origin of the NSC within the V-SVZ. CalB., calbindin;
CalR., calretinin; TH., tyrosine hydroxylase; PGC., periglomerular cell; GC., granule cell;
GL., glomerular layer; EPL., external plexiform layer; ML., mitral cell layer; IPL., internal

plexiform layer; GRL., granular layer. Adapted from (Lim and Alvarez-Buylla, 2014).

1.1.3 Injury induced neurogenesis

The regenerative capacity of the adult mammalian brain is fairly limited, and the rate of
self-repair is very low compared to other organs such as heart, liver, peripheral nervous
system (Kyritsis et al., 2014). Non-mammalian species such as teleost fish and
amphibians show higher brain repair capacities (Tanaka and Ferretti, 2009). However,
some tissue repair mechanisms are activated after brain injuries to narrow the brain
damage and retain crucial brain functions. This repair can be referred to as injury induced

neurogenesis.
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Under homeostatic condition, new neurons are generated to a constant level. Upon injury,
certain NSC containing brain regions, such as the V-SVZ, are able to upregulate
neurogenesis and provide new neurons for brain repair mechanisms (Nakafuku and
Grande, 2013). After ischemic brain damage in the striatum, it has been shown that new
neurons derive from the V-SVZ and migrate to the injured areas (Arvidsson et al., 2002;
Collin et al., 2005). By today, various studies have shown the capacity of the adult
mammalian brain to replace damaged neurons after injuries. There are studies for a

variety of injury models and brain regions (Nakafuku and Grande, 2013).

This repair mechanisms are relatively poor without other stimuli, as only a small amount
of injured neurons will be replaced after injury (Collin et al., 2005). The production of
specific neuronal subtypes after forebrain ischemia within the striatum is a matter of
controversy. As some researchers could not detect Dopamine- and cAMP-regulated
phosphoprotein, Mr 32 kDa (DARPP-32), a marker for striatal interneurons, positive cells
within newly generated neurons, the same research group show that almost all newly
generated neurons are calretinin and Sp8, marker for OB and striatal interneurons,

positive (Liu et al., 2009).

Taken everything together, it is clear that some brain regions are able to provide NSCs
for injury induced neurogenesis. However, the origin of the newly generated neurons and

the specific neuron subtype are still to be investigated.

Mechanisms to activate and increase injury induced neurogenesis are still unclear. The
first to achieve a manipulation within these mechanisms were Nakatomi et al. (Nakatomi
etal., 2002). They used a cocktail of epidermal growth factor (EGF) and fibroblast growth
factor-2 (FGF-2) to boost endogenous hippocampal injury induced neurogenesis after

global ischemia. EGF and FGF are potent NSC mitogens.

To further understand the brain repair mechanisms, researchers focused more on the
endogenous microenvironment to activate NSCs. Here, immune response and
inflammatory signals are thought to be crucial for the activation of stem cells upon brain
damage (Nakafuku and Grande, 2013). However, the entire mechanism and signals are

to be investigated and understood.

There is strong evidence, that brain repair is also regulated on an epigenetic base. After

injury, there are mechanisms to reactivate developmental programs important for

-6 -
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neurogenesis with a higher capability of producing new neurons. This reactivation of
repair mechanisms is coupled with the overall demethylation of the DNA (Hirose et al.,

2013; Lee et al., 2013).

Previous tagmantation-based whole genome bisulfite sequencing (T-WGBS) data (Wang
et al., 2013) from a cooperation with Christoph Plass group, had shown differentially
methylated regions (DMRs) within NSCs from bilateral common carotid artery occlusion
(BCCAO) mice (unpublished data). 75% of these DMRs are overlapping with the histone

mark H3K4melwhich is associated with active enhancers (Buecker and Wysocka, 2012).

The DMRs were compared to the brain region- and developmental stage-specific histone
modification ChIP-seq datasets available from ENCODE (Hon et al., 2013) and
transcription factor binding sites (TFBS) were mapped. Here, the binding site for the

LIM-homeodomain transcription factor Isl1 was one of the most prominent.

These findings, suggest, that certain developmental transcription factors can bind the
DNA upon brain injuries and activate the generation of alternative neuronal subtypes. Isl1

has been identified as such a transcription factor (unpublished data).

Taken everything together, the methylome changes upon brain injury could provide a
promising target to activate injury induced neurogenesis and will be a crucial part of this
thesis. However, DMRs are still to be investigated and the effects of transcription factors

on the injury methylome are unknown.

Isi1

Isl1 or Islet-1 is a LIM-homeodomain transcription factor. LIM transcription factors were
originally named after the three transcription factors Linl1, Isl1 and Mec3, that contain
the same domain (Sanchez-Garcia and Rabbits, 1994). Around 100 LIM-proteins are
known in humans. All of them contain a two zinc-fingers, that is able to bind 2 zinc ions
and to form protein-protein interactions (Michelsen et al., 1993). The LIM domain is

cytosine rich and approximately 50-60 amino acids long.

LIM proteins can contain one or multiple LIM domains. Those domains can be associated
with homeodomains, kinase, GAP (GTPase activating protein), SH3 or PDZ domains
(Hunter and Rhodes, 2005). The LIM protein superfamily is associated with intracellular

signaling, cellular structures, transcription factors and transcriptional coactivators.
-7 -
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In humans, 12 LIM-homeodomain proteins are known. They play key roles in
developmental transcription regulation. LIM-homeodomain proteins are characterized by
their two terminal LIM domains and a central homeodomain to interact with specific

DNA elements (Howard and Maurer, 2000).

Isl1 is expressed in a large number of tissues during embryogenesis. It has been found in
the central and peripheral nervous system, neural retina, inner ear, pharyngeal mesoderm
and endoderm, cardiovascular system, gastrointestinal system and hindlimb (Zhuang et
al., 2013). It is associated with cell proliferation, differentiation and survival. Isll is
expressed in the developing and adult striatum of mice. The expression levels are highly
dynamic within different cell types and vary over time. Cholinergic cells for example
show a high and continuous Isll expression, whereas in non-cholinergic cells, the
expression is downregulated during development. This indicated a key function of Isl1 in

neuronal differentiation (Wang and Liu, 2001).

Previous studies revealed, that Isl1 has the capability to promote the generation of neurons
from postnatal SVZ precursors (Stenman et al., 2003). However, the effects of Isl1 alone
were only marginal and no neurogenesis or striatal differentiation could be observed.
Thus, the overexpression of Isll in the neonatal brain produces new neurons in the
striatum, however a striatal projection neuron phenotype could not be observed (Rogelius

et al., 2006).

Later studies with a combination of Isl1 and Neurogenin-2 (Ng2) were able to show the
SVZ cells can be redirected from their normal migration route to different brain areas
(Rogelius et al., 2008). The newly generated cells show a neuroblast like morphology in

the striatum.

Adeno-associated virus

Adeno-associated viruses (AAVs) have first been identified as a side product of
Adenovirus (Ad) purification in 1965 (Atchison et al., 1965). Over the last years, it has
become a promising candidate not only in the field of biomedical research but also for
gene therapy approaches. It is widely used to introduce and study gene expression in

mammalians in vitro as well as in vivo.
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1.3.1 Characteristics of AAVs

Adeno-associated viruses are small viruses without an envelope. They are capable of
packing a single stranded DNA genome of approximately 5kb in total length (Wu et al.,
2010). It 1s a member of the family Parvoviridae and the wildtype serotypes have not been
associated with any disease affecting mammals (Calcedo et al., 2011). Therefore, it can
be used under biosafety level 1 according to Directive 2000/54/EC of the European

Parliament.

The virus consists of a T = 1 icosahedral capsid with a diameter of 25nm (Figure 3a) and
can resist short exposure to acidic pH, heat and proteases (Rayaprolu et al., 2013). AAVs
are capable of packing double- and single-stranded DNA. In case of single stranded DNA,
positive and negative strands are packed equally well (Zhou et al., 2008). The viral
genome contains three open-reading-frames (ORFs), coding for eight proteins under the

control of three promoters (Figure 3b) (Sonntag et al., 2010).

At either end of the genome, inverted terminal repeats (ITRs) can be found. They are T-
shaped, 145 bases long and serve as origin of DNA replication and are required as
packaging signal (McLaughlin et al., 1988). ITRs are the only sequences needed for
recombinant AAVs (rAAVs). As ITRs do not have promotor or enhancer activity in the
absence of the Rep protein, promoter, poly(A) and eventually splicing signals must be

included in the rAAYV vector.

For the DNA replication, the AAV protein Rep78 or Rep68, the cellular DNA polymerase
0 complex, replication factor C, the proliferating cell nuclear antigen and the
minichromosome maintenance complex are needed (Ni et al., 1998). AAVs cannot
replicate itself. They need a helper virus. Over the last years, Ad, herpesvirus and
baculovirus has been used to provide different helper functions in AAV replication (Janik

et al., 1981; Slanina et al., 2006; Smith et al., 2009).
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Figure 3 Adeno-asociated virus (AAV) structure (a) AAV capsid surface. Shown is a depth-
cued space-filling model generated from the crystal structure of AAV2 (Xie et al., 2002). Surface
amino acids are colored according to their relative distance from the center of the capsid, in the
following order: blue (closest), cyan, green, yellow and red (farthest). (b) Genetic map of AAVs.
The ~5-kb AAV genome contains three open reading frames (ORFs) that code for functional
proteins. The rep ORF (red) codes for four Rep proteins (Rep78, Rep68, Rep52, and Rep40) that
are synthesized from mRNAs initiated from the p5 and p19 promoters. The p40 promoter initiates
an mRNA that is alternatively spliced to make three capsid proteins from the cap ORF (yellow)
and one assembly-activating protein (AAP) (green). Also shown are the 145-base T-shaped AAV
inverted terminal repeats (ITRs) (blue). Adapted from (Samulski and Muzyczka, 2014).

1.3.2 Production

In early production methods, Ad was used as a helper virus. However, Ad cannot be
removed sufficiently from the rAAYV stock. CsCl density centrifugation followed by heat
inactivation of Ad was used to produce Ad free rAAVs. A small amount of Ad cannot be
removed using this strategy and a high rate of cell toxicity was observed in early rAAVs
(Samulski et al., 1989). In 1998 three groups simultaneously achieved to clone the
necessary adenohelper functions on a separate plasmid and eliminate the genes needed
for Ad replication (Jagannathan et al., 2012; Matsushita et al., 1998). From now on,
coinfection with Ad was not needed anymore. The group of Prof. Grimm furthermore
established a double transfection protocol with an alternative mouse mammary tumor
virus LTR promotor and eliminated cross contaminations with other serotypes (Grimm et

al., 1998).

The most commonly used method to produce AAVs is the triple-plasmid transfection
(Grimm et al., 1998). HEK293T cells that express the Ad proteins Ela, and E1b are used

as hosts. Ela is a transcriptional activator that induces the p5S AAV promoter and also
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induces the S phase in host cells. E1b and the helper functions on a separate plasmid, E2a,
E4 and VA RNA perform various tasks in AAV replication (Chang et al., 1989). The cells
are then transfected with a plasmid containing the transgene with an appropriate promoter
and ITRs, a plasmid carrying the serotype specific rep and cap sequences and a plasmid

for the adenohelper functions (Figure 4).

Various purification methods have been used over the last years. Affinity
chromatography, tangential flow filtration, and serotype specific monoclonal antibody
columns have been established. However, those methods are highly serotype specific and
for new designed AAVs those methods do not work. To isolate rAAV capsids from empty
capsids, only CsCl or iodixanol density centrifugation has been proven to work (Strobel

et al., 2015).

Vector plasmid AAV helper plasmid

LCH:)—D-] LM’—]
s %

Adenovirus helper plasmid

LI_EZA_H_E'_H_VA_I—]
N

Rep78/68
Replication
5t =28
A =
Rep52/40

Packaging

oS

Assembly

293 cells

@ (E1A, E1B)

Exosome releasing

S0 ©

Figure 4 Recombinant Adeno associated virus (AAV) production using the triple-
plasmid transfection methode. Human embryonic kidney (HEK) cells are transfected with
a vector plasmid carrying the transgene, an AAV helper plasmid and a plasmid carrying the
appropriate Rep and Cap for the specific serotype. The transfection is followed by replication,
assembly and packaging within the HEK cell. The essential proteins are split between the
helper plasmid (E2A, E4 and VA) and the HEK cells (E1A and E1B). Adapted from (Okada,
2013).
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1.3.3 Designer AAVs

Over the last few years, new AAV serotypes have been generated. These serotypes are
more tissue and cell specific than their wildtype counterparts. One way to produce new
AAV capsids is a Cre depended selection method (CREATE) (Deverman et al., 2016).
Here, cre expressing cells are used as a marker for AAV infection, and a central nervous
system (CNS) specific serotype could be isolated. Another approach is to shuffle the AAV
wildtype capsids, using the bioinformatics tool SCHEMA (Ojala et al., 2017). With this
program, capsid-host interactions are simulated, and 3D structures are analyzed and

predictions for tissue and cell specific AAVs are made.
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1.4 Aim of the project

This thesis aims the production of an Isll overexpressing AAV that specifically targets
NSCs in the V-SVZ to study the cellular and molecular response of NSCs in the ischemia

damaged brain.

As previously shown in our lab, the epigenetic landscape of V-SVZ NSCs is changing
upon ischemic injury (Bobadilla, 2016). Highly methylated regions become demethylated
and accessible for transcription factors, whereas other regions become methylated and
less accessible. Within 20% of all hypomethylated regions, the motive for the LIM
homeodomain transcription factor Isl1 is present. Isl1 has been identified as a potential
neurogenesis activator after brain injuries in previous studies (1.2) and will be the focus

of this thesis.

We hypothesized that the transcription factor can target the hypo DMRs in V-SVZ NSCs
after ischemia and induce side specific migration and differentiation of newly generated
neurons. In this process, alternative neuronal subtypes should be identified within the

striatum (Figure 5).

Homeostasis Alternative signal , ,
Default
neuron

T unmethylated C
T methylated C

o
— \ |
Injury Alternative signal |/

_ —_ » /¢ Alternative

? I T T E g’) subtype

L

Figure 5 Proposed model for the molecular regulation of injury-induced fate plasticity. Open and filled
circles represent unmethylated and methylated CpGs respectively at regulatory elements. In this model, injury
signals induce localized demethylation at regulatory regions of neuron subtype-specifying transcription factors
that are otherwise silent. Adapted from (Bobadilla, 2016).
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2 Material and methods

2.1 Materials

2.1.1 Reagents

Table 1 Chemicals, Kits and Reagents

Reagent Company
10xHBSS ThermoFisher
12% Mini-Protean TGX Stainfree | BioRad
Protein gels 12 well 20ul

IM HEPES ThermoFisher
1M MgCl12 Sigma-Aldrich
IM TrisHCI pH 7,5 Sigma-Aldrich
2x Sensimix II Probe kit Bioline
4xLaemmli Sample Buffer BioRad
Accutase Sigma-Aldrich

Agencourt Ampure XP beads

Beckman Coulter

B27-supplement ThermoFisher
Benzonase Nuclease 25 U/pl Sigma-Aldrich
Betaine 5SM Sigma-Aldrich
Clarity™ Western ECL Substrate, | BioRad

200 ml

CsCl Sigma-Aldrich
D-Glucose Sigma-Aldrich
DMEM, high glucose, no glutamine | Life Technologies

DPBS without Ca and Mg PAN-Biotech
DTT 100mM Invitrogen
EtOH Sigma-Aldrich
Falcon™ Cell Strainers ThermoFisher
FBS Biochrom
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Reagent Company

FGF Pelobiotech
Fluoromount-G eBioscience
Gentle MACS C-Tubes Miltenyi Biotec
HBSS ThermoFisher
hEGF PromoKine
Heparin Sigma-Aldrich
Histofix 4% PFA Roth

Hourse Serum Biochrom
Isofluran Zoetis
Isopropanol Sigma-Aldrich
2xHiF1 HotStart ReadyMix KAPA Biosystems
Ketavet Pfizer

L-Glutamine

Life technologies

NP-40 Sigma-Aldrich

Neural Tissue Dissociation Kit (T) MACS Milteny Biotec
PureLink™ HiPure Plasmid Filter | ThermoFisher
Maxiprep Kit

PureLink™ HiPure Expi Plasmid | ThermoFisher
Megaprep Kit

Mercaptoethanol Sigma-Aldrich
Metamizol Dr Ehrenstorfer GmbH
Na;HPO4- 7H20 Sigma-Aldrich

NaCl Sigma-Aldrich
NaH2PO4 Santa Cruz

NaOH Fluka

Neurobasal medium A ThermoFisher
Non-Fat Dry Milk Roth

Nuclease free water Ambion

PAGE Ruler Prestained Protein
Ladder

Life technologies
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Reagent Company

PEG AppliChem

PEI Sigma-Aldrich
Pen/Strep ThermoFisher
Pierce™ BCA Protein Assay Kit ThermoFisher
PicoPure™ RNA Isolation Kit ThermoFisher

2x Power SYBR™ Green PCR | Life Technologies
Master Mix

Proteinase inhibitor Sigma-Aldrich
QIAprep Spin Miniprep Kit Qiagen

Qubit™ dsDNA HS Assay Kit

Life technologies

Rampun Bayer

RNAse inhibitor TaKaRa

SDS Serva
Slide-A-Lyzer™ G2 Dialysis | ThermoFisher

Cassettes, 20K MWCO, 15 mL

Sodium Azide Acros Organics
Sodium phosphate dibasic | Sigma-Aldrich
heptahydrate

Sodium phosphate monobasic Sigma-Aldrich
SuperScript II first strand buffer Invitrogen

SuperScript II reverse Transcriptase

Life technologies

Surfact-Amps NP40

ThermoFisher

Trans-Blot® Turbo™ RTA Midi
Nitrocellulose Transfer Kit

BioRad

Trisbase Acros organics
Triton X-100 Sigma-Aldrich
Trypsin Invitrogen
Trypton/Pepton Fluka

Tween 20 Sigma-Aldrich
Yeast Extract GERBU
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2.1.2 Buffers and media

PBS (20x)

NaCl 160g/1

KCl 4¢/1

KH> POy 4.8¢g/1

Na;HPO4x7H>0 35.6g/1

The pH is adjusted to 7.4 with 0.1M HCI. The solution is brought to a final volume of 11
with dHO.

TBS (10x)

Trisbase 24.2¢/1

NaCl 80g/1

Mix in 800 ml ultra-pure water, adjust pH to 7.4 with pure HCI and fill up to 1 litre.

0.2M Monobasic Stock

NaH,POy4 27.8g/1

0.2M Dibasic Stock

Na;HPO4x7H>0 53.65¢g/1

0.1M Phosphate buffer

Combine 57ml of the monobasic stock with 243ml of the dibasic stock and bring volume

up to 600ml to obtain a 0.1M Phosphate buffer with a pH of 7.4.

TBS++

TBS 100ml
Horse serum 3ml
Triton X-100 0.25ml
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Perfusion Solution

Ketavet (1:5)
Rompun

NacCl 0.9% sterile

Dissection solution

HBSS (10x)
HEPES (1M)
D-glucose

Pen/Strep

FACS-buffer

dPBS
FCS

NBM Medium

Neurobasal medium A
L-Glutamine
B27-supplement
Pen/Strep

Heparin

hEGF

FGF

Growth-factor free NBM Medium

Neurobasal medium A
L-Glutamine

B27-supplement

2| Material and Methods

4ml
2ml
8ml

50ml
1.25ml
3.25¢
Sml

450ml
50ml

500ml
Sml
10ml
Sml
500ul
20ul
20ul

500ml
Sml
10ml
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Benzonase buffer

TrisHCI 50mM
MgCl12 2mM
NaCl 150mM

Adjust pH to 8.5

Na-HEPES resuspension buffer

HEPES 50mM
NaCl 150mM
EDTA 25mM
CsCl topping solution

CsCl 550¢g/1

Prepare in Na-HEPES resuspension buffer and adjust refractive index to 1.3710 at room

temperature

40% PEGS8000 solution

PEG 40% v/v
NaCl 1.915M
DMEM Medium

FCS 10%
Pen/Strep 1%
L-Glutamine 1%

Add to DMEM high glucose, no glutamine

TBS-T
TBS 1x
Tween20 0.05%
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10x Running Buffer

Glycin 144¢g/1
TrisBase 30g/1
SDS 1%
Stripping Buffer

Glycin IM
pH 1.8

NP-40 Lysis Buffer

NP-40 1%
NaCl 150mM
Tris 50mM
Proteinase inhibitor 1x

SDS 0.1%
B-Mercaptoethanol 10mM

2.1.3 Antibodies

Table 2 Antibodies for IHC, Western Blots and FACS

Antibody Company Dilution
[HC

DAPI Sigma-Aldrich 1:4000
dk anti ck 647 Jackson Immuno Research 1:400
dk anti gb 405 Sigma-Aldrich 1:400
dk anti gt 546 Life technologies 1:400
dk anti ms 488 Invitrogen 1:400
dk anti rat 405 Abcam 1:400
dk anti rb 405 Abcam 1:400
dk anti rb 488 Invitrogen 1:400

-20 -



2| Material and Methods

dk anti rb 647 Life technologies 1:400
ck anti GFAP GeneTex 1:1000
gb anti DCX Merck 1:500
gt anti mCherry SICCGEN 1:500
ms anti GFAP Millipore 1:2000
ms anti SOX2 Abcam 1:100
rat anti DARPP 32 [ R&D Systems 1:200
rb anti Isl1 IHC Abcam 1:300
rb anti S100beta Abcam 1:100
ms anti NeuN Millipore 1:300
WB
rb anti Isl1 WB Abcam 1:10000
rb anti B-Actin Cell Signaling Technology 1:1000
rb anti Histon 3 Cell Signaling Technology 1:1000
gt anti rb HRP Dianova 1:5000
FACS
Ter119 APC-Cy7 Biolegend 1:100
04 APC-Cy7 MACS 1:50
CD45 APC-Cy7 BD Bioscience 1:200
GLAST APC MACS 1:20
CD9-FITC eBioscience 1:300
Cytox Blue dead cell | Invitrogen 1luM

stain
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2.1.4 Primer

Table 3 Primer for AAV Titration, Expression qPCR and reverse transcription

Primer name Sequence

Cre qPCR AAV Titer FW ACTGACGGTGGGAGAATGTT

Cre qPCR AAV Titer RV CCAGGCTAAGTGCCTTCTCT

Cre qPCR AAYV Titer Probe | FAM-ACCTGCGGTGCTAACCAGCGT-BHQI

GAPDH gqPCR FW CTCCTGCACCACCAACTGCT

GAPDH gqPCR RV GGGCCATCCACAGTCTTCTG

IS PCR primers AAGCAGTGGTATCAACGCAGAGT

Isl1 gPCR FW CTGCAAATGGCAGCCGAA

Isl1 gPCR RV GCTTCTCGTTGAGCACAGTC

oligo dT AAGCAGTGGTATCAACGCAGAGTACT30VN
TSO-Biotin Biotin-

AAGCAGTGGTATCAACGCAGAGTACATrGrG{G}
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2.2 Methods
2.2.1 Adeno Associated virus
2.2.1.1 Production

For the AAV production, HEK293T (Human Embryonic Kidney) cells from ATCC were
used. For harvesting and reseeding cells, they were washed with 10ml dPBS and
dissociated using 5ml of 0.25% Trypsin per flask. After counting, 4.5x10° cells were
reseeded to 150cm? dishes in 22ml DMEM medium and incubated for 2 days at 37°C and

5% COa. A total of 300 plates were prepared this was to obtain an appropriate virus titer.

After two days, cells were transfected using 2mg/ml Polyethylenimine and the triple
transfection method previously described (Grimm et al., 1998). The final transfection
reagent included 14.67ug of Adeno helper plasmid, AAV1 P5 capsid plasmid and
CMV Isll_P2a Cre plasmid, 150mM NaCl, 56.85ul PEI and the volume was adjusted
to 3.2ml per plate. The solution was added dropwise to the confluent plates containing

the HEK293T cells.

Three days after the transfection, cells were harvested by scraping, 30 plates were
processed per 50ml falcon. Pellets were resuspended in 15ml Benzonase buffer. Cells
were disrupted by 5 freeze-thaw cycles using liquid nitrogen and a 37°C water bath.
Afterwards, samples were sonicated for 1min20s and 75U/ml Benzonase was added.
Samples were incubated at 37°C for 1h and inverted every 10min followed by 15min
centrifugation at 4000g. Supernatant was collected, 1/39™ volume 1M Calcium chloride
added and samples were incubated 1h on ice followed by 15min centrifugation at 4°C and
10000g. 1/4™ volume 40%PEG8000/1.915M NaCl was added to supernatant and
incubated 3 hours on ice. Samples were centrifuged 30min at 2500g at 4°C and pellet was
resuspended in 10ml Na-Hepes resuspension buffer. Pellet was stored on a roller at 4°C

overnight to resuspend the pellet completely.

Samples were then centrifuged at 2500g, 4°C for 30min and supernatant was filled up to
24ml with Na-Hepes resuspension buffer. 13.2g Cesium chloride was added and RI was
adjusted to 1.3710. Samples were transferred to ultracentrifugation tubes and filled up
with topping solution without bubble formation. Tubes were centrifuged in a 70TI rotor

for 22h at 45000RPM at 21°C.
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After ultracentrifugation, fractions with a RI between 1.3711 and 1.3766 were collected
and combined, followed by dialysis in G2 Dialysis Cassettes in PBS. Ice-cold PBS was
exchanged after 30min, 1h, 2h, overnight, 2h and 2h. The dialyzed AAV solution was
concentrated using Amnicon-Ultra-15 columns as described in the manufacturers

protocol. The final AAV solution was aliquoted and stored at -80°C.

2.2.1.2 Titer

The titer of the AAV1 PS5 CMV Isll P2A Cre was measured by quantitative Real Time
PCR (gqRT-PCR). 10ul of AAV solution was mixed with 10ul of DNAse free water and
lysed with 20ul of 2M NaOH for 30min at 56°C. The solution was neutralized with 38l
IM HCI and filled up to 1ml with H,O. The same procedure was done with H>O and
purified CMV _Isll P2A Cre plasmid instead of AAV as a negative and positive control.
For the titration, standards from 1.75x10%-1.75x10° DNA molecules were made with the

purified plasmid.

For the qPCR, reagents were mixed as shown in Table 4. The cycling conditions
contained a 10min initial denaturation step at 95°C followed by 40 cycles of 10s
denaturation at 95°C and 60°C combined annealing and extension for 20s. Samples were
analyzed in triplicates and the calculated concentration for the AAV1 P5 with the

CMV Isll_P2A_Cre was 8.89x10'! viral genomes (vg)/ml.

Table 4 qPCR setup for AAV titration

Reagent Vplgme for | Final .
triplicates (ul) | concentration

2x Sensimix II Probe kit 17.5 | 1x

Cre qPCR AAYV Titer FW Primer 1.4 | 0.4uM

Cre qPCR AAYV Titer RV Primer 1.4 | 0.4uM

Cre qPCR AAYV Titer Probe 0.35|0.1uM

DNAse free water 9.35

Alkalin lysis/Standard 5
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2.2.1.3 In vivo quantification

To quantify the infected cell populations, 10° vg of the AAV1 P5 CMV Isll P2A Cre
virus were injected into the ventricle of 8-week-old male TdTom-flox mice. 5 days after
injection mice were perfused, brains were dissected and processed in coronal sections.
Brain slices were stained with the primary antibodies rbxS100beta, gbxDCX,
gtocmCherry, msxSOX2 and ckocGFAP as described in 2.2.3.5. The secondary
Antibodies dkocrb 405, dkocgb 405, dkocms 488, dkocgt 546 and dkocck 647 were used.
Images were taken on a Leica TCS SP5 confocal microscope. Quantification was done

by using Imagel.
2.2.2 In vitro experiments
2.2.2.1 NSC isolation and cultivation

For the isolation of NSCs, mice were sacrificed by cervical dislocation and isolated brains
were placed in dissection solution on ice. The subventricular zone was microdissected as
wholemount as previously described (Mirzadeh et al., 2010). The cerebellum was
removed close behind the triangle cranial and hemispheres were separated by cutting. A
caudal incision where the hippocampus connects to the cortex was made and the
hippocampus was pulled away to uncover the lateral wall of the ventricle. The SVZ is
isolated by three cuts, one dorsal, one ventral and one parallel to the lateral wall followed

by cutting around 200pum underneath the structure.

Stem cells are isolated using the Neural Tissue Dissociation Kit T. The digest is stopped
by adding Sml of NBM medium and cells are isolated by passing the digested tissue
through a 40pm cell strainer. After washing the cells twice, they are transferred to a 25¢cm?
cell culture flask in 7ml NBM medium. After reaching confluency, spheres were
dissociated using Accutase and transferred first to a 75cm? flask and later to 150cm?
flasks. Cells were split 1:10 two to three times per week. Cells were grown at 37°C and

5% CQO,. NSCs for in vitro tests were a maximum of 6 weeks in culture.
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2.2.2.2 RNA isolation

For the RNA isolation, the PicoPure™ RNA Isolation Kit was used. 10* cells from the
according time point were resuspended in 100pl extraction buffer and RNA isolation was
performed according to the manufacturers protocol including a DNA digestion step with

Sul DNAse. RNA was resuspended in 11ul Nuclease free water.
2.2.2.3 Reverse transcription

The reverse transcription (RT) was performed as previously described (Picelli et al.,
2014). 2.3l of the isolated RNA was mixed with 1ul of 10uM oligo-dT primer and 1pul
of 100uM dNTPs and incubated for 3min at 72°C. The final RT mix was set up according
to Table 5. 5.7ul of RT mix were mixed with 4.3ul of RNA mix. The cycling conditions
were according to Table 6. After the RT, DNA was amplified using the KAPA HiFi
HotStart ReadyMix and IS PCR primers(10uM) and cycling conditions according to
Table 7. cDNA was cleaned up using Ampure XP beads and the manufacturers protocol.
cDNA concentration was measured using the Qubit™ dsDNA HS Assay Kit And 2ng
cDNA were used for the following qPCR.

Table 5 Reverse transcription mix

Component Volume (ul) | Final concentration
SuperScriptll reverse | 0.50 100U
transcriptae (200U/pl)

RNAse inhibitor (40U/ul) | 0.25 10U
Superscript II first-strand | 2.00 1x
buffer (5x)

DTT (100mM) 0.06 5SmM
Betaine (5M) 0.06 IM
MgCI2 (1M) 0.10 6mM
TSO (100uM) 0.29 1uM
Nuclease-free water 0.29

Total volume 5.70
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Cycle | Temperature (°C) | Time (min) | Purpose
1 42 90 | RT and template switching
2-11 50 2 | Unfolding of RNA secondary structures
42 2 | Completion of RT and template switching
13 70 15 | Enzyme inactivation
13 4 hold | Safe storage
Table 7 Cycling conditions for DNA amplification
Cycle | Denature | Anneal Extend Hold
1 98°C/3min
2-14 98°C/20s | 67°C/15s | 72°C/6min
15 72°C/5min
16 4°C
2.2.2.4 qPCR

qRT-PCR was performed using the Power SYBR Green Master Mix and the primer pairs
GAPDH gqPCR FW, GAPDH qPCR RV and Isl1 qPCR FW, Isl1 gPCR RV. 2ng of cDNA
was mixed with 0.5 pl of Primers (5uM) and 5.5ul Power SYBR Green Master Mix.

Samples were adjusted to a total volume of 10ul. Samples were analysed in triplicates in

a 384 well plat with a CFX96 TouchTm Real-Time PCR detection System with an initial

denaturation step at 95°C for 10min followed by 45 cycles of 15s at 95°C and 30s at

55°C.

For the analysis, the fold change in expression levels were calculated as in Equation 1.
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% (CrIsll) — % (C;GAPDH) = ACy
ACrinfected — ACrcontrol = AACy

fold change = 272A¢r

Equation 1 Calculation of fold change in expression levels

2.2.2.5 Western Blots

For Protein analysis, cells of the according time point were harvested and lysed in 50-
100ul NP40 buffer, according to the pellet size. Cells were lysed for 10min on ice and
centrifuged for Smin at 4°C with 13000rpm. The supernatant was collected and used in
the Pierce™ BCA Protein Assay Kit. The remaining sample was diluted 1:4 in

4xLaemmli Sample Buffer.

Samples were loaded on 12% Mini-Protean TGX Steinfree Protein gels and run for 15min
at 80V in Running Buffer. After 15 min. the voltage was increased to 160V and gel was
run until the front reached the bottom of the gel. Gels were blotted using the Trans-
Blot® Turbo™ RTA Midi Nitrocellulose Transfer Kit and the Trans-Blot® Turbo™
Transfer System. After blotting, cells were blocked in TBS-T containing 5% NFDM for
2 hours. Membranes were incubated in primary antibodies over night at 4°C followed by
3 washing steps Smin each. Membranes were incubated with Secondary Antibodies for 1
hour at RT followed by 3 washing steps. Bands were visualized using Clarity™ Western

ECL Substrate and a ChemiDoc™ Touch Gel Imaging System.
2.2.3 In vivo experiments

2.2.3.1 Mice

Eight week old males from the following mouse strains were used for all experiments,
C57BL/6N (wild-type), B6.Cg-Tg(Thyl-Brainbowl.0)HLich (Brainbow) and B6-
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze (TdTom-flox). Mice of the same experiment
were caged together with water and food ad libitum. A constant 12h light and dark cycle

was maintained with a temperature of 22°C. All animal experiments were performed in
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accordance with the institutional guidelines of the DKFZ and were approved by the

Regierungsprisidium, Karlsruhe.
2.2.3.2 Stereotactic injections

For stereotactic injections, mice were anesthetized using an initial concentration of 3%
Isofluran, eyes were protected using Bepanthen créme. 100ul of Metamizol was used as
analgesia. The mouse was fixed to a motorized stereotactic frame and Isofluran was kept
at a constant rate of 1.5-2%. An approximately 1cm sagittal incision was made along the
midline to expose the skull. The instrument was normalized to the Bregma and for
injections into the left lateral ventricle a small hole was drilled into the skull using a 25G
needle at the coordinates -0.5/-1.1/2.4, for injections into the upper layers of the striatum
the hole was drilled at 1/2/2.5 and 0/2/2.3. The solutions were then injected using a 10ul
Nanofil syringe with a 33G needle at a constant flow rate of 0.3pul/min. Before removing

the needle, an additional 10min elapsed to prevent backflow of the injected solution.
2.2.3.3 Ischemia

Global forebrain ischemia was performed using the BCCAO model as previously
described (Speetzen et al., 2013). Mice were anesthetized using 3% Isofluran until the
pedal reflex disappeared and eyes were protected using Bepanthen créme. 100-200ul
Metamizol was injected as a painkiller depending on the size of the mouse and it was
fixed ventral to a prewarmed heat mat and Isofluran was reduced to 2%. An about 1cm
sagittal incision between the right eye and ear was made after disinfection of the area and
the skin underneath was removed using forceps. A probe holder was fixed to the lateral
muscle close to the sculpt using medical glue. The mouse is then turned around and a
mouse pillow is used to stretch the neck. After disinfection, a 1.5-2cm incision at the
midline was made to expose the trachea. From now on, the fat tissue is opened using
forceps until the trachea becomes visible. On each side of the trachea a carotid artery and
the vagus nerve appears. The carotis can be distinguished from the vena because its
brighter and pulsing. The tissue between carotis and trachea is removed by carefully
opening and closing the forceps in this area. When the carotis is free from the surrounding
nerve, it can be lifted and a small piece of silk is pulled underneath. When both sides are
prepared, the mouse in turned on its side and a Laser Doppler Perfusion Monitoring probe

(Laser Doppler Perfusion MonitorPeriFlux System 5010, Perimed) is inserted into the
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probe holder. The mouse is turned back to dorsal and warmed using a red-light bulb if
necessary. When temperature is around 36.8°C, the carotid arteries are clamped. The
regional cerebral blood flow is noted 1min after occlusion and has to be below 13% of
the initial value before clamping. If the value is higher, the procedure is terminated, the
mouse is stitched and used as a negative control (Sham mouse). If the value drops below
13%, the occlusion is kept for 22min and afterwards the mouse is stitched and after being

awake caged with other mice of the same experiment.
2.2.3.4 Perfusion

Mice were sacrificed with an i.p. injection of 800ul perfusion solution followed by a left
ventricular perfusion with 15ml of 1xHBSS (Hank's Balanced Salt Solution) to clear
blood vessels. The brain tissue was fixed by perfusion with 7ml 4% PFA. After perfusion,
the head was cut off followed by skin removal above the sculpt. Three incisions, medial,
left and right lateral at the rostral end of the head were made. The sculpt was opened by
inserting a pointed tip scissor at the Bregma, if Olfactory Bulbs were not needed, or about
lcm caudal of the Bregma if OBs were needed. The Brain was transferred to a 15ml

Falcon with 4%PFA and fixed overnight.
2.2.3.5 Immunohistochemistry

After fixation in PFA overnight, Brains were cut on a Leica VT1200 S - fully automated
vibrating blade microtome into 50 or 70um sections. For cutting the OBs, they were
embedded into 2% Agarose is TBS. If sections are to be stored long-term, they are placed
in TBS containing 0.01% Azide. Sections were rinsed in TBS 4 times, 10min each
followed by blocking in TBS++ for at least 60min. After blocking, the sections were
incubated with the primary antibodies in TBS++ overnight at 4°C. The next day, sections
were again rinsed in TBS 4 times, 10min each, blocked in TBS++ for 30min and
incubated with the secondary antibodies in TBS++ for at least 2 hours at room
temperature. After incubation with the secondary Antibodies the sections were rinsed 4
times 10min in TBS and mounted to cover slips using Fluoromount G and visualized

under the microscope.
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2.2.3.6 Fluorescence-activated cell sorting

Cells were isolated as described in 2.2.2.1. and washed in twice FACS buffer to stop the
digest and finally resuspended in 95ul PBS plus 5ul blocking solution per mouse. Control
tubes with 20l for each antibody were prepared and incubated with according antibodies
for 20min on ice. Pallet was washed twice in FACS buffer to remove unbound antibodies
and finally resuspended in 150ul FACS for controls and 200ul/mouse for samples. Cells
were sorted with a BD FACSAria Il into 500ul Growth-factor free NBM Medium. As a

negative control, a section of the cortex was prepared the same way and sorted.
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3 Results

3.1 Transplantation

As previously shown in our lab, the epigenetic landscape of V-SVZ NSCs is changing
upon ischemic injury (Bobadilla, 2016). Therefore, we were investigating the effect of
overexpressing Isll, a transcription factor whose transcription factor binding site is
present in 20% of hypomethylated enhancer regions (Bobadilla 2016). Therefore, we

generated an AAV based overexpression construct.

The construct is based on an Isl1 overexpressing AAV vector (Figure 6b) combined with
a tdTomato reporter mouse (Figure 6a). Upon successful infection and expression of the
viral Isll and the Cre recombinase the loxP flanked stop codon of the TdTomato-flox
reporter mouse is cut out and Isl1 overexpressing cells as well as their progeny remain

TdTom positive.

For all of the following experiments, a newly screened AAV serotype with a high tropism
for NSCs was used. The AAV was screened in cooperation with the lab of Prof. Grimm
(unpublished data). To further analyze the dynamics and infection efficiency of this
newly generated serotype called AAV1 PS5, several experiments were performed in vitro

prior to the actual transplantation approach.

Lox Lox
a.%mﬁ.-l

Figure 6 Genetic background of the reporter system (a) Reporter cassete of TdTom flox mice.
The tdTomato fluorescent gene (red) is downstream of a loxP flanked (yellow) stop codon (black).
Upon Cre recombinase activity, the stop codon is removed and tdTomato is expressed under the
CAG promoter (gray). WPRE., woodchuck hepatitis virus post-transcriptional regulatory element. (b)
Isl1 overexpressing AAV casette. The Isl1 gene (purple) is under the regulation of a CMV promoter
(gray) and followed by a P2A cleavage site (blue). To activate the reporter system, a cre recombinase
(orange) is added followed by a PolyA signal (dark yellow). The construct is flanked by inverted

terminal repeats (green).
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3.1.1 Infection efficiency in vitro

To test the infection efficiency of the AAV1 P5-CMV Isll P2A Cre construct in vitro,
freshly isolated TdTom-flox NSCs were transduced with a MOI of 10* Cells were
cultured in NBM medium and were microscopically analyzed after 24h, 48h, 72h and 5
days.

Already after 24 hours, almost all cells were TdTomato positive (Figure 7a). The virus
was kept in the media and 48 hours Figure 7b and 5 days (data not shown) post infection
almost all newly formed spheres showed a bright TdTomato signal (Figure 7b).

After 48h the infected cells showed a slight inhibition in growth compared to the control.

However, this effect was not detectable 5 days post transduction.

Figure 7 Infection efficiancy assay in vitro. TdTom flox NSCs were infected with the

AAV1_P5 carrying the Isl1 overexpressing casette with a Cre recombinase to induce
the TdTomato reporter casette. (a) infection rate after 24h (b) after 48h; left, negative

control; right, virus infected
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3.1.2 Isl1 Expression

To understand the dynamics of Isl1 expression, the transcription rate upon viral infection
was measured after 24h, 72h, 5 days, 7 days and 10 days using a qPCR approach.
Different from the tdTomato reporter system, that is constitutively active upon activation
due to the recombination in the genome, viral Isl1 expression is expected do vary over

time, as AAVs do not integrate into the genome.

For the qPCR, TdTom-flox NSCs were infected with a MOI of 10*, mRNA of 10* cells
was isolated, and reverse transcribed to cDNA. To see the changes in Isl1 transcription,
the fold change in mRNA was calculated and samples were normalized to GAPDH and

non-infected TdTom-flox NSCs. Samples were measured in triplicates.
The data showed that Isl1 transcription is initiated already 24h after infection (

Figure 8a). After 3 days, a peak of more than the 7000-fold mRNA levels of Isll
compared to non-infected cells was measured. 5 days post infection, the peak drops and

after 10 days, the expression decreased to 20-fold.

This indicates a rapid start of Isl1 transcription in NSCs. However, the transcription and
mRNA level drops drastically after only 5 days. To further investigate the expression and

translation rates of Isl1 in vitro, Western blots were performed for the same time points (
Figure 8b).

The Western Blot indicates a different expression profile to the qPCR. Although the

loading was uneven, one could estimate a slight increase in expression of Isl1 over 7 days.
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Figure 8 (previous page) Isl1 transcription and expression levels (a) Isl1 transcription levels. g°PCR
analysis of Isl1 expression of in vitro infected NSCs over a timeperiod of 10 days. Virus was kept in the
media for the whole time. (b) Isl1 expression levels. Westernblot analysis of isl1 expression. Cell lysate
of infected or non infected TdTom flox NSCs were run on a 10% gel under non-denaturing conditions.
Lane 1: MW marker, lane 2/3: infected and non-infected after 1 day, lane 3/4: 3 days, lane 5/6: 5 days,
lane 6/8: after 7 days.

3.1.3 Transplantation of Isl1 infected cells

To study whether an Isl1 overexpression in injury induced NSCs affects the trajectory of
the generated daughter cells towards the injured striatum, NSCs were transduced with an

Isl1 overexpressing construct and were re-transplanted to the dorsal area of the striatum.

For this approach, Brainbow mice with an endogenous RFP signal in combination with

an AAV9 wt CAG Isll IRES DsRed construct were used.

Ischemic injuries were performed and two days later NSCs were isolated by FACS
sorting, were infected and re-transplanted to the striatum of wt mice (Figure 9). Five
weeks post transplantation, mice were perfused and brains were analyzed by THC and

microscopy.

2 days 4h 2h 5 weeks

injury NSC isolation+ infection transplantation perfusion
sorting

Figure 9 Sheme of the transplantation experimental design. NSCs
were isolated, sorted, ifected and retransplanted to recipiant mice 2 days

after BCCAO. Mice were sacreficed for IHC 5 weeks after the surgery.

The FACS strategy was developed according to (Llorens-Bobadilla et al., 2015). In the
first round (Figure 10a), cells are sorted according to their size and granularity. The
second round (Figure 10b) excludes doublets. In the third plot (Figure 10c), all APC-
Cy7 positive cells are excluded. The fluorophore is coupled to antibodies specific for
oligodendrocytes (O4 surface marker), erythrocytes (Ter119) and microglia (CD45).
Furthermore, dead cells are excluded by SYTOX-Blue staining.
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The fourth round (Figure 10d) is used to separate neuroblasts and progenitors from NSCs
and astrocytes. This is done by sorting for GLAST-APC high cells. In the fifth round
(Figure 10e), CD9-FITC high cells are sorted. These cells represent the NSC population
of the SVZ. To get a clear cut-off between NSCs and Astrocytes, a sample from the cortex

is used as NSC-free negative control.
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Figure 10 FACS sorting strategie for NSCs from the V-SVZ. The first gate (a) uses stringent FSC/SSC
gating to exclude myelin particles and cellular debris. The second gate (b) excludes cell aggregates. The
third gate (c) excludes dead and APC-Cy7 positive cells (oligodendrocytes (O4), erythrocytes (Ter119)
and mycroglia (CD45). The fourth gate (d) excludes APC (GLAST) low cells (neuroblasts and

progenitors). The fifth gates (e) seperates astrocytes from NSCs by using CD9 as a marker.

After sorting, cells were infected with the AAV9 construct for 2 hours on ice and

immediately transplanted into wt recipient mice.

50um brain sections were stained for DARPP-32, a target for dopamine and protein
kinase A in the striatum (Svenningsson et al., 2004) and therefore a marker specific for

striatal projection neurons. To identify astrocytes and NSCs the glial fibrillary acidic
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protein (GFAP) was used as a marker to keep track of the transplanted cells, the sections

were further stained for TdTom and Isl1.

Cells were transplanted to the correct position, slightly dorsal to the striatum (Figure
11a). The strong TdTom signal and the cell morphology indicated that the cells are still
alive and did not die during the whole experimental procedure (Figure 11b). After 5

weeks, no Isll expression was observed in the transplanted cells.

No cells migrated into the striatum and it was not possible to clarify the final cell identity

with the used markers.

I I I I merged

. l . . ST merged

Figure 11 Confocal images of Isl1 infected NSCs 5 weeks after transplantation Sections were immuno

stained for DARP-32 (gray), GFAP (green), TdTomato (red) and Isl1 (cyan). Inmunostainings were performed 5
weeks after transplantation. (a) Overview of transplantation site. ST., Striatum; scale 200nm. (b) Close-up of living

transplanted cells; scale 50nm
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3.2 Direct injection

As a second method to overexpress Isl1 in NSCs, the viral genomes were injected directly
into the ventricle, followed by an ischemic injury after 5 days. The mice were

imunohistochemically analyzed 5 weeks after the injury (Figure 12).

5 days 5 weeks
\ \ \
| ! |
AAYV injection into iniur Perfusion
ventricle jury +HC

Figure 12 Sheme of the direct injection experimental design.
AAV1_P5 with the Isl1 overexpressing cassete was injected followed by
BCCAO 5 days afterwards. Mice were sacreficed for IHC 5 weeks after

the surgery.

3.2.1 Infection efficiency in vivo

The AAV1 PS5 virus harboring the CMV _Isll P2A Cre construct has so far only been
tested in vitro. To characterize the construct in-vivo, 5x10°vg were injected into the left

ventricle of 8-week-old, male TdTom-flox mice

The mice were sacrificed 5 days post injection and the brains were stained for S100p,

DCX, SOX2, TdTom and GFAP.

S1008 is a specific marker for ependymal cells and glial like cells (Beckervordersandforth
et al., 2017) and Doublecortin (DCX) is used as marker for immature neurons such as
Neuroblasts (Brown et al., 2003) SOX 2 is used as a nuclear marker. It is highly expressed
in NSCs but also in ependymal cells and astrocytes (Ellis et al., 2004). GFAP is used as

a marker for astrocytes and NSCs (Benner et al., 2013).

To distinguish the different cell types, images were taken on a Leica TCS SP5 confocal

microscope and were quantified manually according to Table 8, using ImageJ.
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Table 8 Celltype specific markers for quantification of in vivo infection efficiency.

S-100p | DCX SOX2 | GFAP
(405) (405) (488) (647)

NSC + +
Ependymal + +

Astrocyte + + +
Neuroblast +

Five days post injection, a large number of cells were labelled along the wall of the
ventricle. The labelling shows a tropism towards the medial wall of the lateral ventricle

(Figure 13a).

After further quantification and cell type determination, approximately 10% NSCs are
labelled among all cells (Figure 14). They are distinguished to other cell types by being
SOX2 and GFAP positive, as well as by their morphology with long processes (Figure
13b). Almost all other labelled cells are ependymal cells, as they are S-1003 and SOX2
positive and line up along the inner wall of the ventricle (Figure 13c). No TdTomato

positive Astrocytes (Figure 13d) and Neuroblasts were found.

Figure 13 (next page) Confocal images of AAV1_P5 injected ventricles 5 days post injection. Sections were
immunohistochemically stained for S1003/DCx (gray), TdTomato (red), SOX2 (green) and GFAP (cyan). (a)
Whole view of the lateral ventricle (LV). Most cells aligning the inner ventricle wall are TdTomato positive, what
indicates a successful AAV infection. Scale 150nm (b) Close-up on a NSC. They are identified by beeing SOX2
and GFAP positive and their typical processes. Scale 30nm (c) Close-up on ependymal cells. They are identified
by beeing S1008 and SOX2 positive and their typical position along the inner ventricle wall. Scale 30nm (d) Close-
up on astrocytes. They are identified by beeing S1008, SOX2 and GFAP positive. Scale 20nm.
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Figure 14 Celltype quantification of AAV1_P5 infected cells. Ventricles were divided in
dorsal, medial and lateral wall and cells were counted using ImagedJ and the parameters of
Table 8. Only TdTomato positive cells were counted, as they were succesfully infected with
the AAV1_P5 construct. Three Sections of two mice each were analysed 5 days post injection

of the virus.

3.2.2 Direct injection of Isl1 to the ventricle

After treating mice as described above (Figure 12), sections of one sham and one

1schemia mouse were stained for DARPP-32, TdTom, and GFAP.

Sections of the sham animal show slight migration and differentiation of NSC derived
progenies towards the striatum (Figure 15a). Those newly generated neurons stay in

close proximity of the lateral wall of the ventricle.

The infection efficiency of the newly generated AAV1 PS5 could be further verified, as
almost all cells, regardless of the cell type, at the wall of the lateral ventricle seem to be

infected and show a bright tomato signal.

After ischemia, migration of cells can be observed (Figure 15 b,c¢). Tomato positive cells
can be found distal of the ventricle, just above the striatum. These cells must have their
origin in the ventricle, due to their tomato signal and could to be differentiated from their
stem cell state, however it is more likely that they are neuroblasts on their way to the OBs.

The exact cell identity is hard to determine by the staining performed.

Within the striatum, only tomato positive cell processes could be found under the
microscope and no cell bodies. This is an evidence for further cell migration and

differentiation.
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merged

ST
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Figure 15 Confocal images 5 weeks after of directly injecting an Isl1 overexpressing AAV1_P5 into

the ventricle. Sections were immunohistochemically stained for DARPP-32 (gray), TdTomato (red) and
GFAP (cyan). (a) Section of a Sham mouse. NSCs are found in close proximity to the lateral ventricle.
Scale 200nm (b) Section of an injured mouse. Cells can be found distal to the lateral ventricle, dorsal of

the striatum (arrow). Scale 100nm. (c) Close-up on migrated cells. Scale 50nm
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4 Discussion

4.1 AAV efficiency

AAVs are a modern tool for gene delivery in vivo and are promising for gene therapy
approaches. However, apart from their advantage of a low pathogenic profile, a mild
immune response, long-term gene expression and the ability to infect dormant cells, they
have some major disadvantages by today. Wild-type AAVs can infect a brought range of
cells, however they are very unspecific, and the infection rate of CNS cells is 10-100 times

lower compared to other organs like the liver (Bockstael et al., 2012).

Over the last decade, some researchers developed new, so called designer AAVs to
specifically target the CNS (Deverman et al., 2016; Ojala et al., 2017). They could increase
the infection efficiency within the CNS to over 40 times compared to the AAV9. However,
they did not characterize the type of infected cells.

Here we showed that the newly generated AAV1 PS5 has a tropism towards cells located
in the walls of the lateral ventricle and is capable to target a high number of NSCs in the
V-SVZ already after 24h, when delivered directly into the ventricle. The rapid decrease in
mRNA levels after 3 days could be due to the fact that all AAV particles in the media were
finally used up. As NSCs keep dividing and the AAV constructs are usually not integrating
into the genome, the AAV concentration in the cell is constantly diluted so that the cells

lose the AAV construct after a while.

The very different picture in the Western blot of Isl1 expression, could be because the Isl1
protein has a longer half live than its mRNA and stays in the cytoplasm even after the
transcription is downregulated. Additionally, the high peak of mRNA after 3 days could
be too much for the cells, leading to a feedback loop and they start downregulating it on a

transcriptional level.

About 10% of all labelled cells were stem cell like (Figure 14). This shows an increase of
about 5-7 fold compared with other, CNS specific AAVs (Kotterman et al., 2015).
However, the studies were not complete by the end of this thesis and more replicates will

be needed to determine a significant NSC infection efficiency. Future research will so
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include the promising AAV variants from other publications and compare them to AAV9

wild-type.
4.2 Transplantation

Although, NSCs are present in the adult mammalian brain, the capacity of brain repair and
adult neurogenesis remains inefficient. This could be due to the district regions where
NSCs exist in the brain, or the microenvironment that is not supporting brain repair and
NSC differentiation. To overcome these issues, we implemented a transplantation strategy
for NSCs to ischemia damaged mouse brains in vivo (Figure 9). This method has been
used for a variety of brain regions and showed promising results for global degenerative

CNS diseases or hypoxic or ischemic encephalopathy (Gonzalez and Lee, 2016).

The NSC migration and differentiation should be increased by Isl1, a transcription factor
that is responsible for migration and cell fate decisions in the prenatal striatum (Zhao et al.,
2003). However, its exact role is still to be investigated. Here we demonstrated that
transplanted cells survive the process and stay alive in the striatum for 5 weeks. The lack
of Isl1 expression after 5 weeks could be due to the long time elapsed between infection
and staining. The qPCR and WB results suggest that the Isl1 expression is downregulated
after 5 to 7 days in vitro. This could be the reason for the leak of Isl1 positive cells after 5
weeks in the transplantation experiment. However, because of the use of Brainbow cells,
it is not clear, whether or not, the transplanted cells got infected. Those cells have an

endogenous RFP signal.

Despite our hypotheses, that they will migrate towards the striatum and form new striatal
neurons, they remained at the site of transplantation. This could be due to a leak in Isl1
expression. The state of differentiation cannot be clearly determined. Considering the
morphology, we suggest that the cells are in the state of a migratory, DCX positive
olfactory bulb neuroblast. The fact that the cells are GFAP negative is another indicator

against stem cells

This experiment was performed with an old, wild-type AAV in brainbow mice and
therefore, the effective infection of NSCs could not be traced. Furthermore, Isl1 expression
could not be visualized under the microscope. For future experiments, the new AAV1 P5

will be used to induce Isl1 expression in NSCs isolated from ischemia mice. Here, only the
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infected NSCs will show a TdTomato signal and Isl1 expression can be tracked and more

significant data will be generated.
4.3 Direct Injection

To minimize the cell stress and the time where NSCs are in culture medium and ex vivo,
we developed an all in vivo process. Mice were injected with the Isl1 overexpressing
virus directly into the ventricle, followed by BCCAO surgery 5 days post injection. They

were perfusion 5 weeks later and sections were stained accordingly.

In this experiment we could further confirm the promising in vitro results of the newly
generated AAV1 PS5 in vivo. Previous studies have shown, that with other AAV
serotypes only 15%-25% among all labelled neural cells are NSCs (Kotterman et al.,
2015). This numbers do not include labelled ependymal cells. Therefore, the AAV1 P5
shows an NSC labelling efficiency of more than 70% among neural cells. The tropism of
the AAV towards the medial wall could be due to the flow characteristics of the CSF. As

more virus particles reach the medial wall, more cells get infected.

We could show that CNS cells start migrating away from the ventricle wall upon
ischemia. Those cells could be NSCs, however it is more likely that they are NSC
progenies or other neuronal cell types, as NSCs normally do not migrate out of their niche.
The slight migration could be triggered by the Isll overexpression, but it is more likely
that these NSCs migrated as part of homeostasis or injury signals. This migration upon

ischemia is well known and has been observed previously (Jin et al., 2003).

The migration upon Isll overexpression did not increase significantly and therefore the
results in postnatal mice could so far not be replicated in adult mammals (Rogelius et al.,
2006; Stenman et al., 2003). As the migration in ischemia induced mice was not
noticeable enriched, the hypotheses that the Isll TFBS gets accessible through

demethylation processes has to be affirmed by a more significant experimental approach.

Here, we could demonstrate that Isl1 might induce adult neurogenesis and tissue repair
upon ischemia. However, it is likely that other factors will be needed to increase the
migration and differentiation capacities of NSCs within the V-SVZ. Previously it has

been shown that the overexpression of Isl1 combined with Neurogenin-2 can increase the
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effect in postnatal mice (Rogelius et al., 2008). Ngn2 is a key factor in embryonic

neurogenesis and could be the key to drive NSCs differentiation into neurons.

Future studies with a larger population of mice will bring more significant and
comparable results. These results will show the real potential of Isll as a neurogenesis

inducing factor and its potential in the regenerative field of the neurology.
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