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| Abstract

It is now well accepted that adult neural stem cells produce new functional neurons in
discrete regions of the adult brain — the dentate gyrus of the hippocampal formation
and the subventricular zone of the lateral ventricles. Neurogenesis in the adult
hippocampus contributes to learning and memory; moreover there are indications
that impaired hippocampal neurogenesis contributes to cognitive dysfunction in
ageing and in neurodegenerative and neuropsychiatric diseases. The molecular
regulation of adult hippocampal neurogenesis is not fully understood. FoxO proteins
are key transcriptional regulators of proliferation, DNA damage repair, and cellular
detoxification across multiple tissues. Moreover, FoxO factors have been linked to
ageing processes and neurodegenerative processes. The first aim of this thesis was
to determine whether FoxO transcription factors fulfill functions in adult hippocampal
neurogenesis. To this end, a triple conditional KO mouse model was used to
specifically delete FoxO1, FoxO3 and FoxO4 in adult neural stem cells. Loss of
FoxOs resulted in a transient increase in proliferation and neurogenesis in young
adult mice and a depletion of FoxO-deficient cells over time. Furthermore, FoxO-
deficient cells showed a delayed maturation and significant morphological alterations
of the mitochondrial compartment. Interestingly, analysis of potential FoxO
downstream targets in adult hippocampal neurogenesis revealed a conspicuous
dysregulation of Notch target genes, indicating that FoxO modulates the Notch
signaling pathway to regulate stem cell maintenance. Additionally, the GPR17
signaling pathway was identified as putative mediator of FoxO signaling.

Mutations of FoxG1 - another member of the Fox superfamily of transcription factors
- were recently described to be responsible for the congenital variant of Rett
syndrome. FoxG1 was further shown to be involved in telencephalic development
and developmental hippocampal neurogenesis. The second goal of this thesis was to
understand the role of FoxG1 in adult hippocampal neurogenesis with a particular
focus on the effects of FoxG1 mutations associated with the congenital variant of
Rett syndrome. Retroviral timeline and stage specific marker analysis revealed a
distinct temporal expression pattern of FoxG1 in the adult hippocampal neurogenic
lineage with highest expression levels in immature newborn neurons. Retrovirus
mediated expression of FoxG1 gain of function mutants associated with the
congenital variant of Rett syndrome resulted in massive defects in fate determination,



VI

survival, and morphological development of adult-born hippocampal neurons,
strongly indicating that FoxG1 dosage and timing are essential for survival and
maturation of adult-born neurons in the dentate gyrus. Most intriguingly, retrovirus
mediated expression of FoxG1 gain of function mutants associated with the
congenital variant of Rett syndrome did not elicit any obvious phenotypic changes in
SVZ neurogenesis, suggesting that neurogenesis of different neuronal subtypes may
show differential sensitivity to FoxG1 mutations.

In summary, this thesis demonstrates that members of the Fox superfamily, namely
FoxO transcription factors and the FoxG1 transcription factor, are key regulators of
adult hippocampal neurogenesis. Given the importance of FoxOs in ageing and the
role of FoxG1 in the pathophysiology of Rett syndrome, these insights may contribute
to the understanding of the molecular mechanisms underlying cognitive dysfunction
in ageing and Rett syndrome.
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|| Zusammenfassung

Adulte neurale Stammzellen produzieren in bestimmten Regionen des adulten
Gehirns neue funktionelle Neurone. Diese Regionen sind der Gyrus dentatus des
Hippokampus und die Subventrikularzone des lateralen Ventrikels. Die adulte
hippokampale Neurogenese wird mit Lern- und Gedachtnisprozessen in Verbindung
gebracht. AulRerdem gibt es Hinweise, dass eine Beeintrachtigung der adulten
hippokampalen Neurogenese mit kognitiven Dysfunktionen wahrend des
Alterungsprozesses sowie mit neurodegenerativen und neuropsychatrischen
Erkrankungen in Zusammenhang steht. Die molekulare Regulation der adulten
hippokampalen Neurogenese ist noch nicht vollstandig verstanden.

Die Proteine der FoxO-Familie sind wichtige transkriptionale Regulatoren in Bezug
auf Proliferation, DNA-Reperaturprozesse und zelluldare Detoxifikation in ver-
schiedenen Gewebearten. Des Weiteren wurden die FoxO-Transkriptionsfaktoren mit
Alterungsprozessen und neurodegenerativen Prozessen in Zusammenhang
gebracht. Die erste Zielsetzung dieser Doktorarbeit war es zu untersuchen, ob die
FoxO-Transkriptionsfaktoren Aufgaben in der adulten hippocampalen Neurogenese
erfullen. Hierzu wurde ein dreifach konditionales Knockout (KO) Mausmodell benutzt,
in welchem FoxO1, FoxO3 und FoxO4 spezifisch in adulten neuralen Stammzellen
ausgeschaltet wurden. Proliferation und Neurogenese waren aufgrund des KO der
FoxOs vorubergehend erhoht in jungen adulten Mausen. Mit der Zeit erfolgte
allerdings eine Depletion der FoxO-defizienten Zellen. AuRerdem zeigten die FoxO-
defizienten Zellen eine verzogerte Reifung und signifikante morphologische
Veranderungen der Mitochondrien. Interessanterweise wurden als potentielle FoxO-
Zielgene Notch-Zielgene identifiziert. Dies deutet darauf hin, dass die FoxO-Proteine
den Notch-Signalweg modulieren, um den Stammzellerhalt zu regulieren. Zusatzlich
wurde der GPR17-Signalweg als mutmaRlicher Mediator des FoxO-Signalweges
identifiziert.

Mutationen des FoxG1-Gens, welches fur einen weiteren Transkriptionsfaktor der
Fox-Familie kodiert, wurden kurzlich mit der kongenitalen Variante des Rett-
Syndroms in Verbindung gebracht. Des Weiteren ist FoxG1 an der Entwicklung des
Telencephalons und der Neurogenese des sich entwickelnden Hippokampus
beteiligt. Die zweite Zielsetzung dieser Doktorarbeit war es, die Rolle von FoxG1 in
der adulten hippokampalen Neurogenese zu verstehen, insbesondere in Bezug auf
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die Auswirkungen der Mutationen, die mit der kongenitalen Variante des Rett-
Syndroms assoziiert wurden. Die Analyse einer retroviralen Zeitachse und Stadiums-
spezifischer Markerexpression zeigten ein eindeutiges zeitliches Expressionsmuster
fur FoxG1 in der adulten hippokampalen neurogenen Zelllinie auf. FoxG1 ist am
starksten in unreifen neugeborenen Neuronen exprimiert. Retrovirale Uberexpression
von FoxG1-Mutanten, die mit der kongenitalen Variante des Rett-Syndroms
assoziiert wurden, fuhrten zu massiven Defekten in der Determinierung des
Zellschicksals, im Uberleben der Zellen und in der morphologischen Entwicklung der
adult geborenen hippokampalen Neurone. Diese Ergebnisse deuten darauf hin, dass
sowohl das Mal} als auch der zeitliche Ablauf der FoxG1-Expression wesentlich fur
das Uberleben und die Reifung der adult geborenen Neurone im Gyrus dentatus
sind. Am bemerkenswertesten war die Beobachtung, dass eine Uberexpression der
FoxG1-Mutanten zu keinerlei offensichtlichen phanotypischen Veranderungen in der
Neurogenese der Subventrikularzone fuhrten. Dies deutet darauf hin, dass die
Neurogenese verschiedener neuronaler Subtypen unterschiedlich sensitiv auf
FoxG1-Mutationen reagieren.

Zusammengefasst zeigt diese Doktorarbeit auf, dass Mitglieder der Fox-
Superfamilie, namlich die FoxO-Transkriptionsfaktoren und der FoxG1-
Transkriptionsfaktor, wichtige Regulatoren der adulten hippokampalen Neurogenese
sind. Bedenkt man die Bedeutung der FoxOs in Bezug auf Alterung und die Rolle
des FoxG1 in der Pathophysiologie des Rett-Syndroms, tragen diese Erkenntnisse
zum Verstandnis der molekularen Mechanismen bei, die kognitiven Dysfunktionen in

Alterungsprozessen und dem Rett-Syndrom zu Grunde liegen.
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Amp
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ECL
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GCL
GFAP
GFP
GPC

Degree Celsius

Ampicillin

Adult neural stem cell
Ammonium persulfate

Base pair

Bromodeoxyuridine

Bovine serum albumine
Concentration or centi-

Black inbred mouse strain
cytomegalovirus immediate early enhancer-
chicken B-actin hybrid promoter
Cyclin dependent kinase
Complementary deoxyribonucleic acid
Central nervous system
Cytosolic extract

Colony forming unit
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Glial progenitor cell



X

gt

h

HBS
HBSS
HEK
HEPES

HF
HRP
IHC
IRES
kDa
KO
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Kilo dalton

Knock-out
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Polyvinylidene difluoride
Quantitative polymerase chain reaction
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Relative centrifugal force

Red fluorescent protein
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RNA
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RT
SD
SDS
sec
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TAE
TBS
TBST
TEMED
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VEGF
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Whnt
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Ribonucleic acid

Reactive oxygen species
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Room temperature

Standard deviation

Sodium dodecyl sulfate

Second

Subgranular zone

Subventricular zone
Tris-acetate-EDTA buffer

Tris buffered saline

Tris buffered saline Triton X-100
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Introduction 1

1 Introduction

In 2013, the world’s population reached 7.2 billion people. The population is aging
rapidly — an average of over 6 % of the people are 80 years old or older (United
Nations, 2013). In developed countries the aged population is larger due to better
health care but emerging countries are predicted to catch up. In 2050, the world’s
population will reach 9 billion people and the proportion of people aged 80 years or
older will have increased by a factor three to over 22 %. Brain disorders, including
neurodegenerative, psychiatric and developmental diseases, represent already a
tremendous disease burden and will increase in the future due to the aging society.
Understanding brain function and diseases in detail is an enormous responsibility
going on since decades; accomplishment of this task is essential to counter the
expected health-economic problems posed by the increasing prevalence of age

associated disorders of the central nervous system.

11 Neurogenic niches in the adult brain

For a long time it was thought that the adult mammalian brain does not produce new
neurons after development and that degenerated or dying neurons cannot be
replaced (Ramon y Cajal, 1928). Neuronal loss caused by injuries such as stroke or
neurodegenerative diseases such as Parkinson’s disease or Alzheimer’'s disease
were considered to be permanent. Only in the 1960s Cajal’s dogma was revealed to
be wrong (Altman, 1962; Altman, 1963; Altman & Das, 1965; Altman & Das, 1966;
Altman, 1969). The persisting proliferation in the postnatal and adult forebrain was
demonstrated using [*H]-thymidine autoradiography, with which proliferating cells
could be tagged and their fate observed (Altman, 1969; Kaplan & Hinds, 1977). In the
1990s BrdU-labeling as a new technique to label proliferating cells provided key
evidence for neurogenesis in the adult brain of primates and humans (Gould et al.,
1999a; Kornack & Rakic, 1999; Eriksson et al., 1998).

In the last 20 years two main niches in the adult mammalian brain were revealed,
where neurogenesis is continuously taking place during the whole life (Alvarez-Buylla
& Garcia-Verdugo, 2002; Zhao et al., 2008). Neurogenic niches are defined as
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microenvironments, which anatomically house stem cells and functionally control
their neuronal development in vivo.

The two neurogenic niches of the adult mammalian brain are the dentate gyrus (DG)

of the hippocampus and the subventricular zone (SVZ) of the lateral ventricles
(Figure. 1.1).

Figure 1.1: Neurogenic
regions in the adult brain.
Tile scan of a sagittal slice
of an adult mouse brain
stained with Dapi taken with
a 20x objective of a confocal
microscope. Scale bar 100
pum. The dentate gyrus
(framed in yellow) of the
hippocampus and the
subventricular zone of the
lateral ventricle (framed in
pink) are the two main regions in mammals where neurogenesis occurs throughout lifetime.

The sources of the newly generated cells are adult neural stem cells (aNSCs). These
cells have self-renewal potential and maintain the potential to generate the three
major cell types of the brain - neurons, astrocytes and oligodendrocytes (Gage, 2000;
Simons & Clevers, 2011).

111 Adult hippocampal neurogenesis

The hippocampal formation as part of the limbic system plays an important role in
learning and memory (Andelman et al., 2010; Grasby et al., 1993; Kitamura et al.,
2009; Miller et al., 2013; Scoville & Milner, 1957).

The hippocampus is subdivided into four regions - CA1, CA2, CA3 and dentate
gyrus. The areas of the hippocampus are linked by unique and largely unidirectional
connections through the so-called tri-synaptic hippocampal circuit (Amaral & Witter,
1989). The granule cell dendrites in the molecular cell layer of the dentate gyrus
receive most of their input from the entorhinal cortex via the perforant pathway. The
axons of the granule cells (mossy fibers) innervate the pyramidal neurons of the CA3.
Mossy fiber synapses are large aggregations of termini with multiple transmitter
release sites and post-synaptic densities (Lauri et al., 2001). Pyramidal cells of the
CA3 region provide the major input to the CA1 region, the so called Schaffer
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collaterals, which are the efferent projections of the CA3 pyramidal neurons (Gold &
Kesner, 2005) and give rise to associational connections via collateral axons that
terminate within CA3. The CA1 pyramidal neurons project finally to the subiculum,
the main output of the hippocampus (Andersen, 2007).

The dentate gyrus is subdivided into four areas - the subgranular zone (SGZ), the
granule cell layer (GCL), the molecular cell layer (MCL) and the hilus (Gage et al.,
2008; Figure 1.2). aNSCs are located in the SGZ of the dentate gyrus. They
continuously give rise to new granule cells (Seri et al., 2001). aNSCs can be
identified by their radial glia like morphology and marker expression like GFAP (glial
fibrillary protein), Sox2 (sex determining region Y (sry) related high mobility group
(HMG) box 2) or Nestin (Zhao et al., 2006). Loss of the radial glia like cell population
is associated with the loss of hippocampal neurogenesis (Deng et al. 2009, Zhao et
al. 2006). The aNSCs are largely quiescent and enter proliferation at a low
frequency. They give rise to transit amplifying progenitors (TAPs), which show mostly
short tangentially processes and express markers like Sox2, Tbr2 (T-box brain gene
2) and Ascl1 (achaete-scute comlex like 1) but are negative for GFAP (Fukuda et al.,
2003). The TAPs divide fast and differentiate further to dividing neuroblasts, which
are characterized by the expression of DCX (Doublecortin) (Kempermann et al.,
2004). The neuroblasts mature onwards to post-mitotic immature neurons, which still
express DCX. The majority of cells reach this stage within three days after the initial
division. During further maturation in the early post-mitotic stage the new neurons
transiently express the immature marker Calretinin and permanently express Prox1
(Brandt et al., 2003). They start to project axons to the CA3 region and develop a
clearly visible apical dendritic tree four to ten days after mitosis (Hastings & Gould,
1999). The post-mitotic neurons down-regulate the immature markers Calretinin and
DCX after two to three weeks and start to express mature neuronal markers such as
Calbindin, NeuN or MAP2 (Brandt et al., 2003; Kempermann et al., 2004). The
development of first spines can be detected approximately 16 days after neuronal
birth; the new neurons receive inputs from axosomatic, axodendritic and axospinous
synapses (Ge et al.,, 2006; Toni et al., 2007). Mature adult-born dentate granule
neurons are morphologically characterized by a complex dendritic tree that is
covered with spines (Toni et al., 2008). Spine maturation continues for up to six
months after neuronal birth (Toni et al., 2007). Electrophysiologically, the synaptic
integration follows a stereotypical process; tonic GABA (Gamma-Aminobutyric Acid)
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activation depolarizes the young neurons, followed by hyperpolarization through
GABAergic inputs and finally excitation through glutamatergic synaptic inputs (Ge et
al., 2006). During late maturation period, between four to six weeks after neuronal
birth, the newborn neurons exhibit enhanced long-term potentiation with increased
potentiation amplitude and decreased induction threshold (Ge et al., 2007).

Hilus Radial Transit N | i N
Glia like Amplifying ti:;ct) ,r\l“e";fofse ti:;ct)
Stem Cell Progenitor
GFAP* Sox2" DCX" Prox1”
Sox2" Tbr2* DCX" Calretinin® NeuN*
Nestin® Ascl1® Prox1* Map2*

Figure 1.2: Process of adult hippocampal neurogenesis.

The developmental stages of adult hippocampal neurogenesis are identified by cell morphology,
proliferative ability and marker expression. Radial glia like stem cells with astrocytic properties
(expression of GFAP and Sox2) give rise to transient amplifying neural progenitors (expression of
Sox2, Tbr2, Ascl1). These develop to neuroblasts and further to immature neurons (expression of
DCX, Calretinin, Prox1), which finally differentiate to mature neurons - the granule cells of the dentate
gyrus (expression of Prox1, NeuN, Map2).
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1.1.2 Adult subventricular zone neurogenesis

The subventricular zone (SVZ) is the second neurogenic region in the adult rodent
brain and is located at the lateral walls of the lateral ventricles (Altman, 1963;
Doetsch & Alvarez-Buylla, 1996; Eriksson et al., 1998). In the adult rodent brain
distinct cell types can be found in the SVZ — ependymal cells, niche astrocytes, stem
cells, transit amplifying cells (TAPs) and neuroblasts (Beckervordersandforth et al.,
2010; Doetsch et al., 1997; lhrie & Alvarez-Buylla, 2011). Figure 2.2 illustrates
neurogenesis in the adult SVZ.

________________________
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Figure 1.3: Adult neurogenesis in the adult SVZ/OB system.

Slowly proliferating neural stem cells residing in the SVZ of the lateral ventricle give rise to rapidly
proliferative transient amplifying cells, which give rise to neuroblasts. Neuroblasts migrate towards the
olfactory bulb (OB) through the rostral migratory stream (RMS). Within the OB the immature neurons
differentiate into two types of interneurons - the granule cells and the periglomerular cells (PGC).
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Stem cells in the SVZ are characterized among others by expression of the markers
GFAP, Sox2 and Nestin. The stem cells have an astrocytic morphology and
proliferate very slowly. In vitro, these cells exhibit the two distinct characteristics of
stemness — multipotency and self-renewal (Beckervordersandforth et al., 2010). In
vivo, SVZ stem cells have been demonstrated to generate new neurons and
oligodendrocytes in vivo (Menn et al., 2006). SVZ Stem cells generate rapidly
proliferating transient amplifying progenitors, which differentiate into immature
neurons, the so-called neuroblasts. Adjacent ependymal cells promote differentiation
to immature neurons by expressing inhibitors for gliogenesis (Lim et al., 2000). The
neuroblasts migrate in chains through the rostral migratory stream (RMS) towards
the olfactory bulb (OB) (Lois et al., 1996; Jankovski & Sotelo, 1996). In the RMS, the
neuroblasts migrate along glial tubes (Peretto et al., 1997). After reaching the OB the
neuroblasts migrate out radially and differentiate into two types of interneurons -
granule cells and periglomerular cells (Belluizzi et al., 2003; Kato et al., 2001). The
majority of newly generated neurons in the SVZ/OB system are GABAergic granule
neurons. The continuous generation of new interneurons, which modulate spatial and
temporal coding of olfactory information, might provide a cellular substrate for

adaptation to environmental changes (Cecchi et al., 2001; Doetsch & Hen, 2005).

113 Functional relevance and significance of adult neurogenesis in health

and disease

Most recently, Spalding et al. were able to show that around one-third of the neurons
in the human hippocampus is exchanged during lifetime (Spalding et al., 2013). Their
data suggests a daily turnover rate of 0,004 %, which corresponds to around 700
new neurons per day per hippocampus. In adult mice the daily turnover rate was
estimated to be around 0,03 to 0,06 % (Kempermann et al., 1997b). While these
turnover rates may appear quite low, studies manipulating the rate of neurogenesis
have provided strong evidence that neurogenesis is highly relevant for hippocampal
information processing, indicating that even a small number of newly generated
neurons has tremendous impact on the hippocampal circuitry.

Adult hippocampal neurogenesis has been suggested to be important for cognition
and mood regulation (Deng et al., 2009). Conditional deletion, e.g., of FGF receptor
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in adult hippocampal stem cells negative impacts on stem cell proliferation and was
shown to result in defects in memory consolidation (Zhao et al., 2007). Other studies
described impairments in the long-term but not the short-term retention of spatial
memory as a consequence of reduced adult neurogenesis (Deng et al., 2009;
Jessberger et al., 2009; Snyder et al., 2005; Winocur et al., 2006). It has also been
proposed that new neurons may contribute to pattern separation (Clelland et al.,
2009; Creer et al., 2010; Nakashiba et al., 2012; Sahay et al., 2011a, 2011b) - the
distinct encoding of very similar events (Gilbert et al., 2001; Leutgeb et al., 2007).
Neurogenesis declines with age in both neurogenic niches (Molofsky et al., 2006;
Rossi et al., 2008). Decreased neurogenesis in the hippocampal niche due to aging
or stress was shown to be correlated with cognitive deficits, anxiety and depression
(Mirescu & Gould, 2006; Rossi et al., 2008). Data from animal models of anxiety and
depression indicate that neurogenesis is required for some of the effects of
antidepressants (David et al., 2009; Santarelli et al., 2003).

Disturbance of adult neurogenesis was found to accompany brain injuries,
neurodegenerative disease and neurological disorders. For example, precursor
proliferation was found to be increased for days to weeks following aberrant neuronal
activity in mouse models (Ma et al., 2009). Seizures lead to mis-migration of newborn
neurons, aberrant dendritic growth and mossy fiber recurrent connections in the adult
SGZ (Kron et al.,, 2010). It was further shown in adult rats that aberrant adult
neurogenesis due to seizures can be inhibited by an antiepileptic drug, which — most
strikingly - also protected the animals from seizure associated impairments in
hippocampus-dependent cognition (Jessberger et al., 2007). Adult neurogenesis was
also examined in Alzheimer’s and Parkinson’s disease models with differing results.
Transgenic mouse models with mutations in the amyloid precursor protein showed
decreased neurogenesis due to impaired survival of newborn neurons, while
presenilin mutations (risk gene for early-onset familial Alzheimer’s disease) lead
either to increased or decreased neurogenesis, depending on the mouse model and
genetic background (Jankowsky et al., 2005; Verret et al., 2007; Wang et al., 2004).
Transgenic mouse models for Parkinson’s disease, in which overexpression of
endogenous a-synuclein was applied, revealed varying impairments in adult
neurogenesis. Winner and colleagues showed an impairment of the survival of
newborn neurons in the dentate gyrus and the SVZ (Winner et al., 2004), while Tani
and colleagues demonstrated that proliferation and migration velocity was reduced
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but survival of newborn neurons was not affected (Tani et al., 2010). Furthermore
hippocampal neurodegeneration, neurochemical changes and impaired motor
performance upon ageing were revealed (Nuber et al., 2008). Animal models with
mutations in the LRRK2 (Leucin-rich repeat kinase 2) gene, which are the most
frequent cause of autosomal dominant Parkinson’s disease, showed reduced
proliferation and survival, severe alterations in axon guidance and dendritic
development of newborn adult progenitors and abnormal exploratory behaviors
(Melrose et al., 2010; Winner et al, 2011). Given the importance of adult
neurogenesis in physiological conditions and the significant negative impact of
disturbance of neurogenesis on hippocampal processing, it has been hypothesized
that disease-induced disturbances of hippocampal neurogenesis significantly
contribute to cognitive deficits in ageing, neurodegenerative diseases and injury.

Another interesting observation is that risk genes for human neuropsychiatric
diseases such as FMRP, MECP2, and DISC1, were shown to regulate adult
neurogenesis. FMRP (fragile X mental retardation protein) deficient mice have
increased proliferation and glial fate commitment of neural precursor cells in the adult
SGZ (Luo et al., 2010). MECP2 (Methyl-CpG-binding protein 2), which is mutated in
Rett Syndrom, is critical for maturation and spine formation of adult-born neurons in
the dentate gyrus (Smrt et al.,, 2007). DISC1 (Disrupted-in-schizophrenia 1) was
shown to have several functions in adult hippocampal neurogenesis. It promotes
progenitor proliferation through GSK3/B-catenin pathway and limits on the other site
dendritic growth and synapse formation through AKT/mTor signaling (Duan et al.,
2007; Kim et al., 2009). The importance of risk genes for human neuropsychiatric
diseases raise the intriguing possibility that disturbance of adult neurogenesis

contributes to the neuropsychiatric deficits in these diseases.

114 Regulation of adult neural stem cell homeostasis

Tissue homeostasis is the equilibrium that balances cell loss and cell regeneration,
and that serves to maintain cell mass and function. Adult stem cells as the cellular
origin of new cells are crucial for tissue homeostasis. The regulation of the balance
between stem cell quiescence, proliferation and differentiation in the adult brain is
essential for maintaining adult neurogenesis throughout life. Dysbalance between



Introduction 9

stem cell quiescence, proliferation and differentiation will result in premature
termination of neurogenesis. Next to maintenance of stem cells and their proliferation
capacity, tight regulation of the differentiation and functional integration of newborn
neurons is essential to ensure the hippocampal function.

Generally, adult hippocampal neurogenesis is controlled by the interplay of extrinsic
signals provided by the neurogenic niche with cell-intrinsic regulators. The influence
of extrinsic signals is illustrated by the observation that physical exercise and
environmental enrichment (Brown et al., 2003; Kempermann et al., 1997a, 1997b:
van Praag et al., 1999a; 1999b) potently stimulate adult neurogenesis. A number of
niche derived growth factors, cytokines and morphogens have been identified that
affect many steps of neurogenesis including proliferation, neuronal differentiation,
and survival (Kandasamy et al., 2010; Kuhn et al., 1997; Mira et al., 2010; Zhao et
al., 2007).

Adult neural stem cell maintenance and proliferation

BMPs (bone morphogenic proteins), as an example of niche depending extrinsic
factors, are critical to maintain the balance between quiescence and proliferation of
adult neural stem cells. Loss of BMP-induced signaling leads to enhanced
recruitment of quiescent neural stem cells into cell cycle, which leads finally to
depletion of neural stem cells, precursors, and newborn neurons (Mira et al., 2010).
Another potent extrinsic factor to control adult neural stem cell maintenance is Notch
signaling. It has been shown that loss of Notch1 or of RBPJ, which is the
transcriptional effector of Notch signaling, leads to premature neuronal differentiation
and rapid depletion of the neural stem cell pool (Ables et al., 2010; Ehm et al., 2010;
Imayoshi et al., 2010). VEGF, FGF-2, Shh, and IGF have been suggested as potent
niche derived and circulation derived proliferation signals (Gomez-Pinilla et al., 1997;
Lai et al., 2003; Palmer et al., 2000; Trejo et al., 2001). Interneurons in the SGZ
release GABA to activate the self-renewal mode of quiescent adult neural stem cells
and precursor cell proliferation (Song et al., 2012; Song et al., 2013).

Cell intrinsic regulators of stem cell maintenance comprise cell cycle regulators,
transcription factors and epigenetic regulators. Cell cycle inhibitors like p21 or p53
are critical to maintain the quiescence of adult neural stem cells and precursors (Gil-
Perotin et al., 2011; Kippin et al., 2005; Marqués-Torrejon et al., 2013). Their loss
leads to the depletion of the neural stem cell pool. Kippin and colleagues suggested
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that the uncontrolled proliferation in the SVZ of p21™ animals, which first results in an
increase in progenitor cells, leads finally to a premature depletion of the proliferation
capacity due to a finite proliferation potential.

Different transcription factors were correlated with neural stem cell quiescence and
proliferation. The transcription factor Sox2 was intensely analyzed regarding its role
in stem cell maintenance and proliferation, since it is expressed both in radial glia like
stem and precursor cells. Loss of Sox2 results in reduction of stem cells and loss of
precursor proliferation in the adult dentate gyrus (Ferri et al., 2004; Favaro et al.,
2009). Analysis of Sox2 targets revealed a subset of genes, which implement the
effects of Sox2 on stem cell maintenance and progenitor proliferation. The orphan
nuclear receptor tailless (TLX) is positively regulated by Sox2 (Shimozaki et al.,
2011). TLX was shown to be critical for the stimulation of the self-renewal of neural
stem cells and by keeping SVZ and SGZ stem cells in an undifferentiated state (Liu
et al., 2008; Niu et al., 2011; Qu et al., 2010; Shi et al., 2004; Zhang et al., 2008).
Loss of TLX leads to a decrease in the proliferation of neural stem and precursor
cells. TLX was suggested to operate by suppressing pathways, which promote stem
cell quiescence, including cell cycle inhibition by p21 or PTEN mediated inhibition of
the PI3K signaling (Niu et al., 2011; Zhang et al., 2006). Further was TLX suggested
to activate canonical Wnt signaling to promote neural stem cell proliferation and self-
renewal (Qu et al., 2010). Another target of Sox2 in neural stem cells is the
morphogen sonic hedgehog (Shh) (Favaro et al., 2009). Shh was shown to promote
proliferation in the postnatal hippocampus; most intriguingly Shh is able to
compensate at least partially the proliferation and self-renewing defects in Sox2-
deficient postnatal neural stem cells (Ahn & Joyner, 2005; Favaro et al., 2009; Lai et
al., 2003). Sox2 also has major function in controlling multipotency of adult neural
stem cells. Kuwabara and colleagues demonstrated that Sox2 prevents neuronal
differentiation and keeps stem cells in a multipotent state by inhibiting the
transcriptional activation of the pro-neuronal transcription factor NeuroD1 through
Whnt-signaling (Kuwabara et al., 2009). Next to Sox2 the transcription factor REST
(Repressor element 1-silencing transcription factor) was associated with the
maintenance of neural stem cells (Gao et al., 2011). REST is expressed in neural
stem cells and transit amplifying progenitors. Loss of REST leads to a transient mild
increase in proliferation followed by mild decrease in proliferation and neurogenesis
at later time points in vivo in the adult dentate gyrus, while cultured REST-deficient
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neural stem cells show self-renewing deficits in vitro (Gao et al., 2011). REST is
proposed as a negative regulator of neuronal differentiation by repressing neuronal
differentiation genes like ASCL1 and NeuroD1, thereby keeping adult neural stem
cells in an undifferentiated state.

Next to classical signaling pathways and transcription factors, epigenetic
mechanisms, like DNA methylation, histone modifications or non-coding RNAs, are
emerging regulators of adult neural stem cell maintenance and proliferation
(reviewed by Sun et al., 2011), which coordinate gene expression programs: the
expression of the stem cell proliferation factor FGF2 and several miRNAs was for
example shown to be suppressed by the Methyl-CpG-binding domain protein 1
(Mbd1) to equilibrate proliferation and differentiation in adult hippocampal
neurogenesis (Liu et al., 2010).

Regulation of neuronal differentiation and integration

The newly generated cells have to differentiate in the accurate neurotransmitter
phenotype and integrate into the existing circuitry to contribute to the plasticity of the
adult brain. Differentiation and integration are key factors influencing the survival of
newborn neurons.

Neurotransmitter systems like GABA and NMDAR (N-Methyl-D-Aspartate Receptor)
were shown to be critical for activity-dependent differentiation and maturation in adult
hippocampal neurogenesis. GABA signaling is essential for dendritic development
and synaptic integration of newborn neurons (Ge et al., 2006; Jagasia et al., 2009;
Song et al.,, 2012; Song et al., 2013; Tashiro et al., 2006a; Tozuka et al., 2005).
NMDAR signaling controls survival of immature neurons and is required for
enhanced synaptic plasticity of newborn granule neurons in the adult dentate gyrus
(Ge et al., 2007; Snyder et al., 2001; Tashiro et al., 2006a).

Survival and maturation of new dentate gyrus neurons was shown to depend on the
precise expression of specific transcription factors like Prox1 (prospero-related
homeobox gene 1), CREB (cAMP response element binding protein) and NeuroD1
(neurogenic differentiation 1) in the adult dentate gyrus (Gao et al., 2009; Jagasia et
al., 2009; Lavado et al., 2010). CREB signaling is active in immature neurons and
was shown to be critical for dendritic growth, maturation, survival and integration of
newly generated cells. NeuroD1 was also found as a cell-intrinsic factor, required for
the survival and differentiation of newborn neurons both in the adult SGZ and SVZ
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(Gao et al., 2009; Kuwabara et al., 2009). Loss of NeuroD1 leads to the loss of new
mature neurons while the stem cell and progenitor populations are not affected.
Prox1 is suggested to post-mitotically define the granule cell identity and maintains
thereby the neuronal identity of mature neurons in the dentate gyrus (lwano et al.,
2012; Lavado et al., 2010).

With techniques such as the generation of conditional KO mice targeting specific cell
types at chosen timepoints (Glast::CreER™; Nestin-CreER'?; Frizzeled9-CreER™,;
CamKIlI-Cre; etc.) and retrovirus-mediated genetic manipulation of precursor cells in
situ, powerful tools exist to further decode regulators and the functional role of adult
neurogenesis. In the end the ensuing perceptions might help to develop new

treatments for mood disorders and neurodegenerative and neurological diseases.

1.2 Fox transcription factors

The first member of the superfamily of winged helix/forkhead class of transcription
factors was discovered in 1989 in drosophila (Weigel et al., 1989). The human Fox
family consists of 50 members, while the murine Fox family consists of 44 members.
They are characterized by a 110-amino-acid, monomeric DNA binding domain
termed the “forkhead box” or “Fox” (Kaestner et al., 2000). The canonical winged
helix/forkhead DNA binding domain is highly conserved in genes from yeast to
humans and all proteins having sequence homology are considered members of the
Fox superfamily. Subclasses are defined from FoxA to FoxS based on additional
conserved domains or motifs. Forkhead factors were shown to be involved in diverse
biological process, such as cell cycle regulation (FoxM1, FoxO, FoxA1, FoxG1,
FoxK1), survival (FoxO), metabolism (FoxA, FoxC, FoxQO), immunoregulation (FoxP3,
FoxJl, FoxN1, FoxO, FoxD2, FoxP1) and embryonic development (all except FoxB,
FoxG, FoxK, FoxO, FoxQ, FoxS) (reviewed by Tuteja & Kaestner, 2007a, 2007b).
The Fox family comprises five risk genes for diseases in humans — FoxC1 mutations
lead to glaucoma phenotypes, FoxC2 mutations cause lymphoedema-distichiasis
syndrome, FoxG1 mutations are associated with congenital variants of Rett
syndrome, FoxP2 deficiency elicit language acquisition defects and FoxP3 mutations
are associated with severe autoimmune disorders (Ariani et al., 2008; Hannenhalli &
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Kaestner, 2009). Further, it was shown that deregulation of the expression of Fox
genes through mechanisms such as gene amplification, chromosomal translocation,
or impaired transcriptional regulation can lead to the development of metabolic
diseases and cancer (reviewed by Lehmann et al.,, 2003). In this study the
subclasses FoxO and FoxG1 were analyzed regarding their role in adult

neurogenesis.

1.21 FoxO transcription factors

The family of FoxO transcription factors consists of 4 members - FoxO1, FoxO3a
(termed below as FoxO3), FoxO4 and FoxO6. FoxOs appear to recognize the same
consensus sequence and, except for FoxO6, are expressed in a wide range of
tissues. FoxO6 expression is restricted to the CNS in mammals. FoxO6 is mainly
expressed in the CA1 and CA3 regions of the hippocampus in adult mice, but not in
the dentate gyrus. Genetic studies revealed that FoxO transcription factors have
partially redundant functions. Except for FoxO1 null mice, which die at embryonic day
10.5 because of incomplete vascular development, FoxO3, FoxO4 and FoxO6 null
mice do not develop major obvious phenotypes (Furuyama et al., 2004; Hosaka et
al., 2004; Salih et al., 2012), suggesting functional redundancy between the different
FoxO family members.

Two evolutionary conserved signaling pathways — PI3K-Akt [phosphatidylinositol 3-
kinase-Akt; Akt is also known as PKB (protein kinase B)] and JNK (Jun N-terminal
kinase) - regulate FoxOs. FoxOs are negatively regulated by the canonical PI3K-Akt -
signaling pathway (Biggs et al., 1999; Brunet et al., 1999; Kops et al., 1999; Rena et
al., 1999; Tang et al., 1999) and positively regulated in the presence of oxidative
stress through JNK (Essers et al., 2004; Wang et al., 2005; Wang et al., 2012). The
activation of PI3-kinase by insulin and growth factors leads to an increased level of
phosphatidylinositol-3-phosphate, which acts as second messenger to activate PDK1
(phosphoinositide-dependent kinase 1) and PKB (Akt). The activation of PKB (Akt)
leads to its translocation to the nucleus, where it phosphorylates FoxOs at three
conserved residues. This results in an increased binding of FoxOs to 14-3-3 proteins
and the cytoplasmic localization of both. Binding to 14-3-3 proteins inhibits the
interaction between FoxOs and target DNA and prevent the nuclear re-import after

export to the cytoplasm by masking their nuclear localization signal. The actual
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inactivation of FoxOs, following phosphorylation by PDB (Akt), is the export out of the
nucleus (reviewed by van der Heide et al., 2004). Under cellular stress, particularly
when high levels of reactive oxygen species (ROS) are generated, FoxOs translocate
into the nucleus in response to JNK signaling and cause increased transcription of
target genes. JNK inhibits insulin signaling and induces the release of FoxOs to 14-3-
3 proteins, thereby overriding growth factor induced FoxO inhibition (reviewed by van
der Horst & Burgering, 2007). Additionally, other kinases were shown to regulate
FoxO activity via phosphorylation. AMP-activated protein kinase is proposed to
regulate FoxOs under energy stress (Greer et al., 2007), while CDKs, ATMs and
MAPKs were shown to control FoxOs activity under genotoxic stress like DNA
damage (Kress et al., 2011; Tsai et al., 2008; Yuan et al., 2008). Some further
posttranslational modifications on FoxO proteins, i.e., monoubiquitination and
acetylation, are known, which regulate FoxO activity (Kitamura et al, 2005; van der
Horst et al.,, 2006). Both modifications are involved in FoxO activity regulation in
response to oxidative stress.

FoxO transcription factors mainly act as transcriptional activators. The nuclear
localization of FoxOs is indicative for their transcriptional activity. They can bind to
many sites within the genome since their conserved consensus core recognition
motif is only eight base pairs long (Furuyama et al., 2000).

FoxO transcription factors were shown to regulate many cellular functions that are
central to stem cell homeostasis such as cell cycle regulation, detoxification of ROS,
DNA damage repair or tumor suppression. One of the functions, to which FoxO
activation was first linked to, was regulation of cell cycle progression. G1-S phase
and G2-M phase transition were shown to be regulated by FoxOs via controlling the
coordinate expression of cell cycle regulators including p21, p27 or p57 (reviewed by
Besson et al., 2008 and Ho et al., 2008). It was shown that FoxOs promote cell cycle
arrest in response to oxidative stress (Furukawa-Hibi et al., 2002; 2005) or DNA
damage (Lei & Quelle, 2009; Tsai et al., 2008).

FoxOs were proposed to protect cells from oxidative damage by increasing
transcription of genes regulating elimination of ROS such as MnSOD (Manganese
Superoxide Dismutase) (Kops et al., 2002). MnSOD protects against oxidative

damage through conversion of superoxide, which is formed as a by-product during
generation of ATP in mitochondria, into hydrogen peroxide. FoxOs also induce repair
of damaged DNA through the Gadd45 protein (Tran et al.,, 2002). FoxOs were
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attributed functions in the induction of apoptosis. FoxOs activate the intrinsic
apoptotic pathway by upregulation of pro-apoptotic genes of the Bcl-2 family like Bim
and p53 (Dijkers et al., 2000; You et al., 2006). FoxOs directly activate Bim gene
expression and promote apoptosis in sympathetic neurons after nerve growth factor
deprivation (Gilley et al., 2003). There is also evidence for a tumor suppressive effect
of FoxO transcription factors (reviewed by Arden, 2007), which appears to be
conferred through the promotion of cell cycle arrest and pro-apoptotic activity.
Regulation of cell differentiation by FoxOs was demonstrated for various tissues
including blood, muscle and adipose tissue (Bakker et al., 2004; Nakae et al., 2003;
Tothova et al.,, 2007;). FoxOs were as well assigned a role in ageing. The first
indication for a function in ageing was provided by the observation that mutations of
FoxO lead to an increased lifespan in C. elegans (Kenyon et al., 1993). Later on,
SNP’s (single nucleotide polymorphisms) in FoxO1 and FoxO3 were found in
longevity phenotypes in Japanese, German, South Italian and Han Chinese
populations (Anselmi et al., 2009; Flachsbart et al., 2009; Li et al., 2009). The FoxO-
dependent extension of lifespan is proposed to be partially a result of the induced
resistance to oxidative stress (Calnan & Brunet, 2008).

Finally, FoxOs were shown to have a crucial role in adult stem cells in the
hematopoietic and nervous system. FoxOs maintain self-renewal of hematopoietic
stem cells (Miyamoto et al., 2007; Tothova et al., 2007; Yalcin et al., 2008) and were
also proposed to be important for quiescence and proliferation of postnatal/adult
neural stem cells (Paik et al., 2009; Renault et al., 2009).

1.2.2 FoxG1 transcription factor

The FoxG family consists of two members FoxG1 and FoxG2, formerly termed as
BF-1 and BF-2 (brain factor 1 and 2) (Tao & Lai 1992; Hatini et al., 1994). Except for
some indications for its participation in the regulation of mesoderm, forebrain and
neural crest development (Gomez-Skarmeta et al., 1999; Hatini et al., 1996), little is
known about the function of FoxG2.

FoxG1 was first described in the telencephalon of the developing rat brain (Tao &
Lai, 1992). Its expression in mouse and rat embryo and human fetal brain is
restricted to neuronal cells in the telencephalon with strong expression in the
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developing dentate gyrus and hippocampus (Murphy et al., 1994). Studies in
Xenopus, zebrafish, chick and mice revealed an evolutionary conserved role of
FoxG1 in brain development. FoxG1 plays an important role in controlling neural
precursor function and identity. FoxG1 null mice die perinatal due to deletion of
neural progenitor populations and consequently loss of ventral telencephalic
structures (Xuan et al., 1995). Loss of FoxG1 results in premature cell cycle exit and
neuronal differentiation of neocortical progenitors in the cerebral cortex (Xuan et al.,
1995; Hanashima et al., 2002). FoxG1 is also important at later stages of
neurogenesis. FoxG1 was found to play a role in cell migration (Tian et al., 2012).
Miyoshi and Fishell showed that dynamic expression of FoxG1 is necessary to
control morphology of migrating pyramidal neuron precursors and to coordinate their
integration into the cortical plate (Miyoshi & Fishell, 2012). FoxG1 fulfills important
functions in patterning of the developing brain (Danesin et al., 2009; Manuel et al.,
2010; Roth et al., 2010). The proper formation of the inner ear is depending on
FoxG1 (Pauley et al., 2006) as well as formation of the ventral olfactory system
(Duggan et al., 2008; Kawauchi et al., 2009a; 2009b). Finally, FoxG1 may also have
direct functions in neuronal survival (Dastidar et al., 2011).

The key function of FoxG1 in brain development is illustrated by the fact that
mutations in the human FoxG1 gene are associated with the congenital form of Rett
syndrome, a severe neurodevelopmental disorder. The core phenotype of the
congenital form of Rett syndrome consists of postnatal microcephaly, epilepsy, sever
mental retardation, absent language, dyskinesia, corpus callosum hypogenesis,
simplified gyral pattern and reduced white matter volume (Guerrini & Parrini, 2012;
Kortum et al., 2011). FoxG1 mutations associated with the congenital form of Rett
syndrome include disruptions of the DNA binding domains of FoxG1 (Ariani et al.,
2008), duplications of FoxG1 (Brunetti-Pierri et al., 2011), microdeletions and
deletions within the FoxG1 gene (Jacob et al., 2009; Papa et al., 2008; Perche et al.,
2013; Takagi et al., 2013), haploinsufficiency (Kumakura et al., 2013), frameshift
mutations (Le Guen et al., 2011a), truncating and missense mutations (Mencarelli et
al., 2010) including one point mutation, which affects the nuclear localization of
FoxG1 (Le Guen et al., 2011b).

FoxG1 is broadly expressed throughout the developing brain. In the adult brain, its
expression is highly restricted. In situ hybridizations revealed very weak expression
throughout the telencephalon but high expression levels within the two adult
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neurogenic niches — the SVZ of the lateral ventricles and the hippocampus (Shen et.
al., 2006), strongly suggesting a key role for FoxG1 in the regulation of adult
neurogenesis. Indeed, two studies in mice revealed an important role for FoxG1 in
postnatal development of the dentate gyrus. Haploinsufficiency of FoxG1 leads to
disturbed neurogenesis in the postnatal hippocampus due to impaired survival,
proliferation and differentiation of postnatally born dentate granule neurons (Shen et
al., 2006). Tian and colleagues showed that prenatal and postnatal conditional
deletion of FoxG1 in the hippocampal primordium and its derivatives leads to the
disruption of the dentate gyrus, loss of the SGZ and impaired migration of granule
cells (Tian et al., 2012).

The role of FoxG1 in adult neurogenesis has not been explored in detail. Considering
the strong existing data about FoxG1’s critical role in neural embryonic and postnatal
development, a major impact of FoxG1 in neuronal development in the adult

neurogenic niches can be assumed.



18 Introduction

1.3 Aims of the study

FoxO transcription factors were shown to play major roles in cell biological functions
such as cell cycle regulation, DNA damage repair, and detoxification, which may
pertinent to stem cell homeostasis and neurogenesis. The first aim of this thesis was
to investigate the function of FoxO transcription factors in adult neurogenesis. For
this purpose the impact of the loss of FoxO1, FoxO3 and FoxO4 was analyzed both
in vitro and in vivo regarding stem cell maintenance, proliferation, differentiation and
maturation of adult born neurons. Another objective of this study was to identify
signaling pathways that operate downstream of FoxO transcription factors in adult
neurogenesis.

The transcription factor FoxG1 was shown to be critical for telencephalon
development and postnatal development of the hippocampus. In the second part of
this thesis the role of FoxG1 in adult neurogenesis was explored. Retroviral injections
simulating FoxG1 gain of function were applied into the neurogenic regions of adult
mice. The purpose of these experiments was to gain insights into both the FoxG1-
depending processes in adult neurogenesis and the development of the congenital

variant of Rett syndrome due to Foxg1 mutations.
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2 Results

21 FoxO transcription factors in adult neurogenesis

Previous studies have shown that deletion of FoxO transcription factors during
embryonic development results in the increased proliferation of neural
stem/progenitor cells and transiently increased neurogenesis, followed by a depletion
of the neural stem cell pool and a decrease in neurogenesis in the adult hippocampal
and subventricular zone (Paik et al., 2009, Renault et al., 2009). Ablation of FoxO
transcription factors specifically in NSCs of the adult CNS has not been performed
and the exact role of FoxO transcription factors in adult hippocampal neurogenesis
remains to be determined.

Four different mouse lines were used in this study to analyze the effects of the triple
FoxO1, FoxO3 and FoxO4 (FoxO1/3/4) conditional knock out (KO) on adult
neurogenesis.

For all in vitro experiments a FoxO1/3/4"™ mouse model was used (previously
described by Paik et al., 2009, see 4.2.7). LoxP sites in this mouse line flank the
exons of FoxO1, FoxO3 and FoxO4 coding for the DNA binding domains.
Recombination of the conditional alleles was induced via Cre-recombinase mediated
by retroviral transduction.

The in vivo experiments addressing the questions about proliferation and
neurogenesis of adult neural stem cells (aNSCs) deficient for FoxO1, FoxO3 and
FoxO4 were performed using Tamoxifen-inducible Cre-recombinase (CreER') under
the Glast (Glutamate-aspartate transporter) promoter combined with a conditional [3-
galactosidase reporter (Glast::CreER™?/B-gal(Rosa26)/Fox01/3/4" termed in the
following as FoxO1/3/4 KO mice). Mice that were carrying the Glast::CreER™ and the
B-gal(Rosa26) transgene but were wildtype for the FoxO1/3/4 alleles (termed in the
following as FoxO1/3/4 control mice) served as controls (Mori et al., 2006, Nakamura
et al., Paik et al., 2007, see 4.2.7). KO of FoxO1/3/4 was induced specifically in cells
with Glast promoter activity via i.p. injections of Tamoxifen. In the mouse brain
GLAST::CreER™ induced recombination targets neural stem cells and astrocytes
(Mori et al., 2006; DeCarolis et al., 2013).

In vivo experiments analyzing the morphology of FoxO1/3/4 KO cells versus
FoxO1/3/4 WT cells in the adult dentate gyrus were performed using a FoxO1/3/4™ /
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FoxO1/3/4""™ mouse model. FoxO1/3/4 KO was mediated via a MML-retrovirus

encoding for Cre-recombinase (see 4.2.7).

211 Increase in proliferation and neurogenesis in Fox0O1/3/4 deficient adult

neural stem cells in vitro

The effects of FxoO1/3/4 KO on stem cell behavior were first studied in vitro.
Therefore adult neural stem cells (aNSCs) were isolated from 8-week-old mice (P56)
and cultured as neurospheres. The ability to form neurospheres, to proliferate and to
differentiate into the neural lineages is considered characteristic of NSCs isolated
from the adult brain (Reynolds et al., 1992; Reynolds & Weiss, 1996; Richards et al.,
1992; Rietze et al.,, 2001; Wachs et al.,, 2003). The in vitro experiments were
implemented according to the following scheme (Figure. 2.1). aNSCs were isolated
from brains of 8 week-old FoxO1/3/4" mice. Cells were expanded and transduced
with either a Cre-expressing retrovirus (CAG GFP/Cre) to induce the KO of
FoxO1/3/4 or a GFP-expressing retrovirus (CAG GFP) as control. After further
expansion cells were FACsorted for GFP expression to obtain genetically
homogeneous populations with regard to FoxO recombination. All experiments were
performed within the first 6 passages.

FoxO1/3/4f/ KO Approval BMP/TGFB BMP/TGF recovery
Q} $3 NSA NSA NSA
NSC Isolz;otion Viral Transduction FACS Differentiation gPCR Montelukast
PO P1 P2 P3 P4 P5 P6

Figure. 2.1 Experimental paradigm for in vitro experiments.

aNSCs were isolated from SVZ of 8 week-old FoxO1/3/4"™ mice (P0). Cells were expanded,
transduced with retroviruses at passage 2 (P2) and FACsorted at passage 3 (P3). Experiments were
performed between passages 4 and 6.

Recombination of the conditional FoxO loci was controlled via immunocytochemistry
and genotyping PCRs. To study the FoxO1/3/4 KO via immunocytochemistry,
neurospheres were harvested, split into single cells and plated on PDL-Laminin-
coated glass-coverslips. After 3 hours cells had attached to the glass-coverslips; at
this time they were fixed with 4% PFA. Immunocytochemistry was performed with
antibodies against GFP, FoxO1 and FoxO3 (Figure 2.2 A). Immunoflourescent

staining showed strong reactivity for FoxO1 and FoxO3 in the control cells but not in
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FoxO1/3/4 KO cells. Several antibodies were tested for immunocytochemistry of
FoxO4; none was suitable for this application. Accordingly, additional genotyping
PCRs were performed to validate the FoxO1/3/4 KO for all three loci. Cells were
harvested at passage 4 (P4), DNA was isolated and PCRs for FoxO1, FoxO3 and
FoxO4 were performed and analyzed on an agarose gel (Figure 2.2 B). The
genotyping PCRs revealed PCR products at the sizes for the floxed alleles for
FoxO1, FoxO3 and FoxO4 for the control cells (149 kb, 138 kb, 555 kb) and PCR
products at the sizes for the knocked out alleles for FoxO1, FoxO3 and FoxO4 for the
FoxO1/3/4 KO cells (190 kb, 186 kb, 471 kb). In sum, these results indicate that all

FoxO alleles were efficiently ablated.
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Flgure 2.2: FoxO1/3I4 KO validation in vitro.
A Confocal images with a 20x objective of FoxO1/3/4 KO and control cells, stained with Dapi and
antibodies against GFP, FoxO1 and FoxO3. The images of the control cells revealed a bright staining
for FoxO1 and FoxO3, while the FoxO1/3/4 KO cells showed no staining for FoxO1 and FoxO3; n=4.
Scale bar £ 100 um. B Genotyping PCR products for FoxO1, FoxO3 and FoxO4 performed on DNA
isolated from control cells (C) and FoxO1/3/4 KO cells (KO). The shifts in the product sizes from
control cells to FoxO1/3/4 KO cells indicate that the KO induction via retrovirus worked; n=4.

To begin with, the proliferation potential of FoxO1/3/4 KO cells was analyzed using a
single cell neurosphere assay (NSA). Control and FoxO1/3/4 KO neurospheres were

split and seeded at a density of one cell per well onto 60-well-miniplates. Wells were
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analyzed under a fluorescent microscope; wells that contained a single GFP-positive
cell were marked. 7 days later, marked wells were again screened under a
fluorescent microscope and the number of cells that formed neurospheres was
determined. This experiment was replicated each three times at passages 4, 5 and 6
(P4, P5, P6; Figure 2.3 A). FoxO1/3/4 KO cells formed significantly more
neurospheres as control cells (figure 2.8 F; control cells: 5,72 % - 8,2 %; FoxO1/3/4
KO cells: 20,52 % - 39,59 %; p-value=0,008). The number of formed neurospheres
increased from passage 4 to passage 6 in FoxO1/3/4 KO cells compared to control
cells, latter’s proliferation potential stayed constant within the passages.

In a second experiment the differentiation potential of the FoxO1/3/4 KO cells was
tested. Cells were grown as neurospheres and split into single cells. The dissociated
cells were plated on PDL-Laminin-coated glass-coverslips under growth factor
withdrawal to induce differentiation. After 4 or 8 days of differentiation, cells were
fixed with 4% PFA and stained for either neuronal markers (DCX, Map2(a+b)) or a
marker for astrocytes (GFAP; glial fibrillary acidic protein; Eng et al., 1971) (Figure
2.3 B - E). The microtubule-associated protein Doublecortin (DCX) is a marker for
neuroblasts/immature neurons (Couillard-Despres et al., 2005) while Map2(a+b)
(Microtubule-associated protein 2) is a marker for mature neurons (Chung et al.,
1996). Significantly less FoxO1/3/4 KO cells (13,78+2,67 %) differentiated into
GFAP" astrocytic cells compared to control cells (27,37+3,32 %) after 4 days of
differentiation (Figure 2.3 A, E; p-value=0,0059) while significantly more cells
differentiated into DCX" immature neurons compared to control cells (Figure 2.3 F;
control cells: 25,10£10,91 %; FoxO1/3/4 KO cells: 46,70+9,62 %; p-value=0,0332).
The amount of Map2(a+b)” cells was similar between control cells and FoxO1/3/4 KO
cells after 4 days of differentiation (Figure 2.3 F; control cells: 21,48+7,72; FoxO173/4
KO cells: 24,45+1,83 %). After 8 days of differentiation a tendency of FoxO1/3/4 KO
cells to generate less GFAP" (control cells: 45,84+8,26 %; FoxO1/3/4 KO cells:
28,27+9,85 %; p-value=0,2741) and more DCX" cells (control cells: 26,59+25,77 %;
FoxO1/3/4 KO cells: 45,98+5,72 %; p-value=0,3099) was still present (Figure 2.3 G).
The fraction of Map2(a+b)” mature neurons was now significantly (p-value=0,0033)
higher in FoxO1/3/4 KO cells (35,93+1,73 %) compared to control cells (22,26+2,87
%). These results implicate, that neurogenesis is increased in FoxO1/3/4 KO cells in

vitro.
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Figure 2.3: Increased prollferatlon and neurogene3|s due to > Fox01/3/4 KO in aNSCs in vitro.
A, B, C and D Confocal images of control cells and FoxO1/3/4 KO cells after 4 days and 8 days of
differentiation stained with antibodies against GFP, GFAP, DCX and Map2. Scale bar £ 10 um. E
Diagrams of the numbers of GFAP®, DCX' and Map2(a+b)’ cells after 4 days and 8 days of
differentiation; n=3. Significantly less astrogenesis and more neurogenesis was observed after 4 days
of differentiation. Increase in neurogenesis was still obvious after 8 days of differentiation. F Scheme
of single cell neurosphere assay (NSA); cells were transduced with either GFP/Cre-expressing
retrovirus or GFP retrovirus, FACsorted, dissociated and seeded as single cells in miniwells as one
cell per well; number of formed neurospheres was analyzed 7 days later. Example picture of a single
seeded cell and a formed neurosphere imaged by a fluorescent microscope; scale bar £ 10 ym.
Diagram of numbers of formed neurospheres after 7 days; n=3. Proliferation was increased i
Foxo1/3/4 KO cells in vitro.
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21.2 Changed survival, proliferation and neurogenesis of FoxO1/3/4 KO

adult neural stem cells in vivo

To address the question how FoxO1/3/4 affect in vivo adult hippocampal
neurogenesis, the FoxO1/3/4 KO and the FoxO1/3/4 WT mouse model were studied.
The principal experimental paradigm for the following experiments is schematically
depicted in Figure 2.4. All mice were intraperitoneally (i.p.) injected with 1 mg
Tamoxifen at P56 for five consecutive days twice a day every 12 hours, which should
result in deletion of the conditional FoxO alleles in the FoxO134 KO mice from cells
with Cre-recombinase activity. In both mouse lines, cells, in which Cre-recombinase
was activated, should initiate the expression of the (-gal(Rosa26) reporter.
Immediately after the Tamoxifen injections mice received daily injections of BrdU
(10 g BrdU / kg bodyweight) for three consecutive days. One group of mice was
sacrificed 3 hours after the last BrdU pulse and therefore 3 days after Tamoxifen
treatment. Other time points were 28 days, 4 months or 8 months after Tamoxifen
treatment (3 dpt, 28 dpt, 4mpt, 8mpt). Mice were sacrificed and brain tissue was
prepared for immunohistochemistry (mice of the 4 months and 8 months timepoint

were prepared by Amir Khan).
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Figure 2.4: Experimental paradigm for FoxO1/3/4 KO analysis in vivo.
Glast::CreER™*/B-gal(Rosa26)/Fox01/3/4" and Glast::CreER™*/B-gal(Rosa26)/Fox01/3/4"™ mice
were injected i.p. with 1 mg Tamoxifen for 5 consecutive days twice a day every 12 hours to induce
FoxO1/3/4 KO. BrdU injections for 3 consecutive days once per day followed. Mice were sacrificed
either directly 3 hours after the last BrdU pulse and therefore 3 days after Tamoxifen treatment or 28
days, 4 months or 8 months after Tamoxifen treatment (3 dpt, 28 dpt, 4mpt, 8 mpt).

2.1.2.1 Validation of the Fox0O1/3/4 conditional KO mouse model

To control the KO induction via the Glast::CreER™ system, immunohistochemistry
with antibodies against FoxO3 and (-galactosidase was performed (Figure 2.5). At

28 dpt expression of FoxO3 was abolished or strongly reduced in [3-galactosidase-
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positive cells of the dentate gyrus of the FoxO1/3/4 KO mice. In contrast, B-
galactosidase-positive cells in the FoxO1/3/4 WT mice were strongly immunoreactive
for FoxO3. There are no antibodies available against FoxO1 and FoxO4, which are
suitable for immunohistochemistry of adult mouse tissue sections. Therefore, it was
not possible to determine their expression in Foxo1/3/4 KO. However, since the
Glast::CreER™ system efficiently induced the KO of FoxO3, it was assumed likely
that the system also efficiently induced recombination of the conditional FoxO1 and
FoxO4 loci.

Al FoxO1/3/4 WT I FoxO1/3/4 KO

B-gal

1dp 82

Merge \ \ B-gal
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Figure 2.5: Validation of FoxO3 KO in the dentate gyrus at 28 dpt.
A Confocal images of the DG of FoxO WT and FoxO KO mice taken with a 10x objective. Scale bar £
100 um. B Higher magnification confocal images of the DG of FoxO WT and FoxO KO mice taken with
a 40x objective. FoxO3 expression was deleted or at least reduced in -gal-positive recombined
FoxO1/3/4 KO cells in the dentate gyrus while the B-gal-positive cells in FoxO1/3/4 WT mice were still
FoxO3 positive. Scale bar £ 10 uym.
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21.2.2 Loss of B-galactosidase positive adult recombined cells over time in
the dentate gyrus of Fox0O1/3/4 KO animals

Paik et al. and Renault et al. showed that developmental deletion of FoxO1/3/4 as
well as FoxO3 null mutation impair maintenance of the neural stem cell pool. To
address the question how Foxo1/3/4 ablation specifically in the adult neural stem cell
pool affects stem cell maintenance and neurogenesis, the [-galactosidase
expression in the dentate gyrus of adult FoxO1/3/4 WT and KO mice 3 days, 28
days, 4 months and 8 months after KO induction (3 dpt, 28 dpt, 4 mpt, 8 mpt) was
analyzed. Immunohistochemistry with Dapi and an antibody against B-galactosidase
(B-gal) was performed and analyzed using confocal microscopy (Figure 2.6, numbers
not count). More (3-gal expressing cells were present in FoxO1/3/4 KO mice at 3 dpt.
28 days after the KO induction (28 dpt), B-gal” cell density was comparable between
KO and control animals. 4 months after KO induction (4 mpt) a slight decrease in 3-
gal” cells was observed in FoxO1/3/4 KO animals, while 8 months after KO induction
(8 mpt) an apparent loss of B-gal’ cells was visible in FoxO1/3/4 KO animals
compared to FoxO1/3/4 WT animals, suggesting that deletion of FoxO results in

impairment of hippocampal neurogenesis.

Figure 2.6: Loss of B-gal” cells in Fox01/3/4 KO animals over time.

Confocal tile scan with an 10x objective of the dentate gyrus of a FoxO1/3/4 WT and KO animal 3
days, 28 days, 4 months and 8 months after adult KO induction (3 dpt, 28 dpt, 4 mpt, 28 dpt) stained
with Dapi and an antibody against B-galactosidase (B-gal). B-gal” cells were lost over time in the
dentate gyrus of FoxO1/3/4 KO animals compared to FoxO1/3/4 WT animals. Scale bar £ 100 um.
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Figure 2.6: Loss of B-gal” cells in FoxO1/3/4 KO animals over time.

21.2.3 Immediate increase in proliferation and neurogenesis in FoxO1/3/4

deficient aNSCs in the dentate gyrus in vivo

Next, the immediate effect of conditional removal of FoxO1/3/4 on precursor
proliferation and neurogenesis in the dentate gyrus of the hippocampal formation was
analyzed. To this end, KO of FoxO1/3/4 was induced by five days injection with
Tamoxifen starting at P56 (Figure 2.4). Animals subsequently received daily BrdU
injections for 3 consecutive days and were sacrificed 3 hours after the last BrdU
injection. BrdU is a chemical analog of the nucleotide thymidine. Intraperitoneally
injected BrdU is taken up by all cells, but is only stably integrated into newly
synthesized DNA during S-phase of the cell cycle (Eidinoff et al., 1959).
Consequently, BrdU permanently labels dividing cells and their progeny. Staining

against -galactosidase allowed visualization of recombined cells. Quantification of
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BrdU was used to estimate the proliferation activity in the dentate gyrus. Doublecortin
as a marker for neuroblasts and immature neurons was applied to determine the
level of neurogenesis (Couillard-Despres et al., 2005). Confocal images were taken
and the BrdU" cells in the dentate gyrus of at least three different animals were

evaluated (Figure 2.7).
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Figure 2.7: Impact of an acute loss of Fox0O1/3/4 in the adult dentate gyrus 3 dpt.
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Figure 2.7: Impact of an acute loss of FoxO1/3/4 in the adult dentate gyrus 3 dpt.

Confocal images of the dentate gyrus of a FoxO1/3/4 WT and a FoxO1/3/4 KO animal stained with
Dapi and antibodies against BrdU, B-galactosidase and DCX. A Tile scans of the dentate gyrus
imaged with a 10x objective. Scale bar £ 100 ym. B Section of the dentate gyrus imaged with a 63x
oil objective. Triangular arrows label cells that were positive for BrdU and B-galactosidase. Large
arrows point at cells positive for BrdU and DCX. Small arrows indicate cells, which were positive for
BrdU, B-galactosidase and DCX. Scale bar £ 10 um. C Diagram of the numbers of BrdU™ cells per
mm?® of the dentate gyrus of FoxO1/3/4 WT versus FoxO1/3/4 KO animals 3 dpt; n=3. D-F Diagram of
the ratios of DCX" to BrdU" cells, B-gal* to BrdU" cells and BrdU*B-gal’'DCX" to BrdU"B-gal” cells 3
dpt; n=3. Overall numbers of BrdU" cells were significantly increased in FoxO1/3/4 KO animals and
the percentage of DCX" cells was slightly increased in the FoxO1/3/4 KO animals. Proliferation and
neurogenesis were comparable between non-recombined and recombined cells in FoxO1/3/4 KO
animals 3 dpt.

Overall proliferation and neurogenesis 3 dpt

First the number of BrdU" cells was determined. In the dentate gyrus of FoxO1/3/4
KO animals significant more BrdU" cells were found compared to FoxO1/3/4 WT
animals (FoxO1/3/4 KO: 3458111373 cells per mm?; FoxO1/3/4 WT: 28007+187 cells
per mm®; p-value = 0,01299; Figure 2.7 A). To analyze the rate of neuronal
differentiation, the fraction of DCX" cells among the BrdU" cells was quantified. WT
animals and FoxO1/3/4 KO animals showed similar rate of neuronal differentiation:
66.12+6.66 % of the BrdU" cells in the FoxO1/3/4 WT animals and 72.53+7.21 % of
the BrdU" cells in the FoxO1/374 KO animals were DCX" (p-value=0.3091; Figure
2.7 B, D). In summary, increased proliferation resulted in increased neuronal
production in FoxO1/3/4 KO animals at 3dpt.

Proliferation and neurogenesis in the B-gal” cell compartment 3 dpt

To determine if recombined cells were responsible for the increase in BrdU™ cells in
the FoxO1/3/4 KO animals, the fraction of B-gal” cells among the BrdU" cells was
assessed. Evaluating these numbers revealed that the percentage of B-gal” cells
within the BrdU" cells was similar in FoxO1/3/4 WT and KO animals (FoxO1/3/4 WT:
41.5516.43 %; FoxO1/3/4 KO: 42.69+9.01 %; Figure 2.7 B, E). Thus, the increase in
BrdU™ cells in the FoxO1/3/4 KO animals was caused by increased proliferation of
recombined and non-recombined cells. Next the fate of the B-gal” cells was analyzed
by determining the ratio of BrdU*B-gal'DCX" to BrdU*B-gal” cells (Figure 2.7 F).
77.39+7.94 % of the BrdU'B-gal” cells were DCX" in the FoxO1/3/4 WT animals,
while 59.50+8.87 % were DCX" in the FoxO1/3/4 KO animals. This difference,
however, was not significant (p-value=0,0605). In summary, these data indicate that
the increase in BrdU" cells and in neurogenesis following FoxO1/3/4 ablation was
caused by increased proliferation of both recombined and non-recombined cells.
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2.1.2.4 Slightly ongoing increase in proliferation and neurogenesis 28 days
after FoxO1/3/4 KO induction

Next, the long-term fate of newly generated cells was studied. Animals received daily
injections of BrdU at the end of the Tamoxifen treatment and were sacrificed 28 days
after Tamoxifen treatment (Figure 2.4). Immunohistochemistry was performed with
antibodies against B-galactosidase, BrdU, Prox1 and Ki67. BrdU and DCX were used
as markers for proliferation and neurogenesis as described in 2.1.2.3. Prox1 was
applied as a marker for post mitotic granular neurons (lwano et al., 2012; Lavado et
al, 2010). Ki67 is expressed in all phases of the active cell cycle but not in G(0)-
phase and thus can be used to distinguish dividing from resting cells (Kee et al.,
2002; Scholzen & Gerdes, 2000). Confocal images were taken and the BrdU" cells in
the dentate gyrus of at least three different animals were evaluated (Figure 2.8).
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Figure 2.8: Effects of the loss of FoxO1/3/4 in the adult dentate gyrus 28 dpt.
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Figure 2.8: Effects of the loss of FoxO1/3/4 in the adult dentate gyrus 28 dpt.

A Confocal images of the dentate gyrus of a FoxO WT and a FoxO KO animal stained with Dapi and
antibodies against BrdU, p-galactosidase, and Prox1. Sections of the dentate gyrus were imaged with
a 63x oil objective. Triangular arrows label cells that are positive for BrdU and 3-galactosidase. Large
arrows appoint to cells positive for BrdU and Prox1. Small arrows indicate cells, which were positive
for BrdU, B-galactosidase and Prox1. Scale bar £ 10 ym. B Diagram of the numbers of BrdU" cells
per mm?® of the dentate gyrus of FoxO1/3/4 WT versus FoxO1/3/4 KO animals.; n=3. C-D Diagram of
the ratio of Prox1” to BrdU" cells, B-gal” to BrdU™ and BrdU" B-gal’Prox1” to BrdU’B-gal” cells in the
dentate gyrus of FoxO1/3/4 WT versus FoxO1/3/4 KO animals 28 dpt; n=3. D A trend towards an
increased number of BrdU" cells was observed in FoxO1/3/4 KO animals. The ratios of Prox1” to
BrdU" cells and B-gal® to BrdU™ were slightly, but not significantly raised in FoxO1/3/4 KO animals.
The ratio of BrdU™ B-gal"Prox1” to BrdU*B-gal” cells was similar in Foxo1/3/4 WT and KO animals. The
observed increase in proliferation and neurogenesis in the FoxO1/3/4 KO animals was at least
partially mediated by the B-gal” cell compartment.

First, the total number of BrdU" cells in the dentate gyrus of FoxO1/3/4 WT and KO
animals was counted. 28 days after KO induction, there was a trend towards higher
numbers of BrdU* cells in FoxO1/3/4 KO animals (7101+551 cells per mm°)
compared to FoxO1/3/4 WT animals (6447+1161 cells per mm?, p-value=0,4460).
The fraction of Prox1” to BrdU" cells was also slightly higher in the FoxO1/3/4 KO
animals compared to the WT animals (FoxO1/3/4 WT: 87,40+4,08 %; FoxO1/3/4 KO:
95,55+2,06 %; p-value=0,0546). Thus, the increased proliferation, which was induced
early after FoxO ablation resulted in a slight increase in the generation of new mature
DG neurons at 28 dpt .

The fraction of B-gal” cells among the BrdU™ cells at 28 dpt was comparable between
FoxO1/3/4 WT and FoxO1/3/4 KO mice (47.3945.21 % and 56.56%£11.29 %,
respectively; p-value=0,297). Moreover, the fraction of B-gal” cells among the BrdU"
cells was largely comparable between the 3 dpt (FoxO1/3/4 WT: 41.55+6.43 %;
FoxO1/3/4 KO: 42.69+9.01 %; Figure 2.7 B, E) and the 28 dpt time-point. These data
indicate that FoxO KO did not have a major effect on the survival of newly generated
cells. The fraction of Prox1" cells among the BrdU*B-gal® cells was comparable in
FoxO1/3/4 KO and WT animals (FoxO1/3/4 WT: 97,01+2,70 %; FoxO1/3/4 KO:
96,19+6,59 %). Moreover, in FoxO1/3/4 KO the fraction of Prox1+ cells among the
BrdU+bgal+ cells (96,19+6,59 %) was similar to the fraction of Prox1+ cells among
the BrdU+ cells (95,55+2,06 %). Thus, FoxO deletion did not affect neuronal cell fate
of newly generated cells.

Finally, the levels of proliferation were examined at 28 dpt via analysis of Ki67+ cells.
A significant increase in Ki67-positive (ki67") and B-gal” double positive cells was
determined in the FoxO KO (4668,04+773,96 cells per mm?®) versus Foxo1/3/4 WT
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(1914,07+1109,14 cells per mm?®) animals (p-value=0,0292) while the total numbers
of Ki67* cells were similar per mm® of the dentate gyrus (FoxO1/3/4 WT:
6199,284850,92; FoxO1/3/4 KO: 6042,43+788,33) (Figure 2.9). These data indicate
that loss of FoxO1/3/4 resulted in a cell autonomous increase in proliferation at 28
dpt.
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Figure 2.9: Expression of Ki67 28 dpt.
Confocal images of the dentate gyrus of a FoxO WT
8000 nes. and a FoxO KO animal stained with Dapi and
- - antibodies against BrdU, B-galactosidase and Ki67.
Sections of the dentate gyrus were imaged with a 63x
oil objective. Scale bar £ 10 um. A Triangular arrows
were appointed to cells positive for Ki67. Arrows with
small heads were appointed to cells positive for Ki67
and B-gal. B Diagram of the numbers of Ki67" cells
and Ki67*B-gal* cells per mm® in the dentate gyrus of
FoxO1/3/4 WT and FoxO1/3/4 KO animals 28 dpt;
n=3. Total amount of Ki67" cells was similar in
FoxO1/3/4 WT and KO animals while the FoxO1/3/4
KO animals showed a significant increase of Ki67"
®FoxO1/3/4 WT BFox01/3/4 KO | cells in the B-gal” cell compartment.
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Additional unpublished data from Dr. Amir Khan (HMGU, now DKFZ) revealed
decreased proliferation and neurogenesis in aged FoxO1/3/4 KO mice (8 mpt). In
summary, these findings demonstrate that deletion of FoxO1/3/4 lead to an initial
burst in proliferative activity and increased neurogenesis followed by loss of
proliferative activity and neurogenesis. Overall, these data strongly suggest a
function for FoxO transcription factors in the modulation of stem cell proliferation and

the control of stem cell maintenance.
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213 Smad pathways as possible signaling pathways controlling FoxOs

2.1.3.1 Active Smad signaling in FoxO1/3/4 deficient cells in vivo

The in vitro and in vivo phenotype of FoxO1/3/4 KO showed intriguing discrepancies.
The hyperproliferation phenotype and the distinct increase in neurogenesis detected
in vitro were only temporarily observed in vivo. Moreover, the proliferation phenotype
was very mild. A reason for the discrepancies may be that the in vivo adult
neurogenic niche provides specific extracellular cues like the cytokines BMP, FGF or
TGF, which are known to control stem cell quiescence and self-renewal (Battista et
al., 2006; Jin et al., 2003; Mira et al. 2010, Kandasamy et al., 2010). Those could
have partially over-written the impact of loss of FoxO1/3/4 in aNSCs in vivo and their
activity was not considered in the in vitro model. BMP and TGFB induced Smad-
signaling are critical for stem cell quiescence in various tissues (David et al., 2008;
Ewan et al., 2005; Kandasamy et al., 2010; Kandyba et al., 2013; Mira et al., 2010).
A KO of BMPR-la (bone morphogenic protein receptor one a) for example leads to a
burst in proliferation and subsequent loss of the neural stem cell pool in the adult
mouse dentate gyrus (Mira et al., 2010). There are indications that the inhibitory
effects of Smads on proliferation in neural cells are dependent on intact FoxO
signaling (Seoane et al., 2004). BMP binding to their receptors leads to a signaling
cascade that culminates in the phosphorylation of Smad1, Smad5 and Smad8
(pSmad1, pSmad5, pSmad8); similarly TGFB induced signaling results in the
phosphorylation of Smad2 and Smad3 (pSmad2, pSmad3); the phosphorylation of
Smad transcription factors leads to a translocation to the nucleus and transcription is
activated (Flanders et al., 2001; Luukko et al., 2001; Miyazono et al., 2010). Hence,
immunohistochemistry against pSmads can be used to investigate Smad signaling
activity. To analyze, if Smad signaling is still active in FoxO1/3/4 deficient cells in
vivo, immunohistochemistry on slices of FoxO1/3/4 KO animals and WT animals 28
days and 8 months after Tamoxifen treatment was performed with antibodies against
pSmad1/5/8 and pSmad2 (Figure 2.10). At 28 dpt, pSmad1/5/8 as well as pSmad2
were expressed in the B-gal” recombined cells both in FoxO1/3/4 WT and FoxO1/3/4
KO cells in the dentate gyrus. The immunoreactivity for both pSmads was reduced in
the whole dentate gyrus of old FoxO1/3/4 WT and KO mice (8 mpt). The recombined
B-gal” cells were still positive for pSmad1/5/8 and pSmad2 in the older mice,
although as week as the other granular cells in the dentate gyrus. One difference
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was noticed. The immunoreactivity of pSmad2 was much lower in the dentate gyrus
of FoxO1/3/4 KO mice 8 mpt compared to FoxO1/3/4 WT mice 8 mpt.

| Foowawr || Foomsako || Foxotsawr || Foxousako |

& Hilus
Hitus Hilus

leo-d 1deq

Dapi B-Gal

Hilus Hilus Ellis Hilus

Figure 2.10 Active pSmad signaling in FoxO1/3/4 WT and KO mice 28 dpt and 8 mpt.
Confocal images with a 63x oil objective of the dentate gyrus of FoxO1/3/4 WT and KO animals 28 dpt
and 8 mpt stained with Dapi and antibodies against B-gal and pSmad1/5/8 or pSmad2. Smad
signaling was detected as active in recombined B-gal” cells in WT and FoxO1/3/4 KO animals 28 dpt.
Smad signaling was reduced in older mice (8 mpt) in all groups. pSmad2 expression seemed to be
even more reduced in FoxO1/3/4 KO animals compared to FoxO1/3/4 WT animals. Scale bar£10 pym.
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The detection of active Smad signaling in adult mice might be an explanation for the
mild impact of loss of FoxOs in adult mice, which got finally stronger in aged mice
due to reduced Smad signaling.

2.1.3.2 Smad signaling is able to control FoxO1/3/4 KO cells in vitro

Next, it was tested if FoxO1/3/4 KO cells were capable to respond to BMPs or TGF(
and whether the hyperproliferative phenotype could be explained by the insensitivity
of FoxO-deficient cells to these cytokines. FoxO1/3/4 KO and wildtype cells were
seeded as single cells in a 96-well-plate at a density of 200 cells per well in 200 pl
medium with growth factors. Cells were treated with either 10 ng/ml recombinant
BMP4 or 20 ng/ml TGFB. Control groups were kept in proliferation conditions. 7 days
after seeding, the number and size of neurospheres were analyzed (Figure 2.11 A,
C, D, E). Consistent with previous results (2.1.1) FoxO1/3/4 KO cells showed a
significant increase in number of formed neurospheres compared to control cells
under control conditions. Both, BMP4 and TGF treatment, decreased number of
formed neurospheres significantly. BMP4 treatment was more potent and slowed
down neurosphere formation even to less than 10% in both FoxO1/3/4 KO and
wildtype cells. The diameters of formed neurospheres were significantly decreased
through BMP4 treatment in case of the control cells; in FoxO1/3/4 KO cells there was
a clear tendency to a decrease in neurosphere diameters. In a second experiment it
was analyzed if the cells could recover from BMP4 and TGFf treatment and resume
proliferation. Cells were cultured at a density of 50000 cells per 5 ml medium with
growth factors in 25cm? flasks and treated with either 10 ng/ml BMP4 or 20 ng/ml
TGFB; the control group was kept in proliferation medium. Neurospheres were
harvested after 7 days, were dissociated into single cells, and seeded again in 96-
well-plates at a density of 200 cells per well in 200 pul of proliferation medium without
BMP4 or TGFB. A fourth group was added, where cells, which were previously
treated with BMP4, were additionally exposed to the BMP antagonist Noggin (100
ng/ml) to promote recovery (Yanagita, 2005; Bonaguidi et al., 2008). 7 days later
number and diameter of formed neurospheres were again quantified (Figure 2.11 B,
C, D, E). Control cells and FoxO1/3/4 KO cells both recovered from BMP4 and TGF(

treatment, both in number of formed neurospheres and diameter of formed
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neurospheres significantly; except in the case of the recovery of TGF@ treatment of
the control cells. Here only a tendency for a recovery from TGF@ treatment was
observed in the number of formed neurospheres. The recovery of the FoxO1/3/4 KO
cells was even more efficient as of the control cells both for number and diameter of
formed neurospheres (Table 2.1). Thus, neural stem cells are responsive to
cytokines of the TGFB-superfamily in vitro in the absence of expression of FoxO
proteins. Consequently the discrepancies in vitro and in vivo might be affiliated to
persisting activity of TGFB and BMPs in vivo leading to the observed mild changes in

proliferation in vivo.

Figure 2.11: BMP4 and TGFp treatment of adult FoxO1/3/4 KO NSCs in vitro.

A, B Both numbers and diameters of formed neurospheres were reduced due to BMP4 or TGFf
treatment in control and FoxO1/3/4 KO cells. All groups recovered from BMP4 or TGFf treatment. C
Example pictures (fluorescence microscope) of formed neurospheres of control and FoxO1/3/4 KO
cells under BMP4/TGF treatment and after recovery of both. Scale bar £ 100 um. D Summary of
numbers and diameters of formed neurospheres of control and FoxO1/3/4 KO cells after BMP4/TGFf3
treatment and after recovery of both; n=3. E Summary of p-values calculated via Student’s t-test for
numbers and diameters of formed neurospheres of control and FoxO1/3/4 KO cells after BMP4/ TGF]3
treatment and after recovery of both.
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Figure 2.11: BMP4 and TGF treatment of adult Fox01/3l4 KO NSCs in vitro.
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2.1.1.4 Possible downstream targets of FoxO1/3/4 transcription factors

Notch signaling

Recent studies have identified a number of pathways, which bias tissue stem cell
self-renewal, proliferation and differentiation like PI3K-AKT, PTEN and Notch (Ehm et
al., 2010; Groszer et al., 2001; Imayoshi et al., 2010; Paling et al., 2004; Yilmaz et
al., 2006). To gain insight into the molecular mechanisms by which the FoxO1/3/4
transcription factors may regulate adult neural stem cells a set of potential target
genes and signaling pathways were analyzed.

FoxO and Notch were shown to cooperate to regulate progenitor cell maintenance
and differentiation in muscle cells (Kitamura et al., 2007). Quantitative RT-PCR
(gPCR) was performed for Notch signaling target genes Hes1, Hes5 (hairy enhancer
of split), NFIA (nuclear factor | A), NFIX (nuclear factor | X) and ASCL1 (achaete
scute complex homolog 1). The Hes genes are repressor-type basic helix-loop-helix
(bHLH) genes, which play an important role in nervous system development
(Bertrand et al., 2002, Kageyama et al., 2007). Hes proteins of the Hes1/5/7 family
repress proneural gene expression and thereby inhibit neuronal differentiation
(Jarriault et al., 1995; Jarriault et al., 1998; Kageyama et al., 1997). NFIA and NFIX
are members of the transcription factor family nuclear factor one (NFI), which have
been shown to be critical regulators of the embryonic hippocampus (Heng et al.,
2012; Piper et al., 2010). NFIA regulates, for example, gliogenesis of the embryonic
spinal cord, is responsible for proper cortical glia development, and represses the
Notch effector Hes1 (Deneen et al., 2006; Piper et al.,, 2010; Shu et al., 2003;
Subramanian et a., 2012). NFIX deficiency leads to abnormal morphologies in the
adult dentate gyrus, defects in hippocampal dependent learning and memory and
was recently shown to be critical for neural stem cell quiescence (Harris et al., 2013;
Martynoga et al., 2013). ASCL1, also known as Mash1 (mammalian achaete scute
homolog-1) in mammals, is a proneuronal gene and belongs to the activator-type
bHLH transcription factors. ASCL1 for example not only induces neuronal-specific
gene expression but also inhibits glia-specific gene expression (Nieto et al., 2001;
Tomita et al., 2000). RNA was isolated from neurospheres and transcribed into
cDNA. gPCR was performed to analyze the expression via the AACi-method (Figure
212). The mRNA expression of Hes1 was significantly increased (fold
change=1,64+0,12; p-value=0,0099), while the expression of Hes5 was drastically
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decreased in FoxO1/3/4 KO cells (fold change=0,11+0,05; p-value=0,0425). NFIA
and NFIX mRNA expression were both significantly decreased by 50% in FoxO1/3/4
KO cells (NFIA: fold change=0,3940,11; p-value=0,0057; NFIX: fold
change=0,55+0,14; p-value=0,0487). ASCL1 mRNA expression is slightly increased
but not significantly in FoxO1/3/4 KO cells (fold change=1,27+0,19; p-value=0,14).

B Figure 2.12: qPCR of
qPCR FoxO1/3/4 WT vs FoxO1/3/4 KO Cells potential FoxO1/3/4 target
genes.
A Experimental paradigm for
- gPCR. Fox01/3/4"™ neural
stem cells were cultivated as
neurospheres, transduced
. with either a GFP/Cre-
expressing retrovirus  to
induce FoxO1/3/4 KO or with
a GFP-expressing retrovirus
as control. Neurospheres
, : were split into single cells
Hes1 Hes5 NFIA NFIX ASCL1 and FACsorted. RNA was
isolated from FoxO1/3/4 KO
cells and control cells. B Diagram of gPCR data depicted as fold changes in mRNA expression
calculated via AACymethod; n=3. Hes1 mRNA expression is significantly increased in FoxO1/3/4 KO
cells while Hes5, NFIA and NFIX mRNA expression are decreased.
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In summary, the expression of genes for stem cell quiescence like Hes5 and NFIX
was decreased in FoxO1/3/4 KO cells in vitro, as well as genes, which promote glial
differentiation (NFIA, NFIX), while a tendency to an increase in the expression of a
proneuronal gene could be observed (ASCL1).

GPR17 signaling
Two recent studies implied the possibility that GPR17 signaling might be regulated

via FoxO signaling and that the high proliferative phenotype observed in this study in
vitro in FoxO1/3/4 KO cells is caused subsequently by changes in GPR17 signaling
due to the loss of FoxO1/3/4 (Huber et al., 2011, Ren et al., 2012). Ren et al. showed
in ChIP experiments that FoxO1 binds to the GPR17 promoter; in addition, they
showed in in vitro experiments with Neuro2A cells an increase in GPR17 receptor
expression due to enriched FoxO1. They further revealed that an in vivo KO of
FoxO1 in AgRP (Agouti Related Peptide) neurons (hypothalamic neurons; critical for
initiating food intake) results in a reduction of GPR17 expression. Huber et al.
showed that inhibition of GPR17 signaling by the GPR17 antagonist Montelukast
stimulates proliferation in adult hippocampal rat neural progenitor cells. These
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observations raised the hypothesis that GPR17 might be a direct target of FoxO
transcription factors in adult neural stem cells and that the elevated proliferation level
in FoxO1/3/4 KO cells is caused by a FoxO mediated reduction in GPR17 signaling.
To validate this hypothesis expression of the GPR17 receptor was analyzed in vivo.
Immunohistochemical analysis revealed that GPR17 receptor expression was
reduced in B-gal® recombined cells of FoxO1/3/4 KO animals compared to FoxO1/3/4
WT animals (figure 2.13 A), which is consistent with the report that GPR17 is a direct
target of FoxO transcription factors.

To study whether FoxO KO resulted in altered GPR17-dependent proliferation, the
behavior of cultured FoxO KO cells under Montelukast treatment was analyzed. First,
a bulk assay was performed. 50000 cells were seeded in a 25 cm? culture flask in 5
ml medium under proliferative conditions (with growth factors) and with or without
Montelukast. 7 days later, neurospheres were harvested and dissociated into single
cells. Total numbers of cells were counted and normalized to untreated control cells
(Figure B’). Total cell number of FoxO1/3/4 KO cells was significantly increased
compared to control cells (p-value=0,0012). Montelukast treatment doubled total cell
number in case of control cells, but not significantly (p-value=0,3301), while total cell
number of FoxO1/3/4 KO cells was not changed under Montelukast treatment.

To analyze proliferation in more detail, neurosphere assays were performed. Cells
were seeded into the wells of a 96-well-plate at a density of 200 cells per 200 pl of
medium. Cells were cultured in the presence and absence of Montelukast. After 7
days numbers and diameters of formed neurospheres were determined (Figure 2.13
B”). FoxO1/3/4 KO cells formed more neurospheres under control conditions (control
cells: 62,3341,85%; FoxO1/3/4 KO cells: 77,35+0,61 %; p-value=0,0371).
Montelukast treatment increased neurosphere formation significantly in WT cells but
not in FoxO1/3/4 KO cells. The diameters of formed neurospheres were similar under
all conditions and cell types (Figure 2.13 B™”).
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Figure 2.13: GPR17 signaling is altered in Fox01/3/4 KO cells.

A Confocal pictures of the adult dentate gyrus of FoxO1/3/4 WT and KO animals 28 days after KO
induction (28 dpt) imaged with a 40x objective and stained with antibodies against p-gal and GPR17
receptor. Expression of the GPR17 receptor is reduced in B-gal” recombined cell in FoxO1/3/4 KO
animals compared to B-gal” cells in FoxO1/3/4 WT animals. Scale bar £ 10 ym. B Example pictures of
formed control and FoxO1/3/4 KO neurospheres under control condition and Montelukast treatment
imaged with a fluorescent microscope. B’ Diagram of total cell number of control and FoxO1/3/4 KO
cells with or w/o Montelukast, normalized to control cells under control condition. Total cell number of
control cells was increased due to Montelukast treatment, while total cell number of FoxO1/3/4 KO
cells didn’t change; n=2. B” Diagram of 96-well-plate neurosphere assays with or w/o Montelukast.
Proliferation of control cells was significantly increased with Montelukast treatment in 96-well-plate
neurosphere assay. Montelukast couldn’t further increase proliferation of the FoxO1/3/4 KO cells; n=2.
B’’’ Diagram of diameters of formed neurospheres with or w/o Montelukast. Average diameters of
formed neurospheres were similar under all conditions in both cell types; n=2.

In summary, both Notch targets and GPR17 signaling might be downstream of FoxO
transcription factors and therefore effectors of FoxO signaling, responsible for the
observed phenotype of the FoxO1/3/4 KO.
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21.5 Impaired dendritic, synaptic and mitochondrial morphology of

FoxO1/3/4 deprived cells in vivo

FoxO transcription factors have not been analyzed regarding a potential function in
neuronal growth and maturation of adult-born dentate granule neurons. To address
this question the morphology of adult-born dentate granule neurons was studied in
the context of FoxO1/3/4 KO. Retroviral injections into the dentate gyrus of adult
FoxO1/3/4*" and FoxO1/3/4" mice were performed to target single cells and induce
the KO of FoxO1/3/4 (Tashiro et al.,, 2006). Retroviral particles transduce only
dividing cells and target reliably fast proliferating precursor cells in the adult dentate
gyrus. The FoxO1/3/4 KO was achieved by stereotactic injections of a retrovirus in
both hemispheres. The retrovirus (CAG-GFP-IRES-Cre) encoded bicistronically for a
Cre-recombinase and the green fluorescence protein (GFP) to label the cells. This
retrovirus was co-injected with a retrovirus coding for a mitochondrially-targeted
dsRED (mito-dsRed) (CAG-IRES-mito-dsRed). This strategy not only induced the KO
auf FoxO1/3/4, but also allowed detailed analysis of dendrite morphology, spine
formation and mitochondrial distribution or shape in double transduced cells.
FoxO1/3/4"™! animals injected with the same combination of retroviruses were used
as controls. The experimental paradigm is schematically depicted in Figure 2.14.
Injections of retroviruses into the dentate gyrus were performed at P56. Mice were
sacrificed 21 or 42 days after retroviral injection (21 dpi, 42 dpi; dpi & days post

injection).
V4
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Figure 2.14: Scheme of experimental paradigm for morphology analysis of Fox01/3/4 KO cells.
Double injections of a Cre-expressing retrovirus (CAG-GFP-IRES-Cre) and a mito-dsRed expressing
retrovirus (CAG-IRES-mito-dsRed) into the dentate gyrus of FoxO1/3/4™ and FoxO1/3/4""™" animals
to analyze the effect of the triple conditional KO of FoxO1/3/4 on morphology of adult born granule
neurons. Mice were analyzed either after 21 days post injection (21 dpi) or 42 days post injection (42
dpi).
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2.1.5.1 Morphology changes in 21-day-old newborn neurons deficient for
FoxO1/3/4 in the adult dentate gyrus

The first time point to be analyzed was 21 days post injection (21 dpi). The GFP
expression of the CAG-GFP-IRES-Cre retrovirus was used to identify the transduced
cells.

First, the maturation level of the 21-day-old new neurons was analyzed via DCX
expression. Immunohistochemistry was performed with antibodies against GFP and
DCX (Figure 2.15 D). The amount of GFP* FoxO1/3/4 KO cells, which were still DCX
positive, was significantly higher than in the GFP" cells of FoxO1/3/4 WT animals
(FoxO1/3/4 WT cells: 65,2+15,74 %; FoxO1/3/4 KO cells: 82,0+3,46 %; p-
value=0,026) (Figure 2.15 E), indicating that maturation of FoxO 1/3/4 deficient
neurons was protracted or stalled.

To estimate the size of the dendritic tree, a maximal dendrite extension analysis was
performed (Krzisch et al., 2013). Fully mature dentate granule cells extend dendrites
up to the hippocampal fissure. The distance soma to hippocampal fissure was
defined as the distance from the position of the cell soma in the dentate gyrus
orthogonally to the hippocampal fissure of the hippocampal formation. The size of the
cells at 21 dpi, the length of the cells from cell soma to the tip of its longest dendrite
(maximum extension) was measured and put into relation to the distance soma to
hippocampal fissure. (Figure 2.15 A, B). At least 50 cells per animal were analyzed
via confocal images. The calculated ratio was depicted as cumulative numbers of
cells in percentage (Figure 2.15 C). The cumulative plot of the maximum dendritic
extension index of FoxO1/3/4 KO cells was shifted to the left indicating that FoxO
deletion resulted in a dendritic growth defect (Two-Way-Anova: p-value
=0,00000018).
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Figure 2.15: FoxO1/3/4 KO cells were more immature than FoxO1/3/4 WT cells 21 dpi.

A Schematic illustration of the ratio maximum extension of cell relative to distance soma to
hippocampal fissure. B Example pictures of a FoxO1/3/4 WT and a FoxO1/3/4 KO cell (both retroviral
transduced with CAG-GFP-IRES-Cre due to stereotactic injections into the dentate gyrus) taken with a
40x objective of a confocal microscope. Scale bar £ 10 um. C Diagram of cumulative representation
of relative dendritic extension. FoxO1/3/4 KO cells were determined as significantly shorter than
FoxO1/3/4 WT cells, indicated by the shift to the left of the data line of the FoxO1/3/4 KO cells relative
to the data line of the FoxO1/3/4 WT cells; n=3. D Confocal images taken with a 40x objective of the
dentate gyrus of a FoxO1/3/4"™ and a Fox01/3/4™ animal. GFP-labeling indicated cells transduced
with a CAG-GFP-IRES-Cre retrovirus due to stereotactic injections. Co-expression W|th DCX was
analyzed. D Diagram of numbers of DCX'/GFP" cells in FoxO1/3/4"™" and Fox01/3/4"" animals.

Significantly more FoxO1/3/4 KO cells still express the immature marker DCX compared to FoxO1/3/5
WT cells; n=3.
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Next, the morphology of FoxO1/3/4 KO cells 21 dpi more in detail. Confocal images
were taken and double-transduced (GFP* and mito-dsRed”) cells were analyzed
regarding total dendritic length, branch points, Sholl intersections, number of
mitochondria and volume of mitochondria (Figure 2.16). Consistent with the results of
the maximum dendritic extension analysis the total dendritic length of the FoxO1/3/4
KO cells (936,91£175,28 pm) was significantly (p-value=0,0377) reduced vs.
FoxO1/3/4 WT cells (1225,76+£78,18 um) (Figure 2.16 D) (Figure 2.15 C). In addition,
the primary dendrite, which is defined as the dendrite that originates from the cell
soma and ends at the first branch point of the cell, was significantly shorter in the
FoxO1/3/4 KO cells (FoxO1/3/4 WT cells: 24,39+13,11 ym; FoxO1/3/4 KO cells:
7,511£5,33 ym; p-value=0,0012) (Figure 2.16 E). KO cells frequently did not have a
single primary dendrite but two dendrites, which originated from the cell soma. The
KO of FoxO1/3/4 did not affect the number of branch points (FoxO1/3/4 WT cells:
9,93+2,43; FoxO1/3/4 KO cells: 10,2+2,95) (Figure 2.16 F). The Sholl analysis, which
depicted the numbers of intersections relative to distance of the cell soma, reflected
the changed morphology of the FoxO1/3/4 KO cells (Figure 2.16 G). Due to the
shortened primary dendrite the first branch point was very near to the cell soma and
this lead to a shift of the curve in the Sholl analysis to the left for the FoxO1/3/4 KO
cells (p-value(Two-Way-Anova)=0,00001).
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Figure 2.16: Morphological changes in FoxO1/3/4 KO cells 21 dpi.
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Figure 2.16: Morphological changes in Fox01/3/4 KO cells 21 dpi.

A lllustration of morphological analysis of CAG-GFP-IRES-Cre and CAG-IRES-mito-dsRed double-
transduced newborn dentate gyrus neurons of FoxO1/3/4""" (FoxO1/3/4 WT) and Fox01/3/4""
(FoxO1/3/4 KO) mice 21 dpi. Confocal images, taken with a 63x oil objective; scale bar £ 10 ym. B
lllustration of morphological reconstruction of respectively one of the double transduced cells depicted
in A with the software Imaris. In green is the reconstructed filament and in red the reconstructed
mitochondria depicted. C Blow-ups of respectively one dendrite and the corresponding mitochondria.
D - | Diagrams of morphology analysis regarding total dendritic length (D), length of primary dendrite
(E), number of branch points (F), Sholl analysis (G), number of mitochondria (H) and mitochondrial
volume (I) 21 dpi; n=3. FoxO1/3/4 KO cells were significantly shorter and had with significance a
shortened or doubled primary dendrite. The FoxO1/3/4 KO did not affect number of branch points. The
number of mitochondria per dendrite length (termed as mitochondrial density index) was significantly
reduced whereas the mitochondrial volume per dendrite length (termed as mitochondrial volume
index) was significantly increased in the FoxO1/3/5 KO cells compared to the WT cells.

Due to the double transduction with GFP and mito-dsRed mitochondrial morphology
in 21-day-old newborn neurons could be analyzed. The soma of the cells was
excluded from the analysis since the density of the mitochondria is very high in the
soma and could not be reliably quantified. The number of mitochondria was counted
and put into relation to the total dendritic length of each cell to exclude differences
due to varying cell length. This ratio was defined as mitochondrial density index. The
mitochondrial volume was also calculated and related to the total dendritic length of
each cell. This ratio was defined as mitochondrial volume index. The analysis
revealed a significant decrease in mitochondrial density in the FoxO1/3/4 KO cells
(15,71+3,38 mitochondria per 100 ym dendrite length) compared to the FoxO1/3/4
WT cells (19,54£2,85 mitochondria per 100 ym dendrite length) (p-value=0,0095). In
contrast the mitochondrial volume of the FoxO1/3/4 KO cells (21,61+14,95 pm3 per
100 um dendrite length) was significantly increased twofold compared to FoxO1/3/4
WT cells (10,81+3,66 pm® per 100 pm dendrite length) (p-value=0,0396).

In summary, 21-day-old FoxO1/3/4 KO cells revealed to be more immature and
shorter compared to 21-day-old FoxO1/3/4 WT cells. Furthermore the FoxO1/3/4 KO
cells showed a changed primary dendrite outgrowth and had less mitochondria;
however, mitochondria in FoxO1/3/4 KO neurons were substantially bigger.

2.1.3.2 Morphology changes in 42-day-old newborn neurons deficient for
FoxO1/3/4 in the adult dentate gyrus

The second time point to be analyzed was 42 dpi. Under physiological

circumstances, 42-day-old cells are mature and integrated into the existing circuitry
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(Jagasia et al., 2009). Again CAG-GFP-IRES-Cre and CAG-IRES-mito-dsRed double
transduced cells were analyzed in the dentate gyrus of FoxO1/3/4"™ and
FoxO1/3/4" mice (Figure 2.17 A, B, C). The same parameters as for the 21-day-old
cells were investigated — total dendritic length, primary dendrite length, branch points,
Sholl intersections, mitochondrial density and mitochondrial volume density (Figure
217 D, E, F, G, H, I). Interestingly, total dendritic length between FoxO1/3/4 KO cells
and WT cells was comparable. (FoxO1/3/4 WT cells: 1222,29+151,06 pm;
FoxO1/3/4 KO cells: 1245,97+38,92 um). However, the primary dendrite of the
FoxO1/3/4 KO cells was still significantly reduced or absent (FoxO1/3/4 WT cells:
21,43+14,17 ym; FoxO1/3/4 KO cells: 10,94+7,55 ym; p-value=0,0162). Numbers of
branch points were comparable in FoxO1/3/4 KO and WT cells (FoxO1/3/4 WT:
8,00+£1,51; FoxO1/3/4 KO: 8,17+1,83). The Sholl analysis depicted small but
significant changes in the morphological buildup due to the shortened/doubled
primary dendrite, which were indicated by the shift to the left of the data point line of
the FoxO1/3/4 KO cells in Figure 2.17 G (p-value(Two-Way-Anova)=0,0033). In
contrast to the 21 dpi timepoint, the mitochondrial density was now comparable
between FoxO1/3/4 WT cells (29,20£2,76 mitochondria per 100 um dendrite length)
and FoxO1/3/4 KO cells (29,95+2,95 mitochondria per 100 ym dendrite length). The
mitochondrial density increased twice as much compared to 21 dpi in both groups.
The mitochondrial volume density was still significantly elevated in the FoxO1/3/4 KO
cells (33,30+17,76 per 100 um dendrite length) vs. FoxO1/3/4 WT cells (22,44+8,00
um? per 100 pm dendrite length) (p-value=0,0454).

Figure 2.17: Morphological changes in Fox01/3/4 KO cells 42 dpi.

A lllustration of morphological analysis of CAG-GFP-IRES-Cre and CAG-IRES-mito-dsRed double-
transduced newborn dentate gyrus neurons of FoxO1/3/4""™" (FoxO1/3/4 WT) and Fox01/3/4""
(FoxO1/3/4 KO) mice 42 dpi. Confocal images, taken with a 63x oil objective; scale bar £ 10 ym. B
lllustration of morphological reconstruction of respectively one double transduced cells depicted in A
with the software Imaris. In green is the reconstructed filament and in red the reconstructed
mitochondria depicted. C Blow-ups of respectively one dendrite and the corresponding mitochondria.
D - | Diagrams of morphology analysis regarding total dendritic length (D), length of primary dendrite
(E), number of branch points (F), Sholl analysis (G), number of mitochondria (H) and mitochondrial
volume (I) 21 dpi; n=3. FoxO1/3/4 KO cells showed a significantly shortened or doubled primary
dendrite. Total dendritic length, numbers of branch points and mitochondrial density was similar in
FoxO1/3/4 KO and WT cells. The mitochondrial volume per dendrite length (termed as mitochondrial
volume index) was significantly increased in the FoxO1/3/4 KO cells vs. WT cells.
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Figure 2.17: Morphological changes in FoxO1/3/4 KO cells 42 dpi.
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In summary FoxO1/3/4 KO cells continued to show changes in the morphology of the
primary dendrite. Total dendritic length and number of branch points, however, were
comparable to wildtype cells, indicating that FoxO KO cells had partially caught up
with their wildtype counterparts. Differences in mitochondria compartment were still
visible with mitochondria of the FoxO1/3/4 KO cells being bigger compared to

mitochondria in WT cells.

Finally, the synaptic integration of 42 dpi neurons was studied on the morphological
level. Dendritic spines are the morphological correlate of the excitatory glutamatergic
postsynaptic compartment. Here, spine density and the density of mushroom spines
in the apical dendrites of the newborn GFP" cells were evaluated (Figure 2.18). The
analysis revealed significantly enhanced spinegenesis in the FoxO1/3/4 KO cells.
The apical dendrites of the FoxO1/3/4 KO cells showed 20 % more spines than
FoxO1/3/4 WT cells (FoxO1/3/4 WT cells: 16,65+1,44 spines per 100 ym dendrite
length; FoxO1/3/4 KO cells: 20,14+1,36 spines per 100 ym dendrite length; p-
value=0,0379). The amount of mushroom spines, which are morphological correlate
of mature spines, was unchanged in FoxO1/3/4 KO cells (3,16+0,29 mushroom
spines per 100 ym dendrite length) compared to WT cells (3,17£0,18 mushroom
spines per 100 ym dendrite length).

A Fox01/3/4 WT 424dpi ||B

Spine Density 42 dpi

B FoxO1/3/4 WT

BFox01/3/4 KO

-
-
E |
number of spines / 100 ym
o > o S
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o
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Spine Density Mushroom Spine Density

| Fox01/3/4 KO 42 dpi |

Figure 2.18: Enhanced spinegenesis in Fox01/3/4 KO cells 42 dpi.
A Confocal images taken with a 63x oil objective and a 5x zoom of a apical dendrite of a FoxO1/3/4
WT cell and a FoxO1/3/4 KO cell 42 dpi. Scale bar £ 1 ym. B Diagram of total numbers of spines and
numbers of mushroom spines 42 dpi; n=3. FoxO1/3/4 KO cells had 20 % more spines than FoxO1/3/4
WT cells. Numbers of mushroom spines were the same in both groups.
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2.2 Transcription factor FoxG1 in adult neurogenesis

The transcription factor FoxG1 is known to play an important role in embryonic
neurogenesis (Tai & Lai, 1992; Xuan et al., 1995; Hanashima et al., 2002;
Hanashima et al., 2004; Seoane et al., 2004). In humans several mutations,
duplications and deletions in the FoxG1 gene were reported, which result in a
congenital variant of Rett syndrome of different severity (Ariani et al., 2008; Bahi-
Buisson et al., 2010; Brunetti-Pierri et al., 2011; Kumakura et al., 2013; Le Guen et
al., 2011; Mencarelli et al. 2013; Takagi et al., 2013). Thus, regulated FoxG1 dosage
and activity is crucial for proper brain development. Shen et al. showed that FoxG1
haploinsufficiency leads to impaired neurogenesis in the postnatal hippocampus. The
majority of early postnatally generated neurons in the FoxG1 deficient dentate gyrus
do not survive, and precursor proliferation and differentiation of adult born granule
cells is affected (Shen et al., 2006). A conditional mouse mutant, in which FoxG1 was
perinatally and early postnatally removed from the hippocampal primordium and its
derivatives showed malformation of the postnatal dentate gyrus; FoxG1 deletion
appeared to particularly impact on subgranular zone formation (Tian et al., 2012).
The subgranular zone was lost and the secondary radial glial scaffold was disrupted,
which lead to impaired migration of granule cells. The role of FoxG1 for adult
neurogenesis has not been systematically evaluated before; considering the severe
phenotypes caused by the mutations and duplications of the FoxG1 gene in humans,

the focus was set on evaluating a gain of function regarding the FoxG1 gene.

221 FoxG1 expression in the adult dentate gyrus

FoxG1 mRNA was reported to be expressed in the adult neurogenic niches (Shen et
al., 2006). Immunohistochemical stainings in the hippocampus with an antibody
against FoxG1 revealed expression of FoxG1 in the dentate gyrus and the CA
regions (Tian et a., 2012). Immunohistochemistry using a commercially available
antibody against FoxG1 confirmed the expression of FoxG1 in the dentate gyrus and
the CA1, CA2 and CAS3 regions of adult mice (Figure 2.19). In the dentate gyrus,
FoxG1 expression was found to be stronger in cells occupying the lower layers of the
dentate gyrus.
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Figure 2.19: FoxG1 is expressed in
the adult dentate gyrus.

Confocal images taken with a 10x or
a 40x objective of the dentate gyrus
of a wild type mouse (C57/BI6). Scale
bar £ 10 ym. FoxG1 is expressed in
i the dentate gyrus and CA1, CA2 and
CA3 regions of the hippocampal
formation.

Stage specific markers were used to define the expression pattern of FoxG1 in the
adult dentate gyrus of 2-month-old C57/BI6J mice. Antibodies against Sox2, GFAP,
TBR2, DCX and Map2(a+b) were used. Cells positive for Sox2 and GFAP with a
radial glia like morphology are considered the stem cells in the adult hippocampal
neurogenic lineage (Seri et al., 2001). Co-localization analysis with FoxG1 revealed
that 96,41+2,94 % of the Sox2"GFAP" cells were weakly positive for FoxG1 (Figure
2.20 A, D). TBR2 is a marker for transit amplifying progenitor cells (Hodge et al.,
2008). Only 48,73+5,63 % of the TBR2" cells was weakly positive for FoxG1 (Figure
2.20 B, D). Almost all DCX" immature neurons expressed FoxG1 (97,52+2,83 %)
(Figure 2.20 C, D). The expression level of FoxG1 was higher in this cell population
compared to the neural stem cells and transit amplifying progenitors (Figure 2.20 A,
B, C). Map2(a+b) is a marker for mature neurons. There is almost no overlap
between the DCX" and Map2(a+b)” cell populations (Figure 2.20 C). 43,74+11,81 %
of the Map2(a+b)” cells were FoxG1" (Figure 2.20 C, D). FoxG1 expression was low
or absent in the Map2(a+b)” cells (Figure 2.20 C). In summary, immunofluorescent
analysis showed that FoxG1 was expressed from adult neural stem cells to immature
neurons, albeit the expression level is varying between the stages.
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Figure 2.20: Co-localization analysis of FoxG1 with stage specific markers.
A, B, C Confocal images with a 63x oil or 40x objective of immunohistochemistry performed on brain
slices of 8-week-old C57/BI6J mice. Antibodies against Sox2, GFAP, TBR2, DCX, Map2(a+b) and
FoxG1 were used. Scale bar £ 10 ym. D Diagram of the numbers of the co-localization analysis; n=3.
Nearly all of the Sox2"GFAP" adult neural stem cells and DCX" immature neurons were positive for
FoxG1 while only around 50 % of the TBR2" transit amplifying progenitors and Map2(a+b)" mature
neurons were FoxG1".

To further define the expression pattern of FoxG1 in dentate gyrus neuronal
development, FoxG1 expression was studied in retrovirally birthdated adult-
generated neurons. A CAG-GFP retrovirus was stereotactical injected into the
dentate gyrus of 8-week-old adult C57/BI6J mice. The mice were sacrificed 3, 7, 14,
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21, 28 or 42 days post injection (dpi) (injections were performed by Mr. Fabian
Gruhn) (Figure 2.21 A). Around 90 % of all 3-day-old to 28-day-old cells expressed
FoxG1 (for example 89,38+2,24% of the 14-day-old GFP" cells expressed FoxG1),
while only 52,08+1,94 % of the 42-day-old cells were positive for FoxG1 (Figure 2.21
B).
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Dapi
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FoxG1 Expression Analysis via Retroviral Timeline

FoxG1

Figure 2.21: FoxG1
expression accor-
100 ding to a retroviral
timeline.
A Confocal images
60 taken with a 40x
objective. Scale bar
£ 10 pm. GFP*
20 cells were labeled
0 via GFP-expressing
3 dpi 7 dpi 14 dpi 21 dpi 28 dpi 42 dpi retrovirus. Mice
age of cells according to retroviral labelling were sacrificed 3, 7,
14, 21, 28, or 42 days
post injection (dpi). Co-localization with FoxG1 was analyzed. B Diagram of numbers of FoxG1" cells
according to the age of the labeled GFP" cells; n=3. Most cells were positive for FoxG1 from 3 to 28
dpi. Numbers got halved till 42 dpi.
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Summarized, FoxG1 signaling is present in stem cells, peaks in immature neurons

and is down-regulated in mature neurons.

222 Impaired survival, changes in differentiation and aberrant morphology
of newborn cells in the adult dentate gyrus due to over-expression of

an endogenous or a dominant-active mutant form of FoxG1 in vivo

Some of the severe phenotypes in humans associated with mutations in the FoxG1
gene were traced back to either duplications or gain-of-function mutations of the



Results 95

FoxG1 gene. Here, the impact of increased FoxG1 on development of adult dentate
gyrus neurons was investigated. To this end, the WT form of FoxG1 or a
constitutively active mutant form of FoxG1 was over-expressed using a retroviral
approach. The constitutively active FoxG1 mutant corresponded to a point mutant
that was found in a Rett syndrome patient (Le Guen et al., 2010). This point mutation
affects the nuclear localization signal of FoxG1. As a consequence FoxG1 is
permanently located in the nucleus and cannot be shuttled out of the nucleus,
resulting in constitutively active FoxG1 signaling. The constructions of the two
retroviruses were described in 4.2.6. The retrovirus with the endogenous form of
FoxG1 was termed CAG-FoxG1-IRES-GFP and the retrovirus with the point mutation
of FoxG1 was termed CAG-mutFoxG1-IRES-GFP. The retroviral-transduced cells
were identified by the GFP expression of the bicistronic vector constructs. The
experimental paradigm is depicted in Figure 2.22. C57/BI6 mice had 7 days free
access to running wheels, to enhance neurogenesis and the amount of cells that
could be labeled by the retroviruses. Mice were stereotactical injected with retrovirus
at the age of 8 weeks.

Qi+t 1 ¥

L 4 L 4 L 4 9
P49 P56 7 dpi 14 dpi 21 dpi 42 dpi
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CAG | RFP
* /
* /

Figure 2.22: Experimental paradigm for the FoxG1 gain of function analysis.

C57/BI6 got free access to running wheels for 7 days followed by stereotactical injections into the
dentate gyrus at P56. Double injections of either CAG-RFP and CAG-GFP (control group) or CAG-
RFP and CAG-FoxG1-IRES-GFP or CAG-mutFoxG1-IRES-GFP were performed. Mice were
sacrificed 7, 14, 21 or 42 days post injections (dpi).

Double injections with an RFP-expressing retrovirus (CAG-RFP) were performed to
control the injection efficiency and to allow for survival analysis. The control group
was injected with CAG-RFP and CAG-GFP retroviruses. The second group was
injected with CAG-RFP and CAG-FoxG1-IRES-GFP retroviruses; the third group was
injected with CAG-RFP and CAG-mutFoxG1-IRES-GFP retroviruses. Mice were
sacrificed 7, 14, 21 or 42 dpi.
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At first the expression of the CAG-FoxG1-IRES-GFP and CAG-mutFoxG1-IRES-GFP
retroviruses was tested. Retrovirus-transduced cells expressing GFP (termed below
as FoxG1-GFP" and mutFoxG1-GFP*) almost always showed a much stronger
nuclear signal for FoxG1 compared to the surrounding dentate granule cells (Figure
2.23 A, B), indicating, that the CAG-FoxG1-IRES-GFP and CAG-mutFoxG1-IRES-
GFP retroviruses increased FoxG1 expression.

Al ow | | |
] Retroviral Function Validation
100
80
60
- . |

Figure 2.23: Validation of the retroviruses for the FoxG1 gain of function analysis in vivo.

A Confocal images taken with a 40x objective of the dentate gyrus of C57/BI6 mice, which were
retrovirally injected with either CAG-FoxG1-IRES-GFP or CAG-mutFoxG1-IRES-GFP retrovirus. Scale
bar £ 10 um. B Diagram of the numbers of GFP" cells that were strongly FoxG1®. An antibody
against FoxG1 detected a much stronger FoxG1 expression in 92,4+1,49 % and 92,69+3,52 % of the
transduced GFP” cells compared to the surrounding granule neurons; n=3.
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2.2.2.1 Decreased survival due to FoxG1 gain of function

Next the survival of the GFP" cells compared to the RFP* cells was analyzed.
Immunohistochemistry with antibodies against RFP and GFP were performed in
slices of at least 3 animals of each group for each time point. Confocal pictures were
taken and the numbers of RFP™ and GFP" cells per animal were counted. The
numbers of GFP" cells were put into ratio to the RFP" cells (GFP*/RFP™) (Figure
2.24). Normalization to the first time point was performed for each group. The ratio of
GFP" to RFP” cells should stay stable over time if all cells show comparable survival
rates.
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Figure 2.24 Decreased survival of
FoxG1 and mutFoxG1 over-ex-
pressing cells in the adult dentate
yrus. A Tile scans of retroviral
injections of CAG-GFP and CAG-
RFP, CAG-FoxG1-IRES-GFP and
CAG-RFP and CAG-mutFoxG1-
IRES-GFP and CAG-RFP into the
dentate gyrus of adult C57/BI6 mice
7, 14, 21 and 42 dpi. Scale bar £
100 ym. B Diagram of ratio of GFP”
to RFP* (GFP'/RFP") cells. FoxG1-
GFP" and mutFoxG1" cells survive
worse compared to RFP" and GFP*
control cells; n=3.
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In case of the control group (CAG-GFP, CAG-RFP) the survival of the GFP" cells
was slightly impaired compared to the survival of the RFP" cells (Figure 2.24 B). The
ratio oscillated between 100£15,4 % (7 dpi) and 64,7+7,5 % (42 dpi). However, the
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differences were not significant. FoxG1 over-expression decreased the survival as
illustrated by the decrease in ratio of the FoxG1-GFP™ cells to the RFP" cells over
time from 100+38,6 % (7 dpi) to 29,2+12,3 % (42 dpi). The FoxG1-GFP" cells
showed significant impairment in survival over time compared to the corresponding
GFP" cells in the control animals (p-value(Two-Way-Anova)=0,0015). The same was
observed in the mice injected with the over-expression construct of the mutated form
of FoxG1. The ratio of the mutFoxG1-GFP* to RFP" cells decreased from 100+11,3
% (7 dpi) to 19,8+7,9 % (42 dpi) (p-value(Two-Way-Anova)=0,0005). In summary,
gain of function of FoxG1 in adult born granule neurons leads to a survival defect of

the cells.

2222 FoxG1 overexpression reduces neurogenesis and increases
oligodendrogenesis

Next the fate of the surviving FoxG1 cells was investigated. The time points 14 dpi
and 21 dpi were used for the analysis. The 42 dpi time point could not be used since
so many FoxG1-GFP" and mutFoxG1-GFP" cells already died. At least 100 GFP*
cells per animal per group were analyzed and the numbers of GFP'DCX" cells
(Figure 2.25 A, A’, B, B’), GFP*Prox1" cells (Figure 2.25 C, C’) and GFP*Sox10" cells
(Figure 2.25 D, D’) determined. 89,71+0,55 % of the GFP" cells in the control group
were DCX" at 14 dpi. In contrast, only 53,88+26,64 % of the FoxG1-GFP" cells and
60,00+£24,02 % of the mutFoxG1-GFP" cells were DCX" (p-value(FoxG1)=0,12; p-
value(mutFoxG1)=0,11). At 21 dpi the amount of DCX" cells in the GFP" control
group dropped to 64,04+12,78 %. The DCX" cells within the FoxG1-GFP* and
mutFoxG1-GFP" cells decreased further to 25,91+13,08 % (p-value(FoxG1)=0,0181)
and 24,77+1,86 % (p-value(mutFoxG1)=0,0121), respectively. At 14 dpi 99,34+0,57
% of the GFP" cells in the control group were Prox1®. Only 57,14+8,3 % of the
FoxG1-GFP" cells and 55,10+6,69 % of the mutFoxG1-GFP" cells were Prox1*. The
difference between control group and mutFoxG1 group was significant (p-
value=0,0072). Interestingly enough, a tendency to an increase in Sox10" cells within
the FoxG1-GFP" and mutFoxG1-GFP" cells was observed. Only 2,3+2,99 % of the
GFP" control cells was Sox10" while 24,37+22,2 % and 30,41+2,97 % of the FoxG1-
GFP" cells and mutFoxG1-GFP" cells were positive for Sox10. Overall these data
suggest that less of the still surviving cells differentiated into neurons and more into
oligodendrocyte precursors.
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Figure 2.25: Changed differentiation of FoxG1 and mutFoxG1 over-expressing cells.

A - D Confocal images of retroviral injections of CAG-GFP and CAG-RFP, CAG-FoxG1-IRES-GFP
and CAG-RFP and CAG-mutFoxG1-IRES-GFP and CAG-RFP into the dentate gyrus of adult mice 14
and 21 dpi. Scale bar £ 10 ym. Immunohistochemistry with neuronal markers for DCX and Prox1
revealed decreased neuronal differentiation in FoxG1-GFP* and mutFoxG1-GFP" cells compared to
GFP" cells in the control group (A’, B’, C’). Instead more of the FoxG1-GFP" and mutFoxG1-GFP”
cells differentiated into oligodendrocyte precursor cells indicated by Sox10 expression (D’).

2.2.2.3 FoxG1 over-activity results in aberrant morphology

FoxG1 over-expressing and mutFoxG1 over-expressing cells showed massive
morphology defects (Figure 2.26 A). While the control cells started to differentiate
into neurons with an apical process and developed a mature dendritic tree between
14 dpi to 42 dpi, around 80 % of the FoxG1-GFP" cells and of the mutFoxG1" cells
showed an aberrant and highly variable morphology (Figure 2.26). For example
78,07+3,38 % of the FoxG1-GFP" cells were morphological impaired 14 dpi (Figure
2,26 A). Cells showed a high degree of morphological aberration: some were short or
had no dendrites, some developed a dendritic tree towards the hilus, and some cells
appeared to be caught in a neuroblast stage. Examples were depicted in Figure 2.16
B. Supporting the assumption the morphological impairment was caused by the gain
of function of FoxG1 is the observation that directly next to the FoxG1-GFP" and
mutFoxG1-GFP™ cells RFP-only” cells developed a normal neuronal morphology
(indicated in Figure 2.26 by triangular arrows).

The performed gain of function analysis lead to the assumption that proper timed
FoxG1 expression is critical for survival and maturation of adult born granule cells in

the dentate gyrus

Morphology Analysis - number of cells with aberrant Figure 2.26: Aberrant morph°|°gy of FoxGf1
morphology due to FoxG1 or mutFoxG1 OE and mutFoxG1 over-expressing cells in the
adult dentate gyrus.
A Diagram of numbers of FoxG1-GFP* and
mutFoxG1-GFP" with impaired morphology 14, 21
and 42 dpi. A majority of cells were
morphologically impaired due to the FoxG1 gain of
function in the adult dentate gyrus. B Example
pictures of morphologically normal developed
GFP® and RFP® control cells compared to
morphologically impaired FoxG1-GFP* and
mutFoxG1" cells 14, 21 and 42 dpi. Cells with
aberrant morphology were depicted by arrows and
14 dpi 21 dpi 42 dpi regular developed RFP-only” cells by triangular
HCAG FoxG1-IRES-GFP CAG mutFoxG1-IRES-GFP | grrows. Confocal images taken with a 40x oil
objective. Scale bar £ 10 um.
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Figure 2.26: Aberrant morphology of FoxG1 and mutFoxG1 over-expressing cells in the adult dentate gyrus.
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223 No phenotypic changes in newborn cells in the adult SVZ after over-
expression of an endogenous or a dominant-active mutated form of

FoxG1 in vivo

The role of FoxG1 in the second adult neurogenic niche — the SVZ — has not been
evaluated in detail. From in situ hybridizations expression of FoxG1 was expected in
the SVZ and RMS of adult mice (Shen et al., 2006). Therefore also an impact of
FoxG1 on SVZ neurogenesis was anticipated. Immunohistochemistry for FoxG1 was
performed and SVZ and RMS analyzed via confocal microscopy (Figure 2.29). In
contrast to the known transcriptional expression of FoxG1 in SVZ and RMS from the
in situ hybridization data, there were only few cells in the SVZ positive for FoxG1
protein, while cells in the RMS were completely devoid of FoxG1 protein. Importantly,
FoxG1 expression in the corresponding dentate gyrus on the same sagittal mouse
brain slice was clearly visible, demonstrating that the lack of FoxG1 immunoreactivity
was not the result of a technical problem with the immunofluorescent staining

procedure.

Figure 2.27: FoxG1 is not
expressed in SVZ and
RMS of adult mice.
Confocal images of the
SVZ, RMS and corre-
sponding dentate gyrus of
an adult mouse 10 days
after stereotactical injection
with a CAG-RFP retrovirus
taken with a 40x objective.
Scale bar £ 10 pm.
Antibody staining for
FoxG1 revealed virtually no
expression in cells from
SVZ and RMS, while cells
in the striatum and the
dentate gyrus were positive
for FoxG1.

Dapi

Since the phenotype in the gain of function analysis in the adult dentate gyrus was so
severe, gain-of-functions experiments were performed for the adult SVZ. Again
stereotactic injections of the FoxG1 over-expression and the mutFoxG1 over-
expression retroviral constructs (CAG-FoxG1-IRES-GFO, CAG-mutFoxG1-IRES-
GFP) together with a RFP expressing retroviral construct (CAG-RFP) were
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performed (see experimental paradigm in Figure 2.27). A control group of animals
were injected with the CAG-GFP and CAG-RFP retroviruses. The injections were
applied this time into the RMS of both hemispheres in C57/BI6 mice at P56. The mice
were sacrificed 10 days later for analysis

V4
5

P56

C57/BI6J

CAG | RFP
+ /
+ /

+

Figure 2.28: Experimental paradigm for the gain of function analysis of FoxG1 in the RMS.
C57/BI6 mice were stereotactical injected into the RMS with either the FoxG1 over-expression
retroviral construct (CAG-FoxG1-IRES-GFP) or the mutFoxG1-over-expression retroviral construct
(CAG-mutFoxG1-IRES-GFP) each together with an RFP-expressing control retrovirus (CAG-RFP) as
internal control. A control group of animals was injected with GFP expressing retrovirus (CAG-GFP)
and RFP expressing retrovirus. The animals were sacrificed 10 days post injections (10 dpi). The
SVZ, two positions within the RMS (RMS 1 and RMS 2) and the olfactory bulb (OB) were analyzed.

Brains were cut into 50 uym thick sections and immunohistochemistry with antibodies
against GFP, RFP and FoxG1 was performed on slices of at least 3 different animals
for each of the 3 groups. Confocal pictures were taken and analyzed regarding
migration and survival of the transduced cells. Surprisingly both the FoxG1-GFP*
cells and the mut-FoxG1" cells migrated properly through the rostral migratory
stream (RMS) to the olfactory bulb (OB) (Figure 2.27). No differences to the RFP*
internal control cells or the GFP™ cells in the control group could be detected. The
survival of the cells seemed to be as well unaffected by the gain of function of
FoxG1, as there were high numbers of FoxG1 over-expressing neurons present
(cells not count).
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Figure 2.29: Normal migration of FoxG1 over-expressing and mutFoxg1 over-expressing cells
from SVZ over RMS to the OB in adult mice.

Confocal pictures of the SVZ, RMS 1, RMS 2 and OB of C57/BI6 mice 10 days post stereotactical
injections into the RMS of CAG-RFP and CAG-GFP resp. CAG-FoxG1-IRES-GFP resp. CAG-
mutFoxG1-IRES-GFP retroviruses. Images were taken with a 40x or 20x objective. Scale bar £ 10
um. FoxG1-GFP" and mutFoxG1-GFP” cells migrated properly from the SVZ over the RMS to the OB.
No migration of survival defects could be determined.

Newly generated cells of the SVZ neural stem cells differentiate into neuroblasts and
migrate through the RMS to the OB. One of the markers expressed by neuroblasts is
DCX. DCX expression was analyzed in the FoxG1 over-expressing and mutFoxG1-
overexpressing cells compared to the RFP* and GFP” cells of the control animals in
the RMS (Figure 2.28). Contrary to the data gathered in the dentate gyrus the
FoxG1-GFP" and mutFoxG1-GFP" cells showed normal DCX expression (cells not

count). No differences were found between the groups.
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Figure 2.30: Normal DCX expression in FoxG1 and mutFoxg1 over-expressing cells in the RMS
of adult mice 10 dpi.

Confocal images of the RMS of C57/BI6 mice 10 days post stereotactical injections into the RMS of
CAG-RFP and CAG-GFP resp. CAG-FoxG1-IRES-GFP resp. CAG-mutFoxG1-IRES-GFP
retroviruses. Images were taken with a 40x or 20x objective. Scale bar £ 10 pm.
Immunohistochemistry with antibodies against GFP, RFP and DCX was revealed normal DCX

expression of Foxg1-GFP" and mutFoxG1” cells compared to RFP* and GFP" control cells.

In summary, a gain of function regarding the transcription factor FoxG1 revealed no
impact on survival, migration behavior or differentiation in adult born cells of the SVZ.
This finding was in stark contrast to the effects of FoxG1 overexpression on the adult
hippocampal neurogenic niche, indicating that the two neurogenic niches had

different sensitivity to increased FoxG1 activity.



66 Discussion

3 Discussion

3.1 FoxO transcription factors in stem cell maintenance and neurogenesis

in the adult brain

In the first part of this thesis the role of FoxO1, FoxO3 and FoxO4 in adult
neurogenesis was investigated. These transcription factors were evaluated in a triple
conditional KO regarding their part in stem cell maintenance, proliferation and
neuronal differentiation in hippocampal neurogenesis of adult mice.

Analysis of FoxO conditional knockout mice from adulthood to aging showed a
transient increase in the amount of recombined cells directly after the KO induction,
followed by a gradual depletion of FoxO-deficient cells from the neurogenic lineage.
BrdU pulse labeling studies revealed that FoxO-deletion transiently enhanced
proliferation but in the long-run resulted in decreased proliferative activity. These
observations demonstrate that FoxOs play an important function in long-term
maintenance of adult hippocampal neurogenesis through control of the proliferative
capacity in the adult hippocampal neurogenic niche. A function for FoxOs in the
control of adult neural stem cells was previously suggested based on the findings
that embryonic/developmental FoxO deletion affected neurogenesis in the adult
subventricular zone and dentate gyrus (Paik et al., 2009; Renault et al., 2009). The
phenotype of the present adult neural stem cell specific FoxO KO mice provides for
the first time unequivocal proof for a key function of FoxO transcription factors in the
control of proliferation and maintenance of neural stem cells in the adult hippocampal

neurogenic niche.

Potential mechanisms conferring FoxOs function in stem cell proliferation and

maintenance

Adult neural stem cells are predominantly in a quiescent state. There is evidence that
precise control of quiescence is crucial for long-term maintenance of a functional
stem cell pool (Ables et al., 2010; Mira et al., 2010; Gao et al., 2011), as quiescence
appears on one hand to prevent excessive proliferation and depletion and on the
other hand to protect stem cells from accumulating oxidative damage associated with
high proliferative and metabolic activity. The present finding that excessive

proliferation of adult neural stem cells following FoxO deletion results in stem cell
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depletion provides further support for the importance of quiescence for long-term
maintenance of the stem cell population.

FoxOs may control stem cell maintenance by directly controlling proliferation and
protection of stem cells from oxidative damage. In order to give rise to new neurons
quiescent stem cells need to enter into cell cycle and to progress through G1 (gap
phase 1), S (DNA synthesis), G2 (gap phase 2) and M (mitosis) phase. The transition
from one phase to the next is under stringent control by a complex set of regulatory
proteins (reviewed by Sherr et al., 1996 and Sherr & Roberts, 1999). A key function
in cell cycle regulation is ascribed to the PI3K-Akt pathway, which operates upstream
of FoxOs and negatively controls their transcriptional activity. PI3SK-Akt pathway
activity is critical for the recruitment of quiescent stem cells into proliferation. Groszer
and colleagues, for example, showed that loss of the negative PI3K-Akt-pathway
regulator PTEN results in significantly enhanced proliferation of neural
stem/progenitor cells (Groszer et al., 2001). Similarly, Bonaguidi and colleagues
demonstrated that stem cell specific deletion of PTEN was sufficient to induce the
proliferation of stem cells in the adult dentate gyrus (Bonaguidi et al., 2011).

FoxO transcription factors are negatively regulated by the PI3K-Akt-pathway.
Intriguingly, one of the first functions discovered for FoxOs was their ability to
regulate G1 to S phase transition via transcriptional regulation of p27<*! (Dijkers et
al., 2000a; Medema et al.,, 2000). FoxOs positively regulate the transcriptional
expression of p27"*!, which blocks cell cycle progression at G1 phase. Hence, the
loss of FoxO transcription factors might have led to an insufficient expression of
p27""" and in further consequence to a decreased block of the G1/S phase transition.
Notably, lack of p27*P" was found to result in a selective increase of transit-amplifying
progenitors in SVZ adult neurogenesis, illustrating the importance of p27<*! in
proliferation in adult neurogenic niches (Doetsch et al., 2002).

FoxOs were also shown to induce cell cycle arrest via down regulation of Cyclin D1
and D2 independently from p27**" (Schmidt et al., 2002). Expression of FoxOs leads
to reduced protein expression of Cyclin D1 and D2 and is associated with an
impaired capacity of CDK4 (cyclin-dependent-kinase 4) to phosphorylate and
inactivate the S phase repressor pRb (retinoblastoma protein). Progression from G1
to S phase is among others regulated by the combined actions of the G1 cyclin/CDK
complexes (Ekkholm & Reed, 2000; Sherr & Roberts, 1999). Thus, lack of FoxOs
may have resulted in the de-repression of Cyclin D1 and D2 expression, increased
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CDK4 inactivation of the S phase repressor pRb and consequently promotion of cell
cycle progression. These regulatory mechanisms might have contributed to the
observed increase in proliferation directly after loss of FoxOs in the adult dentate
gyrus.

Le Belle and colleagues showed that endogenous ROS levels are high in proliferative
neural stem cells (Le Belle et al., 2011). ROS are oxygen free radicals that are highly
reactive towards proteins, lipids and DNA. UV light, ionizing radiation but also normal
aerobic cell metabolism, like growth factor induced activation of enzyme complexes
such as NADH oxidase, cause the formation of ROS (reviewed by Finkel & Holbrook,
2000). In case of excessive damage due to ROS or ineffective detoxification, cell
death (apoptosis) is triggered. FoxOs are activated in response to oxidative stress
caused by reactive oxygen species (ROS) (Brunet et al., 2004; Furukawa-Hibi et al.,
2002). FoxOs protect cells from cell death by up-regulating genes involved in ROS
detoxification like SOD2 (superoxide dismutase 2) or CAT (catalase)) and genes
involved in cell cycle arrest (Gadd45) (Brunet et al.,, 2004; Furukawa-Hibi et al.,
2002). The activation of FoxOs in response to oxidative stress was shown among
others to be mediated by deacetylation through SIRT1 (sirtuin 1) or by activation via
JNK (Jun-N-terminal kinase), which lead to the translocation of FoxOs to the nucleus
(Essers et al., 2004; Salminen et al., 2013; Sunters et al., 2006). As a consequence
FoxO target genes are expressed, which induce cell cycle arrest and resistance to
oxidative stress. It is therefore tempting to speculate that tight control of ROS levels
through FoxOs significantly contributes to mediating stem cell self-renewal and stem
cell maintenance and that loss of FoxOs may have led to an insufficient initiation of
detoxification and quiescence; cell cycle progressed and apoptosis was finally
initiated, which contributed to the observed loss of FoxO deficient cells over time.
This is in line with previous data from Tothova and colleagues in hemapoetic stem
cell homeostasis (Tothova et al. 2007). They revealed increased ROS levels,
increased cycling and apoptosis due to the loss of FoxOs.

An interesting observation was, that the FoxO-deficient cells alone were not
responsible for the direct increase in proliferation but that potentially non-recombined
stem cells and their progeny contributed to the transient hyperproliferation
phenotype. This observation suggests that the FoxO deficient cells may initiate a
signaling cascade, which led to the proliferation of cells in the surrounding.
Malmersjo and colleagues showed that embryonic stem cell-derived neural
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progenitors form networks exhibiting synchronous calcium ion (CA?*) activity, which
stimulate cell proliferation (Malmersjo et al., 2013). Inhibition of this network activity
suppressed proliferation. Loss of FoxO and the resulting increase in proliferation
might change the calcium signaling activity of the recombined cells so that the
proliferation of other non-recombined cells, which are part of the network, is also

increased.

Potential target genes and signaling pathways mediating FoxOs function in stem cell

proliferation and maintenance

This study unraveled new candidate downstream targets of FoxOs in aNSCs. It was
found that members of the bHLH (basic-helix-loop-helix) family of transcription
factors such as Hes1, Hes5 and ASCL1 were differentially expressed in FoxO
deficient cells. In general, bHLH transcription factors fulfill numerous functions
through embryonic and adult neurogenesis, including transcriptional regulation of
neural fate commitment, subtype specification, migration and axon guidance
(reviewed by Bertrand et al., 2002 and Guillemot et al, 2007). Genome-wide analysis
revealed further that the bHLH gene family is required for adult neurogenesis and
neuronal regeneration (Cowles et al., 2013). The Hes (hairy enhancer of split)
transcription factors belong to the repressor type bHLH transcription factors. They
are important downstream targets of Notch signaling, a signaling pathway critical for
maintaining stem cell quiescence in the early postnatal and adult brain. Loss of Notch
signaling transiently increases cell proliferation and neurogenesis, but it leads finally
to loss of the neural stem cell pool (Ables et al., 2010; Breunig et al., 2007; Ehm et
al., 2010; Imayoshi et al., 2010). Hes genes repress pro-neural genes like ASCL1
and inhibit neuronal differentiation (Chen et al., 1997). Overexpression of Hes genes
in mouse embryos was shown to inhibit neurogenesis and maintain neural stem cells
(Ohtsuka et al., 2001). Here it was found that the loss of FoxOs in adult neural stem
cells in vitro led to a major decrease in the expression of Hes5 and, surprisingly, a
strong increase in the expression of Hes1, while ASCL1 was slightly increased.
Webb and colleagues showed that FoxO3 inhibits ASCL1-dependent neurogenesis
and thereby contributes to preserve the neural stem cell pool (Webb et al., 2013).
These findings raise the possibility that proliferation and increased neurogenesis
were at least in part the consequence of decreased expression of Hes5, which

resulted in impaired stem cell quiescence, and in increased expression of the pro-
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neural bHLH factor ASCL1, which promoted differentiation of precursors and thereby
exhausted the proliferation capacity of the hippocampal niche too early. The elevated
levels of Hes1 may reflect the possibility that Hes1 is not a direct target of FoxOs and
that Hes1 was up-regulated by FoxO-deficient cells in an effort to compensate for the
reduced Hes5 expression.

Two members of another group of transcription factors were also differentially
expressed in FoxO deficient neural stem cells. NFIA (nuclear factor | A) and NFIX
(nuclear factor | X) were strongly down-regulated in vitro. NFIA was previously found
to be required for the onset of gliogenesis by driving the transcription of glia specific
genes like Glast and GFAP in the cortex and the hippocampus (Barry et al., 2008;
Deneen et al., 2006; Piper et al., 2010). It was further shown that induction of the
Notch pathway results in the activation of NFIA expression and that NFIA promotes
gliogenesis by repressing the Notch effector gene Hes1 (Piper et al., 2010).
Additionally, NFIA KO mice show elevated Hes1 expression in the telencephalon
during embryogenesis (Shu et al., 2003) and the promoter region of the Hes1 gene
contains a cluster of conserved NFI binding sites (Piper et al., 2010). NFIX was
recently reported to control the quiescent state of NSCs (Martynoga et al., 2013).
Martynoga and colleagues performed RNA-sequencing of neural stem cells in
culture, which were forced into quiescence by exposure to BMP4. They showed that
quiescence was associated with a high increase in NFIX expression, while NFIA and
the other two NFI family members (NFIB, NFI) were down regulated, suggesting a
role of NFIX to initiate or maintain the quiescent state. The down regulation in vitro of
NFIX due to the loss of FoxOs might have contributed to the loss of quiescence and
increase in proliferation and neurogenesis. In summary, it is very interesting that
several of the differentially expressed genes in FoxO ablated stem cells are bona fide
Notch target genes. This raises the promising possibility that the observed stem cell
phenotype following FoxO deletion is caused by a modulation of the Notch signaling
pathway. This assumption is supported by data from Kitamura and colleagues, which
showed that FoxO and Notch pathways interact biochemically and functionally to
control differentiation in muscle cells (Kitamura et al., 2007).

The present study also provided first evidence that the hyperproliferative phenotype
may be the consequence of dysregulated GPR17-dependent signaling. GPR17 was
recently suggested as a direct transcriptional target of FoxO1 (Ren et al., 2012).
GPR17 is a leukotriene receptor, whose expression has been reported in neural
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progenitor cells and neural stem cells (Huber et al., 2011). Huber and colleagues
showed that inhibition of GPR17 signaling via the competitive receptor inhibitor
Montelukast increased neural progenitor proliferation in vitro, indicating that GPR17-
dependent signaling negatively regulates NSC proliferation. Intriguingly, Montelukast
treatment did not increase proliferation of FoxO-deficient neural stem cells, raising
the possibility that FoxO deletion altered GPR17-dependent signaling. Analysis of the
recombined FoxO-deficient cells in vivo indeed revealed that loss of FoxO strongly
reduced the expression of the GPR17 receptor in the hippocampal neurogenic niche.
Collectively, these observations suggest that the loss of FoxOs led to a decrease in
GPR17 receptor expression, which in turn resulted in decreased inhibition of
proliferation, loss of quiescence and increase in proliferation and neurogenesis in

vitro and in vivo.

Potential signaling pathways compensating the loss of FoxO phenotype

Cultured FoxO-deficient adult neural stem cells showed intriguing differences in
behavior compared to their in vivo counterparts. Similar to the behavior of FoxO-
deficient NSCs in vivo, ablation of FoxOs led to an increase in proliferation and
neurogenesis in cultured NSCs. The observed depletion of FoxO-deficient cells over
time, however, and the decrease in stem cell activity in aged FoxO-deficient mice
was not seen in vitro. Instead, hyperproliferation persisted in vitro over several
passages and did not decrease at any point of the observation period. These
observations raised the possibility that the in vivo neurogenic niche provided signals
restricted the hyperproliferative phenotype of FoxO-deficient cells.

Two members of the TGFB-superfamily were shown to be critical for the regulation of
stem cell quiescence and neurogenesis throughout lifetime. TGFB signaling was
shown to be associated with stem cell quiescence in the hippocampal niche in adult
mice (Kandasamy et al., 2010). Previous data indicate that TGF signaling is able to
reduce stem cell proliferation (Buckwalter et al., 2006; Kandasamy et al., 2010,
Wachs et al., 2006). In addition, it was shown in aged mice that increased TGFf
expression strongly inhibits hippocampal neurogenesis (Buckwalter et al., 2006).
Furthermore, a previous study showed complex formation of FoxOs and Smad
proteins, which were activated by TGFB signaling, to cooperatively induce the cell
cycle inhibitor p21°?" to reduce proliferation of neuroepithelial and glioblastoma cells.
The ability of FoxOs to directly interact with the TGF pathway to control proliferation
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raises the possibility that FoxOs and TGF@ signaling depend on each other to
precisely control neural stem cell homeostasis (Seoane et al., 2004). With this, loss
of FoxOs may have led to a reduced ability of TGF@ signaling to block cell cycle and
maintain quiescence. Mira and colleagues revealed that BMPs (bone morphogenic
proteins) are potent regulators balancing NSC quiescence and proliferation to
prevent loss of the stem cell activity (Mira et al., 2010). They showed that BMP
receptors are active in quiescent neural stem cells but not in non-quiescent neural
precursors in the adult hippocampus. Loss of BMP signaling transiently increases
proliferation but later leads to a reduced number of precursors. Hence, BMP and
TGFB signaling appear to be important keepers of stem cell quiescence. Most
strikingly, cultured FoxO-deficient neural stem cells were still amenable to the anti-
proliferative effects of BMP/TGFB signaling. Moreover, the FoxO deficient cells
showed active BMP and TGF[ signaling both in the young adult and the aged
hippocampal niche in vivo. These observations raised the possibility that the
observed mild proliferation phenotype in FoxO-deficient cells in the adult dentate
gyrus, which is contrary to the strong increase in proliferation and neurogenesis in
vitro, might be due to the activity of BMP/TGF@ signaling in vivo. BMP/TGF(
signaling might restrict the proliferation of FoxO-deficient neural stem cells in vivo.

3.2 FoxO transcription factors and their role in morphological maturation
of newborn cells in the adult dentate gyrus

Intrinsic mechanisms and extrinsic cues regulate the maturation and synaptic
integration of newborn neurons in the dentate gyrus (Ming & Song, 2011). The
newborn cells start to extend dendritic processes two to five days after cell birth.
Within the first two to three weeks extensive dendritic and axonal growth takes place;
the development of first spines can be detected approximately 16 days after neuronal
birth  and the new neurons receive glutamatergic inputs from axosomatic,
axodendritic and axospinous synapses (Toni et al., 2007; Zhao et al., 2006). The full
maturation of dendrites and spines of the newborn cells takes approximately six
weeks (Ge et al., 2008; Marin-Burgin et al., 2012; Schmidt-Hieber et al., 2004).
Retroviral labeling of newborn cells allowed the analysis of the morphological
maturation of FoxO-deficient cells in the adult hippocampus. FoxO KO cells showed
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delayed maturation. 21 days after their birth total dendritic length of FoxO KO cells
was reduced and they showed prolonged expression of DCX - a marker for immature
neurons, which is down regulated during neuronal maturation (Brown et al. 2003). At
42 days FoxO-deficient cells were comparable to control cells with regard to their
total dendritic length and dendritic complexity. A majority of the FoxO-deficient cells,
however, displayed a peculiar dendritic phenotype and bore an extremely shortened
primary dendrite; in some cases they lacked the typical single primary dendrite and
instead extended two dendrites from the soma. Thus, FoxO knockout resulted in
delayed maturation and aberrant dendritic patterning.

Huynh and colleagues showed that FoxO1 forms a complex with SnoN1 and directly
binds to the DCX promoter to repress DCX. The repression of DCX mediates the
ability of SnoN1 to the regulate branching in primary neurons and migration of
granule neurons of the cerebellar cortex of postnatal rats (Huynh et al., 2011). DCX
has been implicated as a critical player in neuronal morphology and inhibition of DCX
function stimulates branching of processes in neurons (Kappeler et al., 2006). Due to
the loss of FoxOs, maturing neurons may fail to properly repress DCX expression,
which might explain the observed prolonged DCX expression in newborn FoxO-
deficient cells; impaired dendritic growth may also be a consequence of dysregulated
DCX expression as DCX was found to repress dendrite branching (Kappeler et al.,
2006). FoxOs were further reported to orchestrate neuronal polarity in hippocampal
and cortical granule neurons via the downstream target Pak1 (p21-activated kinase
1) and they are required for axon outgrowth in primary cerebellar granule neurons
during development (Christensen et al., 2011; de la Torre-Ubieta et al., 2010).
Localized Pak1 expression in a single neurite was shown to be critical to define the
future axon in primary hippocampal neurons (Jacobs et al., 2007). Similar regulatory
mechanisms might be responsible for the observed crucial reduction in the primary
dendrite resp. the duplicated primary dendrite, if Pak1 expression has a related
function in defining the primary dendrite as it has in defining the future axon. Further
analysis is necessary to determine the underlying mechanisms and also if there are
any functional impairments of newborn neurons due to the morphological alterations

and to the delayed maturation sequence.
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3.3 FoxO deficiency affects the mitochondrial compartment in newborn
neurons- hints towards a new mechanism underlying FoxO dependent

neuronal development

Mitochondria are multifunctional organelles: next to being the main site for the
generation of the energy-yielding molecule ATP (adenosine triphosphate), they are
important for Ca®* buffering, (B-oxidation of lipid acids, and for the regulation of
apoptosis (reviewed by McBride et al., 2006). Mitochondria are emerging players in
the control of neuronal development, where they have been found to control
dendritogenesis, axonogenesis, and synaptogenesis (reviewed by Cheng et al.,
2010).

Interestingly, the present study revealed alterations in the mitochondrial compartment
of FoxO-deficient neurons. Specifically, it was found that the number of mitochondria
was decreased in young FoxO-deficient newborn neurons. Moreover, it was found
that mitochondria were enlarged in both immature and mature FoxO deficient adult-
born neurons. While the decreased number of mitochondria in immature neurons
may reflect the maturation delay (Steib, 2013), the fact that mitochondria were
enlarged in immature and mature FoxO-deficient neurons indicates potential defects
in mitochondrial homeostasis.

Mitochondria change their shape constantly by fusion and fission, which is correlated
with their bioenergetics function (reviewed by Chan, 2006 and Mannella, 2008). The
morphologies of mitochondria range from small roundish elements to larger
interconnected networks. E.g. before cells enter S phase of cell cycle, which is a
highly energy costing process, mitochondria become hyperfused and increase their
ATP production (Mitra et al., 2009). Therefore morphological changes of
mitochondria may imply defects in mitochondrial function. To date no function in
fusion and fission was revealed for FoxO transcription factors except that FoxO3 KO
mice showed enhanced mitochondrial fission in cardiomyocytes (Wang et al., 2012a).
It is therefore unlikely that the enlarged mitochondria in the FoxO-deficient cells,
which would rather argue for enhanced fusion, are caused by a direct transcriptional
effect of FoxOs on the fusion and fission dynamics.

Mitochondrial size is influenced not only by mitochondrial fusion and fission
processes but is also dictated by the integrity of the mitochondrion. Enlargement of
mitochondria has been observed in post-mitotic neurons of the ageing brain. Such
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mitochondrial enlargement is hypothesized to be the consequence of accumulation of
ROS during the lifetime of the cell or defects in mitochondrial fission (Vanneste & van
den Bosch de Aguilar, 1981). As FoxO deficient cells were shown to have elevated
ROS levels (Paik et al., 2009), mitochondrial enlargement in FoxO-deficient newborn
neurons may reflect premature mitochondrial damage via elevated ROS.

The presence of enlarged mitochondria may also point at defects in the autophagy
pathway, as it has been suggested that large mitochondria are less efficiently
removed via autophagy than small ones (Brunk & Terman, 2002). Autophagy is an
evolutionary conserved process, during which cytoplasmic material and organelles
including mitochondria are segregated into autophagosomes, which in turn are
degraded within autolysosomes. The continuous elimination of dysfunctional proteins
and damaged organelles via autophagy is necessary to prevent the accumulation of
abnormal proteins, which can disturb cellular function. Moreover, autophagy serves
to provide nutrients and cellular building blocks under metabolic stress (Levine et al.,
2008). Defects in autophagy affect the intracellular communication and contribute to
neurodegeneration (Komatsu et al., 2006). More recently, autophagy has also been
linked to stem cell function: thus, impairing autophagy via ablation of the pro-
autophagic gene FIP200 results in a progressive loss of the neural stem cells in the
postnatal brain (Wang et al., 2013). Moreover, there is circumstantial evidence that
autophagy is essential for neuronal morphogenesis and synaptogenesis (Komatsu et
al., 2007; Liu & Shio, 2008).

Intriguingly, recent studies implied FoxOs as mediators of autophagy (Mammucari et
al., 2007; Zhao et al., 2007a). FoxO3 was found to be both necessary and sufficient
to induce autophagy in skeletal muscle fibers by inducing autophagy-related genes
like LC3 and the Bcl2-related autophagy regulator.

Overall, these observations suggest that the enlargement of mitochondria may be
related to FoxO-deficiency induced mitochondrial damage and FoxO-deficiency
induced impairment in autophagy of damaged mitochondria. Given the emerging key
function of mitochondrial function to neuronal morphogenesis and synaptogenesis,
the present results raise the intriguing hypothesis that FoxO-deficiency impedes on

neurogenesis via impairment of the mitochondrial compartment.
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3.4 Transcription factor FoxG1 — dosage and niche dependent regulator of

adult neurogenesis?

In the second part of this thesis the role of the transcription factor FoxG1 in adult
neurogenesis was analyzed. Retroviral timeline and stage specific marker analysis
revealed a specific expression pattern of FoxG1 in the adult hippocampal neurogenic
lineage. FoxG1 is expressed in neural stem cells, transit amplifying progenitors and
immature neurons, whereas only a fraction of mature dentate gyrus neurons express
FoxG1. Differences were detected in the level of FoxG1 expression between the
different stages during the process of neurogenesis. The highest levels of FoxG1
were found in immature neurons, while lower FoxG1 expression was observed in
stem cells and transit amplifying progenitors. These observations raised the
hypothesis that proper timing and dosage of FoxG1 may be the control of adult
hippocampal neurogenesis.

Previous studies revealed that loss or haploinsufficiency of FoxG1 affected multiple
steps of postnatal neurogenesis in the hippocampal niche including survival,
proliferation, differentiation and migration of postnatally generated granule neurons
(Shen et al., 2006; Tian et al., 2012). Here, forced expression of WT FoxG1 and
dominant active FoxG1 led to a massive decrease in survival of newborn dentate
granule cells. The surviving cells showed a severe impaired morphology. Neuronal
differentiation was diminished, while oligodendrogenesis was increased. Thus, both
loss and gain of function of FoxG1 have detrimental effects on adult born cells in the
dentate gyrus. Collectively the gain and loss of function phenotypes demonstrate not
only that FoxG1 is indispensable for adult neurogenesis, but also that the proper
timed expression of FoxG1 and the FoxG1 dosage are equally important.

The precise mechanism through which FoxG1 affected fate choice, neuronal
morphogenesis, and survival remains to be established. Until now only few FoxG1
target genes have been identified. In the ectoderm of the developing xenopus
embryo FoxG1 was shown to regulate positively neuronal differentiation by
controlling the expression of NGNR-1 (Neurogenein-related-1) (Bourguignon et al.,
1998). Interestingly, the same study revealed opposing effects of FoxG1 in
dependency of FoxG1 dosage. High levels of FoxG1 lead to decreased neuronal
differentiation as observed in this study, while low doses of FoxG1 promotes

neuronal differentiation.
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A recent study by Miyoshi and Fishell linked FoxG1 function to morphological
transitions of neuronal precursors / immature neurons in cortical development. These
authors demonstrated that the dynamic expression of FoxG1 coordinates the
integration of multipolar pyramidal neuron precursors into the cortical plate (Miyoshi
& Fishell, 2012). FoxG1 is down-regulated at the beginning of the multipolar cell
phase and re-expressed when cells exit the multipolar cell phase and enter into the
cortical plate. In the absence of down-regulation of FoxG1, migration to the cortical
plate was delayed and the laminar identity of the cells was switched; while lack of re-
expression of FoxG1 upon entrance into the cortical plate resulted in reversion of
cells to the early multipolar phase. Consistent with the importance of proper timing
and dosage of FoxG1 in cortical development, tight regulation of the expression level
of FoxG1 in the adult hippocampal neurogenic lineage may be crucial for the
development of new dentate gyrus neurons. Low expression levels of FoxG1 in
progenitor cells might be necessary to allow for neuronal differentiation, which may
explain the negative impact of FoxG1 hyperactivity on neuronal fate choice.
Moreover, impaired morphological development due to the FoxG1 gain of function in
this study may eventually be a consequence of a missing down-regulation.

An interesting finding was that in contrast to the massive effect of FoxG1 on dentate
gyrus neurogenesis, FoxG1 gain of function did not lead to any obvious phenotypic
changes in SVZ neurogenesis. FoxG1 overexpressing neuroblasts migrated normally
along the RMS to the olfactory bulb, where they changed their migration mode and
migrated radially towards the neuronal layers of the olfactory bulb. The molecular
basis for the differences in the effect of FoxG1 gain of function on adult SVZ and
dentate gyrus neurogenesis remains to be determined. Adult SVZ and dentate gyrus
neurogenesis share a number of regulatory features and principles; yet, there is
growing evidence that each neurogenic zone is also subject to niche specific
regulatory factors (Bracko et al., 2012). Such niche specific regulation seems logical
as neurogenesis in the adult SVZ and adult hippocampal neurogenesis produces
distinct neuronal subtypes: dentate gyrus neurogenesis produces only glutamatergic
neurons, while neurogenesis in the SVZ generates a large number of GABAergic,
and a comparably small number of dopaminergic and glutamatergic neurons. The
transcriptional code underlying the generation of these different neuronal subtypes is
likely to be highly distinct and may include and exclude FoxG1 in the case of dentate
gyrus neurogenesis and SVZ neurogenesis, respectively. Indeed, haploinsufficiency
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of FoxG1 was shown to not affect postnatal SVZ neurogenesis (Shen et al., 2006).
Moreover, this study found that while FoxG1 mRNA is expressed in both adult
neurogenic niches (Shen et al., 2006), FoxG1 protein is only detectable in the
hippocampal neurogenic lineage, indicating that FoxG1 is subject to distinct
posttranslational regulation in the adult neurogenic niches. Determining these
posttranslational mechanisms as well as their regulation in distinct neuronal subtype
lineages and their impact on neuronal development will shed light on the function of
FoxG1 in the regulation of adult neurogenesis, especially in the context of niche
dependent neuronal cell type differentiation.

3.5 FoxG1 and the congenital form of Rett syndrome

In humans mutations of FoxG1 including disruption of the DNA binding domain,
duplications, deletions, frameshift mutations, truncating and missense mutations
were found to be associated with the congenital form of Rett syndrome (Ariani et al.,
2008; Brunetti-Pierri et al., 2011; Jacob et al., 2009; Kumakura et al., 2013; Le Guen
et al., 2011a and 2011b; Mencarelli et al., 2010; Papa et al., 2008; Perche et al.,
2013; Takagi et al., 2013). The consequences are microcephaly, epilepsy, severe
mental retardation, absent language, dyskinesia, corpus callosum hypogenesis,
simplified gyral pattern and reduced white matter volume (Kortum et al., 2011;
Guerrini & Parrini, 2012). Interestingly, the different human mutations in FoxG1
causing the congenital variant of Rett syndrome represent both gain and loss of
function mutations and lead to similar phenotypic outcomes, indicating once again
that precise FoxG1 dosage and timing are crucial for neurogenesis.

With the results of this study and others some of the phenotypes are at least partially
explainable. FoxG1 was reported to be involved in maintaining neural stem cell
maintenance in the embryonic forebrain (Fasano et al., 2009; Yadirgi et al., 2011),
progenitor proliferation in the telencephalon (Manuel et al., 2011; Yip et al., 2012)
and self-renewal of medullablastoma stem cells (Manoranjan et al., 2013); FoxG1
promotes the survival of post-mitotic neurons (Dastidar et al; 2011 and 2012) and
coordinates the integration of multipolar pyramidal neuron precursors into the cortical
plate (Miyoshi & Fishell, 2012). FoxG1 was shown to promote neurogenesis
(Brancaccio et al., 2010). Here, additional insight into the pathophysiology of FoxG1-
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dependent Rett-syndrome was provided showing that FoxG1 regulates survival and
neuronal differentiation in adult neurogenesis.

The vast majority of Rett-syndrome cases are caused by mutations in the MECP2
gene (Methyl-CpG binding protein 2). Mutations in this gene affect neuronal
development and plasticity of inhibitory and excitatory neurons (Fukuda et al., 2005;
Matarazzo et al., 2004; Nelson et al., 2011). Interestingly, the present study raises
the possibility that FoxG1 mutations may in particular affect neurogenesis of specific
neuronal subtypes, e.g. glutamatergic neurons, while leaving neurogenesis of other
neuronal subpopulations, such as GABAergic neurons, intact. Investigating such
differential effects of FoxG1 mutations on distinct neuronal populations would be of
high clinical relevance, in particular as there is emerging evidence that patients with
FoxG1 mutations present with clinical features that are distinct from the clinical
features of classical Rett-syndrome patients, who carry mutations in MECP2 (Pratt et
al., 2013).
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3.6 Conclusions

In summary, the first part of the presented study revealed that FoxO transcription
factors are modulators of adult hippocampal stem cell maintenance and
neurogenesis. They regulate stem cell homeostasis potentially via downstream
targets known from the Notch pathway and interfering with other signaling
mechanisms like TGF and GPR17. The different in vitro and in vivo results suggest
that in vivo the effects of loss of FoxO signaling are partially compensated via other
pathways like BMP or TGFf up to mid adulthood. The full impact comes into effect in
aging as adult ablation of FoxOs lead to loss of the FoxO deficient cells and
decreased proliferation and neurogenesis in aged mice, suggesting that
compensating mechanisms were lost during aging or that compensation of the loss of
FoxOs was incomplete and therefore resulted in protracted appearance of loss-of-
neurogenesis. In addition, indications were acquired that FoxOs play a role in
neuronal maturation and survival by maintaining important cellular functions like
regulation of mitochondrial ROS production and autophagy.

The second part of the presented study revealed a crucial role for the transcription
factor FoxG1 in survival and neuronal differentiation in adult hippocampal
neurogenesis. Most importantly, the collected data revealed that the function of
FoxG1 is dependent on dosage and timing. Interestingly, manipulations of FoxG1
expression in SVZ neurogenesis did not have major impact on neuronal
development, which raises the hypothesis that precise expression of FoxG1 is crucial
only for the generation of specific neuronal subtypes.

Taken together, the presented data provided further insight into the regulatory
mechanisms underlying stem cell homeostasis and adult neurogenesis. FoxOs and
FoxG1 are associated with ageing and neurodegeneration and neurodevelopmental
disorders, respectively. Hence, the new insights provided by this work promote
further the understanding of the molecular and cell biological basis underlying age-
associated brain dysfunction, neurodegeneration and neurodevelopmental disorders
and may thereby support the development of new strategies for neural repair.
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4 Material and Methods

41 Material
4.1.1 Chemicals and reagents

1 kb DNA ladder

100 bp DNA ladder
Antibiotic-Antimitotic (100x)
Accutase

Albumin from bovine serum (98%)
Ampicillin

Atipamezol (Antisedan®)
B-Mercaptoethanol

B27 supplement

BrdU

Bovine serum albumin (2 mg/ml)
Buprenorphine (Temgesic®)
DAPI dilactate

DMEM/F-12 Glutamax

DMEM with high glucose/GlutaMax/Hepes

DNA agarose

dNTPs (10mM)

D-PBS (-CaCL?, -MgCI?)

EBSS (Earls Balanced Salt Solution)
EDTA

EGF (Epidermal Growth Factor)
EtBr (1 mg/ml)

EtOH (100 %)

FCS

Fentanyl (Fentanyl®)

FGF-2 (Fibroblast Growth Factor 2)
Flumazenil (Anexate®)

Geneticin

HBSS

HBSS (Hanks Balanced Salt Solution)

New England Biolabs
Fermentas
GIBCO/Invitrogen
Millipore
Sigma-Aldrich
Sigma-Aldrich
Pfizer

Sigma
GIBCO/Invitrogen
Sigma

Pierce

Essex Pharma
Sigma-Aldrich
GIBCO/Invitrogen
GIBCO/Invitrogen
Biozym
Fermentas
GIBCO/Invitrogen
GIBCO/Invitrogen
Sigma-Aldrich
Life Tech

Roth

Merck
GIBCO/Invitrogen
Janssen-Cilag
Pepro Tech

Hexal
GIBCO/Invitrogen
GIBCO/Invitrogen
GIBCO/Invitrogen
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HCI (32 %)

HEPES (1 M)
Hyaluronidase
Isopropanol (96 %)

KCI

Lipofectamine 2000
Laminin

Medetomidine (Dormitor®)
MeOH (100 %)

Midazolam (Dormicum®)
NaAc

NaOH

NEAA (100x)

Normal Donkey Serum
Opti-MEM | Reduced serum medium
PFA

Poly-D-Lysine

Puromycin

RNase A (from bovine pancreas)
Sodium-Pyruvate (100x)
Sucrose

Tamoxifen

Tris-Base

Triton X-100

Trypsin

Trypsin-EDTA (0.05 %)

4.1.2 Enzymes and enzyme buffers

5 PRIME Master Mix (2.5x)
Antarctic phosphatase (5 U/pl)
Antarctic phosphatase buffer
Buffer NEB2

Buffer NEB4

Merck
GIBCO/Invitrogen
Sigma

Merck

Merck

Invitrogen
GIBCO/Invitrogen
Pfizer

Merck
Hoffmann-La Roche
Merck

Merck
GIBCO/Invitrogen
Chemicon
GIBCO/Invitrogen
Roth

Sigma

Sigma

Serva
GIBCO/Invitrogen
Sigma

Sigma

Sigma

Roth

Sigma
GIBCO/Invitrogen

5 PRIME

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
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Brilliant Il Fast SYBR Green
gPCR Master Mix

iProof buffer HF (5)

iProof polymerase (2U/ul)

Pmel

Sfil

T4 ligase (400 U/ul)

T4 ligase buffer with ATP (10x)

RevertAid Premium Reverse Transcriptase

RiboLock RNAse |

RT buffer (10x)

DNase

TDD buffer

Xbal

Xhol

4.1.3 Antibodies

Primary antibodies
B-galactosidase a gt (1:250)
B-galactosidase a rb (1:20)
BrdU a rat (1:200)

DCX a gt (1:250)

FoxO1 arb (1:500) (ICC)
FoxO3 a rb (1:500) (ICC)
FoxO3a a rb (1:100) (IHC)
GFAP a ms (1:1000)

GFP a chicken (1:500)
Ki67 arb (1:1000)
Map2(a+b) ms (1:250)
Prox1 arb (1:500)

RFP a rat (1:50)

Sox2 a gt (1:500)

Sox10 a gt (1:200)

Agilent

Biorad

Biorad

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
Fermentas
Fermentas
Fermentas

Quiagen

Quiagen

New England Biolabs
New England Biolabs

Abcam

Millipore

Oxford Biotechnology
Santa Cruz Biotechnologies
Cell Signaling

Abcam

Abcam

Santa Cruz Biotechnologies
Aveslab

Novacastra

Sigma

Chemicon

Prof. Dr. H. Leonhardt, LMU
Santa Cruz Biotechnologies
Santa Cruz Biotechnologies
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Secondary antibodies

Alexa 488 a chicken

Goat a chicken IgY, Biotin conjugate
Cy3 agt

Cy3 arat

Cy3arb

Cy5 a gt

CyS5arb

Cy5 ams

Cy5 a gt

Fitc a chicken

Fitc a ms

Streptavidin, Alexa Fluor® 488 conjugate

41.4 Kits

Fermentas RevertAid

First Strand cDNA Synthesis Kit
Lipofectamine™ 2000

NucleoSpin Plasmid Kit
NucleoSpin® Gel and PCR Clean-up
Pure Yield Plasmid Midiprep System
Qiashredder

QuikChange® Site-Directed Mutagenesis Kit

RNase-free DNase Set
RNeasy Mini Kit

4.1.5 Oligodeoxynucleotides

Genotyping Primers

FoxO1 forward
FoxO1 reverse
FoxO1 reverse

Jackson Laboratory
Life Technologies

Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Life Technologies

Thermo Fisher Scientific

Invitrogen
Machery-Nagel
Machery-Nagel
Promega
Quiagen
Stratagene
Quiagen
Quiagen

5-GCT TAG AGC AGA GAT GTT CTC ACATT-3
5-CCA GAG TCT TTG TAT CAG GCA AAT AA-3’
5-CAA GTC CAT TAATTC AGC ACATTG A-3’
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FoxO3
FoxO3
FoxO3

FoxO4
FoxO4
FoxO4

Glast-CreER
Glast-CreER
Glast-rerCreER1

Rosa26R-R1
Rosa26R-D1
Rosa26R-Mutant

c¢DNA Primers
Foxo1
FoxO1

FoxO3
FoxO3

FoxO4
FoxO4

qPCR Primers
ASCL1
ASCL1

Hes1
Hes1

Hes5
Hes5

forward
reverse

reverse

forward
reverse

reverse

forward
reverse

forward

forward
reverse

forward

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

forward

reverse

5-ATT CCT TTG GAA ATC AAC AAA ACT-3’
5-TGC TTT GAT ACT ATT CCA CAA ACCC-3'
5-AGATTT ATGTTC CCACTT GCT TCCT-3'

5-CTT CTC TGT GGG AAT AAATGT TTG G-3’
5-CTA CTT CAA GGA CAA GGG TGA CAG-3
5'-TGA GAA GCC ATT GAA GAT CAG-3

5-GAGGCACTTGGCTAGGCTCTGAGGA-3’
5’-GAGGAGATCCTGACCGATCAGTTGG-3
5-GGTGTACGGTCAGTAAATTGGACAT-3

5-CACACCAGGTTAGCCTTTAAGC-3
5-CAAAGTCGCTCTGAGTTGTTATC-3
5- GCGAAGAGTTTGTCCTCA-3’

5'-ACG AGT GGA TGG TGA AGA GC-3
5-CTCTTC TCC GGG GTGATT TT-3&

5'-GTCATGGGCCACGATAAGTT-3’
5'-GGGCTGCTAACAGTCTCTGC-3’

5-CCTCCTGCTGATGTCCTCAT-3’
5-TGCTGTGACTCAGGGATCTG-3

5'-GCAACCGGGTCAAGTTGGT-3’
5-GTCGTTGGAGTAGTTGGGGG-3

5-TTGCCTTTCTCATCCCCAAC-3’
5'-AAGGTGACACTGCGTTAGGA-3’

5-ACCAGCCCAACTCCAAGC-3’
5'-GCCCTCGCTGTAGTCCTG-3’



86

Material and Methods

NFIA forward 5-TTGCCATCTCCAAGCACACT-3’

NFIA reverse 5-GGTGATGCTGTGTGAATGCT-3’

NFIX forward 5-ATGCGGACATCAAACCACTG-3’

NFIX reverse 5-TCGCAACTGGAGTCTGTGAT-3’

Primers for cloning

FoxG1 forward 5-CAGCTCGAGTGATGCTGGACATGGGAG-3’
FoxG1 reverse 5-CGTATCTAGAAAAACGTTCACTTACAGTCT-3’
mutFoxG1 forward 5-CGTGAAGGTACCGTGCCACTACGACGA-3’
mutFoxG1 reverse 5-TCGTCGTAGTGGCACGGTACCTTCACG-3’
4.1.6 Organisms

1F8 cells (derived from HEK 293 GPG ells) Provided by the laboratory
C57/Bled Harland Laboratories

E. ColiTOP10 Invitrogen

FoxO1/3/4" Provided by the laboratory
FoxO1/3/4""" Provided by the laboratory
HEK 293T cells Provided by the laboratory
Glast::CreER™/B-gal(Rosa26R)/Fox01/3/4"" Provided by the laboratory
Glast::CreER™/B-gal(Rosa26R)/FoxO1/3/4"" Provided by the laboratory

4.1.7 Plasmids

pCAG GFP
pCAG GFP/CRE

pCAG GFP-IRES-Cre
pCAG IRES-mitodsRed

laboratory

pCAG FoxG1-IRES-GFP

laboratory

pCAG mutFoxG1-IRES-GFP

laboratory

expression vector, Amp" Zhao et al., 2006
expression vector, Amp’ Tashiro et al., 2006
expression vector, Amp" Jagasia et al., 2009
expression vector, Amp" Provided by the

expression vector, Amp" Provided by the

expression vector, Amp" Provided by the
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pCAG RFP expression vector, Amp’ Zhao et al., 2006
pKSPS pexpression vector, Amp" Provided by the
laboratory

4.1.8 Buffers and solutions

Molecular biology solutions

Agar

Ready made LB agar 32 g/l
Ampicillin 75 pug/ml
TAE (50x)

Tris Base 2420¢g
Glacial acetic acid 57.1 ml
0.5 M EDTA (pH 8.0) 100.0 ml
H20 842.9 mi

Solutins for immunohisto- and immunocytochemistry

Blocking solution brain slices

Donkey serum 1.50 ml
10 % Triton X-100 1.25 mi
TBS 50.00 ml

Blocking solution cells

Donkey serum 0.50 ml
10 % Triton X-100 0.50 ml
TBS 50.00 ml

Borate buffer 0.1M (pH 8.5)
Boric acid (MW: 61.83 g/mol) 3.0915¢
H.0 100 ml

Cryoprotectant solution
Glycin 250 ml
Ethylene glycol 250 ml
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0.1 M Phosphate buffer
HCI 2N

32 % HCI

H.O

PBS 10x (pH 7.2)
NaCl

KCI

NaxPO4

KH2PO,4

H.O

PFA 4% (pH 7.4 at RT)
PFA (dissolved by heating)
0.2 M phosphate buffer
NaOH

H.O

Phosphate buffer 0.2M

Sodium phosphate monobasic

Sodium phosphate dibasic
H.O

Sucrose 30% (4 °C)
Sucrose
0.1 M phosphate buffer

TBS 10x

NaCl

KCI

1 M Tris/HCI (pH 7.5)
H.O

500 ml

2.49 mi

9.51 ml

80.09g
20g
144 g
24¢g

800.0 ml

40 g

500 ml
1-2 tablets
500 ml

16.56 g
65.70 g
31

150 g
500 ml

80 g NaCl
24

250 ml
750 ml
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Solutions for preparing and culturing of mouse neural stem cells

Dissociation media
Solution #1
Trypsin

Hyaluronidase

Neurosphere media
DMEM F12 Glutamax
B27 supplement

PSF

HEPES

Solution #1
HBSS
Glucose
HEPES
H.O

Solution #2
HBSS
Sucrose
H.O

Solution #3
HEPES
BSA

EBSS

Solutions for retrovirus preparation

1F8 medium

DMEM with high glucose/GlutaMax/Hepes
FCS

Sodium-Pyruvate (100x)
Non-Essential-Amino-Acids (100x)

5ml
6.7 mg
3.5mg

500 ml
10 ml
5 mi

8 mM

50 ml

2749

15 mM

up to 500 ml, filter sterilized

25 ml
154 g
up to 500 ml, filter sterilized

20 mM
20 g
up to 500 ml, filter sterilized

500 ml
50 ml
5 mi

5 mi
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Packaging medium

DMEM with high glucose/GlutaMax/Hepes

FCS

Transfection medium

Opti-MEM

Viral resuspension buffer — TBS-5
1 M Tris-HCI, pH7.8

5 M NaCl

1 M KCI

1 M MgCl,

H20

4.1.9 Other material

24 well plates
Aqua-Poly/Mount
Cellstar pipettes
Counting chamber (0.0025 mm?)
Cover slips
Cryoblock mounting medium
Microliter syringes
Miniwells (60 wells)
PCR tubes
Reaction tube 15 ml
Reaction tube 50 ml
Round bottom tube 14ml
Safe lock tube 1.5 ml
Safe lock tube 2.0 ml
Superfrost Plus microscope slides
Surgical disposable scalpels
Tissue culture dishes
(100x20 mm)
Tissue culture flasks
(25 m?, 75 m?, 175 m?)

500 ml
50 ml

500 ml

20 mi

10.4 mi

4 ml

2 mi

fill up to 400 ml, filter sterilized

Falcon
Polysciences
Greiner bio-one
Neubauer
Menzel-Glaser
Medite Medizintechnik GmbH
Hamilton

Nunc

Biozym

Falcon

Falcon

Falcon
Eppendorf
Eppendorf
Menzel-Glaser

Braun

Falcon

BD BioCoat™
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4.1.10 Equipment

Hardware

Centrifuge 5415 D

Centrifuge 5417 R

FACStar Plus

Fluorescence microscope
DMI 600B

HeraCell 150 incubator

HeraCell Tissue Culture hood

Leica SP5 confocal microscope

Micro4 controller

Mini Protean: Tetra Cell

Nanoliter 2000

ND-1000 spectrophotometer
(Nanodrop)

Powersupply

Rotamax 150

Sliding microtome SM 2000R

Sorvall Evolution High Speed

Centrifuge Thermo Science
Stereotactic Instrument WPI
Thermomixer comfort Eppendorf
Zeiss LSM 710 confocal microscope Zeiss
Software
ImageJ NIH
Imaris 6.3 Bitplane
LAS AF 2.5 Leica
StepOne 2.0 Applied Biosystems
Vector NTI Invitrogen
Zen 2010 B SP1 Zeiss

Eppendorf
Eppendorf
Becton Dickinson

Leica
Kendro
Kendro
Leica
WPI
Biorad
WPI

Peqglab
Biorad
Heidolph
Leica
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4.2 Methods
4.2.1 Plasmid production

Heat shock transformation of E. coli

With the objective of plasmid amplification, 100 yl competent E. coli cells (TOP10)
were transformed with 1 pl of plasmid containing an ampicillin resistance. For this,
cells were thawed on ice before DNA was added and incubated on ice for 15 min.
Subsequent cells were heat-shocked at 42 °C for 45 sec and immediately placed
back on ice for another 15 min. 1 ml LB medium was added and cells were incubated
under agitation (350 rpm) at 37 °C for 1 h. After short centrifugation at 13,000 rpm,
supernatant except for 100 ul was discarded with which cells were resuspended and
plated on agar plates containing 75 ug/ml of ampicillin. Plates were incubated at 37
°C overnight.

Cultivation of bacteria and plasmid isolation

One colony of transformed E. coli (s. above) was picked from the agar plate and
transferred into 200 ml LB-medium containing 100 pg/ml ampicillin. Cells were
cultured at 350 rpm and 37 °C overnight. Cultures were processed with Pure Yield
Plasmid Midiprep System following manufacturer’'s protocol except for better
recovery the volume of resuspension and cell lysis solution were adjusted to 12
instead of 6 ml and of neutralization solution to 15 ml instead of 10 ml. Furthermore
the centrifugation step after neutralization was extended to 30 min. For smaller
culture volumes (5 ml) the NucleoSpin plasmid kit was used according to

manufacture’s protocol.

Determination of DNA concentration

Plasmid DNA concentration and quality was measured with a Nanodrop UV-

spectrometer.

4.2.2 Molecular cloning

Cloning PCR reaction

Cloning of cDNA was performed by PCR reaction in an Eppendorf Thermocycler
using iProof proof reading polymerase. The PCR reaction was set up according to
manufacturer’s protocol. Primers contained the gene specific 5 and 3’ sequences
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and specific restriction sites overhangs to allow cloning into the backbone of the
shuttle vector pKSPS. Template cDNA was generated from total RNA extracts from
the mouse dentate gyrus.

Restriction digest

For a restriction digest 0.5 pug plasmid DNA was mixed with 1 pl of the appropriate
enzymes (20 U/pl) (NEB) and 2 pl of the matching buffer. The digest was adjusted to
a total volume of 20 ul with water and incubated at 37°C for 2 h.

Analysis of restriction digest by agarose gel electrophoresis and gel purification

To separate and analyze DNA, agarose gel electrophoresis was performed. 1%
agarose/TAE-gel was prepared by heating the solution in a microwave oven. To
visualize DNA gels were supplemented with 0.02 pl/ml EtBr which allows the
detection of nuleic acids at A = 254 nm. The DNA solution was mixed with 6% loading
dye in order to load it on the gel and the DNA fragments were subsequently
separated in a constant electric field. The size of the DNA fragments was determined
by loading 10 ul of 1 kb DNA ladder (prepared according to the provided protocol) on
the gel with the specified digested samples. To isolate the appropriate DNA
fragment, the gel was analyzed under UV-light and the correct band was excised with
a scalpel. To purify DNA from the gel, NucleoSpin® Gel and PCR Clean-up was used
according to the manufacturer’s protocol and the DNA was eluted in 15 ul water. The

concentration was measured as described above.

Ligation

To perform a ligation 2 pl T4-Ligase and 3 pl Ligase-buffer containing ATP were
added to the appropriate mixture of digested backbone and insert. The proper ratio
was calculated by the formula:

The reaction was adjusted to 30 pl with sterile water and incubated for 2 h at RT.

Transformation of bacteria with ligation product

To transform the ligated products in bacteria the protocol described before was used,
but 15 pL of the ligation were added to bacteria, the heat shock time was extended
up to 60 sec and all bacteria were plated on a LB-Amp plate after short centrifugation
(1000 rcf).
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Identification of positive clones

To identify positive clones, single colonies were picked from the plate and were
cultivated in 3 mL overnight at 37 °C. After plasmid isolation, DNA was digested and

analyzed by agarose gel electrophoresis.

4.2.3 RNA methods

RNA isolation and DNAse treatment

Total RNA was isolated from cells, micro-dissected dentate gyrus or whole
hippocampus, by using RNeasy Mini-Kit according to the manufacturer’s protocol.
Tissue was homogenized by passing the lysate through a 20-gauge-needle fitted on
a 1 mL RNAse-free syringe until complete dissociation. For homogenization of cells
Qiashredder colums were used. Possible genomic DNA contamination was
eliminated by on-column DNAse treatment using the RNAse-free DNAse-Set
according to the manufacturer’s protocol. Isolated RNA was eluted in 30 yL RNAse-
free water and the concentration determined with a NanoDrop UV-spectrometer.
RNA was immediately used for cDNA synthesis or stored at -80 °C.

cDNA synthesis

For cDNA-synthesis 300 ng of total RNA were adjusted with RNAse-free water to a
volume of 12.5 pl. Fermentas RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific) was used according to the manufacturer’s protocol. If cDNA was
synthesized for cloning, random hexamer primer were used, for quantitative real-time
PCR (gPCR) cDNA synthesis was carried out using, oligo(dt)18 primer. cDNA was
stored at -20 °C.

Quantitative real-time-PCR (qPCR)

Quantitative RT-PCR was performed using StepOnePlusTM Real-Time PCR System.
Brilliant Il Fast SYBR Green qPCR Master Mix was used for PCR reactions
according to the manufacturer’s protocol. gqPCR primers were designed using the

software’s Primer3 (http://primer3.sourceforge.net) and NetPrimer
(http://www.premierbiosoft.com). Amplicon sizes ranged from 100-250 bp. Suitability
of gPCR Primer was analyzed by evaluation of melting curves and by determination
of the efficiency via a standard curve. For quantitative expression analysis, the
comparative CT (AACT) method was applied to determine the relative quantity of
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target sequence using a reference sample (control) and an endogenous control

target sequence.

4.2.4 Cell culture

Culturing of HEK 293T cells

HEK 293T-cells cells were cultured in DMEM (GIBCO/Invitrogen) supplemented with
Antibiotic-Antimycotic (GIBCO/Invitrogen) and FBS (PAA, 100x). Cells were
incubated at 37 °C with 5% CO2. 500 ml DMEM were supplemented with 5 mL PSF
(GIBCO/Invitrogen) and 55 ml FBS (PAA). For splitting the cells, trypsin with EDTA
(0.05%) (GIBCO/Invitrogen) was used.

Calciumchloride transfection

To test functionality of virus plasmids, HEK 293-T-cells were transfected. 50000
cells/well were plated on an uncoated but sterilized 24-well plate with glass cover
slips. Transfection was performed on the next day when cells reached 80%
confluency. 1 ug of DNA was adjusted to a volume of 547.5 pl sterile water. Then
77.5 ul CaCl, were added and mixed with a pipette. 625 pl of 2x HBSS were added
slowly and drop wise while shaking. After waiting for approximately 3 min, 100 pl of

transfection mix was put slowly in each well. Cells were fixed 48 h after transfection.

Preparation of neural stem cells from adult mouse brains

Animals were sacrificed via cervical dislocation, brains were kept in ice-cold PBS,
SVZ and HC were isolated under a binocular microscope and kept also in ice-cold
PBS. PBS was removed; the tissue was harshly resuspended in 5 ml dissociation
media and incubated for a maximum of 30 min at 37°C. After 15 min the tissue was
once more harshly resuspended. The dissociation reaction was stopped with 5 ml
solution #3. Cells were passed through a 70um strainer to remove the destroyed
tissue. After centrifugation at 1000 rpm for 10 min supernatant was removed and
cells resuspended in 10 ml ice-cold solution #2. Cells were centrifuged at 1500 rpm
for 10 min, supernatant was removed and cells were resuspended in 2 ml ice-cold
solution #3. The 2 ml cell solution was carefully added upon 12 ml ice cold solution
#3 and centrifuged at 1000 rpm for 10 min. Supernatant was removed, cells
resuspended in 8 ml neurosphere media with 160 yg EGF and FGF-2 (20 pg/ml) and
cultured in a 25 m? tissue culture flask at 37 °C and 5% CO;,
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Passaging of mouse neural stem cells (neurospheres)

Neurospheres were centrifuged at 500 rpm for 5 min, supernatant (old medium) was
removed and cells were resuspended in 1 ml Accutase ant incubated at 37°C for 5
min. After the 5 min cells were harshly resuspended by pipetting up and down to
separate the neurospheres in single cells. After centrifugation at 1500 rpm for 5 min
cells were washed two times with 5 ml PBS (resuspended in 5 ml PBS, centrifuged at
1500 rpm for 5 min). Cell pellet was resuspended in 1 ml neurosphere media and
counted in a counting chamber. The cells were than diluted either in 8 ml (50000
cells, 25 cm? tissue culture flask), or in 20 ml (200000 cells, 75 cm? tissue culture
flask) or in 40 ml (400000 cells, 175 cm’ tissue culture flask) neurosphere media with
20 pg/ml EGF and FGF-2. Neurospheres were passaged on an average of seven

days.

Single cell culture of neural stem cells — single cell neurosphere assay (NSA)

To culture a neurosphere out of a single neural stem cell, split neurospheres were
diluted 1 cell/25 pl neurosphere media with 20 pg/ml GF’s and seeded into the wells
of a 60 well miniwell plate. The miniwell plates were stored in a 15 ml tissue culture
plate with 3 ml tissue culture plates filled with Ampuwa to protect the miniwells from
dehydration and incubated at 37°C and 5% CO.,. After seeding the cells into the
miniwells the miniwells were examined under a binocular microscope/fluorescent
microscope and the wells, which contained one, or two cells were marked. After
seven days the marked miniwells were again examined under a binocular
microscope/fluorescent microscope and the number of formed neurospheres was

counted.

96-well-plate neurosphere assay (NSA)

Neurospheres were dissociated into single cells and seeded into wells of a 96-well-
plate in a density of 200 cells per 200 ul of medium under proliferative conditions (+
growth factors). A minimum of 3 wells per condition and experimental group was
used as technical replicates. After 7 days numbers of formed neurospheres were

count under a binocular microscope/fluorescent microscope.
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Differentiation of mouse neurospheres

For differentiation experiments 24-well plates with glass covers slips were coated by
overnight incubation with 50ug/ml poly-D-Lysine/water at RT, and subsequent
incubation with 5 yg/mL Laminin/DPBS at 37 °C overnight.

Neurospheres were dissociated and 100 000 cells/well were seeded in a 24-well
plate containing coated cover slips to obtain monolayer cultures. Cells were
cultivated without EGF and FGF-2 and fixed with 4% PFA/PBS after 4 days of

differentiation.

Immunocytochemistry

After 3 times washing in PBS, cells were blocked with 1% donkey serum and 0.1%
Triton-X-100 in PBS for 2h and following incubated with the respective primary
antibodies diluted in blocking solution overnight at 4 °C. Cells were washed three
times with PBS and blocked again for 30 min, and subsequently incubated with
secondary antibodies at 4°C over night. After washing cells once with PBS, cells
were put in PBS with Dapi (10 mg/ml) for 5 min and then washed a last time with
PBS. Finally, glass cover slips with cells were mounted on slides using

Aqua/PolyMount and stored at 4 °C till used for microscopy.

Retroviral transduction of mouse neural stem cells

Mouse neurospheres from FoxO1/3/4"™ mice were passaged as described above,
cells were counted and resuspended in 2 ml culture medium. Virus particles of an
GFP/Cre-expressing retrovirus or an only GFP-expressing retrovirus corresponding
to the number of counted cells were added, the cells were incubated at 37°C for 30
min until the virus particles were inactive. 6 ml of culture medium was added for
further growth. The infection was controlled after 4 - 7 days via fluorescence

microscopy.

Genotyping of mouse neural stem cells

DNA-isolation

Neurospheres were centrifuged at 500 rpm for 5 min, supernatant removed and cells
resuspended in 300 pl TE buffer. 300 pl cell lysis buffer (20 mM Tris pH 8.0, 4 mM
EDTA, 20 mM NaCl, 1% SDS) containing 20 pl proteinase K (10 mg/ml) were added
and incubated at 55°C for at least 5 hours. Afterwards DNA was extracted with 600 pl
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Phenol, centrifuged at 13000 rpm for 5 min and the aqueous phase was transferred
to a fresh eppendorf tube. DNA was further extracted with 600 yl Chloroform, again
centrifuged at 13000 rpm for 5 min and aqueous phase transferred to a fresh
eppendorf tube. The precipitation followed with 1.2 ml EtOH 75 mM NaAcetate for 30
min at 4°C. After centrifugation at 12000 rpm for 20 min at 4°C, supernatant was
removed and DNA pellet resuspended in TE containing 20 uyg/ml RNase A. The DNA

was solved over night at 4 °C and stored for further use at -20°C.

PCR

For amplification of the DNA isolated from the cells polymerase chain reaction (PCR)
was performed. DreamTaq Green Master Mix was used and prepared after following
scheme (Table 4.1).

Table 4.1 Components of PCR Master Mix for genotyping.

(K] Per PCR sample
DreamTaqg Master Mix
10x 2.5
DreamTaq 0.2
Polymerase
0,7
MgCl,

dNTPS (10mM) 0.1
H.0 19
Fwd Primer (10 yM) 0.5
Fwd Primer (10 yM) 0.5
Rev Primer (10 uM) 0.5
Master Mix 19

For each sample 20 ul of the Master Mix were pipette into a PCR tube. 1 pl of
previously prepared DNA (s. above) was added. The DNA fragment of interest to
detect either the wildtype gene or the floxed gene or the cut out gene of
FoxO1/FoxO3/Foxo4 was partially amplified in a PCR cycler using the corresponding
fwd and rev primers (s. 4.1.5). Following PCR program was used (Table 4.2).
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Table 4.2 PCR program for cell genotyping.

Step Temperature [°C] Duration
Start 95 15 min
32 cycles
Denaturation 94 30 sec
Hybridisation 55 1 min
Elongation 72 1 min
72.0 6 min
Stop 4.0

Analysis by agarose gel electrophoresis

To detect the approx. 100 - 600 bp large DNA fragments, each PCR mix was loaded
on a 2 % agarose gel. Per 100 ml gel 1.5 yl EtBr were added. The samples with a
total volume of 25 pl were subsequently loaded on the gel together with 6 pl of a 100
bp DNA ladder. DNA fragments were separated by applying a constant electric field
(120 V) for 30 - 45 min. The gel was analysed and photographed under UV-light. For
the different possible genotypes following PCR product sizes were expected (Table
4.3).

Table 4.3 Expected sizes of the genotyping PCR products

genotype wildtype [bp] floxed [bp] knocked out
FoxO1 115 149 190
FoxO3 100 138 186
FoxO4 313 555 471

4.2.5 FACsorting

Neurospheres, which were infected with either a GFP-expressing or GFP/Cre-
expressing retrovirus (as under 4.2.4 described), had to be sorted via FACS
(Fluorescence Activated Cell Sorting) to obtain a more or less homogenous GFP-
positive cell population. That for neurospheres were passaged according to 4.2.4 and
resuspended in 1 ml neurosphere media. The cell sorting was performed at a
FacStar Plus FACsorter with the help of Dr. Wolfgang Beisker. After sorting the cells
were cultured further as under 4.2.4 described.
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4.2.6 Retrovirus preparation

The pCAG GFP, pCAG IRES-GFP, pCAG GFP-IRES-Cre and pCAG RFP
retroviruses have been previously described (Jagasia et al., 2009; Tashiro et al.,
2006; Zhao et al., 2006). CAG IRES-mitodsRed was generated from the pCAG
IRES-GFP vector by replacing the GFP coding sequence with cDNA for
mitochondrial targeted Dsred (mitoDsred). For retrovirus-mediated expression of
mouse FoxG1 and a mutated form of FoxG1 (point mutation; mutFoxG1) their
respective cDNAs were cloned into the pCAG IRES-GFP to generate pCAG FoxG1-
IRES-GFP rsp. pCAG mutFoxG1-IRES-GFP. cDNA for mouse FoxG1 was
synthesized from RNA isolated from mouse dentate gyrus, cloned via the shuttle
vector pKSPS (pBluescript KS modified with a Pmel site near the Kpnl site and a Sfil
site next to the Sacll site; from Fred Gage, Salk Institute, La Jolla, USA) into the
retroviral pCAG IRES-GFP cassette. The mutated form of FoxG1 (point mutation;
mutFoxG1) was obtained via the QuikChange® Site-Directed Mutagenesis Kit

(Stratagene) according to manufacturer’s protocol.

Retrovirus production was performed with HEK 293 GPG-1F8 cells (Ory et al., 1996),
which constitutively express the gag and pol genes of MMLV. The VSVG gene is
under the control of a tetracycline responsive promoter and can be induced upon
withdrawal of tetracycline. The viral RNA is encoded by a transiently transfected
minimal retroviral expression plasmid containing the 3’ and 5 LTR of MMLV, the
retroviral packaging signal W, a primer binding site for the retroviral reverse
transcriptase and the cDNA encoding the protein of interest. Cells were maintained in
1F8 growth medium under double-selection and Tet-repression: Geneticin (100
mg/ml) to select for integrated MMLV genome, puromycin (2 mg/ml) to select for
integrated VSVG and doxycycline (10 pg/ml) to repress expression of the VSVG. For
one approach, 150 ug of the retroviral plasmid of interest and 360 pl Lipofectamine
2000 (Invitrogen) both in 9 ml OptiMEM medium were mixed and added to the
resuspended cells cultured in 2 to 3 175 cm2 flasks with 30 ml OptiMEM and 10 %
FCS. Cells were seeded on six 10 cm plates. One day after transfection, medium
was exchanged to packaging medium. Virus-containing supernatant was harvested
four times (2 d, 4 d, 6 d and 8 d after transfection) and concentrated by two rounds of
ultracentrifugation at 50,000 rcf (Tashiro et al., 2006).
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To determine titers of the produced viruses, HEK 293T cells were plated on an
uncoated but sterilized 24-well plate with glass cover slips (30000 cells/well).
Different wells with cells were transduced 1 h later with the following volumes of
virus: 0.01 pl, 0.005 pl. 0.001 pl and 0.0005 pl. Cells were fixed 72 h after
transduction and number of colony forming units (cfu) quantified to calculate virus
titers. Viral titers ranged between 1.0 x 10° and 1.0 x 10" cfu x mI” (cfu 2 colony

forming units).

4.2.7 Animals and stereotactic injections

All experiments were carried out in accordance with the European Communities
Council Directive (86/609/EEC). All mice were kept in a normal light dark-cycle (12
hours light/12 hours dark) and had free access to food and water. The age of the
mice was 8 weeks. For FoxO1/3/4 loss-of-function experiments, male and female
mice (8 weeks) FoxO1/3/4"", FoxO1/3/4""" Glast::CreER™/B-
gal(Rosa26R)/Fox01/3/4"™  Glast::CreER™/B-gal(Rosa26R)/Fox01/3/4“™)  mice
(mixed FVBn/C57BI6J background) were used. All other animal experiments were
performed with 8-week-old female C57BL/6J mice.

Animal breeding strategies

FoxO1/3/4™ mice: Mouse line with floxed alleles for FoxO1, FoxO3 and FoxO4 in
FVB/N background was kindly obtained from Dr. Ronald A. DePinho (MD
Anderson Cancer Center (Houston), University of Texas).

FoxO1/3/4"™! mice: FoxO1/3/4™ mice were crossed with C57BL/6J mice. The

heterozygous offspring FoxO1/3/4fl/lwt was re-crossed with itself and

4" mice were

homozygous FoxO1/3/4" mice and homozygous FoxO1/3/
used for further breedings of either FoxO1/3/4™ mice or FoxO1/3/4"" mice.

Glast::CreER™%/B-gal(Rosa26R)/Fox01/3/4"™ mice: Fox01/3/4" mice as described
previously (Paik et al., 2007) were crossed with Glast::CreER™ (Mori et al.,
2006) and Rosa26R beta-galactosidase (B-gal(Rosa26R)) mice (Nakamura et
al., 2006).

Glast::CreER™%/B-gal(Rosa26R)/Fox01/3/4""™ mice: Glast::CreER'?/B-gal(Rosa26R)/
FoxO1/3/4"™ mice were crossed with FVB/N mice. Heterozygous offspring was
further re-crossed to obtain in the end Glast::CreER™%/B-gal(Rosa26R) mice

with wildtype alleles for FoxO1, FoxO3 and FoxO4.
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Tailclip DNA isolation and genotyping

Tailclips were taken at the age of three weeks. 100 pl of 50 mM NaOH was added
and incubated for 20 min at 99°C. After cooling down to 4°C 30 ul of 1 M Tris-HCI pH
7 was added. The resulting DNA mixture was directly used for genotyping or was
stored at -20°C until further use.

Genotyping PCRs were performed with the primers described in 4.1.5.

DreamTaq Green Master Mix was used and prepared after following scheme (Table
4.3).

Table 4.3 Components of PCR Master Mix for genotyping.

[u] Per PCR sample
DreamTaqg Master Mix
10x 25
DreamTaq 0.2
Polymerase
0,7
MgCl,

dNTPS (10mM) 0.5
H.0O 14.6
Fwd Primer (10 uM) 0.5
Fwd Primer (10 yM) 0.5
Rev Primer (10 uM) 0.5
Master Mix 20

For each sample 20 ul of the Master Mix were pipette into a PCR tube. 5 pl of
previously prepared DNA (s. above) was added. Following PCR programs were used
for the genotyping PCRs for FoxO1/3/4, Glast::CreER™ and Rosa26R (Tables 4.4 to
4.6).
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Table 4.4 PCR program for genotyping of the FoxO1/3/4 loci.

Step Temperature [°C] Duration
Start 95 15 min
35 cycles
Denaturation 94 30 sec
Hybridisation 55 1 min
Elongation 72 1 min
72.0 6 min
Stop 4.0

Table 4.5 PCR program for genotyping of the Glast locus.

Step Temperature [°C] Duration
Start 94 2 min
35 cycles
Denaturation 94 20 sec
Hybridisation 55 20 sec
Elongation 72 30 sec
72.0 5 min
Stop 4.0

Table 4.6 PCR program for genotyping of the Glast locus.

Step Temperature [°C] Duration
Start 95 4 min
35 cycles
Denaturation 95 30 sec
Hybridisation 50 35 sec
Elongation 72 35 sec
72.0 10 min
Stop 4.0
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Analysis by agarose gel electrophoresis

To detect the DNA fragments, each PCR mix was loaded on a 2 % agarose gel. Per
100 ml gel 1.5 pl EtBr were added. The samples with a total volume of 25 pl were
subsequently loaded on the agarose gel together with 6 pl of a 100 bp DNA ladder.
DNA fragments were separated by applying a constant electric field (120 V) for 30 -
45 min. The gel was analysed and photographed under UV-light. For the different
possible genotypes following PCR product sizes were expected (Tables 4.7 to 4.9).

Table 4.7 Expected sizes of the genotyping PCR products of the FoxO loci.

genotype wildtype [bp] floxed [bp] knocked out

FoxO1 115 149 190
FoxO3 100 138 186
FoxO4 313 555 471

Table 4.8 Expected sizes of the genotyping PCR products of the Glast locus.

genotype [bp]
Glast WT 700
Glast::CreER™ 300

Table 4.9 Expected sizes of the genotyping PCR products of the Rosa26 locus.

genotype [op]
Rosa26R WT 253
Rosa26R + 3- 300
gal gene

Tamoxifen injections

Tamoxifen injections were performed intra peritoneal twice a day for 5 consecutive
days to induce the KO of FoxO1, FoxO3, and FoxO4 in Glast::CreERT2 /
Fox01/3/4"" | B-gal(Rosa26) mice at an age of 8 weeks.

BrdU injections

For BrdU retention experiments, 50 g per kg bodyweight BrdU/0.9% NaCl was

injected intra peritoneal once per day for 3 consecutive days.
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Stereotactic injections

For stereotactic injections, mice were deeply anesthetized by injecting 350 pl of the
following mixture: 0.05 mg/kg Fentanyl 5 mg/kg Midazolam and 0.5 mg/kg
Medetomidine dissolved in 0.9% NaCl. Mice were stereotactically injected at a speed
of 250 nl/minute with 0.9 pl the retroviruses with a titer of 2x10% cfu x ml™ under
standard housing condition and 1x10® cfu x mI™ under running condition into the left
and right dentate gyrus or RMS (coordinates from bregma for injections into the
dentate gyrus: -1.9 anterior/posterior, +1.6 medial/lateral, -1.9 dorsal/ventral from
dura; coordinates from bregma for injections into the RMS: +2.3 mm
anterior/posterior, +0.8 mm medial/lateral, -2.9 mm dorsal/ventral from dura).
Anesthesia was antagonized after surgery by injecting 400 pl of the following mixture:
0.1mg/kg Buprenorphine, 2.5 mg/kg Atipamezol and 0.5 mg/kg Flumazenil dissolved
in 0.9% NaCl.

4.2.8 Tissue procedures

Animals were sacrificed using CO,. Animals were transcardially perfused with
approximately 100 ml PBS (pH 7.4) for 5 min followed by approximately 100 ml 4%
paraformaldehyde (PFA/PBS) at the respective time points. Post fixation was
performed in 4% PFA/PBS for 12 h at 4 °C and brains were subsequently transferred
to a 30% sucrose solution. 50 um and 100 um thick coronal or sagittal brain sections
were produced using a sliding microtome. Sections were stored in a cryoprotectant
solution at =20 °C until further use.

4.2.9 Histology procedures

Appropriate free floating sections for staining were collected in 0.1 M phosphate
buffer and rinsed 3 times (each 15 min) in TBS or PBS. Sections were blocked in
TBS or PBS supplemented with 3% donkey serum and 0.25% Triton-X-100 for 2 h
and then incubated with primary antibodies dissolved in blocking solution at 4 °C for
72 h. After washing 3 times in TBS or PBS (each 15 min) and blocking for 30 min,
sections were incubated in blocking solution containing secondary antibodies over
night at 4°C. Sections were rinsed again 3 times in TBS or PBS, one wash step
containing Dapi (10 mg/ml). Sections were mounted using SuperFrost microscope
slides and Aqua/PolyMount and stored at 4 °C.
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For BrdU detection, sections were pretreated with 2 N HCI for 30 min at 37 °C
followed by incubation in 0.1 M borate buffer two times for each 15 min and 90 min
washing in TBS or PBS before staining.

4.2.10 Phenotyping of cells

To phenotype genetically manipulated cells, transduced cells were evaluated for the
expression of stage specific markers. At least 50-100 cells from 4-6 sections of the
same regions from at least 3 different animals were analyzed. For BrdU retention
experiments, number of BrdU positive cells was quantified and the size of the dentate

gyrus measured in 4-6 different sections from at least 3 animals.

4.2.11 Morphology analysis

Global morphology analysis

To analyze the overall size of a large number of cells, confocal images of the dentate
gyrus from several sections were obtained with a 40x oil objective using a Leica TCS
Sp5 confocal microscope (step size 0.8 um, resolution 1024x1024). 50 double-
transduced cells expressing the fluorescent markers (GFP and mitodsRed) per
animal from at least 3 different animals were analyzed by measuring the maximum
extension of the cell (distance soma to end of longest dendrite) and the maximum
possible extension (distance soma to hippocampal fissure). By this normalizing the
analysis to the specific hippocampus position. The cumulative distribution of the

measured ratios was compared.

Cell specific analysis of cell length and complexity

To analyze detailed cell morphology, confocal images of double-transduced cells
expressing the fluorescent markers (GFP and mitodsRed) were obtained with a 63x
glycerol objective using Leica TCS Sp5 confocal microscope (step size 0.3 um,
resolution 1024x1024). 100 ym sections from the same hippocampal position were
used to avoid differences due to truncated cells and different positioning,
respectively. 15-20 cells per group from at least 3 different animals were analyzed.
3D reconstructions were obtained by using the Filament Tracer tool in Imaris and
values for total dendritic length, number of branch points and number of sholl

intersections compared.
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Morphological analysis of synaptic integration

To analyze morphological synaptic integration of transduced cells, confocal images
of at least 3 dendrites in the mid-third of the molecular layer from 3 different double-
transduced cells from at least 3 different animals expressing the fluorescent markers
(GFP and mito-dsRed) were obtained with a 63x glycerol objective using a Zeiss
LSM 710 confocal microscope (step size 0.3 uym, resolution 1024x1024, 5x zoom).
The GFP signal was enhanced in immunohistochemistry via sequential antibody
stainings for GFP a chicken, goat a chicken IgY Biotin-conjugated and Streptavidin
cconjugated Alexa 488. Length of dendrites was measured using Imaged and
number of dendritic spines quantified. Spine number was normalized to dendritic
length and compared. To analyze maturation of spines, number of mushroom spines
(spine head > 0.6 pym) was quantified and percentage of total spine number
calculated.

Analysis of mitochondrial volume and number

Mitochondria volumes were analyzed by reconstruction of mitochondria using the
surface tool in Imaris in the same confocal images that were used for the morphology
analyses. Mitochondria number and volume was reconstructed from the mito-dsRed

fluorescence. Laser intensity was set to the same signal saturation.

4.2.12 Statistics

Graphs show values + standard deviation (SD). Significance was determined in
general with Student's t-test or certain experiments with Two-Way-Anova and
indicated with * for p < 0.05, ** for p < 0.01 and *** for p < 0.001.
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