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Summary 

The dentate gyrus (DG) of the hippocampus is one of the stem cell housing niches in the adult 

mammalian brain. Canonical Wingless-type (Wnt) signals provided by the microenvironment 

are one of the major niche factors that regulate the differentiation of adult neural stem cells 

(aNSCs) towards the neuronal lineage. Wnts are part of a complex and diverse set of signaling 

pathways with a wide range of possible interactions. It remains unknown whether different 

canonical and non-canonical Wnt signals act in a stage-specific manner to regulate distinctive 

steps of adult hippocampal neurogenesis. Using in vitro assays on adult hippocampal NSCs, 

we identified an attenuation of canonical Wnt/ß-Catenin signaling responsiveness in the 

course of neuronal differentiation, while non-canonical Wnt/Planar Cell Polarity (PCP) 

signaling events progressively increased. 

Single-cell genetic manipulations were performed by using retroviral vectors to target 

dividing progenitor cells in the murine hippocampus. Retrovirus-mediated knockdown of 

ATP6AP2, a recently discovered core protein involved in both Wnt signaling pathways, 

revealed that the dual role of this adaptor protein is dependent on the signaling context that is 

present. We were able to confirm its dual role in neurogenic Wnt signaling in cultured adult 

hippocampal progenitors (AHPs) for both canonical Wnt signaling in proliferating AHPs and 

non-canonical Wnt signaling in differentiating AHPs. Specific knockdown of ATP6AP2 in 

neural progenitor cells in vivo resulted in a decreased induction of neuronal cell fate and 

severe morphological defects of newborn neurons, likely via altering both canonical and non-

canonical Wnt signaling. 

Furthermore, in vivo knockdown of PCP core proteins CELSR1-3 and FZD3 mimicked the 

maturational defects of ATP6AP2-deficient neuroblasts but did not affect granule cell fate. 

In summary, the data presented here characterize a transition of Wnt signaling responsiveness 

from Wnt/ß-Catenin signaling to non-canonical Wnt/PCP signaling in the course of granule 

cell fate that was confirmed in a human pluripotent stem cell (hPSC)-based model of dentate 
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granule neurogenesis. Our findings suggest that these pathways show stage-dependent 

activities and regulate distinct steps of adult dentate granule cell neurogenesis. Conclusively, 

we provide evidence for a stage-specific regulation of fate determination through the Wnt/ß-

Catenin pathway and granule cell morphogenesis through the Wnt/PCP signaling pathway, 

including the FZD3-CELSR1-3 system. Additionally, the Wnt adaptor protein ATP6AP2 is 

involved in earlier and later stages of adult neurogenesis and its knockdown in vivo resembles 

all phenotypic features of both canonical and Wnt/PCP signaling mutants. 

Zusammenfassung 

Der Gyrus dentatus des Hippocampus ist eine von zwei beschriebenen neurogenen Regionen 

im Säugetiergehirn, die zeitlebens eine isolierte Umgebung für teilungsfähige Zellen 

bereitstellen. Spezielle von der Umgebung freigesetzte Signalmoleküle, insbesondere jene der 

Wingless-type (Wnt) Signalproteinfamilie, regulieren die Differenzierung adulter neuronaler 

Stammzellen in Richtung eines neuronalen Zelltyps. Wnt Proteine sind Teil eines komplexen 

Signalgeschehens mit einer Vielzahl von unterschiedlichen Signalwegen, welche die Basis für 

ein breites Spektrum möglicher Interaktionen bieten. Ob und inwiefern verschiedenartige Wnt 

Signalwege zellstadienspezifisch agieren, um unterschiedliche Entwicklungsschritte adulter 

Neurogenese zu regulieren, ist bislang unbekannt. Durch in vitro Experimente mit kultivierten 

adulten hippocampalen neuronalen Stammzellen konnten wir zeigen, dass sich im Zuge 

neuronaler Differenzierung die Rezeptivität auf den anfänglich dominanten Wnt/ß-Catenin 

Signalweg stark vermindert, während Signalereignisse des Wnt/PCP Signalweges progressiv 

zunehmen. Selektive Genmanipulationen in proliferierenden Stammzellen des Hippocampus 

konnten durch den Einsatz retroviraler Techniken in vivo vorgenommen werden. Eine durch 

RNA-Interferenztechniken induzierte Reduktion der Expression des kürzlich entdeckten 

Adapterproteins ATP6AP2, welches in beide Wnt Signalgeschehen involviert ist, konnte 

zeigen, dass dessen duale Funktion stark von den kontextuellen zellulären Wnt 
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Signalereignissen abhängt. Seine duale Funktion im neurogenen Wnt Signalgeschehen 

konnten wir zudem in adulten hippocampalen Progenitorzellen in vitro bestätigen. Der 

spezifische Gen-Knockdown in vivo minimierte die Fähigkeit der Stammzellen, einen 

neuronalen Nachfolger zu produzieren, während ATP6AP2-defiziente Neuroblasten, jene 

Stammzellnachfolger, die einen neuronalen Phänotypen angenommen haben, schwerwiegende 

morphologische Defekte aufwiesen. Diese Defekte sind vermutlich auf die Manipulation 

beider Signalwege zurückzuführen. Weiterhin konnten Manipulationen am Wnt/PCP 

Signalweg mit Hilfe von Gen-Knockdown Experimenten an den essentiellen PCP 

Komponenten FZD3 und CELSR1-3 zeigen, dass jene in ATP6AP2-defizienten Neuroblasten 

charakterisierten Reifungsdefekte auch in PCP Mutanten vorhanden sind. Die 

Determinierungsfähigkeit der Stammzellen, eine hippocampale Körnerzelle zu produzieren, 

war in allen untersuchten PCP Mutanten nicht beeinträchtigt. 

Anhand der hier gewonnen Daten ließ sich ein Übergang vom Wnt/ß-Catenin zum Wnt/PCP 

Signalgeschehen im Zuge adulter hippocampaler Neurogenese charakterisieren, dessen 

Existenz ebenfalls in einem auf pluripotenten Stammzellen basierenden humanen 

Modellsystem bestätigt werden konnte. Die Ergebnisse der vorliegenden Promotion lassen 

vermuten, dass die beiden untersuchten Wnt Signalwege stadienspezifische Aktivitäten 

aufweisen und dadurch nur bestimmte Entwicklungsschritte adulter hippokampaler 

Neurogenese regulieren. 

Zusammenfassend konnten wir zeigen, dass der Wnt/ß-Catenin Signalweg im Kontext adulter 

hippocampaler Neurogenese die Determinierung der Stammzelle zur Körnerzelle kontrolliert, 

während der Wnt/PCP Signalweg durch das FZD3-CELSR1-3 System in späteren Stadien zur 

regulierten morphologischen Spezifizierung differenzierender Körnerzellen beiträgt. Das Wnt 

Adapterprotein ATP6AP2 erschien in frühe und späte Phasen adulter Neurogenese involviert 

zu sein. ATP6AP2-defiziente Zellen zeigten zusammengenommene Defekte beider Wnt 

Signalweg Mutanten. 
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Abbreviations 

Units    

% percent min minute(s) 

°C  degrees Celsius mm millimeter 

µg microgram rpm rounds per minute 

µl microliter s second(s) 

µM micromol per liter U unit(s) 
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kDa kilo Dalton w/v weight / volume 
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Anatomical nomenclature 

AHPs adult hippocampal progenitors iPSCs induced PSCs  
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1.1 Adult Neurogenesis 

 “Once development was ended, the fonts of growth and regeneration of the axons and 

dendrites dried up irrevocably. In the adult centers, the nerve paths are something fixed, and 

immutable: everything may die, nothing may be regenerated.”  

(Ramon y Cajal, 1928) 

 

Neurogenesis, the process of generating new neurons from neural precursors, was 

traditionally believed to only occur during embryonic and early postnatal stages. According to 

the above dogma it seemed obvious that most of the common central nervous system (CNS) 

pathologies accompanied by neuronal loss cannot be restored. The predominant repair 

mechanisms in the CNS were believed to be postmitotic, such as axon sprouting and synaptic 

reorganization. However, in 1965 pioneered studies by Altman and Das provided the first 

anatomical evidence for the existence of newly generated dentate granule cells in the rat 

hippocampus (Altman and Das, 1965). A large body of work from the 1990s onwards 

demonstrated that new neurons are indeed continuously generated from neural stem cells 

(NSCs) in restricted regions of the CNS (Alvarez-Buylla and Lim, 2004; Gage, 2000) in 

almost all mammals, including humans (Eriksson et al., 1998).  

The existence of adult NSCs acting as a life-long source of glia and neurons provides 

the basis for the regenerative capacity of the adult nervous system. Therefore, adult 

neurogenesis not only provides a unique model system to understand basic mechanisms of 

neural development and plasticity in the adult CNS but also raises the possibility that 

stimulation of this process might be a promising therapy to treat degenerative CNS diseases. 
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1.1.1. Stem Cells in the adult CNS 

Adult stem cells as a small and local population of cells within most of the organs of fully 

matured organisms are thought to play a pivotal role in tissue homeostasis and regeneration.  

Based on their functional properties, one can distinguish the term stem cell from progenitor or 

precursor cell. A stem cell is defined as an undifferentiated cell that has the ability to 

proliferate, self-renew and to generate multiple lineages (Gage, 2000; McKay, 1997). 

Progenitor cells in contrast are fast dividing cells that retain the ability to generate terminally 

differentiated lineages but are not capable of indefinite self-renewal (Abrous et al., 2005; 

Gage, 1998). In cases where the studied cell type is not clear, both stem cells and progenitor 

cells are referred to as precursor cells. 

Most stem-like cells in the adult brain remain quiescent, except for two distinct 

neurogenic regions that provide a local microenvironment, where those cells have a slow 

dividing turnover. Adult neurogenesis is restricted to the subventricular zone (SVZ) of the 

lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG) (Alvarez-Buylla 

and Lim, 2004; Gage, 2000) (Figure 1.1). Here, quiescent cells  can proliferate slowly to 

produce transient amplifying precursor cells that have the capacity to generate multiple neural 

lineages, including neurons, astrocytes and oligodendrocytes (Ma et al., 2009). 
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Figure 1.1: Neurogenesis in the adult brain.  

Adult neurogenesis is restricted to two distinct regions of the adult brain: the subventricular zone (SVZ) of the 

lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG). In the SVZ, new neurons migrate 

along the rostral migratory stream (RMS) to populate the olfactory bulb. The SGZ in the DG of the hippocampus 

generates new granule cells that migrate a short distance into the granule cell layer (GCL) (modified from 

Frankland and Miller, 2008). 

 

 

 

1.1.2. Neurogenesis in the adult hippocampus 

The hippocampus is a bilateral structure in humans and other mammals that belongs to the 

limbic system and is critically involved in certain kinds of memory, in particular in the 

consolidation of information from short-term memory to long-term memory (Squire et al., 

2004). It is located underneath the cerebral cortex and consists of two major parts: Cornu 

ammonis (CA) and the dentate gyrus (DG). The CA is subdivided into fields CA1, CA2, CA3 

and CA4, whereas the DG contains the hilus and the fascia dentata. A similar series of strata 

subdivides the DG into the polymorphic layer, stratum granulosum (granule cell layer, GCL) 

and stratum moleculare (molecular layer, ML). The ML is where most of the afferent fibers 
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terminate at the dendrites of the granule cells. The GCL contains the cell bodies of the granule 

cells and the polymorphic layer is often considered a separate subfield (hilus/CA4) that 

contains interneurons and the axons of dentate granule cells projecting to CA3 (Figure 1.2). 

In the mammalian hippocampus, NSCs are located along the border between the GCL 

and the hilus known as the subgranular zone (SGZ). From there, new neurons are 

continuously generated from adult NSCs (aNSCs) in a highly regulated fashion and undergo 

distinct developmental steps: proliferation of aNSCs, generation of an rapidly amplifying 

progenitor cell, differentiation into an immature neuron, migration to the final location, 

dendritic and axonal targeting and maturation to functionally integrate into the preexisting 

hippocampal circuitry (Ge et al., 2007; Ming and Song, 2011; van Praag et al., 2002; von 

Bohlen und Halbach, 2011). 

Most of the dentate granule cells (~80%) are generated postnatally in the neonatal 

period (Altman and Bayer, 1990). In the adult rat hippocampus, cells proliferate at a monthly 

rate that equals about 6% of the total granule cell number, but about half of the NPCs die 

within the first four weeks of birth (Cameron and McKay, 2001; Kempermann et al., 2004; 

van Praag et al., 1999b). The ongoing birth of new neurons increases the population of 

granule cells in the DG. While continuous neurogenesis in the SVZ replaces existing neurons 

in the olfactory bulb, adult hippocampal neurogenesis increases the volume of the DG over 

time (Imayoshi et al., 2008; Ninkovic et al., 2007). Consistently, ablating neurogenesis in 

young adult mice using antimitotic drugs or irradiation prevented this increase in DG volume 

(Imayoshi et al., 2008). 
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Figure 1.2: Anatomy of the hippocampus.  

Shown is a coronal section of the hippocampal formation of a young adult mouse. It consists of two major parts: 

the cornu ammonis (CA) and the dentate gyrus (DG). The CA is subdivided into fields CA1, CA2 and CA3. The 

DG is subdivided into the granule cell layer (GCL) and the molecular layer (ML). Most of the afferent fibers 

terminate in the ML, whereas the GCL contains the cell bodies of the granule cells. The hilus is often considered 

a separate subfield (hilus/CA4) that contains interneurons and the axons of dentate granule cells projecting to 

CA3. Neural stem cells (NSCs) are located along the border between the GCL and the hilus, a region known as 

the subgranular zone (SGZ).  In this brain section, 4',6-diamidino-2-phenylindole (DAPI) was used to stain all 

cell nuclei. 

 

 

Adult hippocampal neurogenesis may play a potentially critical role in hippocampal 

learning and memory. Recent work demonstrated the involvement of adult hippocampal 

neurogenesis in pattern separation, the process in which similar inputs are transformed into 

less similar outputs (Clelland et al., 2009; Deng et al., 2013; Sahay et al., 2011a). Pattern 

separation is thought to be one of the major processes that helps us to assess if new 

experiences are different or similar to those previously encountered. In this way we are able to 

differentiate the location of today’s parking from that of yesterday (Aimone et al., 2011; 

Sahay et al., 2011b). 
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1.1.2.1 Cell lineage and developmental stages of adult-born granule cells 

The capacity of self-renewal through cell division and the capacity for generating specialized 

cell types through differentiation are two defining characteristics of stem cells (Gage, 2000). 

However, stem cell populations are often heterogeneous within a tissue and distinct stem cells 

for the same lineage may coexist (Goritz and Frisen, 2012). Different models on the identity 

and relationship of NSCs in the adult mammalian brain had been proposed.  

The origin of newborn neurons is thought to reside in a subset of slow dividing radial 

glia-like (RGL) cells that are positive for the astrocyte markers nestin, GFAP (glial fibrillary 

acidic protein), vimentin and Sox2 (sex determining region Y - box2) (Doetsch, 2003; 

Kempermann et al., 2004; Ming and Song, 2011; Seri et al., 2004; Seri et al., 2001). These 

RGL cells compromise about two-thirds of the nestin-positive cells in the SGZ and exhibit 

prominent morphological features such as a radial process extenting across the GCL towards 

the ML and a triangular shaped soma (Kempermann et al., 2004). They are mostly quienscent 

and account for only 5% of all cell divisions by nestin-positive cells – a rate, which is 

unresponsive to environmental enrichment and running (Kempermann et al., 2004). 

RGL cells may give rise to amplifying progenitor cells. Recent studies provided 

additional support for the model of RGL cells as a cell type with multipotent characteristics 

(Bonaguidi et al., 2011; Encinas et al., 2011). Based on these two studies it is still 

controversial whether and how such cells would be capable of self-renewal. Especially the 

question whether RGL cells can divide symmetrically to produce two new radial cells remains 

unresolved (Kempermann, 2011a). 

In another model, Sox2-expressing non-radial cells that are morphologically distinct 

from RGL cells exhibit multipotent characteristics and can give rise to new neurons and glia 

in the adult SGZ (Suh et al., 2007). Suh et al. demonstrated that these cells also have a self-

renewal capacity in vivo. Nevertheless, whether these cells are distinct from the nestin-
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positive RGL stem cells or represent a stage within the lineage from RGL stem cells to 

differentiated cells, remains to be clarified. 

Proliferating radial and non-radial precursors give rise to fast-proliferating 

intermediate precursors (Figure 1.3). Most of the expansion of the pool of newly generated 

cells occurs during this stage. These so called type 2 cells can be divided in two 

subpopulations: type 2a and type 2b cells. Both are nestin-positive, but type 2a cells are 

negative and type2b cells are positive for the neuronal marker Doublecortin (DCX) 

(Kempermann et al., 2004; von Bohlen und Halbach, 2011). Type 2 cells generate neuroblasts 

that express markers of the neuronal lineage, but no markers of the glial lineage. These cells 

are in a transition phase between the slowly proliferating neuroblast and the postmitotic 

immature neuron and are termed type 3 cells. Neuroblasts express DCX, the polysialylated 

form of the neural cell adhesion molecule (PSA-NCAM) and Prospero homeobox protein 1 

(PROX1) (Steiner et al., 2008; von Bohlen und Halbach, 2011). DCX-positive neuroblasts 

migrate a short distance into the GCL and start to extend rudimentary processes towards the 

ML. Under normal conditions, they show very little proliferative activity (Encinas et al., 

2006), which can increase under pathophysiological conditions, such as seizures (Jessberger 

et al., 2005). The morphology is highly variable, reflecting their developmental transition. 

As neuroblasts mature, the cells start elongating their dendritic trees toward the ML 

and their axons toward CA3. This morphological development progresses for an additional 2 - 

3 weeks as immature DCX-positive neuroblasts begin to express the neuronal markers 

Neuronal Nuclei (NeuN) and Calbindin (Ehninger and Kempermann, 2008; Kempermann et 

al., 2004). During this stage, the newborn neurons become postmitotic and begin to resemble 

mature granule cells. This developmental process culminates in the functional integration of 

mature granule cells into the hippocampal circuitry that then express the neuronal markers 

NeuN, PROX1, Calbindin, but no longer express DCX and PSA-NCAM (Kuhn et al., 1996; 

van Praag et al., 2002). 
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Figure 1.3: Proposed model of lineage relationships and marker expression during adult hippocampal 

neurogenesis.  

Shown are the developmental steps during adult hippocampal neurogenesis: activation of quiescent radial glia-

like (RGL) cells, proliferation of intermediate progenitors, generation of neuroblasts, maturation of immature 

neurons and integration of adult-born dentate granule cells. Also shown are the stage-specific marker 

expressions. GFAP, glial fibrillary acidic protein; DCX, Doublecortin; Sox2, SRY (sex determining region Y)-

box2; Tbr2, T-box brain 1; MCM2, mini-chromosome maintanance protein 2; NeuN, Neuronal Nuclei 

(Bonaguidi et al., 2011). 

 

 

 

1.1.2.2. Morphological development of adult-born granule cells 

The morphological development of the dendrites of the newborn neurons represents an 

essential step permitting their functional integration into the preexisting hippocampal 

circuitry. Around 24h post mitosis, some DCX-positive newborn neurons align their processes 

parallel to the GCL, whereas others have apical processes that enter the GCL orthogonally. 

Apical dendrites that reach the ML are first observed around 48h after birth and 2 days later 

lengthy aborizations in the ML become apparent. Within the first three days, dendrites of 

newborn neurons grow at an estimated rate of 15µm per day and double their length at 4 and 5 

days after birth (Shapiro et al., 2007). The newborn granule cells start to resemble the typical 
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morphological features of mature granule cells 10 - 14 days post mitosis, while their dendrites 

reach about half way through the ML. By 21 days after birth, the newborn neurons display a 

elaborate dendritic arborization and their morphology resembles neurons at later time points 

(Zhao et al., 2006). 

Axonal projections reach the CA3 area around 10-11 days post mitosis before the first 

spines are formed (Hastings and Gould, 1999; Markakis and Gage, 1999; Zhao et al., 2006). 

Using  a retrovirus-based approach, Zhao et al. observed that the peak of spine growth occurs 

during the first 3 - 4 weeks, whereas further structural modifications take place for months 

(Zhao et al., 2006). One notable difference between adult neurogenesis and embryonic 

development is a much slower tempo of maturation (Overstreet-Wadiche et al., 2006; Zhao et 

al., 2006). However, the biological significance for this difference is still unknown. 

 

1.2. Regulation of adult neurogenesis 

The general recognition and acceptance of adult neurogenesis resulted in a large number of 

studies investigating how neurogenesis is regulated. It became clear that adult neurogenesis is 

a complex and finely-tuned process that can be modulated by various physiological, 

pathological and pharmacological stimuli. A range of environmental factors, morphogens, 

hormones, growth factors, cytokines, neurotransmitters as well as intracellular players have 

been shown to either modulate or regulate adult neurogenesis (Kempermann, 2011b; Ming 

and Song, 2011). 

A large number of experiments have demonstrated that adult neurogenesis is 

modulated by physical stimuli. Physical exercise for example increases cell proliferation in 

the adult SGZ (van Praag et al., 1999b), while enriched environment results in an increased 

survival of newborn neurons (Kempermann et al., 1997). The animals, which were exposed to 
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enriched environmental conditions and physical exercise, showed improved motor skills and 

better performance in learning tasks (Kempermann et al., 1997; van Praag et al., 1999a).  

Epileptic seizures or ischemia are potent pathological states that have impact on the 

process of adult neurogenesis. Seizures arise from abnormal network activities in the brain 

and increase cell proliferation in both SVZ and SGZ (Jessberger et al., 2005; Parent et al., 

2002). Epileptic activity led to aberrant neuronal polarity and changed the migration and 

integration pattern of newborn granule cells (Jessberger et al., 2007). Ischemic stroke on the 

other hand induced cell proliferation and the generation of newborn neurons, which migrated 

towards the infarct sites but failed to survive over long-term, possibly due to an unfavorable 

environment (Arvidsson et al., 2002). 

Adult neurogenesis also changes with age. A progressive reduction of hippocampal 

neurogenesis has been evidenced in various species (Gould et al., 1999b; Kuhn et al., 1996; 

Leuner et al., 2007), including humans (Knoth et al., 2010). 

 

1.2.1. Neurogenic niches in the adult CNS 

Niches are defined as stem cell housing microenvironments that control their development 

and maintenance in vivo (Ming and Song, 2011). The unique cellular and molecular 

microenvironment restricts active neurogenesis to the aforementioned regions of the adult 

CNS (Lie et al., 2004; Riquelme et al., 2008).  

Transplantation studies provided evidence for the importance of environmental factors 

in regulating NSC fate determination. When transplanted into adult regions of ongoing 

neurogenesis, NSCs derived from embryonic and adult neurogenic regions can differentiate 

into functional neurons (Muotri et al., 2005; Song et al., 2002b), whereas grafting of these 

cells into non-neurogenic regions resulted  in the absence of neuronal differentiation 

(Suhonen et al., 1996). Also, when introduced into the rostral migratory stream (RMS), adult 
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hippocampal progenitor cells (AHPs) generate site-specific tyrosine-hydroxylase-positive 

interneurons in the olfactory bulb (OB) (Suhonen et al., 1996). These results implicate that 

aNSCs from different regions are not fate restricted by intrinsic programs, but are controlled 

through environmental cues from the local neurogenic niche. 

Endothelial cells, ependymal cells, microglia, mature neurons and astrocytes are 

among the major cellular components of the adult neurogenic niche (reviewed in Ming and 

Song, 2011). Astrocytes have classically been considered support cells in the brain as 

regulators of many dynamic processes such as synaptogenesis (Christopherson et al., 2005; 

Ullian et al., 2001). Regional differences in the astrocyte population have been shown to be 

important for the neurogenic potential of the SGZ and SVZ (Lim and Alvarez-Buylla, 1999; 

Song et al., 2002a). In the adult hippocampus, local astrocytes actively regulate neurogenesis 

by promoting the proliferation of AHPs and by instructing them to a neuronal cell fate. In 

contrast, astrocytes from non-neurogenic regions were not able to promote neurogenesis of 

AHPs, indicating niche-specific properties of local hippocampal astrocytes (Song et al., 

2002a). Recent studies further demonstrated that astrocytes may promote neurogenesis 

through contact-mediated cues or by secreting diffusible molecules such as Wnts (Kornyei et 

al., 2005; Lie et al., 2005; Lim and Alvarez-Buylla, 1999; Song et al., 2002a). 

Therefore, adult neurogenic niches have an instructive role to direct neuronal 

differentiation and maintain stem cell populations by shielding them from inhibitory 

influences. Further studies are needed to identify the contributions by which individual niche 

components control particular developmental stages of adult neurogenesis. 

  

1.2.2. Molecular mechanisms regulating adult hippocampal neurogenesis 

Given the similarities between embryonic and adult neurogenesis, many molecular players 

and signaling pathways that regulate different aspects of neurogenesis are conserved.  
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Morphogens such as Notch, Sonic hedgehog (SHH), Bone morphogenic protein (BMP) and 

Wnts serve as niche factors to regulate maintenance, activation and fate determination of 

aNSCs (Balordi and Fishell, 2007; Bonaguidi et al., 2005; Imayoshi et al., 2010; Lie et al., 

2005; Lim et al., 2000; Pierfelice et al., 2011).  

In the adult SGZ, Notch signaling activity appears to be present in different progenitor 

subpopulations and is required for NSC maintenance (Ables et al., 2010; Breunig et al., 2007; 

Imayoshi et al., 2010; Lugert et al., 2010). SHH signaling is also activated in RGL cells and 

regulates proliferation and maintenance in the adult SVZ and SGZ (Ahn and Joyner, 2005; 

Lai et al., 2003). Hippocampal cells exhibit a high expression of the SHH receptor Patched, 

but SHH mRNA is not apparent in hippocampal neurons (Lai et al., 2003). It appears that 

SHH is transported in an anterograde fashion from the basal forebrain, where it is produced, 

through the fornix to the hippocampus (Traiffort et al., 1999; Traiffort et al., 2001). BMPs on 

the other hand promote glia differentiation and inhibit neural differentiation (Bonaguidi et al., 

2005). Noggin and neurogenesin-1, which are expressed by SGZ astrocytes and granule cells 

and by SVZ ependymal cells, can antagonize the BMP action (Lim et al., 2000; Ueki et al., 

2003). 

Similar to its function in embryonic development, Wnt signaling has been shown to be 

instrumental in several aspects of adult hippocampal neurogenesis. Wnt3, which is produced 

by local hippocampal astrocytes, promotes proliferation and neuronal fate commitment of 

neural precursors (Lie et al., 2005; Song et al., 2002a). In rodents, a decline in Wnt signaling 

with age may account for the age-dependent reduction in neurogenesis (Okamoto et al., 

2011). Due to the complexity of Wnt signaling and its pivotal role for adult hippocampal 

neurogenesis, a more detailed overview is provided in chapter 1.4.  
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1.3. Function and disease-relevant implications 

After the initial discovery of neurogenesis in the postnatal hippocampus, Altman speculated 

that new neurons are critical for learning and memory (Altman, 1967). Since then, a large 

body of work has addressed the question about its role in the normal function of the DG. 

Adult hippocampal neurogenesis has been implicated in learning and memory  (Gould et al., 

1999a; Shors et al., 2001; van Praag et al., 1999a). It had been proposed that differences in 

neurogenesis of different mouse strains correlate with spatial learning and memory 

performance (Kempermann and Gage, 2002). Using lentiviral expression of a dominant 

negative Wnt to selectively reduce the numbers of newborn neurons in the DG resulted in 

object recognition impairments and spatial memory deficits that were dependent on the viral 

coverage of the DG (Jessberger et al., 2009). Recent work aimed to analyze the role of adult 

hippocampal neurogenesis in pattern separation (Clelland et al., 2009; Deng et al., 2013; 

Sahay et al., 2011a). Notably, the involvement of adult hippocampal neurogenesis became 

critical only when contexts became more similar and therefore more difficult to discriminate. 

However, it is still unknown how exactly newborn neurons shape the circuitry to mediate a 

DG-dependent pattern separation. 

In addition to that, genes that are key players in neurodegenerative diseases have been 

shown to regulate adult neurogenesis, including presenillin (PS), fragile X mental retardation 

protein (FMRP), Methy-CpG-binding protein 2 (MECP2) and Disrupted-in-shizophrenia 1 

(DISC1) (Choi et al., 2008; Luo et al., 2010; Mao et al., 2009; Smrt et al., 2007; 

Veeraraghavalu et al., 2010). Moreover, several studies also demonstrated that adult 

neurogenesis was affected in animal models of Parkinson’s disease (PD), Huntington’s 

disease (HD) and Alzheimer’s disease (AD) (reviewed by Winner et al., 2011). In some 

neurodegenerative diseases the premotor symptoms of early disease stages, such as anxiety, 

depression or olfactory dysfunction, may partly be a consequence of reduced adult 
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neurogenesis. Preliminary studies in human brains of PD, AD and HD patients implicate that 

alterations in adult neurogenesis are a common feature of these diseases (Boekhoorn et al., 

2006; Curtis et al., 2003; Curtis et al., 2005; Hoglinger et al., 2004) 

 

1.4. The Wnt signaling pathways 

Wnt proteins compromise a large family of secreted glycoproteins that regulate several 

aspects of development (van Amerongen and Nusse, 2009). These signaling molecules are 

able to initiate several intracellular pathways through the interaction with members of the 

Frizzled (FZD) family of cell-surface receptors. In mammals 19 Wnt members, 10 members 

of the FZD receptor family and several co-receptors have been identified (van Amerongen et 

al., 2008); a complex scenario in which there is a wide range of possible interactions.  

The Wnt proteins are lipid-modified glycoproteins that are usually 350 - 400 amino 

acids in length (Cadigan et al., 1998; Willert et al., 2003). The palmitoylation of cysteines is 

the common type of lipid modification that occurs on these signaling molecules (Logan and 

Nusse, 2004). Modifications like glycosylation and palmitoylation not only initiate the 

targeting of Wnts to the plasma membrane for secretion, but also allow them to bind their 

respective receptors on the signal-receiving cell due to the covalent attachment of fatty acids 

(Kurayoshi et al., 2007). A sensitive ß-Catenin stabilization assay enabled the purification of 

WNT3A as the first biologically active Wnt protein (Willert et al., 2003). It had been shown 

that an N-Glycosylation is required for the secretion of this protein (Komekado et al., 2007), 

whereas one particular palmitoylation site on cysteine 77 is necessary for the initiation of the 

ß-Catenin signaling cascade (Galli et al., 2007; Komekado et al., 2007; Willert et al., 2003).  

Initial research on the effects of Wnt proteins using gene transfer experiments in cell 

culture systems and animal models led to the concept of two distinct classes within the Wnt 

family (van Amerongen et al., 2008). Overexpression of WNT1, WNT3A and WNT8 induced 
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a secondary dorsal-ventral axis in Xenopus embryos and was sufficient to morphologically 

transform mouse mammary epithelial cells, whereas overexpression of WNT4, WNT5A and 

WNT11 did not result in any of those phenotypes (Du et al., 1995; Olson and Papkoff, 1994; 

Wong et al., 1994). These differences also correlated with the ability of these Wnts to increase 

the cytoplasmatic ß-Catenin levels (Shimizu et al., 1997). Convergence and extension of the 

body axis, a process that requires intercalated cell movements, is associated with WNT5A and 

WNT11 and seemed to be independent of ß-Catenin signaling (Heisenberg et al., 2000; Kilian 

et al., 2003; Veeman et al., 2003). These early studies led to the concept of canonical (WNT1, 

WNT3A and WNT8) and non-canonical Wnts (WNT5A and WNT11), which activate 

canonical or non-canonical pathways respectively. However, further studies suggested that a 

strict subdivision of Wnts into those categories is misleading and proposed that Wnts 

themselves are not intrinsically canonical or non-canonical (reviewed by van Amerongen et 

al., 2008). Moreover, it’s the combination of the ligand and a distinct set of receptors and co-

receptors that determines whether the signal response in the signal-receiving cell is canonical 

or non-canonical.  

Among the Wnt signaling pathways, the first to be discovered was the canonical 

pathway, which leads to the stabilization and subsequent nuclear translocation of ß-Catenin 

(Cadigan and Liu, 2006). More recent work has identified at least two additional ß-Catenin 

independent pathways, referred as non-canonical, that act downstream of Wnt receptors and 

induce either an increase in intracellular calcium concentration or activation of the c-Jun-N-

terminal kinase (JNK) cascade (Gordon and Nusse, 2006; Veeman et al., 2003). As it is of 

particular interest for the present study, the molecular mechanisms underlying canonical 

Wnt/ß-Catenin signaling and non-canonical Wnt/PCP signaling are described in more detail in 

the following sections. 
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1.4.1. Canonical Wnt/ß-Catenin signaling 

Canonical Wnt/ß-Catenin signaling is initiated upon formation of a tertiary complex including 

the receptor FZD, its co-receptor LRP6 (low-density lipoprotein receptor-related protein 6) 

and a soluble Wnt ligand such as WNT3A. In cooperation with ATP6AP2, an accessory 

subunit of the vacuolar (V)-ATPase, the FZD:LRP6:WNT3A complex triggers the formation 

of a signalosome at the plasma membrane, internalizing the whole complex to further 

transduce the signal (Bilic et al., 2007; Blitzer and Nusse, 2006; Cruciat et al., 2010; Niehrs, 

2012; Yamamoto et al., 2006). Eventually, ß-Catenin becomes stabilized and translocates into 

the nucleus, acting as a transcriptional co-activator of TCF/LEF (T-cell-specific transcription 

factor/lymphoid enhancer binding factor) transcription factors (Figure 1.4).  

The stabilization of ß-Catenin is a prerequisite for its nuclear translocation and 

requires a cascade of preceding events. In the absence of Wnts, ß-Catenin is  targeted to a 

multiprotein destruction complex composed of the tumor suppressor Axin, adenomatosis 

polyposis coli (APC) and the serine/threonine kinases Glycogen synthase kinase 3ß (GSK3ß) 

and casein kinase 1 (CK1) (Minde et al., 2011). Here, GSK3ß and CK1 mediate the 

phosphorylation of ß-Catenin to target it for ubiquitination and subsequent degradation by the 

proteasome (McCartney and Nathke, 2008). However, the interaction of a soluble Wnt ligand 

with FZD and LRP6 results in the disassembly of the destruction complex. This event induces 

the translocation of the negative regulator Axin, which binds to a conserved sequence of the 

cytoplasmatic tail of LRP6 (Zeng et al., 2008). Wnt stimulation also results in the de-

phosphorylation of Axin to regulate its stability (Yamamoto et al., 1999). The binding of Axin 

to LRP6 is catalyzed by the GSK3ß- or CK1-mediated phosphorylation of LRP6 (Komiya and 

Habas, 2008). It appears that CK1 and GSK3ß play distinct roles in canonical Wnt/ß-Catenin 

signaling: at the level of LRP6 their influence is positive, whereas at the level of ß-Catenin 

their influence is negative for the outcome of the signaling event.  
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Figure 1.4: The canonical Wnt/ß-Catenin signaling pathway. Shown are the signaling events that precede the 

stabilization and nuclear translocation of ß-Catenin in the canonical Wnt signaling cascade. Briefly, binding of 

the Wnt ligand to FZD and LRP6 induces their internalization and the subsequent formation of a signalosome to 

further transduce the signal. Eventually, ß-Catenin becomes stabilized and translocates into the nucleus, acting as 

a co-activator of TCF/LEF transcription factors. GSK3ß, Glycogen synthase kinase 3ß; TCF, T cell-specific 

transcription factor; LRP6, low density lipoprotein receptor-related protein 6; ATP6AP2, ATPase H(+)-

transporting lysosomal accessory protein 2; APC, adenomatosis polyposis coli. 

 

 

The binding of Axin to LRP6 is thought to remove its inhibitory activity on canonical 

Wnt signaling leading to the activation of the phosphoprotein Dishevelled (DVL). How 

exactly DVL becomes activated remains unresolved (Komiya and Habas, 2008). DVL is 

phosphorylated by a number of kinases, which might regulate both the subcellular localization 

and its ability to interact with downstream effectors (Kibardin et al., 2006; Peters et al., 1999; 

Willert et al., 1997). Activated DVL inhibits the activity of the GSK3ß enzyme and activates 

a series of events that lead to the stabilization and accumulation of cytoplasmatic ß-Catenin 
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(Hatsell et al., 2003). Stabilzed ß-Catenin then translocates into the nucleus, likely 

“piggyback” with other factors, to act as a co-activator for transcription factors such as the 

TCF/LEF family (Clevers, 2006). 

 

1.4.2 Non-canonical Wnt/PCP signaling 

Wnt/Planar Cell Polarity (PCP) signaling is the most extensively studied pathway among the 

several non-canonical pathways that do not involve ß-Catenin. It is essential for orienting and 

polarizing cells in the plane of a tissue. Directional signals are processed through PCP core 

components such as FZD, DVL, CELSR (Cadherin EGF LAG seven-pass G-type receptor), 

VANGL (van Gogh-like) and Prickle to establish planar polarity within individual cells 

(Tissir and Goffinet, 2013). Downstream effectors such as small GTPases convert these 

signals into morphogenetic programs by rearranging the cytoskeleton and inducing the 

expression of target genes (Schlessinger et al., 2009) (Figure 1.5). 

PCP refers to the uniform orientation of cells within a single epithelial plane. This pathway 

has been discovered and extensively studied in Drosophila, where it controls uniform 

orientation of hairs on the wing and body and orientation of ommatidia in the eye 

(Montcouquiol et al., 2006). 

Initial reports on the genetic basis for PCP in the inner ear revealed that a similar 

signaling pathway is involved in the control of cell polarity in vertebrates (Curtin et al., 2003; 

Lu et al., 2004; Montcouquiol et al., 2003). These studies supported the idea that PCP core 

genes are highly conserved across species, including the aforementioned genes Fzd, Dvl, 

Celsr (the vertebrate ortholog of Drosophila flamingo), Vangl (vertebrate ortholog of 

Drosophila Van gogh/Strabismus) and Prickle. 
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Figure 1.5: The non-canonical Wnt/PCP signaling pathway.  

Shown are the signaling events thought to be involved in the Wnt/PCP pathway. The PCP pathway can be 

activated through the binding of Wnt to FZD and its co-receptors. DVL is then recruited by the receptors and 

forms a complex with Daam1 to further transduce the signal and activate effectors such as RhoA or Cdc42. 

Activation of JNK through Rac can promote target gene expression through AP-1. Core PCP proteins like 

CELSR1-3 are thought to mediate homophilic cell-cell interactions which lead to the asymmetric distribution of 

PCP components. ATP6AP2 has been shown to be involved in the establishment and stabilization of PCP 

domains. 

Daam1, Dishevelled-associated activator of morphogenesis; Cdc42, Cell division control protein 42; RhoA, Ras 

homolog gene family, member A; CELSR1-3, Cadherin EGF LAG seven-pass G-type receptor 1-3; JNK, c-Jun 

N-terminal kinase; FZD3/6, Frizzled-3/6; AP-1, activator protein 1; ATP6AP2, ATPase H(+)-transporting 

lysosomal accessory protein 2. 

 

 

Interestingly, although the PCP pathway uses FZD and DVL, no distinct rules have 

been identified by which specific structural motifs would activate one pathway versus the 

other and the requirement for Wnts is variable. Wingless (Wg) is not required for Frizzled 

activation in Drosophila, whereas studies in vertebrates provide evidence that Wnt proteins 

retained a role in this pathway (Mlodzik, 2002; Wang and Nathans, 2007). WNT5A, WNT4 
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and WNT11 are part of a group of Wnts that appear to signal preferentially through the non-

canonical pathway. In fact, none of these genes induces axis duplication, a distinct effect of 

the canonical Wnt/ß-Catenin pathway (Du et al., 1995; Montcouquiol et al., 2006; Moon et 

al., 1993). Moreover, overexpression of these proteins resulted in defects of convergence and 

extension of the developing neural tube, an event believed to be regulated through the PCP 

signaling pathway (Montcouquiol et al., 2006). 

It still remains unresolved how WNT-FZD interactions are able to activate distinct 

downstream pathways in different contexts. Findings suggest that there is some specificity for 

PCP signaling at the level of FZD receptor members. Sequence conservation analyses 

between Drosophila and vertebrate Frizzled receptors suggest that FZD3 and FZD6 are most 

closely related to Drosophila Frizzled1, the mediator of all PCP events (Huang and Klein, 

2004). To date, FZD3 and FZD6 mouse mutants are the mutants are the only FZD mutants 

that display defects in PCP-mediated events, suggesting a pivotal role of these receptors in 

vertebrate PCP signaling (Guo et al., 2004; Wang et al., 2002). 

PCP signaling acts through tissue-specific downstream effectors that convert the 

upstream signals into specific morphogenic programs. Dishevelled-associated activator of 

morphogenesis 1 (DAAM1), JNK and Rho GTPases including Rac and Rho are primary 

members of these downstream effectors that are involved in the regulation of the cytoskeleton 

to execute cell movement and polarity (Wang, 2009). 

 

1.4.3 ATP6AP2: a newly discovered Wnt adapter protein 

The gene coding for the ATPase H
+
-transporting lysosomal accessory protein 2 (ATP6AP2) is 

located on the X-chromosome and codes for a protein with a length of 350 amino acids and a 

mass of approximately 37kDa (Rousselle et al., 2014; Sihn et al., 2010). Structural analyses 

revealed that ATP6AP2 is a type I transmembrane protein, which contains two hydrophobic 



CHAPTER I: Introduction 

  

30 
 

domains predicted to be the signal peptide and a transmembrane domain (Sihn et al., 2013). 

Hence, ATP6AP2 can be divided into four domains: an N-terminal signal peptide, an 

extracellular domain, a single transmembrane domain and a short cytoplasmic domain 

(Nguyen and Contrepas, 2008). 

Almost a decade ago, this protein was discovered on mesangial cells in the kidney and 

depicted as (pro)renin receptor due to its effects on tissue renin-angiotensin systems (Nguyen 

et al., 2002). However, a part of this protein had been described to be identical to the M8-9 

protein identified in 1998, which was found to co-immunoprecipitate with the vacuolar H
+
-

ATPase (V-ATPase) (Ludwig et al., 1998). Further analyses revealed that this M8-9 protein 

represents a truncated form and led the scientific community to rename the (pro)renin receptor 

as ATPase H
+
-transporting lysosomal accessory protein 2 (ATP6AP2) (Burckle and Bader, 

2006). 

The V-ATPase is a multi-subunit complex composed of a V0 domain with six subunits 

for proton translocation and a peripheral V1 domain with eight subunits for ATP hydrolysis 

(Forgac, 2007). In addition, the two described accessory subunits (Ac45/ATP6AP1 and 

ATP6AP2) are not found in unicellular organisms, suggesting that they are not essential for 

proton pump activity (Rousselle et al., 2014; Sihn et al., 2010). In mammals, different tissue-

specific isoforms and splice variants of V-ATPase subunits have been identified and are 

thought to control the subcellular localization of these proton pumps. V-ATPases are 

predominantly located in intracellular compartments such as endosomes, lysosomes and multi 

vesicular bodies (MVBs) to provide an acidic environment in the lumen of those vesicles. 

Those acidic compartments are essential for protein trafficking, protein modification 

as well as for their recycling and degradation (Forgac, 2007; Marshansky and Futai, 2008). It 

is not surprising that ATP6AP2 was mainly found to be localized intracellularly, besides a 

small fraction on the cell membrane (Hermle et al., 2013; Rousselle et al., 2014; Sihn et al., 

2010). In line with this, sequence analysis revealed two putative motifs in the cytoplasmic 
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domain, which predicts its targeting to distinct intracellular compartments (Burckle and 

Bader, 2006; Sihn et al., 2013). 

Studies with zebrafish and the impossibility of generating knockout animals suggested 

a more essential role of this protein, which shifted the research field towards critical 

intracellular functions (Rousselle et al., 2014). Developmental studies in Xenopus and 

Drosophila have shown that ATP6AP2 plays an essential role to promote canonical and non-

canonical Wnt signaling (Cruciat et al., 2010; Hermle et al., 2013; Hermle et al., 2010).  

In 2010, a genome-wide siRNA screen was carried out in order to identify new 

members of the canonical Wnt/ß-Catenin pathway. In this context, ATP6AP2 was shown to 

function as an adaptor between Frizzled and the V-ATPase in acidic endosomal compartments 

(Cruciat et al., 2010). As described earlier, the initiation of canonical Wnt signaling requires 

the formation of a tertiary complex at the plasma membrane, including FZD, LRP6 and a 

soluble Wnt ligand, which leads to a subsequent aggregation of LRP6 and the formation of a 

signalosome (Figure 1.3) (Bilic et al., 2007; Blitzer and Nusse, 2006; Cruciat et al., 2010; 

Niehrs, 2012). Upon phosphorylation of LRP6, the whole complex is internalized in vesicles 

and subsequent endocytosis is required to further transduce the signal (Blitzer and Nusse, 

2006; Niehrs, 2012; Yamamoto et al., 2006).  

ATP6AP2 was shown to be essential for V-ATPase-mediated signalosome 

acidification and subsequent LRP6 phosphorylation, an effect that was mimicked by 

inhibition of V-ATPase through RNA interference (RNAi) or pharmacological treatment 

(Cruciat et al., 2010). At the molecular level, the extracellular domain of ATP6AP2 was able 

to bind LRP6, Frizzled and distinct subunits of the V0 domain of the V-ATPase, thereby 

acting as an adaptor between the Wnt signaling complex and the V-ATPase (Cruciat et al., 

2010). Furthermore, loss-of-function resulted in abnormal frog embryos with severe defects in 

anterior-posterior neural patterning of the CNS (Cruciat et al., 2010). 
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In addition to the studies in Xenopus, two independent genome-wide RNAi screens in 

Drosophila revealed essential functions of this protein (initially referred as GC8444) in 

canonical and non-canonical Wnt signaling (Bartscherer et al., 2006; Mummery-Widmer et 

al., 2009; Rousselle et al., 2014). Following up these genome-wide RNAi screens, two novel 

studies concordantly demonstrated a crucial role for ATP6AP2 in the PCP signaling pathway 

(Buechling et al., 2010; Hermle et al., 2010). Reduced ATP6AP2 expression resulted in 

severe PCP defects as characterized by mispolarization and abnormal anterior-posterior 

orientation of sensory bristles. This phenotype could only be rescued by injection of full-

length human ATP6AP2 mRNA, but not with an N-terminally truncated form lacking the 

extracellular domain (Buechling et al., 2010; Hermle et al., 2010).   

Additionally, ATP6AP2 was shown to interact with Frizzled and its silencing led to 

impaired targeting of Frizzled to the plasma membrane. As a consequence, the asymmetric 

localization of Frizzled, which is necessary for normal pupal wings, was disrupted (Buechling 

et al., 2010; Hermle et al., 2010). Thus, it was suggested that ATP6AP2 was necessary for 

PCP initiation by trafficking Frizzled to the plasma membrane. 

To investigate the role of ATP6AP2 within the PCP signaling pathway in more detail, 

mutant flies with clonal deletion of ATP6AP2 in the pupal wing were generated (Hermle et 

al., 2013). Consistent with the previous reports, this study showed that clonal deletion of 

ATP6AP2 led to severe PCP defects. Furthermore, ATP6AP2 was shown to co-localize with 

PCP core proteins during all stages of pupal wing development and deletion of ATP6AP2 

reduced the presence of those PCP core proteins at the plasma membrane (Hermle et al., 

2013). The extracellular domain was important to interact with Frizzled and flamingo (the 

Drosophila ortholog of CELSR) and thus was necessary for normal targeting of both proteins 

to the plasma membrane. A reciprocal association was also revealed for flamingo, suggesting 

that ATP6AP2 possessed all characteristics of a PCP core protein (Hermle et al., 2013).  
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Interestingly, a regulated acidification through ATP6AP2 was only observed in a 

distinct population of apical vesicles, but not in other vesicle populations, whereas V-ATPase 

was required for acidification of all vesicles (Hermle et al., 2013). These results demonstrated 

that V-ATPase and ATP6AP2 share an overlapping role in the endolysosomal pathway, but 

exihibit distinct functions in PCP signaling. 

 

1.5. Wnt signaling in adult hippocampal neurogenesis 

Canonical Wnt signaling is fundamental for the proper development of cortex and 

hippocampus during development (Li and Pleasure, 2005; Machon et al., 2003). While 

promoting self-renewal and maintaining neural progenitors during early neurogenesis (Chenn 

and Walsh, 2002; Machon et al., 2007; Wrobel et al., 2007), it induces the differentiation of 

intermediate progenitors during mid and late neurogenesis (Munji et al., 2011). Recent work 

provided evidence that the Wnt pathway not only plays a key role during development, but 

also has important functions in the adult brain (Adachi et al., 2007; Inestrosa and Arenas, 

2010; Kuwabara et al., 2009; Lie et al., 2005). Most of the key components including WNTs 

and the FZD receptors are expressed in the adult brain and recent studies have shown that 

Wnt/ß-Catenin signaling regulates adult hippocampal neurogenesis (Lie et al., 2005; 

Shimogori et al., 2004). Using BAT-gal reporter mice that express a transgene with nuclear ß-

galactosidase under the control of TCF/LEF (Maretto et al., 2003), it was shown that the 

Wnt/ß-Catenin pathway is active in the SGZ of the adult hippocampus (Lie et al., 2005). 

Furthermore, cultured AHPs express key components such as FZD1, DVL1, the 

serine/threonine kinase GSK3ß, ß-Catenin and the lymphoid enhancer binding factor (LEF) 1. 

WNT3A that is produced by local hippocampal astrocytes was shown to stimulate Wnt/ß-

Catenin signaling in isolated AHPs and induce their differentiation towards the neuronal 

lineage (Kuwabara et al., 2009; Lie et al., 2005). Consistently, the differentiation induced by 
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co-culture with hippocampal astrocytes  was reduced in presence of the Wnt inhibitor soluble 

Frizzled-related protein 2 and 3 (sFRP2/3). 

Wnt signaling seems to function as both, a regulator of the progenitor pool 

maintenance and a cell fate determinant.  In vivo experiments further demonstrated the 

regulative properties of Wnt signaling during adult hippocampal neurogenesis (Lie et al., 

2005). While activation of Wnt signaling in the SGZ increased neurogenesis, its inhibition 

caused a reduction in proliferation and neuronal differentiation (Lie et al., 2005). In line with 

this, reduction of neurogenesis by blocking Wnt signaling in the DG of adult rats impaired 

object recognition and spatial memory (Jessberger et al., 2009), indicating that Wnt-mediated 

neurogenesis contributes to hippocampal functions. 

Finally, the pro-neurogenic factors Prox1 and Neurod1 are among the major direct 

transcriptional targets of Wnt/ß-Catenin-TCF/LEF signaling in NSCs and are known to 

control genes specifically involved in neuronal differentiation (Gao et al., 2009; Karalay et al., 

2011; Kuwabara et al., 2009; Lavado et al., 2010). 

 

1.6. PCP genes and neuronal development 

Studies in mice not only confirmed the presence of conserved PCP pathways in maintaining 

polarity within the epithelium, but also demonstrated novel and broader functions in several 

aspects of neuronal development, such as migration, dendritic patterning and axon tract 

development (Tissir and Goffinet, 2013). Whether these extended functions result from 

acquired new functions of the PCP genes by using fundamental properties of PCP signaling or 

occur in response to established PCP polarization events is currently unknown. A common 

feature of these events is the proper orientation and positioning of cells and their processes in 

response to local and directional cues. Therefore, it has been proposed that PCP defines any 
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event that affects cell polarity and involves one or more of the PCP core genes (Wang and 

Nathans, 2007). 

The Wnt/PCP signaling pathway has been shown to play crucial roles in many aspects 

of neuronal morphogenesis (Feng et al., 2012a; Pino et al., 2011; Qu et al., 2010; Shima et al., 

2007) but evidence is lacking about local or global cues upstream of PCP that align polarity 

along a given axis. Wnts are thought to be one of the major signaling molecules that might 

bind to FZD-CELSR complexes to generate non-canonical signals. However, it is still unclear 

when and how cells within distinct developmental stages become susceptible for different 

Wnt signals to initiate a ligand-specific signaling response. It would be interesting to know, 

whether different canonical and non-canonical Wnt signals act in a stage-specific manner to 

regulate distinctive steps of adult hippocampal neurogenesis. 

 

1.7. Aims of the present work 

Wnts are part of a diverse set of different signaling pathways in which there is a wide 

range of possible interactions. Unlike in the SVZ, which is considered to be a spacious stem 

cell niche, the SGZ in the hippocampus houses all developmental stages of neural precursors 

in close proximity and thus factors regulating distinctive developmental steps should be 

constantly present. So far, studies showed that the Rho GTPases Cdc42, Rac1 and RhoA 

regulate the morphological maturation of adult-born granule cells in a stage-specific manner. 

They are thought to act as central assimilators downstream of multiple signaling pathways 

(Vadodaria et al., 2013; Vadodaria and Jessberger, 2013).  However, to date no studies have 

shown the existence of major morphogenic Wnt pathways in the adult hippocampus that could 

act upstream of those components. We wished, therefore, to determine the role of molecular 

candidates of the Wnt/PCP system in distinct aspects of granule cell morphogenesis, such as 

migration, cell polarity and neuritrogenesis. 
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The overall aim of this study was to dissect out the regulative properties of distinct Wnt 

signaling pathways during dentate granule cell neurogenesis and to elucidate whether these 

pathways exert stage-specific functions. 

 

Specifically we asked the following questions: 

 

Which particular Wnt signaling pathway components are expressed in different stages upon 

differentiation of adult hippocampal progenitors? 

 

Do adult hippocampal progenitors show a stage-specific susceptibility for different Wnt 

signaling pathways? 

 

Is ATP6AP2, as a shared adapter protein for Wnt/ß-Catenin and Wnt/PCP signaling, 

expressed throughout different stages of adult hippocampal neurogenesis in vivo? 

 

Does manipulation of ATP6AP2 expression affect neurogenic Wnt signaling in vitro? 

 

What effect does a single-cell knockdown of ATP6AP2 have on dentate granule cell 

neurogenesis in vivo? 

 

Which aspects of adult hippocampal neurogenesis are affected by damping the Wnt signaling 

receptiveness in AHPs in vivo? Do canonical Wnt signaling and non-canonical Wnt/PCP 

signaling control different aspects of granule cell maturation? 
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2.1. Materials 

2.1.1. Solutions and buffers 

Buffer Ingredients 

Phosphate Buffer Saline (PBS) 137mM NaCl, 3mM KCl, 8mM Na2HPO4, 

1.5mM KH2PO4 in dH2O, pH 7.4 

 

Tris-borate EDTA (TBE), 1X 100mM Tris-borate, 5mM EDTA in dH2O 

 

Lysogeny Broth (LB) medium, 1X 1% w/v Bactotryptone, 0.5% w/v yeast  

extract, 1% w/v NaCl 

 

Lysogeny Broth (LB) agar, 1X 1% w/v Bactotryptone, 0.5% w/v yeast 

extract, 1% w/v NaCl, 2% w/v agar 

 

Sodium citrate Buffer 9ml 0.1M Citric acid, 41ml 0.1M 

Sodiumcitrate, 450ml dH2O, pH 6.0 

 

4% PFA 20g Paraformaldehyde in 250ml dH2O, 1.5ml 

5N NaOH, 250ml 0.2M phosphate, pH 7.4 

 

RIPA Buffer Millipore 

 

Lysis Buffer Phospho-proteins 50 mM β-glycerophosphate, pH 7.3, 1.5 mM 

EGTA, 1.0 mM EDTA, 0.1 mM sodium 

vanadate, 1.0 mM benzamidine, 10 µg/ml 

aprotinin, 10 µg/ml leupeptin, 2.0 µg/ml 

pepstatin A, 1.0 mM DTT 

 

TBS (10x) 1.45M Sodiumchloride, 0.2M TRIS base, pH 

7.4 

 

 

http://onlinelibrary.wiley.com/doi/10.1002/0471143030.cba01bs00/full
http://onlinelibrary.wiley.com/doi/10.1002/0471143030.cba01bs00/full
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2.1.2. Chemicals 

4',6-Diamidino-2-phenylindole (DAPI) Sigma-Aldrich Chemie, Steinheim, Germany 

Agar Merck, Darmstadt, Germany 

Antioxidant Invitrogen, Karlsruhe, Germany 

Aprotinin Sigma-Aldrich, MO, USA 

Argarose Lonza, Basel, Switzerland 

Benzamidine Sigma-Aldrich, MO, USA 

Bovine serum albumine (BSA, fraction V) Sigma-Aldrich, München, Germany 

BrdU (5-bromo-2-deoxyuridine) Roche, Penzberg, Germany 

Brilliant SYBR® Green 2x Mix Stratagene, Amsterdam, Netherlands 

Citric acid AppliChem GmbH, Darmstadt, Germany 

Cresyl violet Sigma-Aldrich Chemie, Steinheim, Germany 

Developer solution (western film) Agfa HealthCare, München, Germany 

Diethylpyrocarbonate (DEPC ) AppliChem GmbH, Darmstadt, Germany 

Dimethylsulfoxide (DMSO) Roth, Karlsruhe, Germany 

Disodium hydrogen phosphate Roth, Karlsruhe, Germany 

Dithiothreitol (DTT) Roth, Karlsruhe, Germany 

EGTA Sigma-Aldrich, MO, USA 

Ethanol Roth, Karlsruhe, Germany 

Ethidiumbromide Life Technologies, CA, USA 

Ethylendiamintetraacetate (EDTA) Roth, Karlsruhe, Germany 

Glycerine Roth, Karlsruhe, Germany 

Hydrochloric acid (HCL) Merck, Darmstadt, Germany 

Hyperfilm ECL GE-Healthcare, Uppsala, Sweden 

Isofluran (RS)-Difluormethoxy-1- 

chlor- 2,2,2-trifluorethan 

Forene ®, Abbott, Ludwigshafen, Germany 

Isopropyl alcohol Roth, Karlsruhe, Germany 

Leupeptin Sigma-Aldrich, MO, USA 

Milkpowder Socofin, Zeven, Germany 

Normal Goat Serum (60µg/ml) Jackson ImmunoResearch Laboratories Inc., 

Baltimore, USA 

NuPAGE® LDS Sample Buffer Invitrogen, Karlsruhe, Germany 

NuPAGE® LDS Sample Buffer Antioxidant Invitrogen, Karlsruhe, Germany 
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NuPAGE® LDS Sample Reducing Agent Invitrogen, Karlsruhe, Germany 

NuPAGE® MOPS SDS-buffer Invitrogen, Karlsruhe, Germany 

NuPAGE® Novex ® 4-12% Bis-Tris Gel Invitrogen, Karlsruhe, Germany 

Paraformaldehyde (PFA) Serva, Heidelberg, Germany 

Pepstatin Sigma-Aldrich, MO, USA 

Potassium hydrogen phosphate Roth, Karlsruhe, Germany 

Potassiumchloride Roth, Karlsruhe, Germany 

Precision Plus Protein
TM

 Standard BioRad, Hercules, USA 

Proteinase-Inhibitor-Cocktail Sigma-Aldrich Chemie, Steinheim, Germany 

PVA-DABCO Sigma-Aldrich Chemie, Steinheim, Germany 

Rapid fixing solution (western film) Agfa HealthCare, München, Germany 

Sodium dodecyl sulfate (SDS) Serva Electrophoresis GmbH, Heidelberg, 

Germany 

Sodium hydoxide (NaOH) Sigma-Aldrich Chemie, Steinheim, Germany 

Sodium vanadate (Na3VO4) Sigma-Aldrich Chemie, Steinheim, Germany 

Sodiumchloride (NaCl) Roth, Karlsruhe, Germany 

Sodiumcitrate Sigma-Aldrich Chemie, Steinheim, Germany 

Stripping reagent ThermoScientific, Bremen, Germany 

Towbin-Puffer (Towbin Buffer 10x for 

Western Blotting) 

Serva Electrophoresis GmbH, Heidelberg, 

Germany 

TRIS-Base (Tris(hydroxymethyl)- 

aminomethan) 

Sigma-Aldrich Chemie, Steinheim, Germany 

TritonX-100 Sigma-Aldrich Chemie, Steinheim, Germany 

Tween 20 Sigma-Aldrich Chemie, Steinheim, Germany 

β-glycerophosphate Sigma-Aldrich, MO, USA 

β-mercaptoethanol Sigma-Aldrich Chemie, Steinheim, Germany 

 

2.1.3. Laboratory equipment and Software 

Adobe InDesign CS 5.5 Adobe Systems, San Jose, USA 

AutoQuant X3 Deconvolution MediaCybernetics, USA 

AxioVision Rel. 4.8.1 Carl Zeiss Imaging Solutions GmbH, 

Oberkochen, Germany  
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BD FACSCanto
TM

 II flow cytometer BD Biosciences, USA 

Beckman Centrifuge Beckman Coulter Inc., CA, USA 

Bio Rad Gel Doc System Bio Rad, CA,USA 

C1000 Touch cycler Bio Rad, USA 

C150 CO2 Incubator Binder, Germany 

Class II Type A2 safety cabinet Labconco, MO, USA 

Clinical Rotator Fisher Scientific, USA 

Electrophoresis unit J.M. specialty parts, CA, USA 

Eppendorf Centrifuge 5424 R Eppendorf, Hamburg, Germany 

GraphPad Prism 5.0 GraphPad Software Inc., La Jolla, USA 

Hamilton Syringes Hamilton Company, NV, USA 

Hybridization oven Thermo Fischer, USA 

ImageJ 1.44p National Institutes of Health, USA 

Imaris Bitplane AG, Zurich, Switzerland 

Incubation shaker Thermo Fisher Scientific, USA 

Kopf stereotaxic frame, Model 900 David Kopf  Instruments, CA, USA 

Leica TCS SP5 confocal Leica Mikrosysteme Vertrieb GmbH, 

Wetzlar, Germany 

Leica VT1000S Leica Mikrosysteme Vertrieb GmbH, 

Wetzlar, Germany 

MathLab MathWorks, Massachusetts, USA 

Microscope stage LSTEP 2000XY Märzhäuser GmbH, Wetzlar, Germany 

Microwave oven Emerson, MO, USA 

MICTOM HM 450 (cryostat) Thermo Scientific,USA 

NanoDrop micro-volume spectrophotometer Thermo Fisher Scientific 

Neurolucida 9 MBF Biosciences, Williston, USA 

Neuronstudio Computational Neurobiology and Imaging 

Center (CINC) Mount Sinai School of 

Medicine, USA 

Power supply EC 105 Thermo electron, USA 

StereoInvestigator 9 MBF Biosciences, Williston, USA 

Water Bath ISOTEMP 110 Fisher Scientific, USA 

Zeiss Axioplan 2 fluorescence microscope Carl Zeiss Imaging Solutions GmbH, 

Oberkochen, Germany 
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Zeiss LSM 780 Carl Zeiss Imaging Solutions GmbH, 

Oberkochen, Germany 

Zeiss observer microscope Carl Zeiss Imaging Solutions GmbH, 

Oberkochen, Germany 

 

2.1.4. Enzymes 

AgeI 
New England Biolabs 

EcoRI New England Biolabs 

Klenow, large fragment New England Biolabs 

MluI New England Biolabs 

NotI New England Biolabs 

PmeI New England Biolabs 

 

2.1.5. Oligonucleotides used for quantitative real-time PCR analyses 

Gene Species Reference Forward primer Reverse primer 

Actin, 

beta 

rat NM_03114

4.3 

 

AGGCCAACCGTGAAA

AGATG 

CCAGAGGCATACAGG

GACAAC 

Atp6ap2

_set1 

rat NM_00100

7091.1  

 

TGGGAAGCGTTATGG

AGAAG 

 

CTTCCTCACCAGGGAT

GTGT 

 

Atp6ap2

_set2 

rat NM_00100

7091.1  

 

TGTCTTGGCCAGGGCT

TGCT 

 

TCACTGGGGGCCAAC

TGCAAA 

 

Celsr1 rat XM_00107

0474.3 

 

ACCTACCTGAGGCCCT

TCAT 

 

TGAACGTCCTGGAAC

CTTGG 

 

Celsr2 rat NM_00119

1110.1 

 

GAGCGAGGAAATGAA

CTCAGCC 

 

TGAGCACTGGGCTGTC

ACAC 

 

Celsr3 rat NM_03132

0.1 

 

CTGGTGTGCAAACAA

GCTCC 

 

GATGAAGTCCTTGCG

GGACA 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=392349659
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=392349659
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=300798055
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=300798055
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=13786139
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=13786139
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Fzd3 rat NM_15347

4.1 

 

CACATTCCGTGTCCGT

ACCA 

 

AAAGCTGGCCCATTC

AAAGC 

 

Fzd4 rat NM_02262

3.2 

 

CAACTTTCACGCCGCT

CATC 

 

CTGAAAGACACATGC

CACCG 

 

Fzd6 rat NM_00113

0536.1 

 

CCGATCGACGCCAGA

GACAG 

 

GCCGTTTCCTGAAAAT

GAGTTCT 

 

Lrp6 rat NM_00110

7892.1 

 

CTGAGTAAGCCCGTC

GCTTT 

 

CAGACCCACAGGCTG

CAATA 

 

m-Actin, 

beta 

mouse NM_00739

3.3 

GGCTGTATTCCCCTCC

ATCG 

CCAGTTGGTAACAAT

GCCATGT 

m-

Atp6ap2 

mouse NM_02743

9.4 

 

ACCGGCCACGGGCTA

CCATTAT 

 

TCGCTGGGAGCCAAC

TGCAA 

 

m-

Celsr1 

mouse NM_00988

6.2 

 

TCCCAGCTCATCTTCA

TGGT 

 

TGCAAGTTCTCCACAA

GGGT 

 

m-

Celsr2 

mouse NM_01739

2 

 

CCGAGAGGGTGGCTA

TACCT 

 

GACACCTGGAGTACA

ACGGC 

 

m-

Celsr3 

mouse NM_08043

7.2 

 

TTTGGTGTTTTGGCCA

CAGT 

 

GAAGGCAGGGGAGGT

ACAGT 

 

m-Fzd3 mouse NM_02145

8.2 

 

AAGACATGCTTTGAA

TGGGC 

 

GGTCCCTCAGGAGTG

ACTGA 

 

Tuj-1 

(ß3 

tubulin, 

Tubb3) 

rat NM_13925

4.2 

 

GAGACCTACTGCATC

GACAA 

CATTGAGCTGACCAG

GGAAT 

 

Table 2.1: Primer sequences used for quantitative real-time PCR analyses. Primers were designed 

with a melting Temperature (Tm) of about 60°C. The resulting PCR amplicons were not allowed to 

exceed a size of 160bp and are localized on a exon junction to prevent amplification of genomic DNA. 

Synthesis of oligonucleotides was performed by IDT (Integrated DNA Technologies, USA). 

 

  

http://www.ncbi.nlm.nih.gov/nuccore/NM_022623.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_022623.2
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=194474079
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=194474079
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=157823965
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=157823965
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2.1.6. Oligonucleotides used for PCR amplification 

Gene / 

Construct 

Primer name Sequence 

ATP6AP2  

(full length)_rat 

5-NotI-atp6ap2 

(full length) 

CAGGCGGCCGCATGGCTGTGCTTGTCGTTCTC

CTCTCTT 

3-MluI-atp6ap2 

 

CAGACGCGTTCAATCCATTCGAATCTTCTGGT

TTGTCATCCT 

∆ECD-ATP6AP2  

_rat 

5-NotI-SP-no 

ECD 

CAGGCGGCCGCATGGCTGTGCTTGTCGTTCTC

CTCTCTTCTCTGGTGTCGAGTGCTTTAGCGGA

GACGAAACAAGAGAACACCCAAAGTCCCTAC

AACCTTGCGTA 

3-MluI-atp6ap2 

 

CAGACGCGTTCAATCCATTCGAATCTTCTGGT

TTGTCATCCT 

ATP6AP2-FLAG 

_rat 

5-NotI-atp6ap2 

(full length) 

CAGGCGGCCGCATGGCTGTGCTTGTCGTTCTC

CTCTCTT 

3-EcoRI-

atp6ap2 FL + 

FLAG + stop 

CAGGAATTCTCATTTATCGTCATCGTCTTTGTA

GTCCATATCCATTCGAATCTTCTGGTTTGTCAT

CCT 

ATP6AP2  

(full 

length)_human 

5-NotI-atp6ap2 

(full length) 

CAGGCGGCCGCATGGCTGTGTTTGTCGTGCTC

CTGG 

3-MluI-atp6ap2 

 

CAGACGCGTTCAATCCATTCGAATCTTCTGGT

TTGTCATCCTATAAATGATGC 

∆ECD-ATP6AP2  

_human 

5-NotI-SP-no 

ECD 

CAGGCGGCCGCATGGCTGTGTTTGTCGTGCTC

CTGGCGTTGGTGGCGGGTGTTTTGGGGGTCAA

GTCATTTGACACCTCCCTCATTAGGAAGAC 

3-MluI-atp6ap2 

 

CAGACGCGTTCAATCCATTCGAATCTTCTGGT

TTGTCATCCTATAAATGATGC 

 

Table 2.2: Primer sequences used for PCR amplification. Primers were designed with a melting 

Temperature (Tm) of about 65°C excluding the respective restriction sites using ApE (A plasmid 

Editor, http://biologylabs.utah.edu/jorgensen/wayned/ape/). Restriction site sequences were added 5’ 

or 3’ of the respective primer sequence and flanked with 3 nucleotides to enable a proper restriction of 

the PCR amplicons. Synthesis of oligonucleotides was performed by IDT (Integrated DNA 

Technologies, USA). 

 

 

2.1.7. Tissue culture reagents, factors and media 

Accutase Sigma-Aldrich, MO, USA 

Amaxa
TM

 Nucleofector Kit for Rat Neural 

Stem Cells 

Lonza, Basel, Switzerland 

Ascorbic acid Sigma-Aldrich, MO, USA 

http://biologylabs.utah.edu/jorgensen/wayned/ape/
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B27 supplement Life Technologies, CA, USA 

B27 supplement (w/o RA) Life Technologies, CA, USA 

Brain-derived neurotrophic factor (BDNF) PreproTech, USA 

cyclic-AMP (cAMP) Sigma-Aldrich, MO, USA 

Dulbecco's Modified Eagle Medium 

(DMEM), high Glucose, GlutaMAX
TM

 

Life Technologies, CA, USA 

Dulbecco's Modified Eagle Medium/ 

Nutrient Mixture F-12 (DMEM/F12) 

Glutamine 

Life Technologies, CA, USA 

Dulbecco's Modified Eagle Medium/ 

Nutrient Mixture F-12 (DMEM/F12) 

GlutaMAX
TM

 

Life Technologies, CA, USA 

Fetal bovine serum (FBS) Life Technologies, CA, USA 

Fibroblast growth factor 2 (FGF-2) PreproTech, USA 

Forskolin (FSK) Sigma-Aldrich, MO, USA 

HBSS (Hank’s Balanced Salt Solution) Life Technologies, CA, USA 

HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) 

Life Technologies, CA, USA 

Iscove's Modified Dulbecco's Medium 

(IMDM) 

Life Technologies, CA, USA 

Laminin Invitrogen, CA, USA 

N2 supplement Life Technologies, CA, USA 

OptiMEM Life Technologies, CA, USA 

Penicillin-Streptomycin (10,000U/ml) Life Technologies, CA, USA 

Polyethyleneimine (PEI) Polysciences, Inc., USA 

Poly-L-ornithine Sigma-Aldrich, MO, USA 

Puromycin Sigma-Aldrich, MO, USA 

Retinoic acid (all trans) (RA) Sigma-Aldrich, MO, USA 

TrypLE
TM

 Life Technologies, CA, USA 
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2.1.8. Cell lines 

HEK293T Retrovirus / Lentivirus 

production 

(Graham et al., 1977) 

Neuro-2A shRNA validation (Olmsted et al., 1970) 

mouse embryonic stem 

cells (ESCs),  RST307 

ATP6AP2 antibody 

validation 

kindly provided by Dr. Bader, MDC 

Berlin, Germany (Sihn et al., 2010) 

 

2.1.9. Primary antibodies 

rabbit α-cJUN (H-79) 

(sc-1694) 

 

1:2000 (western) Santa Cruz Biotechnology Inc., USA 

 

rabbit α-phospho-c-Jun 

(S63) (sc-7980-R) 

 

1:500 (western) Santa Cruz Biotechnology Inc., USA 

mouse α-actin 

 

1:20.000 (western) Sigma-Aldrich, Germany 

chicken α-GFP 1:250 (tissue) 

1:500 (cells) 

 

Aves, OR, USA 

goat α-Doublecortin; C-

18 (sc-8066) 

 

1:250 (tissue) Santa Cruz Biotechnology Inc., USA 

goat α-Sox2; Y-17 (sc-

17320) 

 

1:250 (tissue) 

1:500 (cells) 

 

Santa Cruz Biotechnology Inc., USA 

guinea pig α-NeuN 

(ABN90P) 

 

1:1000 (tissue) Millipore, USA 

mouse α-BrdU (clone 

BMG H8 IgG1) 

 

1:10 (tissue) Roche, Germany 

mouse α-nestin 1:100 (tissue) BD Biosciences, CA, USA 

mouse α-NeuN, clone 60 

(MAB377) 

 

1:100 (tissue) Millipore, USA 

mouse α-Prox1 1:250 (tissue) Millipore, USA 

mouse α-ß-Catenin 1:500 (cells) Cell Signaling, USA 
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rabbit α- SAPK/JNK 1:1000 (western) Cell Signaling, MA, USA 

rabbit α-atp6ap2 (HPA 

003156) 

 

1:200 (tissue) 

1:500 (western) 

Sigma-Aldrich, Germany 

rabbit α-Caspase 3, active 

(cleaved) form (AB3623) 

 

1:250 (tissue) Millipore, USA 

rabbit α-FLAG 1:1000 (cells) Sigma-Aldrich, Germany 

rabbit α-HA 1:500 (cells) Sigma-Aldrich, Germany 

rabbit α-p-Histone H3 

(ser10)-R (sc-8656-R) 

 

1:100 (tissue) Santa Cruz Biotechnology Inc., USA 

rabbit α-Phospho-

SAPK/JNK 

(Thr183/Tyr185) 

 

1:500 (western) Cell Signaling, MA, USA 

rabbit α-S100beta 1:2500 (tissue) Swant, USA 

rabbit α-Tuj1 1:2000 (cells) Covance, USA 

rabbit α-TurboGFP 

(AB513) 

1:1000 (tissue) Evrogen Joint Stock Company 
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2.2. Methods 

2.2.1. Molecular biology techniques 

2.2.1.1. Extraction of RNA 

Total RNA was extracted from cultured cells using RNA-Bee reagent (Tel-Test, Inc.), which 

is a phenol-chloroform based reagent for purifying nucleic acids and eliminating proteins. 

Briefly, cells cultured in a 6 well plate were resuspended in 1ml RNA-Bee reagent and 

transferred to a 1.5ml Eppendorf tube, before adding 200µl chloroform. Tubes were inverted 

2-3x and kept on ice for 10min. Thereafter, samples were centrifuged at 12,000g for 15min at 

4°C. The resulting pellet was washed with 500µl 70% ethanol by centrifugation with the 

aforementioned parameters for 5min. The supernatant was removed and the pellet dissolved in 

15µl RNase-free H2O. The RNA solution was transferred to a fresh RNase-free tube and 

stored at -80°C. 

 

2.2.1.2. Quantification of nucleic acids 

Purity and concentration of DNA and RNA samples were quantified by measuring the 

absorbance of 1µl of undiluted samples at 260nm and 280nm in a spectrophotometer 

(NanoDrop). The ratio of absorbances at 260nm and 280nm (A260/280) was used to determine 

the purity of DNA and RNA samples, where “pure” RNA samples have a A260/280 ≥ 1.8 and 

“pure” DNA samples a A260/280 ≥  2. Given the fact that conventional absorbance reading at 

A260 of 1 optical density (O.D.) corresponds to 40µg/ml of RNA and 50µg/ml of dsDNA, the 

nucleotide concentrations were calculated as A260 (O.D.) x 40 for RNA and A260 (O.D.) x 50 

for DNA samples. 
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2.2.1.3. Restriction enzyme digestion and generation of blunt ends 

Restriction enzymes were purchased from New England Biolabs (2.1.4). Diagnostic 

digestions of plasmid DNA were performed in 20µl final volume as follows. 

 

2µl  10x enzyme-specific restriction buffer 

1µg  plasmid DNA 

0.5µl  restriction enzyme (10U/µl) 

up to 20µl dH2O 

 

For cloning purposes, digestions of PCR products or plasmid DNA were performed in 50µl 

final volume using DNA concentrations between 2 and 5µg. The reactions were incubated for 

1.5 h at 37°C and then subjected to gel electrophoresis. 

Blunt end generation on EcoRI sites was used for cloning shRNA expressing retroviruses 

(RV). Therefore, DNA samples were cut with EcoRI in Buffer 2 (New England Biolabs) in a 

50µl final volume. The DNA polymerase I, Large (Klenow) Fragment (New England 

Biolabs), which retains polymerization and 3’-5’ exonuclease activity, but has lost 5’-3’ 

exonuclease activity, was used to create blunt ends. To 50µl of EcoRI digested sample, 1µl 

dNTP (10mM), 1µl Buffer 2, 1U DNA polymerase I, Large (Klenow) Fragment per µg DNA 

and dH2O up to 60µl were added. The reaction was incubated for 20min at 37°C and then 

purified by gel electrophoresis. 

 

2.2.1.4. Agarose gel electrophoresis 

Agarose gel electrophoresis was carried out in horizontal gel units (J.M. Specialty Parts, CA). 

Gels were prepared by dissolving 1-4% w/v agarose in TBE buffer and heating it in a 

microwave oven until the agarose was completely dissolved. A final concentration of 
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0.5µg/ml ethidium bromide was added to the gels prior to pouring them into a casting plate. 

DNA samples were mixed in a 1:5 ratio with 6x Gel Loading Dye (New England Biolabs) and 

loaded into the gel. Electrophoresis was performed in 1x TBE buffer at 100-140V. A 1kb Plus 

DNA ladder (Life Technologies) was used to determine the size of DNA fragments by 

visualizing them in a light proof cabinet containing an ultraviolet transluminator (Bio Rad Gel 

Doc System). The purification of gel bands was performed using the Zymoclean
TM

 Gel DNA 

Recovery Kit (Zymo Research, CA) according to the manufacturer’s protocol. 

 

2.2.1.5. Amplification and extraction of Plasmid DNA 

Plasmid DNA was amplified in One Shot® Stbl3
TM

 chemically competent E. Coli cells (Life 

Technologies). Chemically competent cells were thawed on ice and mixed with 0.5µg of 

plasmid DNA. After 20min on ice, uptake of plasmid DNA was induced by 45s heat shock in 

a water bath at 42°C followed by 5min incubation on ice. The cells were allowed to recover 

by adding 300µl SOC medium (Corning, VA, USA) in a shaking incubator at 37°C and 

225rpm for 15min. The suspension was then plated onto pre-warmed LB agar plates 

containing either 100µg/ml ampicillin or 50µg/ml kanamycin, depending on the encoded 

resistance gene, and incubated overnight at 37°C. 

Single antibiotic-resistant colonies were inoculated in 4ml of LB medium containing 

100µg/ml ampicillin or 50µg/ml kanamycin and incubated at a 37°C shaking incubator at 

225rpm overnight to collect and process bacteria the next day for plasmid DNA extraction 

using the QIAprep Spin Miniprep Kit (Qiagen, USA) according to the manufacturer’s 

protocol. For higher concentrations, antibiotic-resistant colonies were inoculated in 250ml LB 

medium containing 100µg/ml ampicillin or 50µg/ml kanamycin at 37°C and 225rpm 

overnight. Plasmid DNA extraction was performed using the QIAGEN Plasmid Plus Maxi Kit 

(Qiagen, USA) according to the manufacturer’s instructions. 
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2.2.1.6. Reverse transcriptase polymerase chain reaction (RT-PCR) 

RT-PCR was used to convert RNA templates into complementary DNA (cDNA). The 

SuperScript III® RT Kit (Life Technologies) was used according to the manufacturer’s 

instructions. Briefly, 2µg RNA sample was added to 1µl oligo(dT) primer (50µM), 1µl dNTP 

mix (10µM) and RNase-free water up to 10µl before incubating the mixture at 65°C for 5min. 

The following cDNA synthesis mix (10µl) was prepared and added in the indicated order. 

 

2µl  10x RT buffer 

4µl  MgCL2 (25mM) 

2µl  DTT (0.1M) 

1µl  RNaseOUT (40U/µl) 

1µl  SuperScript
TM

 III RT (200U/µl) 

 

The final 20µl reaction mix was incubated for 50min at 50°C and terminated at 85°C for 

4min, followed by a treatment with 1µl of RNase H for 20min at 37°C. A control reaction was 

set up for each RNA sample by omitting the SuperScript
TM

 III reverse transcriptase. Samples 

were stored at-20°C or subsequently used for qRT-PCR analysis. 

 

2.2.1.7. Polymerase chain reaction (PCR) 

PCR reactions were used to amplify genes and gene fragments for subsequent cloning 

purposes. Phusion® High-Fidelity DNA Polymerase (New England Biolabs) contains a 

proofreading function and was used to perform PCR reactions. All primers were provided 

lyophilized by IDT (Integrated DNA Technologies, USA) and diluted in dH2O to a 10µM 

working solution (2.1.6). Reactions were prepared in a final volume of 25µl using 5µl 5x 

Phusion® High-Fidelity reaction buffer, 0.5µl dNTP (10mM), 0.75µl DMSO, 1µg cDNA, 
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0.25µl Phusion® High-Fidelity DNA Polymerase and dH2O up to 25µl. Primers were added 

at a final concentration of 0.1µM. 

PCR amplifications were performed using the following cycling settings with slight 

modifications depending on the fragment size. 

 

Step1:    94°C   5min 

Step2 (repeat 34x):  94°C   30s 

    60°C (±2°C)  1min 

    72°C   1min / 1000bp 

Step3:    72°C   3min / 1000bp 

 

2.2.1.8. Quantitative real-time PCR (qRT-PCR) 

Gene expression was quantified by qRT-PCR. SYBR® Green was used for relative gene 

expression analyses, where direct detection of PCR products is monitored by measuring the 

increase in fluorescence intensity caused by the binding of SYBR® Green to double-stranded 

DNA. The threshold cycle (Ct) is then automatically calculated based on the intensity of the 

fluorescence signal during the PCR reaction. Real-time PCR reactions were prepared in 

triplicates in nuclease-free multi-well plates for each cDNA sample as well as their respective 

negative controls.  

 

5µl  Power SYBR® Green PCR Master Mix (Applied Biosystems) 

0.5µl  forward primer (10µM) 

0.5µl  reverse primer (10µM) 

6µl  nuclease-free dH2O 
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Quantitative RT-PCR was performed using the C1000 Touch cycler (BioRad) with the 

primers listed in 2.1.5. An initial denaturation step of 5min at 95°C was followed by 39 cycles 

of denaturation (95°C; 10s), annealing (60°C; 30s) and elongation (72°C; 1min). A melting 

curve was generated using the manufacturer’s presets to control for amplification of the 

correct construct. Gene expression was normalized to β-actin and the relative gene expression 

was calculated using the ∆∆ct method (Yuan et al., 2006). Data is shown as the mean of 

triplicate values ± standard error of the mean (SEM). 

 

2.2.1.9. Small hairpin RNAs (shRNAs) 

A small hairpin RNA (shRNA) is a particular RNA sequence that can be used to silence target 

gene expression via RNA interference (RNAi). The sequences for each shRNA were selected 

from the shRNA library of the Broad Institute (The RNAi Consortium, TRC) according to 

target mouse and rat genes respectively. Oligonucleotides containing the following 

configuration were generated by IDT (Integrated DNA Technologies, USA). 

 

Forward oligo: 5’ CCGG - 21 bp Sense - CTCGAG - 21 bp Antisense - TTTTTG3’  

Reverse oligo: 5’ AATTCAAAAA - 21 bp Sense – CTCGAG - 21 bp Antisense - 3’ 

 

Annealing of oligos was performed using the following reaction: 

 

1.5µl  Forward oligonucleotide (100µM) 

1.5µl  Reverse oligonucleotide (100µM) 

5µl  10x NEB buffer 2 

42µl  dH2O 
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The reaction mixture was incubated for 5min at 95°C and then slowly cooled down to room 

temperature (~1°C / 4s). By using AgeI and EcoRI restriction sites the annealed oligos were 

subcloned into the lentiviral pLKO.1 backbone downstream of the hU6 promoter to drive the 

expression of shRNAs. Knockdown efficiencies were confirmed by transfection of mouse 

Neuro-2A cells (ATCC, VA) and primary rat adult hippocampal progenitor cells (AHPs) 

using qRT-PCR and Western blot. 

shRNA 

name 

Forward 

oligonucleotide 

Reverse 

oligonucleotide 

Targeting 

sequence 

TRCN 

number 

 

sh 

ATP6AP2 

#1 

CCGGTAATCACCTC

TTACAACATTTCTC

GAGAAATGTTGTAA

GAGGTGATTATTTT

TG 

AATTCAAAAATAA

TCACCTCTTACAA

CATTTCTCGAGAA

ATGTTGTAAGAGG

TGATTA 

TAATCAC

CTCTTAC

AACATTT 

 

TRCN0000

241228 

sh 

ATP6AP2 

#2 

CCGGTATGGATCCT

GGATATGATAGCTC

GAGCTATCATATCC

AGGATCCATATTTT

TG 

CCGGTATGGATCC

TGGATATGATAGC

TCGAGCTATCATA

TCCAGGATCCATA

TTTTTG 

TATGGAT

CCTGGAT

ATGATAG 

 

TRCN0000

241226 

sh 

FZD3 

CCGGCCTGGATTGT

TCTCGGGATTTCTC

GAGAAATCCCGAG

AACAATCCAGGTTT

TTG 

AATTCAAAAACCT

GGATTGTTCTCGG

GATTTCTCGAGAA

ATCCCGAGAACAA

TCCAGG 

CCTGGAT

TGTTCTC

GGGATTT 

 

TRCN0000

071553 

 

sh 

CELSR1 

CCGGGCTGCGTTTA

TTGCCAACAATCTC

GAGATTGTTGGCAA

TAAACGCAGCTTTT

TG 

AATTCAAAAAGCT

GCGTTTATTGCCA

ACAATCTCGAGAT

TGTTGGCAATAAA

CGCAGC 

GCTGCGT

TTATTGC

CAACAAT 

 

TRCN0000

027366 

 

sh 

CELSR2 

CCGGGCCCTGGTAG

ATTTGGACTATCTC

GAGATAGTCCAAAT

CTACCAGGGCTTTT

TG 

AATTCAAAAAGCC

CTGGTAGATTTGG

ACTATCTCGAGAT

AGTCCAAATCTAC

CAGGGC 

GCCCTGG

TAGATTT

GGACTAT 

 

TRCN0000

094563 

 

sh 

CELSR3 

CCGGCCCAATATCA

TGCTCAGCATTCTC

GAGAATGCTGAGC

ATGATATTGGGTTT

TTG 

AATTCAAAAACCC

AATATCATGCTCA

GCATTCTCGAGAA

TGCTGAGCATGAT

ATTGGG 

CCCAATA

TCATGCT

CAGCATT 

 

TRCN0000

094952 

 

sh 

LRP6 

CCGGCGCACTACAT

TAGTTCCAAATCTC

GAGATTTGGAACTA

ATGTAGTGCGTTTT

TG 

AATTCAAAAACGC

ACTACATTAGTTC

CAAATCTCGAGAT

TTGGAACTAATGT

AGTGCG 

CGCACTA

CATTAGT

TCCAAAT 

 

TRCN0000

109361 
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sh 

scrambled 

(control) 

CCGGCCTAAGGTTA

AGTCGCCCTCGCTC

GAGCGAGGGCGAC

TTAACCTTAGGTTT

TTG 

AATTCAAAAACCT

AAGGTTAAGTCGC

CCTCGCTCGAGCG

AGGGCGACTTAAC

CTTAGG 

 (from 

Addgene 

plasmid 

#1864) 

 

Table 2.3: shRNA sequences for oligonucleotide annealing. Oligos were selected from the shRNA 

library of the Broad Institute (The RNAi Consortium, TRC) according to target mouse and rat genes 

respectively. TRCN numbers refer to the TRC library and shRNA names to the expression used in this 

study. 

 

 

 

2.2.1.10. Plasmids and viral vectors 

For ATP6AP2 overexpression, full-length rat or human Atp6ap2 cDNA was subcloned into 

the pLVXEP vector (kind gift from Dr. Mertens, Salk Institute for Biological Studies, La 

Jolla, CA) containing an elongation factor 1 (EF1)α promoter using NotI and MluI restriction 

sites. The ∆ECD mutant lacks aa 1-265 of the extracellular domain. Non-overexpressing 

control cells were transfected with the pLVXEP vector only. HA-tagged CELSR2 and 3 

expressing plasmids pEF-CELSR2-HA and pcDNA-CELSR3-HA (a kind gift from Dr. 

Uemura, Kyoto University, Japan) (Shima et al., 2007) were used for localization experiments 

in differentiating AHPs. For the retroviral experiments, shRNAs targeting mouse and rat 

genes (see Table 2.3) were subcloned from the pLKO.1 backbone into a retroviral construct 

containing a chicken ß-actin (CAG)-driven GFP and a hU6 promoter driving expression of 

shRNAs, as described previously (Zhao et al., 2006). Briefly, retroviral constructs (RV-

CAG07-GFP) were digested with PmeI and NotI, while the hU6 - shRNA inserts were 

recovered from pLKO.1 plasmids using NotI and EcoRI. EcoRI sites were blunted using 

Klenow (see chapter 2.2.1.3.) and hU6-shRNA inserts were subsequently cloned into the 

circulated retroviral backbone (RV-CAG07-GFP). As a control we used a target sequence not 

matching to any rodent mRNA sequence. The lentiviral pLKO.1 vectors for in vivo 
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experiments containing the shATP6AP2 #1 sequence as well as a CMV-driven TurboGFP 

were obtained from Sigma (Sigma-Aldrich, Germany). 

Plasmid Features Use Cloning 

sites 

Source 

 

pLVXEP EF1α promoter to 

drive transgene 

expression,  PGK-

puro(R), WPRE 

ATP6AP2 full length 

and ∆ECD 

overexpression 

NotI, 

MluI 

 

Dr. Mertens, The 

Salk Institute for 

Biological 

Studies, CA 

pLKO.1-

TRC cloning 

vector 

 

hU6 promoter to 

drive shRNA 

expression, 1.9kb 

stuffer insert 

shRNA cloning vector AgeI, 

EcoRI 

Addgene 

(#10878) 

pLKO.1-

CMV-TGFP 

 

hU6 promoter to 

drive shRNA 

expression, CMV-

TGFP 

lentivirus for 

shATP6AP2 

 Sigma-Aldrich, 

Germany 

RV-CAG07-

GFP 

 

CAG-GFP, WPRE retroviruses for in-vivo 

use of shRNAs 

(inserted hU6-shRNA) 

NotI, 

PmeI 

Laboratory of 

Genetics – Gage, 

The Salk Institute 

of Biological 

Studies, CA 

Super8xTOP

FLASH  

 

TCF/LEF binding 

motifs driving 

expression of 

firefly luciferase 

luciferase reporter 

assays for canonical 

Wnt signaling 

 Addgene 

(#12456) 

Super8xFOP

FLASH  

 

mutant TCF/LEF 

motifs driving 

expression of 

firefly luciferase 

luciferase reporter 

assays for canonical 

Wnt signaling 

 Addgene 

(#12457) 

pAP-1-luc AP-1 cis-reporting 

system 

luciferase reporter assay 

for Wnt/PCP signaling 

 PathDetect cis-

reporting system 

from Stratagene 
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pRL (renilla-

luc) 

CMV-renilla 

luciferase 

internal control for 

reporter experiments 

 Promega, USA 

pEF-

CELSR2-HA 

EF1α -Celsr2-HA localization 

experiments 

 Dr. Uemura, 

Kyoto University, 

Japan 

pcDNA-

CELSR3-HA 

CMV-Celsr3-HA localization 

experiments 

 Dr. Uemura, 

Kyoto University, 

Japan 

 

Table 2.4: Plasmids and their major features. Table showing all plasmids used in this study 

including the source, major features and if applicable the used cloning sites. CMV, cytomegalovirus 

promoter; CAG, modified chicken ß-actin promoter with enhancer sequences from CMV; PGK, 

phosphoglycerrate kinase promoter; WPRE, Woodchuck Hepatitis Virus Posttranscriptional 

Regulatory Element; hU6, human U6 promoter; EF1α, elongation factor 1α promoter; GFP, green 

fluorescent protein; HA, human influenza hemagglutinin tag. 

 

 

2.2.2. Protein biology 

2.2.2.1. Western blot 

Cells were lysed in RIPA buffer on ice for 20min. and subsequently centrifuged at 14,000 

rpms at 4°C. The supernatant was then collected and transferred to a new Eppendorf tube. 

Protein concentration was measured using the Pierce
TM

 BCA
TM

 Protein assay (Thermo 

Scientific, USA) according to the manufacturer’s instructions. 25µg of total proteins were 

then size separated by NuPAGE® Novex ® 4-12% Bis-Tris Gels (Invitrogen, CA, USA) in 

MOPS buffer (see chapter 2.1.2) by using the Precision Plus Protein
TM

 Standard ladder 

(BioRad) and transferred to a polyvinylidene difluoride membrane (GE Healthcare, USA). To 

determine the endogenous expression levels of ATP6AP2, the membrane was blocked with 

5% milk powder in TBS and incubated with the following primary antibodies overnight at 

4˚C: rabbit α-ATP6AP2 (1:500; Sigma) and mouse α-ß-actin (1:20.000; Sigma). After 

extensive washes in TBS, membranes were incubated with 1:10.000 HRP conjugated 
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secondary antibodies (Chemicon, Temecula, USA) for 2h at room temperature. Antibody 

complexes were detected using an enhanced chemiluminescence (ECL) reagent (Millipore, 

Germany) and quantified densitometrically with appropriate plug-ins of the ImageJ software. 

 

2.2.2.2. Western blotting of phospho-proteins 

To quantify the levels of phorphorylated proteins after acute stimulation with Wnt ligands, 

cells were lysed using a lysis buffer for phospho-proteins (2.1.1) and subsequently centrifuged 

at 14,000 rpm at 4°C. The procedure was carried out as described in chapter 2.2.2.1 but 5% 

BSA in TBS was used for blocking. The following primary antibodies were used: rabbit α-

cJUN (1:2000; Santa Cruz), rabbit α-phospho-c-Jun (1:500; Santa Cruz), rabbit α- SAPK/JNK 

(1:1000, Cell Signaling), rabbit α-phospho-SAPK/JNK (1:500; Santa Cruz) and mouse α-ß-

actin (1:20.000; Sigma). 

 

2.2.3. Cell culture 

2.2.3.1. Isolation and culture of AHPs 

Adult hippocampal progenitor cells (AHPs) were isolated and cultured as previously 

described (Palmer et al., 1997). Briefly, the dentate gyri of up to six female Fischer 344 rats 

(Harlan, San Diego, USA) were dissected, homogenized and re-suspended in DMEM/F12 

Glutamine media (Life Technologies, USA) containing B27 supplement (Life Technologies, 

USA), 100U/ml penicillin-streptomycin (Life Technologies, USA) before plating them onto 

polyornithine (10µg/ml) / laminin (5µg/ml) coated culture dishes. Proliferating AHPs were 

then cultured in serum-free media, DMEM-F12 Glutamine containing N2 supplement (Life 

Technologies, USA) and 20ng/ml FGF-2 (PreproTech, USA). For neuronal differentiation, 



CHAPTER II: Materials and Methods 

59 
 

AHPs were transferred into medium containing 1µM retinoic acid (Sigma-Aldrich, MO, 

USA) and 5µM forskolin (Sigma-Aldrich, MO, USA) for the indicated number of days. 

 

2.2.3.2. Isolation and culture of rat hippocampal astrocytes 

Primary astrocytes were isolated from rat hippocampi and co-cultured with AHPs. Therefore, 

rat hippocampi from E18 embryonic brains were dissected starting from the dorsolatereal 

cortex surface and collected in HBSS containing 10mM HEPES, 100U/ml penicillin-

streptomycin (Life Technologies, USA) on ice. The solution was then aspirated and TrypLE 

(Life Technologies, USA) was added for 30min at 37°C. Thereafter, TrypLE was carefully 

removed and cells were re-suspended and homogenized in DMEM GlutaMAX
TM

 containing 

10% FBS and plated on 10cm culture dishes (Corning, NY, USA). Astrocytes were expanded 

in these media conditions and used through the 5
th

 passage. The astrocyte markers GFAP and 

S100beta were used to validate the cultures. For co-culture experiments, AHPs were plated on 

a confluent astrocyte feeder layer in serum-free conditions using DMEM/F12 Glutamine and 

N2 supplement (Life Technologies, USA) as previously described (Song et al. 2002). 

 

2.2.3.3. Human hippocampal NPCs and reporter assays 

Human pluripotent stem cells (hPSCs) can give rise to functional neurons, but one of the 

current challenges is to produce specific subtypes of neurons. A first differentiation paradigm 

that produces an enriched population of dentate granule neurons has been recently published 

(Yu et al., 2014). According to this protocol, hPSCs are treated with anticaudalizing factors 

blocking Wnt, BMP, TGF-ß and Shh pathways in order to obtain dorsal forebrain precursors. 

These hippocampal precursors were obtained from Dr. Yu (Salk Institute, La Jolla, CA) and 

then differentiated into dentate granule neurons by using DMEM/F12 GlutaMAX media 
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containing B27 supplement (w/o RA), N2 supplement, ascorbic acid (200nM), cyclic AMP 

(500µg/ml), laminin  (1µg/ml), BDNF (20ng/ml) and WNT3A (20ng/ml). For reporter 

assays, hippocampal hNPCs were electroporated with TCF/LEF or AP-1 signaling reporters 

as described in chapter 2.2.3.4 and subsequently cultured with the presence of differentiating 

factors for up to 8 days. 

 

2.2.3.4. Luciferase reporter assays 

For dual luciferase assays, AHPs or hNPCs were electroporated, using a nucleofector device 

(Amaxa
TM

; Lonza, Switzerland) according to the manufacturer’s protocol, with the following 

reporter plasmids: Super8xTOPFLASH (with TCF/LEF binding motifs), Super8xFOPFLASH 

(mutant motif), pAP-1-luc (PathDetect cis-reporting system from Stratagene) and pRL 

(Renilla-Luciferase) under the control of the human cytomegalievirus (CMV) promoter as an 

internal control. Cells were treated with 50 ng/ml WNT3A (R&D Systems, USA), 50 ng/ml 

WNT5A (R&D Systems, USA), 50 ng/ml WNT7A (R&D Systems, USA) or 250 mM 

CHIR99021 (LC Laboratories, USA) for 24h at the time points indicated. Luciferase activity 

was measured using the Dual-Luciferase Reporter Assay System (Promega, USA). 

 

2.2.3.5. Immunocytochemistry 

Immunocytochemistry was performed on cultured cells fixed with 4% paraformaldehyde 

(PFA) for 30min followed by extensive washes in TBS buffer. Cells were then blocked in 

TBS containing 0.1% Triton-X100 and 3% normal goat serum (Jackson ImmunoResearch 

Laboratories Inc., Baltimore, USA) for 1h at room temperature. Primary antibodies were 

applied over night at 4°C in the same blocking solution. The following primary antibodies 

were used: rabbit α-Tuj1 (1:1000; Covance), rabbit α-HA (1:500; Sigma), mouse α-ß-Catenin 
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(1:500; Cell Signaling), goat α-Sox2 (1:250; Santa Cruz). Fluorochrome-conjugated species-

specific secondary antibodies were all obtained from Jackson ImmunoResearch (Bar Harbor, 

ME) and used for immunodetection with a dilution factor of 1:500. Nuclear counterstaining 

was performed with DAPI (4',6-Diamidino-2-phenylindole) at a 1:10,000 dilution in TBS. 

Specimens were then coverslipped using PVA-DABCO mounting solution (Sigma-Aldrich 

Chemie, Steinheim, Germany). 

 

2.2.3.6. Transfection of Neuro-2A cells 

To validate knockdown efficiencies of the designed shRNAs, we transfected mouse Neuro-2A 

cells using polyethyleneimine (PEI) per 6 well culture dish as follows: 

 

2µg   pLKO.1 plasmid containing U6-driven shRNAs 

12µl  PEI (1µg/µl) 

300µl  OptiMEM 

 

Media (DMEM GlutaMAX containing 5% FBS) was changed after 6h and puromycin 

(1µg/ml) was added for selection purposes. Cells were harvested after 2 days and subjected to 

qRT-PCR or Western blot analysis as described in chapters 2.2.1.8 and 2.2.2.1. 

 

2.2.4. Histology 

2.2.4.1. Tissue processing and Immunohistochemistry 

Animals were deeply anesthetized with ketamine/xylazine and then transcardially perfused 

with a 0.9% NaCl solution followed by 4% PFA in 0.1 M phosphate buffer (pH 7.4). Brains 

were removed, postfixed overnight at 4°C and then transferred into 30% sucrose solution for 
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cryoprotection. Forty-µm thick coronal sections were obtained using a sliding microtome 

(Thermo Scientific, USA) on dry ice. Sections were stored in cryprotectant solution and 

subjected to immunohistochemistry as previously described (Schafer et al., 2013). Briefly, 

free-floating sections were blocked with 3% normal goat serum (Jackson ImmunoResearch 

Laboratories Inc., Baltimore, USA) and 0.25% Triton-X100 in TBS for 1h after extensive 

washes in TBS. Primary antibodies were applied for 24h-72h at 4°C in the same solution. For 

fluorochromic immunodetection, sections were washed extensively and then further incubated 

with species-specific secondary antibodies. 

The primary antibodies used were chicken α-GFP (1:500; Aves, OR), rabbit α-TurboGFP 

(1:1000; Evrogen), goat α-DCX (1:250; Santa Cruz), mouse α-Prox1 (1:250; Millipore), goat 

α-Sox2 (1:250; Santa Cruz), rabbit α-Sox2 (1:250; Cell signaling), mouse α-NeuN (1:100; 

Millipore) and guinea pig α-NeuN (1:1000; Millipore). Secondary antibodies were all 

obtained from Jackson Immunoresearch (Bar Harbor, ME). After being rinsed, the sections 

were counterstained with DAPI (1:10,000; Sigma-Aldrich), washed and coverslipped in PVA-

DABCO fluorescent mounting medium (Sigma-Aldrich Chemie, Steinheim, Germany). 

Controls (omission of primary antibodies) were used to confirm the specificity of each 

staining procedure. 

 

2.2.4.2. BrdU stain 

Labeling of dividing cells was performed by intraperitoneal application of the thymidine 

analogue BrdU (5-bromo-2-deoxyuridine) (Roche, Penzberg, Germany) at 50mg/kg of body 

weight using a sterile solution of 10mg/ml of BrdU in 0.9% (w/v) NaCl solution. For 

immunohistological detection of the incorporated BrdU, tissue sections were mounted onto 

gelatin-coated slides and allowed to dry in a hybridization oven (Thermo Fischer, USA) prior 

to the staining procedure. Sodium citrate buffer (see chapter 2.1.1) was used for antigen 
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retrieval by boiling the mounted tissue slides for 20min in the microwave oven at 900W. 

Slides were then cooled down to room temperature and extensively washed in PBS before 

blocking with 3% normal goat serum (Jackson ImmunoResearch Laboratories Inc., Baltimore, 

USA) and 0.25% Triton-X100 in PBS. Following the manufacturer’s protocol the primary α-

BrdU antibody (Roche, Penzberg, Germany), containing specific nucleases to allow 

intranuclear staining, was incubated 1:10 in PBS for 2h at 37°C. The following steps were 

performed as described in chapter 2.2.4.1. 

 

2.2.5. In-vivo experiments 

2.2.5.1. Production of high titer retroviruses (RVs) 

Replication-incompetent recombinant RV vectors were pseudotyped by co-transfection of 

HEK293T cells with plasmids containing the RV vector (RV-CAG-GFP-hU6-shRNA-

WPRE), the vesicular stomatitus virus (VSV)-G envelope protein (Clontech) and the 

retroviral structure proteins gag and pol (pCMV-Gag-Pol; Cell Biolabs, Inc., USA). Transient 

transfection was carried out using PEI in 15cm dishes after 9-10 x 10
6
 cells were plated the 

day prior to transfection. The following mixture was added per 15cm culture dish in 15ml of 

IMDM media (Life-Technologies, USA) containing 10% FBS: 

 

14.3µg   RV-CAG-GFP-hU6-shRNA-WPRE 

9.2µg   pCMV-Gag-Pol (Cell Biolabs, Inc., USA) 

4.1µg   pVSV-G (Clontech) 

110.4µl  PEI (1µg/µl) 

1ml   OptiMEM 
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After 4-5h the media was changed and viruses were harvested 2 and 3 days post transfection. 

Virus containing media was filtered using the 0.45µm pore size Stericup® vacuum filatration 

system (Millipore, USA) and subsequently concentrated by centrifugation at 19.400 rpms for 

2h at 4°C. For in vivo applications, the pellet was re-suspended in PBS and centrifuged for 

another 2h at 19.400 rpms and 4°C to eliminate residual cell debris. The RV-containing pellet 

was re-suspended in ~10µl PBS/15cm plate and stored at -80°C until use.  

The concentrated RV titer was determined by GFP marker expression in HEK293T cells after 

viral transduction and quantified using a flow cytometer (BD Biosciences, USA). Titers 

ranged from 2 to 5 × 10
7
 colony forming units/ml. 

 

2.2.5.2. Production of high titer lentiviruses 

The lentiviruses used in this study were based on the pLKO.1 CMV-TGFP system (Sigma-

Aldrich). Lentiviruses are modified HIV viruses that are unable to replicate in a host. In 

contrast to retroviruses, they also infect non-dividing cells and were used to target postmitotic 

granule cells. HEK293T cells were plated one day ahead with a density of 10 x 10
6
 cells / 

15cm culture dish. The following mixture of third generation viral packaging vectors were 

added one day later by using PEI for transfection: 

 

12.2µg   pLKO.1 CMV-TGFP-hU6-shRNA (Sigma-Aldrich) 

8.1µg   pMDLg/pRRE (Addgene #12251) 

3.1µg   pRSV-Rev (Addgene #12253) 

4.1µg   pVSV-G (Clontech) 

110.4µl  PEI (1µg/µl) 

1ml   OptiMEM 
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Media was changed 6h later and viruses were harvested 3 days post transfection. The 

supernatant containing LVs was filtered through a 0.45µm pore size Stericup® vacuum 

filatration system (Millipore, USA) and then centrifuged at 19.400 rpms for 2h at 4°C. A 

second centrifugation step was used to remove residual cell debris and concentrate the virus 

for in vivo use. The LV-containing pellet was re-suspended in ~5-10µl PBS/15cm plate and 

stored at -80°C until use. Titers were determined as described in chapter 2.2.5.1 and ranged 

from 3 to 5 × 10
7
 colony forming units/ml. 

 

2.2.5.3. Animals and stereotaxic injections 

All animal procedures were done in accordance with protocols approved by the animal care 

and use committee of The Salk Institute for Biological Studies as well as the Landesamt für 

Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern (LALLF 

MV, Aktenzeichen: 7221.3-1.1-041/12). Four- to seven-week-old female C57BL/6 mice were 

obtained from Harlan (San Diego, USA) or Charles River (Sulzfeld, Germany). They were 

kept under a constant 12h dark/light cycle and had free access to food and water. Animals 

were anesthetized with a ketamine/xylazine mixture (100mg/kg body weight ketamine and 

10mg/kg body weight xylazine in 0.9%NaCl solution) and placed on a water-circulating 

heating blanket. After positioning in a Kopf stereotaxic frame, a midline scalp incision was 

made and retractors were used to expose the skull. Bilateral burr holes were drilled and 1 µl of 

viral suspension was placed into the left and right DG (coordinates from bregma: -2 

anterioposterior, ±1.5 mediolateral, -2.3 dorsoventral). Therefore, a 5µl Hamilton syringe was 

used and the viral suspension was injected at a rate of approximately 0.1ml/min. The 

micropipette was left in place for 2min to allow diffusion of viral suspensions. Standard 

sutures were used to close the wound and 7.5mg/kg ibuprofen was administered orally every 

24h post procedure up to 7 days for analgesic purposes. 
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2.2.5.4. Retroviral injections 

To assess the effect of single-gene silencing in dividing neural progenitor cells in vivo, we 

stereotactically injected shRNA-expressing RVs into the DG of young adult mice (6-7 

weeks). Animals were sacrificed at 1, 2 and 4 week(s) post injection (wpi) and subjected to 

immunohistochemistry as described in chapter 2.2.4.1 to assess developmental features of 

newborn granule cells. 

 

2.2.5.5. BrdU birthdating 

BrdU birthdating was performed to assess survival rates of adult-born granule cells upon gene 

manipulation in mature stages. Four-week-old mice received a single intraperitoneal injection 

of the thymidine analogue BrdU as described in chapter 2.2.4.2. To ensure full maturation of 

BrdU-labeled adult-born cells, we waited 8 weeks before injecting shRNA-expressing LVs 

into the DG. Animals were sacrificed 4 weeks later and subjected to immunohistochemistry as 

described in chapter 2.2.4.2. 

 

2.2.6. Image acquisition and Stereology 

2.2.6.1. Microscopy and image acquisition 

Fluorescence signals were detected using a Zeiss LSM 780 (Zeiss, Germany) confocal 

imaging system. Images were acquired with the 20× objective and co-localization was 

confirmed by 3-dimensional reconstructions of z series (1.5µm z-stacks). For higher 

magnification and co-localization experiments, images were acquired using a 63× oil 

immersion objective in combination with a 2x digital zoom. Images were saved as czi-files 
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and processed for further analytical purposes using the ZEN Microscope and Imaging 

Software (Zeiss, Germany). 

For fate mapping experiments, a microscope (Axioplan2 imaging; Zeiss, Germany) with a 

computer-driven digital camera (Axiocam; Zeiss, Germany) and a 20x objective were used. 

Images were saved as TIF files and only general contrast enhancements and color level 

adjustments were performed. 

 

2.2.6.2. Stereology 

To determine the densities of ATP6AP2-expressing cells, regions of interest (ROI; 

representing a window of 10.000µm
2
) were delineated within the brain areas. Digital image 

analysis-assisted manual counts of one-in-12 series of sections were made by using ImageJ 

(NIH, USA) as described previously (von Bohlen und Halbach et al., 2005). 

Cell quantification for RV reporter injections were performed blind to each experimental 

condition by using the StereoInvestigator software (MBF Biosciences, Williston, USA). 

Every 6th section was used throughout the rostrocaudal extent of the GCL and cell numbers 

were expressed as a percentage of double-labeled cells.  

 

2.2.6.3. Morphometric analyses 

DCX
+
 retrovirus-labeled cells were reconstructed using the Neurolucida software (MBF 

Bioscience). Individual neuron traces (between 31 and 80 for each group and time point) were 

analyzed with appropriate plug-ins of the Neurolucida Explorer (MBF Bioscience) and the 

CircStat toolbox for MATLAB (MathWorks). 

For analysis of dendritic spines, images of distal dendritic segments were acquired with a 63x 

objective and a 4x digital zoom using an LSM 780 (Zeiss, Germany) at a constant z-step of 
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0.2µm. 3-dimensional images were deconvolved using the AutoQuant software 

(MediaCybernetics). Spine density and shape was subsequently analyzed using the 

NeuronStudio software (Rodriguez et al., 2008). 

 

2.2.7. Statistical analyses 

All numerical analyses were performed using Excel (Microsoft) and GraphPad Prism. Results 

are expressed as mean ± SEM (standard error of the mean). The unpaired Student’s t test was 

used to compare averages between two groups. Comparisons between 3 or more groups were 

performed using a one-way ANOVA (analysis of variance), followed by a Bonferroni post 

hoc test. The Kolmogorov-Smirnov (K-S) test was used to compare cumulative distributions 

(dendritic initiation sites). 
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3.1. During differentiation of adult hippocampal progenitor cells (AHPs), canonical Wnt 

signaling is attenuated whereas Wnt/PCP signaling is markedly upregulated 

Previous studies have shown that canonical Wnt/ß-Catenin signaling is a principal regulator 

of adult hippocampal neurogenesis (Lie et al., 2005). The fact that Wnts are part of a complex 

and diverse set of signaling pathways implicates that there is a wide range of possible 

interactions. To address the regulative properties of such complex pathway interactions, we 

focused on the temporal signaling properties of two extensively studied Wnt pathways within 

the SGZ of the DG: the canonical Wnt/ß-Catenin and the non-canonical Wnt/PCP pathway. 

To examine the temporal activity of Wnt/ß-Catenin and Wnt/PCP signaling, we first 

analyzed the gene expression levels of several pathway components in cultured AHPs isolated 

from the dentate gyri of young adult rats using quantitative real-time PCR (qRT-PCR). To this 

end, we differentiated AHPs in vitro (Figures 3.1A and B) and performed qRT-PCR analyses 

at several time-points of early differentiation. The expression levels of undifferentiated, fast-

proliferating Sox2-positive AHPs were then compared with those of their differentiating 

progeny. We found that during the first 2 - 3 days of differentiation, mRNA expression levels 

of canonical components such as the co-receptor Lrp6 and Fzd4 were gradually 

downregulated and then remained low, whereas Atp6ap2 expression became upregulated 

(Figure 3.1C). In contrast, expression levels of PCP components such as the receptors Fzd3 

and Fzd6 were progressively upregulated (Figure 3.1D). Simultaneously, a significant and 

continuous upregulation of mRNA levels was also observed for the PCP core genes Celsr1,-2 

and -3 with a difference of almost 100-fold for Celsr1 and ~20-fold for Celsr2 and -3 after 2 

days of differentiation as compared to the control group (Figure 3.1E). 
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Figure 3.1: Wnt/ß-Catenin pathway components are downregulated whereas Wnt/PCP pathway 

components are upregulated upon differentiation of AHPs in vitro. 

(A) Undifferentiated AHPs cultured in presence of fibroblast growth factor 2 (FGF-2) express stem cell markers 

SOX2 (red) and Nestin (green). DAPI (blue) was used to stain nuclei. Scale Bar: 20µm. 

(B) Differentiating AHPs cultured for 4 days in presence of differentiating factors express the neurofilament 

marker TUJ1 (green). DAPI (blue) was used to stain nuclei. Scale Bar: 20µm. 

(C) Lrp6 and Fzd4 mRNA levels are gradually decreased in differentiating AHPs relative to undifferentiated 

control cells as measured by qRT-PCR, whereas Atp6ap2 expression becomes upregulated. 

(D) mRNA expression levels of FZD3 and FZD6 are progressively upregulated upron AHP differentiation, 

similar to the levels of Atp6ap2. 

(E) The PCP core genes Celsr1-3 are continuously upregulated, with a difference of almost 100fold for Celsr1 

(2days onward) and ~20fold for Celsr2 and -3 (2 days onward) as compared to the control group. 

Results are expressed as mean ± SEM (n ≥ 5 per group). *p < 0.05, **p < 0.01, ***p < 0.001. 
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Given the temporal change of mRNA expression levels of distinctive Wnt pathway 

components, we aimed to investigate the functional consequences of these expression changes 

by assessing the transduction events of Wnt/ß-Catenin and Wnt/PCP signaling in 

differentiating AHPs. Characterization of functional Wnt/ß-Catenin and Wnt/PCP signaling 

was performed using luciferase-based cis-reporting systems with TCF/LEF reporters as 

readout for Wnt/ß-Catenin signaling and AP-1 reporters as readout for PCP signaling. For 

this, AHPs were electroporated with TCF/LEF or AP-1 signaling reporters and subsequently 

cultured in the presence or absence of differentiating factors. WNT3A-induced TCF/LEF 

signaling was progressively attenuated during AHP differentiation, with a significant 

reduction of 58% after 2 days and 88% after 3 days of differentiation (Figure 3.2A). In 

contrast, AP-1 activity significantly increased after 2 and 4 days of differentiation, with a 2.7- 

and 11-fold increase in reporter activity, respectively (Figure 3.2B).  

To test whether Wnt/PCP signaling responds to non-canonical ligands such as 

WNT5A in a stage-specific manner, we performed AP-1 reporter assays in differentiating and 

proliferating AHPs. Consistently, non-canonical WNT5A activated AP-1 signaling in 

differentiated AHPs but not in undifferentiated progenitors (Figure 3.2C). Canonical pathway 

activators such as WNT3A and the GSK-3ß inhibitor CHIR were unable to activate AP-1 

signaling under either condition (Figure 3.2C). To confirm our findings, we performed an in 

vitro ß-Catenin translocation assay in AHPs. Consistent with the signaling reporter assays, 

WNT3A-induced ß-Catenin translocation into the nucleus only appeared in undifferentiated 

but not in differentiated AHPs (Figure 3.2D and E). 
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Figure 3.2: The Wnt/ß-Catenin pathway response decreases whereas the Wnt/PCP pathway response 

markedly increases upon AHP differentiation. 

(A) WNT3A-induced TCF/LEF response is significantly reduced in AHPs 2 days (p < 0.05) and 3 days (p < 

0.001) after differentiation.  

(B) AP-1 signaling response is markedly increased after 2 days (p < 0.05) and 3 days (p < 0.001) in 

differentiating conditions.  

(C) WNT5A activated non-canonical AP-1 signaling only in AHP-derived neuroblasts but failed to do so in 

undifferentiated AHPs. Canonical pathway activators WNT3A and CHIR were unable to induce a non-canonical 

AP-1 signaling response.  

(D) Localization of ß-Catenin in untreated (control) and WNT3A-treated undifferentiated AHPs. SOX2 (green), 

ß-Catenin (red) Scale bar: 20 µm. 

(E) Localization of ß-Catenin in untreated (control) and WNT3A-treated differentiating AHPs. DAPI (blue), 

TUJ1 (green), ß-Catenin (red). Scale bar: 20 µm. 

Results are expressed as mean ± SEM (n ≥ 5 per group). *p < 0.05, ***p < 0.001. 
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3.2 The newly discovered Wnt adaptor protein ATP6AP2 is expressed in adult and 

newly born neurons in vivo 

The accessory subunit of the vacuolar (V)-ATPase, ATP6AP2, was shown to function as both 

a Wnt/PCP core protein and an important adaptor protein to initiate canonical Wnt signaling 

(Buechling et al., 2010; Cruciat et al., 2010; Hermle et al., 2013; Hermle et al., 2010). We 

aimed to investigate the role of Wnt/ß-Catenin and Wnt/PCP signaling on a cell-autonomous 

level using in vivo loss-of-function studies of ATP6AP2 as a tool to dissect out individual 

pathway contributions. To start characterizing the role of ATP6AP2, we first examined its 

protein expression by performing in vivo fate mapping experiments. 

 The specificity of the used antibody was confirmed by western blotting. For that 

purpose, protein extracts from mouse embryonic stem cells (ESCs) either expressing or not 

expressing ATP6AP2 and from those rescued with human ATP6AP2 were subjected to 

western blot analyses. A single 37kDa signal was visible as expected according to its 

molecular weight and this signal was absent in extracts from knockout ESCs. The 

reconstitution of ATP6AP2 in those cells with a human ATP6AP2 construct resulted in the 

reappearance of this signal, suggesting the specificity of the antibody (Figure 3.3A). Since the 

antibody was able to detect the endogenous ATP6AP2 protein, we used it to examine the 

distribution of ATP6AP2 expression in the adult hippocampus. ATP6AP2 was found to be 

present in all hippocampal subfields, including CA1, CA2, CA3 and the DG, as determined 

by density counts of immunoreactive cells (Figure 3.3B). We next analyzed the expression of 

ATP6AP2 on neuronal cells by co-labeling with the nuclear protein NeuN. As shown in 

Figures 3.4A and B, almost all cells positive for the neuronal marker NeuN reveal 

immunoreactivity for ATP6AP2, especially in the pyramidal layer of the CA (CA1: 98.8% ± 

0.13; CA2: 98.7% ± 0.28; CA3: 99.4% ± 0.26 of ATP6AP2
+
 cells). However, in the DG some 
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ATP6AP2-positive cells, predominantly located in the SGZ, do not co-localize with NeuN 

(Figures 3.4A and B). 

 

Figure 3.3: ATP6AP2 is expressed in the adult murine hippocampus.  

(A) The specificity of the anti-ATP6ap2 antibody was confirmed by Western blot. Protein extracts from wildtype 

mouse ESCs revealed a signal of approximately 37 kDa as expected. This signal was absent in knockout ESCs, 

whereas reconstitution using a human ATP6AP2 construct resulted in the reappearance of this signal. ß-actin 

was used as a loading control. 

(B) ATP6AP2 (shown in red) is expressed by cells located within the hippocampus. Moreover, ATP6AP2 

expressing cells could be detected in the adjacent cortex (above the hippocampal formation) and in different 

thalamic areas (below the hippocampal formation). Scale bar: 500 µm 

(C) Densities of ATP6P2-immunoreactive cells within the hippocampal formation (CA1, CA2, CA3, DG dentate 

gyrus). n = 4. 
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Figure 3.4: ATP6AP2 is expressed by cells of the neuronal lineage. 

(A) Co-localization of ATP6AP2 with the neuronal marker NeuN. Almost all cells positive for the neuronal 

marker NeuN (green) reveal immunoreactivity for ATP6AP2 (red), especially in the pyramidal layer of 

CA1,CA2 and CA3. Some ATP6AP2-positive cells in the SGZ do not co-localize with NeuN (arrowheads). 

Scale Bars: 50µm 

(B) Densities of ATP6AP2
+
, DAPI

+
 and NeuN

+
 cells within the hippocampus (n=4).  
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Since the SGZ is one of the neurogenic regions of the adult brain and ATP6AP2 as part of the 

Wnt signaling pathways is involved in developmental processes, it may be possible that those 

ATP6AP2
+
/NeuN

-
 cells represent cells involved in adult neurogenesis. Therefore, fate 

mapping experiments were performed by using established lineage tracing markers such as 

SOX2, DCX and S100beta.  

ATP6AP2 is expressed in earlier and later stages of adult neurogenesis as shown by 

co-labeling with DCX (Figures 3.5A and B). Nearly every cell positive for DCX also 

expresses ATP6AP2 (94.46% ± 1.96 of DCX
+
 cells), including DCX

+
 cells in the SGZ as well 

as DCX
+
 cells that already extent their dendrites towards the ML. SOX2

+
 cells in the SGZ 

also express ATP6AP2, although the staining appears not as strong and prominently 

perinuclear localized like in cells of the neuronal lineage (Figure 3.5C). In line with the 

upregulation of ATP6AP2 mRNA levels upon AHP differentiation, these data suggest a 

possibly weaker expression and/or a different subcellular localization of ATP6AP2 in 

progenitor cells. To exclude that ATP6AP2
+
 cells that reside in the SGZ belong to the 

astrocyte population, we performed co-labeling with S100beta and found that none of these 

cells expressed the calcium-binding protein S100beta (Figure 3.5D). 
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Figure 3.5: Lineage tracing of ATP6AP2 within the SGZ of the DG. 

(A) Co-labeling of ATP6AP2 (green) and the early neuroblast marker DCX (red). ATP6AP2 is expressed by a 

DCX
+
 neuroblast (arrowhead) in the SGZ as well as by a postmitotic DCX

+
 cell in the GCL that already extents 

its dendrites towards the molecular layer (arrowhead). DAPI (blue) was used to stain the nuclei. Scale bar: 

50µm. 

(B) Percentage of DCX
+
/ATP6AP2

+
 double-labeled cells of the DCX+ cell population in the DG (n=4). 

(C) Some SOX2
+
 (red) cells in the SGZ express ATP6AP2 (green; arrows), whereas some do not co-localize 

with ATP6AP2 (arrowheads). The signal appears to be faint and not as prominently perinuclear localized as in 

the neuronal lineage. DAPI (blue) was used to stain the nuclei. Scale bar: 50µm. 

(D) Astrocytes positive for the S100b protein (red) in the SGZ as well as in the hilar region of the DG do not 

reveal immunoreactivity for ATP6AP2 (green). DAPI stains the nuclei (blue). Scale Bar: 50µm. 
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3.3 Dual role of ATP6AP2 in both canonical Wnt signaling in proliferating AHPs and 

non-canonical Wnt signaling in differentiating AHPs 

To further clarify the possible dual role of ATP6AP2 in neurogenic Wnt signaling, we first 

analyzed the effect of ATP6AP2 knockdown on Wnt/ß-Catenin and Wnt/PCP signaling in 

vitro using RNA interference. Different shRNAs targeting rat and mouse ATP6AP2 were 

designed based on the TRCN library of the Broad Institute and validated using qRT-PCR and 

semi-quantitative western blot analyses in different cell lines. As confirmed on mRNA and 

protein levels, we were able to design two shRNAs with either a mild (shATP6AP2 #1) or 

strong (shATP6AP2 #2) knockdown efficiency (Figure 3.6A). 

 

 

Figure 3.6: Knockdown efficiencies of ATP6AP2 targeting shRNAs. 

(A) mRNA levels of ATP6AP2 are significantly decreased in ATP6AP2-deficient mouse N2A cells 2 days after 

transfection. shATP6AP2 #2 decreases mRNA levels of Atp6ap2 much more strongly than shATP6AP2 #1. 

(B) Protein levels of ATP6AP2 are significantly decreased in ATP6AP2-deficient mouse N2A cells 2 days after 

transfection. shATP6AP2 #2 decreases protein levels of ATP6AP2 much more strongly than shATP6AP2 #1. 

(C) Western blots of control and shATP6AP2-deficient mouse N2A cells. 

Results are expressed as mean ± SEM (n ≥ 5 per group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Knockdown of ATP6AP2 in proliferating AHPs using both shRNAs resulted in a 

significant reduction of WNT3A-induced TCF/LEF reporter activity, whereas the stronger 

shATP6AP2 #2 showed a more pronounced effect on reducing TCF/LEF signaling in vitro 

(Figure 3.7A). In line with this, AHPs that were not treated with WNT3A but instead were 

plated on hippocampal astrocytes to mimic the adult hippocampal niche in vitro (Song et al., 

2002a), showed the same reduction in TCF/LEF signaling response following silencing of 

ATP6AP2 (Figure 3.7B). Overexpression of the full-length protein in ATP6AP2-deficient 

cells was able to rescue the phenotype (Figure 3.7C), whereas simultaneous overexpression of 

a truncated version of ATP6AP2 lacking the essential LRP6 binding domain (∆ECD-

ATP6AP2) was not sufficient to rescue the reduced canonical signaling response in 

proliferating AHPs (Figure 3.7C). To test whether ATP6AP2 knockdown also affects 

Wnt/PCP signaling, we differentiated AHPs for 2 days and compared the WNT5A-induced 

AP-1 signaling response of ATP6AP-deficient cells with their respective control groups 

(Figure 3.8A). Cells expressing shATP6AP2 #1 displayed significantly reduced AP-1 

signaling in response to WNT5A that was again rescued by overexpression of the full-length 

protein (Figure 3.8B). Overexpression of ATP6AP2 was not sufficient to enhance the 

signaling response, supporting its role as an adaptor protein (Figure 3.8B). These data confirm 

the dual role of ATP6AP2 in Wnt signaling during neurogenesis. 
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Figure 3.7: The adaptor protein ATP6AP2 is involved in Wnt/ß-Catenin signaling of 

proliferating AHPs in vitro. 

(A) WNT3A-induced TCF/LEF reporter activity is notably reduced in proliferating AHPs expressing 

the weaker ATP6AP2 targeting shRNA (shATP6AP2 #1; p < 0.05). This reduction in WNT3A-

induced TCF/LEF response is even more pronounced in cells expressing the stronger shRNA 

(shATP6AP2 #2; p < 0.001).  

(B) Knockdown of ATP6AP2 in AHPs plated on hippocampal astrocytes resulted in a significant 

reduction in TCF/LEF reporter activity as compared to control cells (shATP6AP2 #1; p < 0.05). 

(C) Overexpression of the full-length protein in ATP6AP2-deficient AHPs rescued the reduced 

canonical signaling response. Simultaneous overexpression of a truncated version of ATP6AP2 

lacking the essential LRP6 binding domain (∆ECD-ATP6AP2) was not sufficient to rescue TCF/LEF 

signaling response in proliferating AHPs.  

Results are expressed as mean ± SEM (n ≥ 5 per group). *p < 0.05, **p < 0.01, ***p < 0.001. 

 



CHAPTER III: Results 

  

82 
 

 
 

Figure 3.8: The adaptor protein ATP6AP2 is involved in Wnt/PCP signaling of differentiating 

AHPs in vitro. 

(A) Experimental procedure of non-canonical Wnt/PCP AP-1 reporter assays. 

(B) In differentiated AHPs WNT5A-induced AP-1 signaling response was significantly reduced in 

shATP6AP2-expressing cells (p < 0.05). Simultaneous overexpression of the full-length protein 

rescued the phenotype. Overexpression of ATP6AP2 alone was not sufficient to increase AP-1 

reporter activity. 

Results are expressed as mean ± SEM (n ≥ 5 per group). *p < 0.05, **p < 0.01, ***p < 0.001. 
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3.4. Knockdown of ATP6AP2 affects both cell fate determination and morphogenesis of 

adult-born granule cells 

Given the different expression patterns of Wnt pathway components and the transition of the 

specific Wnt signaling response in the course of AHP differentiation, we aimed to analyze the 

functional role of ATP6AP2 in early and late steps of adult hippocampal neurogenesis in vivo. 

Since ATP6AP2 is involved in canonical Wnt and Wnt/PCP signaling, its effect on adult 

neurogenesis should depend on the respective pathway that is active at a particular stage. 

To address this question and to be able to titrate down the actual signal strength of 

Wnt/ß-Catenin signaling, we designed two retroviral (RV) vectors encoding for green 

fluorescent protein (GFP) and expressing the two aforementioned ATP6AP2 targeting 

shRNAs, having either a mild (shATP6AP2 #1) or strong (shATP6AP2 #2) knockdown 

efficiency. We then stereotactically injected these shRNA-expressing retroviruses into the DG 

of young adult mice (6-7 weeks) to assess the effects of ATP6AP2 knockdown in dividing 

neural progenitor cells in vivo (Figure 3.9A). The tropism of RVs is limited to cells that are 

actively dividing and therefore provides the basis for a tool that only labels proliferating 

progenitors when targeted to the DG (Zhao et al., 2006). Functional analyses were performed 

at the indicated time-points after RV injection. Using DCX staining as a measure to quantify 

neuronal differentiation, we found a marked reduction in the number of GFP
+
DCX

+
 double-

labeled newborn neurons in shATP6AP2 mice as compared with animals injected with non-

targeting shRNA-expressing control viruses (Figure 3.9B). In line with its stronger effect on 

Wnt/ß-catenin signaling in vitro, animals injected with shATP6AP2 #2 expressing 

retroviruses showed an even more pronounced reduction in the levels of neurogenesis (Figure 

3.9C). Among the population of undifferentiated GFP
+
DCX

-
 cells, no increase in Caspase3-

activity was detected (data not shown) and of those only a few cells co-labeled with the stem 

cell marker SOX2 (Figure 3.9D). 
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Figure 3.9: Knockdown of ATP6AP2 affects cell fate commitment of adult hippocampal stem cells. 

(A) A schematic diagram of the experimental design. Stereotactic injections were placed into the DG of 6- to 7-

week-old mice using shRNA- and GFP-expressing retroviral vectors. Animals were sacrificed either on 1 wpi or 

2 wpi and subjected to stereological and morphometric analyses. 

(B and C) Adult-born neurons (shown in green) express the early neuronal marker DCX (shown in red) from 1 

week after birth onwards. A marked reduction in the number of GFP
+
DCX

+
 double-labeled newborn cells was 

seen in shATP6AP2 #1 (p < 0.01) and even more pronounced in shATP6AP2 #2-expressing cells (p < 0.001) 

compared to animals injected with non targeting shRNA-expressing control viruses (arrowheads show 

undifferentiated DCX
- 
cells). DAPI (blue), GFP (green), DCX (red).   

(D) Among the population of GFP
+
DCX

+
 cells, some remained SOX2-positive (arrowhead) whereas some lost 

their SOX2 expression (arrows). GFP (green), DAPI (blue), Sox2 (red). 

Error bars represent mean ± SEM (n ≥ 3 animals per group). *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars 50 

µm. 
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Interestingly, GFP
+
DCX

+
 in both shATP6AP2 conditions displayed marked defects in 

several aspects of morphological development (Figure 3.10A). We next analyzed these 

defects using 3-dimensional reconstructions of GFP
+
DCX

+
 neurons and assessed their 

morphology. At 2 weeks postinjection (wpi), we found that the total dendritic length of 

ATP6AP2-deficient GFP
+
DCX

+
 neurons differed significantly from the control group (Figure 

3.10B). The same difference was observed for the overall number of dendritic aborizations, 

which was significantly reduced in ATP6AP2-deficient cells (Figure 3.10C). Using Sholl-

analyses to characterize the morphological deficiencies in more detail revealed that 

ATP6AP2-deficient neurons had significant shorter dendrites and a far less complex dendritic 

arborization throughout the whole dendritic tree as compared with control cells (Figures 

3.10D and E). These data suggest that ATP6AP2-deficiency affects the overall dendritic 

growth. 
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Figure 3.10: ATP6AP2-deficient DCX
+
 cells display severe defects in dendritic development. 

(A) Two-week-old ATP6AP2-deficient neurons (green) that express DCX among those that remained 

undifferentiated (arrowheads). Only GFP
+
DCX

+
 cells were reconstructed for morphometric analyses. DAPI 

(red). GFP (green). Scale bar: 50µm. 

(B) Total dendritic length of GFP
+
DCX

+
 neurons (***p < 0.001, Student’s t test). 

(C) Total number of intersections of GFP
+
DCX

+
 neurons (***p < 0.001, Student’s t test). 

(D) Sholl-analysis of the dendritic length of GFP
+
DCX

+
 neurons. The data represent mean ± SEM (number of 

traced neurons: control: n=53; shATP6AP2: n=56. *p < 0.05, ***p < 0.001, Student’s t test). 

(E) Sholl-analysis of the dendritic complexity of GFP
+
DCX

+
 neurons (same groups of cells as in (D) were 

analyzed; *p < 0.05, ***p < 0.001, Student’s t test). 

Results are expressed as mean ± SEM (n ≥ 4 animals per group). *p < 0.05, **p < 0.01, ***p < 0.001. 
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Further examination of individual GFP
+
DCX

+
 neurons revealed that the initiation sites 

of most primary dendrites in control cells were oriented towards the molecular layer whereas 

many ATP6AP2-deficient neurons pointed parallel to the granule layer. Quantitative analyses 

were performed by defining the angular orientation of the initiation site on the soma (Shelly et 

al., 2010), with the x-axis parallel to the granule layer (0° to 180°), the y-axis pointing 

towards the hilus or molecular layer (90° and 270°) and the origin at the center of the soma 

(Figure 3.11). Normal newborn neurons initiated their dendrites preferentially within ~45°-

150° towards the molecular layer (Figure 3.12A). However, analyses of ATP6AP2-deficient 

cells indicated a random distribution of initiation sites within ~350°-210° excluding the hilus 

(Figure 3.12B). Cumulative distribution plots of initiation sites showed a significant 

difference between control and ATP6AP2-deficient neurons (Figure 3.12C; P < 0.05, 

Kolmogorov-Smirnov (K-S) test).  

 

 

Figure 3.11: Scheme for defining the angular orientation of dendritic initiation sites on the soma of 

newborn granule cells. 

Shown are the nuclei forming the GCL (red) and a newborn granule neuron (green). The angular orientation of 

the initiation sites on the soma were defined using a coordinate system with the x-axis parallel to the granule 

layer (0° to 180°), the y-axis pointing towards the hilus or molecular layer (90° and 270°) and the origin at the 

center of the soma. CA, cornu ammonis; GCL, granule cell layer; ML, molecular layer. 
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Regarding their position within the DG, control cells remained within the first third of 

the granular layer, in close proximity to the SGZ, and only a few cells migrated further. In 

contrast, the relative position of ATP6AP2-deficient neurons was significantly shifted towards 

the molecular layer (Figure 3.12D), suggesting an involvement in regulating migration of 

newborn neurons.  

Thus, reduced levels of ATP6AP2 in neural progenitor cells resulted in a decreased 

neuronal commitment and severe morphological defects of newborn neurons, likely via 

altering both canonical and non-canonical Wnt signaling. 
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Figure 3.12: ATP6AP2-deficiency causes abnormal migration and misorientation of primary dendrites. 

(A and B) Angular orientation of dendritic initiation sites of control (A) and ATP6AP2-deficient (B) GFP
+
DCX

+
 

neurons within the GCL.  

(C) Cumulative distribution plots of initiation sites revealed a significant difference between control and 

ATP6AP2-deficient neurons (*p < 0.05, Kolmogorov-Smirnov (K-S) test). 

(D) Quantitative analyses of the migratory properties of newborn granule cells. Shown are the relative positions 

of GFP
+
DCX

+
 neurons within the GCL. The relative position of ATP6AP2-deficient neurons is significantly 

shifted towards the molecular layer as compared with control cells (***p < 0.001, Student’s t test). dNML, 

distance from soma of neuron to molecular layer; dNH, distance from soma of neuron to hilus. 

Results are expressed as mean ± SEM (n ≥ 4 animals per group). *p < 0.05, **p < 0.01, ***p < 0.001. 
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3.5. LRP6 is critically involved in granule cell fate commitment 

We next asked whether canonical Wnt signaling is involved in earlier phases of adult 

hippocampal neurogenesis and might therefore account for parts of the phenotypes seen in 

ATP6AP2-deficient cells. Canonical Wnt signaling has been shown to regulate the 

differentiation of AHPs towards the neuronal lineage (Lie et al., 2005) and LRP6 and LEF1 

play a pivotal roles in dentate granule cell production during development (Zhou et al., 2004). 

In addition, nuclear ß-Catenin through the TCF/LEF pathway does not affect dendritogenesis 

in cultured hippocampal neurons (Rosso et al., 2005). 

Retroviruses containing shRNAs targeting LRP6 (Figure 3.13A) were injected into the DG 

and neurogenesis was quantified by using DCX staining. As seen in ATP6AP2-deficient 

animals, we found a marked reduction in the number of DCX
+
GFP

+
 cells expressing shLRP6 

compared to the control group, suggesting an impaired neuronal fate commitment upon LRP6 

silencing in hippocampal progenitors (Figures 3.13B and C). 

Among the population of GFP
+
DCX

+
 neuroblasts expressing shLRP6, morphological 

development appeared to be unaffected. No differences in dendritic growth, dendritic 

arborization, migration and orientation between shLRP6 and control GFP
+
DCX

+
 neurons 

were observed (Figures 3.14A-E). 
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Figure 3.13: LRP6 is critically involved in granule cell fate commitment. 

(A) mRNA levels of LRP6 in mouse Neuro-2A cells expressing the LRP6 targeting shRNA. 

(B and C) The early neuronal marker DCX (shown in red) is expressed by adult-born neurons (shown in green) 1 

week after birth. A marked reduction in the number of GFP
+
DCX

+
 double-labeled newborn cells was seen in 

shLRP6-expressing cells (p < 0.001) compared to animals injected with non-targeting shRNA-expressing control 

viruses (arrowheads show undifferentiated DCX
- 
cells). DAPI (blue), GFP (green), DCX (red). 

Results are expressed as mean ± SEM (n ≥ 4 animals per group). *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 3.14: LRP6-deficient DCX
+
 cells display no defects in morphological development. 

(A) Representative images of 2-week-old GFP
+
DCX

+
 cells. Undifferentiated DCX

-
 cell (arrowheads). GFP 

(green), DAPI (red). Scale bar: 50 µm. 

(B) Sholl-analysis of the dendritic length of GFP
+
DCX

+
 neurons. The data represent mean ± SEM (number of 

traced neurons: control: n=53; shLRP63: n=35 (n.s., Student’s t test). 

(C) Sholl-analysis of the dendritic complexity of GFP
+
DCX

+
 neurons (same groups of cells as in (B) were 

analyzed; n.s., Student’s t test). 

(D) Relative positions of GFP
+
DCX

+
 neurons within the GCL. The relative position within the GCL of LRP6-

deficient neurons is statistically not different from the respective control group (n.s., Student’s t test). 

(E) Cumulative distribution plots of the angular orientation of dendritic initiation sites. (n.s., Kolmogorov-

Smirnov (K-S) test) 

Results are expressed as mean ± SEM (n ≥ 4 animals per group). n.s., not significant; p > 0.05. 
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3.6. PCP core proteins are not critically involved in cell fate determination 

We next asked which components of Wnt/PCP signaling are possible candidates that could 

account for the morphological impairments seen in ATP6AP2-deficient newborn neurons. 

Celsr1-3, the mammalian orthologs of flamingo, and Fzd3 are among the core PCP genes and 

are widely expressed in the nervous system (Feng et al., 2012a). FZD3 and CELSR1-3 have 

been described to be involved in many aspects of morphogenesis (Tissir and Goffinet, 2013) 

and thus represent attractive candidates that might be instrumental in the morphological 

specification of newborn granule cells. 

To characterize whether Wnt/PCP signaling has a stage-specific function in the course 

of adult hippocampal neurogenesis, we used a retrovirus-based approach to deliver shRNAs 

specifically targeting PCP core proteins CELSR1-3 and FZD3. As done with the shRNAs 

targeting ATP6AP2, we first validated the knockdown efficiencies of those shRNAs and 

confirmed their specificity in targeting only the respective CELSR protein (Figures 3.15A and 

B). 
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Figure 3.15: Knockdown efficiencies and specificity of shRNAs targeting PCP core genes CELSR1-3 and 

FZD3. 

(A) mRNA levels of PCP genes in cells expressing the particular shRNA targeting either FZD3 or CELSR1-3. 

(B) mRNA levels of Celsr1-3 in CELSR single-gene knockdowns show the specificity of shRNA targeting. 

Results are expressed as mean ± SEM (n ≥ 4 per group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

 

We first analyzed the quantity of neurogenesis by using DCX staining and found no 

differences in the number of newborn DCX
+
 cells between PCP mutants shFZD3, shCELSR1-

3 and control animals (Figures 3.16A and B). Likewise, at 2 wpi, almost every FZD3-

deficient cell expressed the granule cell marker PROX1 as in the control group (Figure 3.16C 

and D). These results illustrate that Wnt/PCP signaling does not appear to be critically 

involved in cell fate determination during adult neurogenesis. 
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Figure 3.16: Knockdown of PCP core proteins does not affect cell fate determination of adult hippocampal 

progenitor cells. 

(A) Representative images of 2-week-old PCP mutants shFZD3 and shCELSR1-3 as well as control cells (green) 

that were committed to a neuronal cell fate (arrowheads). GFP (green), DCX (red), DAPI (blue). Scale bar: 

50µm. 

(B) Quantitative analyses of GFP
+
DCX

+
 cells in the DG 1 wpi expressed as a percentage of the total number of 

GFP
+
 cells. 

(C) Quantitative analyses of GFP
+
DCX

+
 cells in the DG 1 wpi expressed as a percentage of the total number of 

GFP
+
 cells. 

Results are expressed as mean ± SEM (n ≥ 4 animals per group). n.s., not significant; p > 0.05. 
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Figure 3.17: FZD3 knockdown does not change the identity of newborn granule cells. 

(A) Two-week-old FZD3 mutants express the granule cell marker PROX1 (magenta). Scale bar: 50 µm. 

(B) Quantification of GFP
+
PROX1

+
 double-labeled cells 2 wpi expressed as a percentage of the total number of 

GFP
+
 cells. The data represent mean ± SEM (n ≥ 4 animals per group). n.s., not significant; p > 0.05. 

 

 

3.7. FZD3 controls several aspects of the morphological development of dentate granule 

cells 

Given the importance of FZD3 in PCP signaling and the observation that this pathway does 

not affect cell fate commitment, we first focused on the role of FZD3 in later stages of adult 

hippocampal neurogenesis. Therefore, we assessed morphological features such as dendritic 

growth, migratory behavior and cell orientation of FZD3-deficient cells in vivo. 

 As seen with ATP6AP2-deficient neurons, shFZD3-expressing newborn DCX
+
 cells 

had significantly shorter dendrites and a reduced dendritic aborization as compared to control 

cells expressing a non-targeting shRNA (Figures 3.18A-C). In depth Sholl-analyses revealed 

that the dendrites of FZD3-deficient neurons were significantly shorter and far less complex 

throughout the entire dendritic tree, suggesting an overall growth deficit (Figures 3.18D and 

E). 

 



CHAPTER III: Results 

97 
 

 

Figure 3.18: FZD3 single cell knockdown affects dendritic growth. 

(A) Representative images of 2-week-old GFP+DCX
+
 cells. GFP (green), DAPI (red). Scale bar: 50 µm. 

(B) Total dendritic length of GFP
+
DCX

+
 neurons (***p < 0.001, Student’s t test). 

(C) Total number of intersections of GFP
+
DCX

+
 neurons (***p < 0.001, Student’s t test). 

(D) Sholl-analysis of the dendritic length of GFP
+
DCX

+
 neurons. The data represent mean ± SEM (number of 

traced neurons: control: n=53; shFZD3: n=61 (***p < 0.001, Student’s t test). 

(E) Sholl-analysis of the dendritic complexity of GFP
+
DCX

+
 neurons (same groups of cells as in (D) were 

analyzed); *p < 0.05, **p < 0.01, Student’s t test). 

Results are expressed as mean ± SEM (n ≥ 4 animals per group). *p < 0.05, **p < 0.01, ***p < 0.001. 
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Besides their impairment in dendritic morphology, shFZD3-expressing cells 

abnormally migrated towards the molecular layer (see image Figure 3.18A). As measured by 

the relative position of the soma within the GCL, FZD3-deficient cells significantly migrated 

further towards the ML (Figure 3.19A). 

Furthermore, the orientation of dendrite initiation sites of shFZD3-expressing cells 

appeared to be randomly distributed within ~330° and 213° (Figures 3.19B and C). As with 

shATP6AP2-expressing cells, the orientation of their dendrite initiation sites excluded the 

hilus. Using a Kolmogorov-Smirnov (K-S) test to compare both groups revealed a significant 

difference between control and FZD3-deficient neurons (Figure 3.19D; P < 0.05, K-S test).  

These data show that knockdown of FZD3 resembles all assessed phenotypic features 

of ATP6AP2-deficient cells that are committed to a neuronal cell fate, confirming a pivotal 

role for FZD3-mediated Wnt/PCP signaling at these morphogenic stages. 
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Figure 3.19: FZD3 single cell knockdown causes abnormal migration and deficiencies in primary dendrite 

orientation. 

(A) Quantification of the relative positions of GFP
+
DCX

+
 neurons within the GCL. FZD3-deficient neurons 

abnormally migrated further towards the molecular layer than control cells (***p < 0.001, Student’s t test).  

(B) Angular orientation of dendritic initiation sites of control neurons 2 weeks post injection. 

(C) Angular orientation of dendritic initiation sites of FZD3-deficient neurons 2 weeks post injection. 

(D) Cumulative distribution plots of (G) and (H). (*p < 0.05, Kolmogorov-Smirnov (K-S) test). 

Results are expressed as mean ± SEM (n ≥ 4 animals per group). *p < 0.05, **p < 0.01, ***p < 0.001. 
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3.8. CELSR1-3 control distinctive aspects of PCP-mediated granule cell morphogenesis 

As FZD3 controls several morphological aspects of developing cells, and CELSR1, 2 and 3 

represent core proteins involved in the same signaling pathway, we next asked whether they 

control the same morphogenic features. CELSRs cooperatively interact with PCP members 

during development (Feng et al., 2012a) and might therefore control distinctive morphogenic 

aspects during the development of newborn neurons. To address this possibility, we sought to 

dissect out the individual roles of CELSR1, CELSR2 and CELSR3 by performing a 

differential phenotype screen among these PCP mutants. 

Sholl-analyses of PCP mutants revealed that both CELSR2- and CELSR3-deficient 

neurons showed a significant reduction in dendritic length and a less complex aborization as 

compared to control cells. In contrast, no differences in dendritic growth were seen in 

shCELSR1-expressing cells (Figures 3.20A-E). Furthermore, migratory defects were found in 

CELSR2- and CELSR3-deficient neurons but not in those expressing shCELSR1 (Figure 

3.20F), suggesting that CELSR2 and 3 control migration and dendritic outgrowth directly at 

the growth cone. 
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Figure 3.20: CELSR1-3 single-gene knockdowns reveal distinct roles for CELSR2 and -3 in dendritic 

growth and migration. 

(A) Representative images of 2-week-old control shRNA- and shCELSR1-3-expressing neurons. DAPI (red), 

GFP (green). Scale bar: 50µm. 

(B) Total dendritic length of GFP
+
DCX

+
 neurons 2 wpi (**p < 0.01, Student’s t test). 

(C) Sholl analysis of the dendritic length of the PCP mutants shCELSR1-3. The data represent mean ± SEM 

(number of traced neurons: control: n=53; shCELSR1: n=68; shCESLR2: n=49; shCESLR3: n=45. *p < 0.05, 

***p < 0.001, Student’s t test). 

(D) Total number of intersections of GFP
+
DCX

+
 neurons 2 wpi (*p < 0.05, **p < 0.01, Student’s t test). 

(E) Sholl analysis of the dendritic complexity of the PCP mutants shCELSR1-3 (same groups of cells as in (C) 

were analyzed; *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t test). 

(F) Relative positions of CELSR1-3-deficient neurons within the GCL. (***p < 0.001, Student’s t test). 
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However, only shCELSR1-expressing cells displayed a random distribution of 

initiation sites, whereas shCELSR2- and shCELSR3-expressing cells preferentially initiated 

their dendrites towards the molecular layer (Figure 3.21A). Cumulative distribution plots 

revealed a significant difference between control and CELSR1-deficient neurons (P < 0.05, 

K-S test), similar to what was seen with FZD3-deficient cells (Figures 3.21B and C).  
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Figure 3.21: CELSR1-3 single-gene knockdowns reveal a specialized role for CELSR1 in primary 

dendrite orientation. 

(A) Angular orientation of dendritic initiation sites of control and CELSR1-3-deficient neurons 2 weeks post 

injection. 

(B) Cumulative distribution plots of dendritic initiation sites of PCP mutants shCELSR1, shFZD3 and the 

control group. Cells expressing shCELSR1 show similar defects like FZD3-deficient cells. The angular 

distribution of dendritic initiation sites significantly differ from the distribution of the control group (*p < 0.05, 

Kolmogorov-Smirnov (K-S) test). 

(C) Cumulative distribution plots of 2 weeks old neurons expressing shCELSR2, shCELSR3 or a non-targeting 

shRNA (control). The differences between the groups were not significant. 
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Along this line, HA-tagged CELSR2 and 3 localize in proximity to the cell membrane 

of extending neurites in differentiating AHPs and are even more enriched in filopodia-like 

structures, emphasizing their direct localized involvement in dendritic morphogenesis (Figure 

3.22). 

Overall, our results demonstrate distinct roles for CELSR1, 2 and 3 in newborn granule cell 

morphogenesis that are all cooperatively represented in  FZD3-deficient cells. 

 

 

Figure 3.22: Subcellular localization of HA-tagged CELSR2 and -3 in neurite structures of differentiating 

AHPs in vitro. 

(A and B) Neurite structures of AHP-derived neuroblasts in vitro stained for the neuronal class III ß-tubulin 

TUJ1 (green). The subcellular localization of CELSR2 (A) and CELSR3 (B) in neurite structures (arrows) is 

shown using an HA-tagged overexpression construct. Both proteins localize in proximity to the cell membrane 

of extending neurites and are even more enriched in filopodia-like structures (arrows). TUJ1 (green), CELS2-HA 

and CELSR3-HA (red). Scale bar: 20 µm 
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3.9. FZD3-deficient cells show altered dendritic spine morphology 

Specialized membrane protrusions known as dendritic spines are the postsynaptic sites for 

incoming excitatory inputs. Spines are dynamic structures and their formation, plasticity and 

maintenance depends on synaptic activity (Fortin et al., 2012). Given the crucial involvement 

of PCP core proteins in dendritic growth and maturation, we next asked whether components 

of this pathway were also important for spine morphogenesis. To address this question, we 

analyzed dendritic spines of retrovirally labeled neurons expressing shFZD3 or a non-

targeting control shRNA at 6wpi. We found that knockdown of FZD3 resulted in a reduction 

of total spine density compared with control cells (Figures 3.23A and B). Furthermore, the 

density and percentage of mushroom spines was significantly lower in shFZD-expressing 

cells compared to control groups (Figures 3.23C and D). The total density of thin spines did 

not differ between groups, whereas FZD3-deficient cells had lower densities of stubby spines. 

However, due to the overall reduction in spine density, analyses on the population level 

revealed that mushroom spines were reduced in favor of thin spines and stubby spines 

constitute a comparable fraction (Figure 3.23D). Morphometric analyses further showed a 

significant reduction of total spine length in FZD3-deficient neurons compared to control cells 

(Figure 3.23E). Specific alterations in the fraction of mushroom spines together with an 

overall reduction of spine length and density may reflect impairments in synaptic integration 

and maturation of these neurons. 
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Figure 3.23: FZD3-deficient cells show alterations in dendritic spine morphology and growth. 

(A) Representative images of shFZD3 and control granule neurons 6wpi showing spine protrusions at their 

furthest distal dendrite. GFP (green). Scale bar: 10µm. 

(B) Spine densities on distal dendrites normalized to 10µm fragment length. 

(C) Spine densities of classified spine subtypes normalized to 10µm fragment length. 

(D) Percentage of spine subtypes as fraction of the total number of spines within each group. 

(E) Average spine length between control and shFZD-expressing neurons. (shFZD3, n=608; control, n=871). 

Results are expressed as mean ± SEM (n ≥ 3 animals per group). *p < 0.05, ***p < 0.001. 
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3.10. WNT5A-induced phosphorylation of PCP downstream effectors JNK and c-JUN is 

decreased in FZD3-deficient neuroblasts 

Given the crucial role of PCP components in granule cell morphogenesis, we sought to 

analyze whether PCP mutants have deficiencies in activating signaling related downstream 

effectors. WNT5A has been shown to activate PCP signaling, which leads to the subsequent 

phosphorylation of JNK and its downstream target c-Jun (Wang et al., 2013; Yamanaka et al., 

2002). To determine their level of activation, we performed semi quantitative analyses of JNK 

and c-JUN phosphorylation in FZD3-deficient neuroblasts. To this end, AHPs were 

transducted with RVs either expressing shFZD3 or a non-targeting control shRNA and 

differentiated for 2 days in vitro. In order to transiently induce PCP-mediated phosphorylation 

of JNK and c-JUN, differentiating AHPs were stimulated for 30 min. with WNT5A. 

Knockdown of FZD3 was sufficient to reduce the WNT5A-induced phosphorylation of both, 

JNK and c-JUN (Figure 3.24). These data suggest that FZD3 acts upstream of JNK and c-JUN 

and that shRNA-mediated silencing of FZD3 is sufficient to attenuate the WNT5A-induced 

activation of those kinases in differentiating neuroblasts. 

 

 

 

 



CHAPTER III: Results 

  

108 
 

 

Figure 3.24: WNT5A-induced phosphorylation of PCP downstream targets JNK and c-JUN is decreased 

in FZD3-deficient neuroblasts. 

(A) Representative images of phospho-JNK (Thr183/Tyr185) western blots after stimulation of differentiating 

AHPs with 100ng/ml WNT5A for 30 minutes. Total JNK protein levels were used to normalize the 

phosphorylation signal. 

(B) Representative images of phospho-c-JUN (Ser63) western blots after stimulation of differentiating AHPs 

with 100ng/ml WNT5A for 30 minutes. Total c-JUN protein levels were used to normalize the phosphorylation 

signal. 

(C) Densitometric quantification of JNK phosphorylation levels in control and FZD3-deficient cells. Phospho-

JNK levels were normalized to the total JNK protein levels. 

(D) Densitometric quantification of c-JUN phosphorylation levels in control and FZD3-deficient cells. Phospho-

c-JUN levels were normalized to the total c-JUN protein levels. 

Results are expressed as mean ± SEM (n ≥ 3 per group). *p < 0.05 
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3.11. Survival of adult-born neurons is not affected by silencing ATP6AP2 expression in 

late stages of neuronal maturation 

To exclude the possibility that silencing of ATP6AP2 affects the overall survival of adult-

born granule cells, we thought to analyze its effect in late stages of adult neurogenesis. 

Therefore, we birthdated hippocampal progenitor cells by using the synthetic nucleoside 

BrdU followed by a lentiviral (LV) knockdown of ATP6AP2 8 weeks after BrdU injection. 

As shown in figure 3.25A, birthdated cells express the neuronal marker NeuN 8 weeks after 

BrdU injection, suggesting fully mature granule cells. LVs, which have a broader tropism and 

also infect non-dividing cells, were used to target post-mitotic neurons. 4 weeks after LV 

injection, animals were sacrificed and subjected to stereological analyses. 

 Stereological counts of postmitotic NeuN-positive neurons, which were born 8 weeks 

before LV infection, revealed that the number of BrdU
+
GFP

+
 cells as well as the number of 

BrdU
+
GFP

+
NeuN

+
 cells per mm

2
 infected area in ATP6AP2-deficient animals did not differ 

significantly from those injected with a non-targeting control shRNA (Figures 3.25B-D). 

These data suggest that silencing of ATP6AP2 in adult-born granule cells does not affect their 

maintenance and survival.  

 

 

 

. 
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Figure 3.25: Survival of adult-born neurons is not affected by silencing ATP6AP2 expression in late stages 

of neuronal maturation 

(A) 8 weeks after BrdU injection the cells are positive for the postmitotic neuronmarker NeuN (arrowheads). 

BrdU (green), NeuN (red). Scale bar 50µm. 

(B) Postmitotic NeuN
+
 adult-born granule cells that were born 12 weeks before and labeled through a single 

BrdU injection (arrowheads). Manipulation of ATP6AP2 expression was achieved though targeted injection of 

lentiviruses (LVs) 8 weeks after the neurons were born. 4 weeks post LV injection animals were sacrificed and 

subjected to stereological analyses. BrdU (blue), GFP (green), NeuN (red). Scale bar: 50µm. 

(C) Total number of BrdU
+
GFP

+
 cells per mm

2
 infected area of the GCL. 

(D) Total number of BrdU
+
GFP

+
NeuN

+
 granule cells per infected mm2 area of the GCL. 

Results are expressed as mean ± SEM (n ≥ 5 animals per group). n.s., not significant, p > 0.05. 
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3.12. Characterization of Wnt/ß-Catenin and Wnt/PCP signaling responses in a human 

pluripotent stem cell (hPSC)-based model of PROX1
+
 dentate granule cells in vitro 

The discovery of induced pluripotent stem cell (iPSC) technology has provided new 

possibilities to model human diseases in the culture dish. It is clear, that hPSCs can give rise 

to functional neurons. One of the current challenges is to produce specific subtypes of 

neurons. Recently, progress had been made to establish a differentiation paradigm that 

produces an enriched population of dentate granule neurons (Yu et al., 2014). According to 

this protocol, hPSCs are treated with anticaudalizing factors blocking Wnt, BMP, TGF-ß and 

Shh pathways in order to obtain dorsal forebrain precursors. These hippocampal precursors 

are then differentiated into DG granule neurons by using WNT3A and BDNF (Yu et al., 

2014).  

Given the pivotal role of Wnt signaling acting as a principal regulator of adult hippocampal 

neurogenesis, we aimed to confirm the observed transition of distinct Wnt signaling pathways 

in a human dentate granule cell model. Characterization of functional Wnt/ß-Catenin and 

Wnt/PCP signaling was performed using the aforementioned luciferase-based cis-reporting 

systems with TCF/LEF reporters as readout for Wnt/ß-Catenin signaling and AP-1 reporters 

as readout for PCP signaling. To this end, hippocampal hNPCs were electroporated with 

TCF/LEF or AP-1 signaling reporters and subsequently cultured in the presence or absence of 

differentiating factors for up to 8 days. Canonical signaling was induced by stimulation with 

100ng/ml WNT3A for 24h before quantifying the luciferase activities. As seen with rat AHPs, 

WNT3A-induced TCF/LEF signaling was progressively attenuated during differentiation, 

with a significant reduction of 40% after 5 days and 51% after 8 days of differentiation 

(Figures 3.26C and D). In contrast, AP-1 activity significantly increased after 5 and 8 days of 

differentiation, with a 6- and 9-fold increase in reporter activity, respectively (Figure 3.26E).  
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To test whether non-canonical ligands such as WNT5A and WNT7A induce a Wnt/PCP 

signal response in a stage-specific manner, we performed AP-1 reporter assays in 

differentiating and proliferating hPSC-derived hippocampal NPCs. Consistently, non-

canonical WNT5A as well as WNT7A activated AP-1 signaling in differentiating 

hippocampal hNPCs but not in undifferentiated progenitors (Figure 3.26F). Canonical 

pathway activators such as WNT3A and the GSK-3ß inhibitor CHIR were unable to activate 

AP-1 signaling under either condition (Figure 3.26F). These data confirm the maturational 

transition of Wnt signaling responsiveness in human hippocampal NPCs and might provide 

the experimental basis for the establishment of a more accurate differentiation paradigm in 

vitro.  

 

Figure 3.26: Characterization of Wnt signaling responses in a model of hippocampal neurogenesis using 

human pluripotent stem cells in vitro. 

(A) Relative WNT3A-induced reporter activity as fold-change from the mutated TCF/LEF reporter upon 

differentiation of human hippocampal NPCs in vitro. 

(B) Percentage of TCF/LEF activity shown in (A). 

(C) Relative AP-1 reporter activity upon differentiation of human hippocampal NPCs in vitro. 

(D) Relative ligand-induced AP-1 activity in proliferating and 8 days differentiating human hippocampal NPCs. 

Results are expressed as mean ± SEM (n ≥ 3 per group). **p < 0.01, ***p < 0.001. 
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4. Discussion 

NSCs in the adult hippocampus preserve a regenerative power throughout adulthood. Within 

the adult brain only the SVZ and the DG produce substantial numbers of new neurons 

throughout life. Therefore, these two niches are thought to provide all necessary cues to 

support the neurogenic potential of adult NSCs. Previous studies have implicated diverse 

factors in regulating different stages of adult hippocampal neurogenesis (Zhao et al., 2008). 

WNT3 is one of the key molecules expressed by local astrocytes within the SGZ of the DG 

acting as a principal regulator of adult NSC differentiation (Jessberger et al., 2009; Karalay et 

al., 2011; Kuwabara et al., 2009; Lie et al., 2005). Wnts compromise a large family of 

secreted glycoproteins regulating several aspects of development (van Amerongen and Nusse, 

2009) and form part of a diverse set of different pathways in which there is a wide range of 

possible interactions. Since all steps of adult hippocampal neurogenesis occur in the SGZ of 

the DG in close proximity, factors regulating distinctive steps should be constantly present. A 

stage-specific function of different Wnt pathways could then likely be realized through the 

expression of distinctive Wnt receptor combinations. 

 

4.1. During differentiation of adult hippocampal progenitor cells (AHPs), canonical Wnt 

signaling is attenuated whereas Wnt/PCP signaling is markedly upregulated  

We found that Fzd4 and the canonical co-receptor Lrp6 are downregulated, whereas Wnt/PCP 

components Fzd3, Fzd6 and Celsr1-3 are markedly upregulated upon differentiation of AHPs. 

Canonical Wnt/ß-Catenin signaling is highly LRP6-dependent and FZD4 has been shown to 

be an important receptor for TCF/LEF signaling. However, in some cases, non-canonical 

Wnts such as WNT5A are able to activate the canonical signaling cascade through FZD4 only 

in combination with LRP6 (Ring et al., 2014). In this scenario, a downregulation of both 

signaling components might be a prerequisite to inactivate canonical signaling cascades even 
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in the presence of Wnt ligands. Consistently, upon differentiation the actual WNT3A-induced 

canonical TCF/LEF response was attenuated and non-canonical Wnt/PCP AP-1 signaling 

responses continuously increased.  

Due to the transient activity patterns of Wnt signaling pathways, we cannot exclude the 

possibility that canonical signaling is re-activated in mature neurons to regulate different 

functions. Nevertheless, canonical TCF/LEF responsiveness is continuously attenuated in 

differentiating neuroblasts, which is consistent with the observed downregulation of major 

pathway components. Furthermore, a loss of LEF1 expression during the differentiation of 

dentate progenitors has been reported in the developing hippocampus (Galceran et al., 2000) 

and further supports the concept of a signaling attenuation of the canonical Wnt/ß-Catenin 

pathway once the cell has been committed to a neuronal fate.  

Previous studies have shown that WNT3A and WNT5A have different roles in the 

development of olfactory bulb (OB) interneurons (Pino et al., 2011). Interestingly, WNT5A 

was able to activate a non-canonical signaling response only in differentiating neuroblasts but 

failed to do so when applied to undifferentiated AHPs. These stage-specific differences might 

be attributable to a highly context-specific response to Wnts during neurogenesis. The 

temporal activity of canonical Wnt signaling in the adult neurogenic niche has been 

controversial but, despite some discrepancies using different reporter systems in mice, the 

overall picture suggests a downregulation of Wnt/ß-Catenin signaling at the neuroblast stage 

in vivo (Garbe and Ring, 2012). This observation is consistent with our findings that WNT3A-

induced ß-Catenin translocation into the nucleus only appears in undifferentiated adult NSCs 

but not in differentiating neuroblasts. Together, these data provide evidence that progenitors 

in the adult hippocampus have a much stronger receptiveness for canonical Wnt signals than 

their differentiating progeny, which results in a higher chance to induce a ß-Catenin-induced 

TCF/LEF signaling response. Furthermore, the differentiation of neuroblasts is accompanied 
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by an upregulation of the non-canonical Wnt/PCP pathway, which could point to a stage-

specific function of this signaling pathway.  

However, even though the vast majority of in vitro differentiating NSCs gives rise to neurons, 

a small fraction also differentiates into glial cells. To only track Wnt signaling events in the 

neuronal lineage, further in vivo studies focusing on cell-type specific pathway response 

would be needed. Wnt reporter systems that are sensitive to detect transient pathway activities 

could be useful tools to increase the temporal imaging resolution. These reporter systems 

might benefit from using destabilized versions of fluorescent proteins with a short half-life, 

such as d2 eGFP (Clontech), and, when used in vivo, could give a more accurate picture of 

lineage-specific signaling responses. 

Due to the lack of reliable antibodies for PCP components in rodents, we were unable to trace 

their expression during morphological development in granule cells. These experiments 

would be crucial for fate mapping of PCP components in vivo and could point to further 

stage-specific properties of individual PCP components. 

 

4.2. Knockdown of ATP6AP2 affects both cell fate determination and morphogenesis of 

adult-born granule cells 

We further found that silencing the expression of ATP6AP2, an adaptor protein involved in 

both pathways (Buechling et al., 2010; Cruciat et al., 2010; Hermle et al., 2013), affected both 

cell fate determination and morphological maturation of adult-born granule cells. We tested 

whether ATP6AP2 knockdown affected neurogenic Wnt signaling in aNSCs and confirmed 

its dual role as an adaptor protein in vitro. By using retroviruses expressing two shRNAs of 

different ATP6AP2 targeting strength, we were able to titrate down the actual signal strength 

of Wnt/ß-Catenin signaling in vivo. Newborn cells expressing shATP6AP2 showed a reduced 

ability to commit to a neuronal cell fate. Among RV-labeled cells that expressed the stronger 
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shRNA (shATP6AP2 #2), we found a much stronger reduction in cells that became DCX
+
. 

This finding could be due to the fact that they had a more pronounced reduction in canonical 

Wnt signaling, which has been shown to regulate the differentiation of adult NSCs towards 

the neuronal lineage (Gao et al., 2009; Karalay et al., 2011; Kuwabara et al., 2009; Lavado et 

al., 2010; Lie et al., 2005; Song et al., 2002a). In addition, LRP6 and LEF1 have been shown 

to play a pivotal role in dentate granule cell production during development (Zhou et al., 

2004) and nuclear ß-Catenin through the TCF/LEF pathway does not affect dendritogenesis in 

cultured hippocampal neurons (Rosso et al., 2005), suggesting that canonical Wnt signaling 

mainly regulates proliferation and cell fate determination of aNSCs. 

In line with these studies, knockdown of LRP6 in adult hippocampal progenitors resulted in 

reduced levels of neurogenesis but did not affect granule cell morphogenesis, suggesting that 

canonical Wnt signaling mainly regulates proliferation and cell fate determination of aNSCs. 

To further investigate the role of ATP6AP2 and its effects on canonical Wnt signaling in 

hippocampal progenitors, it would be beneficial to examine whether its knockdown affects the 

localization of Wnt signaling components and whether the levels of translocated ß-Catenin 

change in vivo. In addition to the performed in vitro reporter assays, these experiments would 

be needed to follow-up and clarify the mechanism of how ATP6AP2-deficiency affects Wnt 

signaling on a cellular level. 

 

In addition to its crucial role for cell fate commitment, ATPA6AP2 appeared to be involved in 

the morphological development of adult-born granule cells. ATP6AP2-deficient cells that 

became DCX
+
 showed severe morphogenic defects in dendritic growth, dendritic 

arborization, radial migration and cell orientation compared to control cells expressing a non-

targeting shRNA. Given the maturational transition of the Wnt signaling context and the 

involvement of ATP6AP2 in both pathways, it seems likely that the observed phenotypes 

comprise elements of both signaling pathways (Figure 4.1). To gain a broader mechanistic 
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insight of how ATP6AP2 regulates trafficking of PCP components, further studies on their 

physical interaction in membranes would be useful. Förster resonance energy transfer (FRET) 

experiments are often used to study interactions between integral membrane proteins and 

could help to investigate whether interactions between ATP6AP2 and distinct PCP 

components are restricted to certain areas of the neuronal membrane. Furthermore, live-cell 

analyses of tagged-protein trafficking could be used to study the stage-specific localization of 

ATP6AP2 during granule cell maturation. 

 

Figure 4.1: Knockdown of ATP6AP2 affects cell fate determination and morphogenesis of adult-

born granule cells.  

Knockdown of the Wnt adaptor protein ATPTAP2 disturbed both, canonical Wnt signaling in 

proliferating AHPs and non-canonical Wnt/PCP signaling in differentiating neuroblasts. The 

maturational transition of the Wnt signaling context and the involvement of ATP6AP2 in both 

pathways might imply that the observed phenotypes comprise elements of both signaling pathways. In 

this scenario, the function of this adaptor protein would depend on the dominant signaling context that 

is present at a particular stage. 
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4.3. PCP core proteins are not critically involved in cell fate determination but control 

several aspects of morphological development 

In striking contrast to the role of Wnt/ß-Catenin signaling in early steps of adult neurogenesis, 

we identified the Wnt/PCP signaling pathway as being a novel regulator of morphological 

development once neuronal cell fate had been determined. Wnt/PCP signaling is involved in 

converting signals into morphogenic programs and has essential functions in dendritic 

patterning, axonal tract development, neuronal migration and hair cell orientation (Tissir and 

Goffinet, 2013). We found that Wnt/PCP signaling did not appear to be involved in early 

steps of adult neurogenesis, since neuronal cell fate was unaffected. Knockdown of the PCP 

core protein FZD3 resulted in severe impairments of granule cell morphogenesis but did not 

affect neuronal cell fate, as almost every FZD3-deficient cell expressed the early neuronal 

marker DCX as well as PROX1, implying an unaffected commitment to the granule cell 

lineage. FZD3 had been reported to be strongly expressed in the soma, axon and dendrites of 

hippocampal neurons (Davis et al., 2008). Major axon tracts like the internal capsule and the 

anterior commissure are absent in FZD3 knockout mice, whereas the hippocampal system and 

several other axonal pathways are normal (Tissir et al., 2005). Recent work has shown that the 

FZD3-CELSR system controls facial branchiomotor (FBM) neuron migration (Qu et al., 

2010) and several reports have revealed crucial roles for CELSR1-3 in many aspects of 

neuronal morphogenesis (Feng et al., 2012a). We found that silencing FZD3 in adult-born 

granule cells caused severe defects in dendritic growth, migration and dendrite orientation. 

Compellingly, the phenotype of ATP6AP2-deficient cells that were committed to neuronal 

cell fate closely resembled that of shFZD3-expressing granule cells. This resemblance could 

be due to the fact that the Wnt/PCP signaling pathway plays an important role during this 

major morphogenic stage, thereby explaining the context-specific role of this newly 

discovered Wnt signaling adaptor protein.  
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However, further analyses are needed to specify the upstream mechanisms mediating the 

changes of the cellular context to initiate the maturational transition of Wnt signaling 

responsiveness. 

 

4.4. CELSR1-3 control distinctive aspects of PCP-mediated granule cell morphogenesis 

We further characterized distinctive morphogenic functions of the Wnt/PCP core proteins 

CELSR1-3 in granule cell maturation (Figure 4.2). Knockdown of CELSR1 affected cell 

orientation within the granule cell layer (GCL), whereas CELSR2 and CELSR3 knockdowns 

resulted in reduced dendritic growth and abnormal cell migration, consistent with findings for 

CELSR1 in hair follicle cells, where it is necessary for a proper orientation (Devenport and 

Fuchs, 2008). Additionally, CELSR2 and 3 have been shown to control the ability of FBM 

neurons to migrate, whereas CELSR1 contributes to specifying the migratory direction (Qu et 

al., 2010). 

The expression pattern of CELSR genes further supports the idea that CELSR1, CELSR2 and 

CELSR3 have divergent functions in mammals. During development CELSR1 is mostly 

expressed in neuroblasts and CELSR2 and 3 mainly in post-mitotic neurons (Formstone and 

Little, 2001; Shima et al., 2002; Tissir et al., 2002; Tissir and Goffinet, 2006, 2013). The gene 

expression of CELSRs in differentiating AHPs revealed an overall upregulation of CELSR1-

3. Nevertheless, CELSR1 expression levels showed a much more pronounced upregulation 

during the early differentiation steps, which could be due to the fact that CELSR1 is required 

earlier to orient adult-born neuroblasts. 

Downregulation of CELSR2 has been shown to reduce the length of dendrites in cultured 

cortical pyramidal neurons, whereas silencing of CELSR3 led to dendritic overgrowth (Shima 

et al., 2007). In contrast, pyramidal neurons of the cornu ammonis 1 (CA1) in CELSR3 

mutant mice had atrophic dendritic trees and a reduced dendritic complexity (Feng et al., 
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2012b). We found that silencing of CELSR2 and 3 led to a reduced dendritic growth and less 

complex dendritic trees in newborn granule cells in vivo. In their study, Shima et al. also 

demonstrated that the effect of CELSR3 on dendritic growth is dependent on the 

concentration of the applied molecule itself. Higher concentrations of CELSR3 stimulated 

dendritic growth in the same way as CELSR2 (Shima et al., 2007). Since interactions of 

CELSR proteins are thought to be homophilic, their action on individual cells might be related 

to the environmental CELSR expression. On the basis of the phenotypic similarities of 

CELSR2 and 3 silencing in adult-born granule cells, we speculate that the environmental 

properties of the DG may cause the regulation of dendritic growth in the same way.  

 

 

Figure 4.2: CELSR1-3 control distinctive aspects of morphological development of newborn 

granule cells.  

CELSR1, 2 and 3 knockouts cooperatively resemble all phenotypic features of FZD3 mutants. 

CELSR1 appeared to be important for specifying the orientation of dendritic initiation sites, whereas 

CELSR2 and CELSR3 control several aspects of dendritic development and migratory properties. 
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Consistent with their function in dendritic patterning, CELSR2 and 3 appear to be expressed 

in the membrane of elongating neurites and particularly enriched in the tips of filopodia in 

differentiating AHPs in vitro. 

Our results show different phenotypes of CELSR1-3 single-gene knockdowns in newborn 

granule cell morphogenesis, cooperatively resembling all phenotypic features of FZD3-

deficient cells. 

 

4.5. PCP-effectors JNK and c-JUN act downstream of FZD3 in differentiating 

neuroblasts 

It would be beneficial to know what the stage-specific downstream effectors of PCP signaling 

are, since all PCP-dependent events involve cytoskeleton dynamics. Previous studies provided 

evidence for a link between PCP signaling and the cytoskeleton (Turner and Adler, 1998; 

Wong and Adler, 1993). In this scenario, Formins such as DAAM1 and DAAM2 that dock 

onto DVL were shown to activate Rho signaling to regulate cell polarity and movements 

(Habas and He, 2006; Habas et al., 2001; Liu et al., 2008). Also, the Rho GTPases Cdc42, 

Rac1 and RhoA have been shown to stage-specifically regulate the morphological maturation 

of adult-born granule cells and are thought to act as central assimilators downstream of major 

morphogenic pathways (Vadodaria et al., 2013; Vadodaria and Jessberger, 2013). 

We demonstrated that FZD3 acts upstream of JNK and c-JUN, which are thought to be major 

downstream effectors of Wnt/PCP signaling. WNT5A activates PCP signaling leading to the 

subsequent phosphorylation of JNK and its downstream target c-JUN (Wang et al., 2013; 

Yamanaka et al., 2002). In differentiating neuroblasts, WNT5A-induced phosphorylation of 

both targets was reduced in FZD3-silenced cells, suggesting that FZD3 can act via its 

proposed downstream effectors. These data show that manipulation of FZD3 affects 

downstream signaling of PCP and links this pathway to effectors of cellular morphogenetic 
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programs. However, which of the many downstream effectors are recruited by different PCP 

components and whether there are temporal differences throughout the neuronal 

differentiation process to exert stage-specific functions remains unresolved. 

It would also be interesting to further characterize local cues upstream of PCP that could align 

cell polarity along a given local axis. Ligands such as Wnts or NORRIN that bind to FZD-

CELSR complexes are attractive candidates to generate or modulate a non-canonical signal. 

Recent studies showing that the soluble Wnt inhibitor sFRP3 is involved in dentate granule 

cell maturation could point to Wnt ligands as modulators of non-canonical signaling (Jang et 

al., 2013). However, further studies are needed to provide evidence for a Wnt ligand-

dependent non-canonical pathway in the DG.  

 

In summary, the data presented here characterize a transition of Wnt signaling responsiveness 

from Wnt/ß-Catenin signaling to non-canonical Wnt/PCP signaling in the course of adult 

hippocampal neurogenesis (Figure 4.3). Additionally, we were able to confirm the 

maturational Wnt signaling transition in a human model of dentate granule cell neurogenesis 

in vitro. Our findings suggest that these pathways show stage-dependent activities and 

regulate distinct steps of dentate granule cell neurogenesis. We provide conclusive evidence 

of a regulation of granule cell morphogenesis through the Wnt/PCP signaling pathway, 

including the FZD3-CELSR1-3 system. 
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Figure 4.3: Model of the proposed Wnt signaling transition during adult hippocampal 

neurogenesis.  

Canonical Wnt signaling is present in undifferentiated AHPs, where it regulates processes such as the 

proliferation, self-renewal and cell-fate determination of aNSCs. This canonical pathway becomes 

attenuated once neuronal cell fate has been determined. The subsequent upregulation of components 

such as FZD3 and CELSR1-3 enables a stage-specific activity for Wnt/PCP signaling, which controls 

several aspects of granule cell morphogenesis during neuronal differentiation. 
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5. Concluding remarks 

The discovery of adult neural stem cells (aNSCs) acting as a life-long source of glia and 

neurons shattered the dogma that the CNS lacked regenerative power. A large body of work 

from the 1990s onwards demonstrated that new neurons are indeed continuously generated 

from neural stem cells (NSCs) in restricted regions of the CNS (Alvarez-Buylla and Lim, 

2004; Gage, 2000) and provided evidence for a concept of preserved regenerative capacity 

within the adult nervous system. From this point of view, adult neurogenesis not only 

provides a unique model system to understand basic mechanisms of neural development and 

plasticity in the adult CNS but also raises the possibility that stimulation of this process might 

be a promising therapy to treat degenerative CNS diseases. 

The question of how neurogenesis is regulated emerged after the existence of adult 

neurogenesis was generally accepted. It became clear that adult neurogensis is a complex and 

finely-tuned process that can be modulated by various physiological, pathological and 

pharmacological stimuli. Intrinsic and extrinsic factors tightly regulate the maintenance and 

self-renewal of the stem cell pool as well as the generation of fully mature neurons. Among 

those factors Wnt proteins, a family of highly conserved developmental morphogens, have 

been shown to be instrumental in several aspects of adult hippocampal neurogenesis (Gao et 

al., 2009; Karalay et al., 2011; Kuwabara et al., 2009; Lavado et al., 2010; Lie et al., 2005). 

Those initial studies mostly focused on the ß-Catenin-dependent canonical branch of Wnt 

signaling. However, Wnt proteins are part of a complex and diverse set of signaling pathways 

that exert different intracellular downstream effects. Wnt/Planar Cell Polarity (PCP) signaling 

is the most extensively studied pathway among the several non-canonical pathways that do 

not involve ß-Catenin, which is essential for orienting and polarizing cells in the plane of a 

tissue. Recent studies on PCP core proteins and “non-canonical Wnts” revealed essential 

functions in dendritic patterning, axonal tract development, neuronal migration and hair cell 

orientation (Feng et al., 2012a; Pino et al., 2011; Qu et al., 2010; Shima et al., 2007).  



CHAPTER V: Concluding Remarks 

127 
 

Due to the complexity of Wnt signaling pathways, it remained unknown whether different 

canonical and non-canonical Wnt signals act in a stage-specific manner to regulate distinctive 

steps of adult hippocampal neurogenesis. Our data support the idea that different Wnt 

signaling pathways are transiently active at particular developmental stages. These 

preliminary studies focusing on adult hippocampal progenitors of mice and humans represent 

a step forward towards a better understanding of Wnt signaling as a transitory event that not 

only depends on the environment but also on the maturational receptor-context of the signal-

receiving cell. 

 

Regulative properties within a compact neurogenic niche 

The subventricular zone (SVZ) is considered to be a spacious stem cell niche, in which the 

newborn neurons have to migrate long distances to reach their final destination. In contrast, 

the SGZ of the hippocampus houses all developmental stages of neural precursors in close 

proximity, which might imply that factors regulating distinctive steps should be constantly 

present. Given the complex signaling properties of Wnt proteins, a stage-specific 

susceptibility for different Wnt ligands could only be realized through the expression of 

distinctive Wnt receptor combinations. Following up the in vitro observations of the Wnt 

signaling transition, we were able to dissect out the regulative properties of distinct Wnt 

signaling pathways in the adult hippocampus by using single-cell manipulations of aNSCs in 

vivo. Nevertheless, further studies will be necessary to elucidate the mechanism how the 

stage-specific transition of Wnt signaling responsiveness is initiated. 

 

PCP as a major morphogenic pathway regulates the morphological development of 

adult-born granule cells 

The Rho GTPases Cdc42, Rac1 and RhoA have been shown to regulate the morphological 

maturation of adult-born granule cells in a stage-specific manner and are thought to act as 
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central assimilators downstream of major morphogenic pathways (Vadodaria et al., 2013; 

Vadodaria and Jessberger, 2013). No studies had shown so far the existence of major 

morphogenic pathways in the adult hippocampus that could potentially be upstream of those 

components. Our data demonstrates pivotal roles for several molecular candidates of the 

Wnt/PCP system in distinct aspects of granule cell morphogenesis, including radial migration, 

cell orientation and dendritogenesis. 

 

Perspective: Modeling adult human neurogenesis in a dish 

The technology to generate pluripotent stem cells (PSCs) directly from adult cells has 

provided new possibilities to model human diseases in the culture dish and hold great promise 

in the field of regenerative medicine. Human derived PSCs can give rise to functional neurons 

and a recent attempt in Dr. Gage’s laboratory has been made to establish a differentiation 

paradigm that produces an enriched population of dentate granule neurons (Yu et al., 2014). 

Based on the important role of Wnt signaling in hippocampal neurogenesis, the differentiation 

paradigm is based on recapitulating canonical signaling cues that specify the hippocampal DG 

identity. Using this system, we were able to confirm our data regarding the maturational 

transition of Wnt signaling responsiveness in humans. 

From a conceptual point of view, our data provide fundamental insights into the complexity of 

adult stem cell niches and an experimental basis for the establishment of more accurate 

differentiation paradigms for hPSC-based modeling of dentate granule neurogenesis in vitro 

by recapitulating the dynamic and stage-specific activity of different Wnt signals. 
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