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Abstract

Adult neurogenesis is the continuous process of generating new neurons from neural precursors
in the adult mammalian brain. Adult hippocampal neurogenesis plays a role in modulating mood
and memory and its dysregulation during ageing and disease highlights important clinical and
therapeutic implications in understanding how it is regulated. Adult hippocampal neurogenesis
begins with a multipotent population of adult hippocampal stem cells (AHSCs) that are largely
quiescent to ensure the long-term maintenance of the AHSC pool. AHSCs’ activation is tightly
regulated by signals from the surrounding niche to ensure correct initiation of adult hippocampal
neurogenesis. Canonical Wnt signalling is present within the hippocampal neurogenic niche,
however its’ role during adult hippocampal neurogenesis still remains unclear. Within the current
literature Wnt has been postulated to play contradictory roles in promoting neural precursor self-
renewal whilst also instructing neuronal commitment and differentiation. It is also unclear if and
how Whnt signalling directly affects both quiescent and active AHSCs and whether it plays a role
in regulating the switch between these two AHSC states. As such, the aim of this project is to

characterise the role of canonical Wnt signalling in quiescent and active AHSCs.

Using BATGAL Wnt reporter mice and an in vitro model of active and quiescent adult
hippocampal stem and progenitor cells (AHSPCs), | found that AHSCs in both states respond
to canonical Wnt in a heterogeneous manner. This suggests that AHSCs’ response to Wnt
signalling is independent of their activation state in vivo and in vitro. | found that inhibiting AHSCs’
response to canonical Wnt signalling, by deleting p-catenin, did not affect AHSC maintenance
and function in vitro or in vivo. This indicates that intact canonical Wnt signalling is not required
to maintain AHSC homeostasis, which contrasts published reports showing that loss of intact

canonical Wnt signalling impairs AHSC maintenance and proliferation.

| also found that stimulating canonical Wnt signalling in active AHSPCs initiates neuronal
differentiation, whereas the same level of Wnt stimulation in quiescent AHSPCs promotes
proliferation. This indicates that AHSPCs respond in a state-specific manner to the same level
of canonical Wnt simulation. In addition, a higher level of Wnt stimulation promotes neuronal
differentiation of quiescent AHSPCs, indicating that quiescent AHSPCs respond to stimulated
canonical Wnt signalling in a dose-dependent manner. This state-specific and dose-dependent
response to stimulated canonical Wnt signalling could reconcile the contradictions in the current

literature as to the role of canonical Wnt signalling in AHSCs. It could also provide a possible



mechanism describing how active and quiescent AHSCs coordinate their response to a niche-

derived signal to meet the neurogenic demands of the hippocampus.

Finally, | used an in vivo model to stimulate canonical Wnt signalling in AHSCs by stabilising -
catenin. However, | found that stabilising p-catenin in AHSCs in vivo promotes their
displacement from their correct niche location and impairs adult hippocampal neurogenesis.
This displacement could be due to B-catenin’s role in cell-cell adhesion and highlights the
importance of maintaining cell adhesion properties to ensure correct adult hippocampal

neurogenesis.
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Chapter 1. Introduction

Neurogenesis is the developmental process of generating new neurons from neural precursors
or stem cells. The majority of neurons are generated during early embryonic development up
until early postnatal stages and this was thought to be the only point of neurogenesis throughout
an organisms’ lifespan. However, in the 1960s Altman and Das published the first evidence of
adult born neurons in the rat hippocampus, thus overturning Cajal’s accepted doctrine of, “once
development was ended...everything may die, nothing may be regenerated”. Since then,
regions of adult neurogenesis have been characterised across multiple species, such as
rodents, song birds and humans. In the rodent brain the best characterised regions of adult
neurogenesis include the subventricular zone (SVZ) of the lateral ventricles and the subgranular
zone (SGZ) of the dentate gyrus (DG) in the hippocampus. Within these neurogenic regions,
newborn neurons are generated from a population of neural stem cells, which are regulated by
a combination of intrinsic mechanisms and extrinsic signals from the surrounding niche
microenvironment. Canonical Wnt signalling is one such signal that has been implicated in adult
neurogenesis, however its precise role in adult hippocampal neurogenesis still remains unclear.
Canonical Wnt signalling has been shown to promote proliferation and neuronal differentiation,

however whether it regulates quiescent AHSC activation is still unknown.

In this chapter, | will summarise the current knowledge within the adult neurogenesis field with
a focus on the current understanding of the role of canonical Wnt signalling during adult
hippocampal neurogenesis. | will start with a brief history of the field of adult neurogenesis before
focussing on the importance and regulation of adult hippocampal neurogenesis. | will then
explore the adult hippocampal stem cells (AHSCs) in more detail and describe the importance
and regulation of AHSC activation states. | will next describe the canonical Wnt signalling
pathway before exploring the current knowledge on the role of canonical Wnt signalling during

adult hippocampal neurogenesis.

1.1 Adult Neurogenesis

1.1.1 History of Adult Neurogenesis

Adult neurogenesis is the continuous process of generating new neurons from neural precursors
in the adult brain. Until the 1980s, this was largely dismissed by neuroscientists who universally

retained the central dogma established by Ramon y Cajal in the late 19" to early 20™ century,
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that no new neurons were generated in the adult mammalian brain; “Once the development was
ended, the founts of growth and regeneration of the axons and dendrites dried up irrevocably.
In the adult centres, the nerve paths are something fixed, ended, and immutable. Everything
may die, nothing may be regenerated. It is for the science of the future to change, if possible,
this harsh decree” (Ramén y Cajal. 1928). This conclusion was based on the evidence that the
adult brain is comprised primarily of post-mitotic neurons that require stable neuronal
connections to maintain memories (Gross. 2000). This “harsh decree” was challenged by work
from Joseph Altman in 1963. Altman used [*H]-thymidine autoradiography, whereby [°*H]-
thymidine is incorporated into the DNA (deoxyribonucleic acid) of dividing cells and is maintained
in their progeny, thus allowing the identification of newborn neurons. Altman detected [*H]-
thymidine labelled cells in the neocortex (Altman. 1963; Altman. 1966), dentate gyrus (DG) of
the hippocampus (Altman. 1963; Altman et al., 1965) and olfactory bulb (Altman. 1969) of young
and adult rats. This was the first evidence of the generation of newborn neurons in the adult
mammalian brain and Altman postulated that these “micro-neurons” were important for learning
and memory. These results were corroborated by work from Michael Kaplan, who used electron
microscopy to show that [*H]-thymidine labelled cells in the DG and olfactory bulb of adult rats
have structural characteristics of neurons such as dendrites and synapses (Kaplan et al., 1977;
Kaplan et al., 1984). Furthermore, work from Fernando Nottebohm and colleagues provided
functional relevance to the process of adult neurogenesis by showing that new neurons
generated in the adult canary forebrain are incorporated into functional circuits involved in
auditory response (Goldman et al., 1983; Paton et al., 1984; Burd et al., 1985). However, these
results were largely met with scepticism due to technical limitations and studies showing that
adult neurogenesis is not present in the adult primate brain (Rakic. 1985a; Rakic. 1985b;
Eckenhoff et al., 1988).

It wasn’t until the 1990’s, with the introduction of new experimental techniques, that adult
neurogenesis in the mammalian brain became an established phenomenon. The generation of
cells in vitro from the adult mouse forebrain with stem-like properties marked an important
milestone in the adult neurogenesis field, by showing that multipotent neuronal precursor cells
exist in the adult rodent brain (Reynolds et al., 1992; Richards et al., 1992). The introduction of
the synthetic thymidine analogue 5-bromo-3’-deoxyuridine (BrdU), which is incorporated into the
DNA of dividing cells during S-phase of the cell cycle, allowed the visualisation of proliferating
cells and their progeny using immunohistochemical techniques (Nowakowski et al., 1989). Using
BrdU labelling in adult rats, Kuhn and colleagues showed that neuronal progenitor cells divide

in the subgranular zone (SGZ) of the DG, thus providing robust evidence of adult neurogenesis
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in rodents (Kuhn et al., 1996). BrdU incorporation has since been used to show the presence of
adult neurogenesis across a variety of species including, but not limited to; teleost fish (Zupanc
et al., 1995), reptiles (Pérez-Canellas et al., 1997; Font et al., 2001), guinea pigs (Guidi et al.,
2005), non-human primates (Kornack et al., 1999; Gould et al., 1999) and humans (Eriksson et
al., 1998). However, it should be noted that the presence of adult neurogenesis in humans is
still debated due to the recent publication of studies arguing both for and against the presence

of adult neurogenesis in humans (Boldrini et al., 2018; Sorrells et al., 2018).

1.1.2 Adult Neurogenesis in Humans

In 1998 Eriksson and colleagues published the first evidence of adult neurogenesis in humans
(Eriksson et al., 1998). They identified cancer patients who had received diagnostic infusions of
BrdU, and analysed the brains post mortem (Eriksson et al., 1998). They found BrdU labelled
newborn neurons, derived from dividing progenitor cells in the DG and proliferating progenitors
in the subventricular zone (SVZ) of the adult human brain (Eriksson et al., 1998). Adult neural
progenitor cells have since been isolated from the hippocampus and SVZ and have been shown
to be able to differentiate into neurons in vitro, highlighting the presence of mitotically competent
neural progenitor cells in the adult human brain (Kukekov et al., 1999; Roy et al., 2000). The
extent of adult human neurogenesis in the SVZ and hippocampus has been evaluated by
performing immunohistochemistry for the neuroblast marker doublecortin (DCX) on human post-
mortem brain tissue (Knoth et al., 2010; Sanai et al., 2011; Wang et al., 2011). Whilst these
studies show that newborn neurons are generated in the SVZ and hippocampus of the human
brain, it was the work from Spalding and Ernst and colleagues who provided evidence for the
integration of newborn neurons in the striatum (Ernst et al., 2014) and hippocampus (Spalding
et al., 2013). To assess the generation of newborn neurons in humans, they took advantage of
the elevated atmospheric carbon-14 (*C) levels caused by nuclear bomb testing during the Cold
War (1955-1963) (Spalding et al., 2005). The authors measured the concentration of '*C in the
genomic DNA of cells isolated from the striatum and hippocampus of human post-mortem brain
tissues and applied retrospective '*C birth-dating techniques to assess the levels of adult
neurogenesis (Spalding et al., 2013; Ernst et al., 2014). From this the authors determined that
the annual turnover rate of human striatal neurogenesis is 2.7% (Ernst et al., 2014) and
approximately 700 new neurons are incorporated daily into the adult human hippocampus
(Spalding et al., 2013). These results show the presence of quite robust neurogenesis in the
adult human hippocampus and striatum, which contrasts with the very limited adult

neurogenesis reported in the human olfactory bulb (Wang et al., 2011; Sanai et al., 2004).
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The persistence of human adult hippocampal neurogenesis throughout life remains a
controversial subject of debate, as published studies have provided evidence both for and
against the continued production of newborn hippocampal neurons throughout the human
lifespan (Knoth et al., 2010; Kempermann. 2011b; Spalding et al., 2013; Dennis et al., 2016;
Mathews et al., 2017). Recently in 2018, two studies were published that directly contradict each
other in regards to the persistence of adult human hippocampal neurogenesis throughout life
(Sorrells et al., 2018; Boldrini et al., 2018). Sorrells and colleagues used immunohistochemical
techniques to label progenitor cells and young neurons in post-mortem and intraoperative
samples of the human hippocampus from foetal to adult stages (Sorrells et al., 2018). They
found that the recruitment of newborn neurons declines rapidly within the first few years of life
and does not continue in the adult hippocampus (Sorrells et al., 2018). On the other hand,
Boldrini and colleagues used stereological quantification of immunohistochemical labelled post-
mortem hippocampal samples from women and men aged 14-79 years old, to show that the
number of newborn neurons was stable throughout life (Boldrini et al., 2018). Both studies base
their conclusions on the expression of the neuronal lineage marker proteins polysialylated
neural-cell-adhesion molecule (PSA-NCAM) and/or DCX, which label intermediate progenitors
and neuroblasts respectively (Seki. 2002; Brown et al., 2003). Technical differences such as
post-mortem delay and fixation times, may provide one explanation for the different conclusions
between these studies and highlights an important need in developing new techniques to study
adult neurogenesis in humans (Kempermann et al., 2018). Indeed, Moreno-Jiménez and
colleagues have recently optimised a tissue processing protocol to address the issue of fixation
and improve immunofluorescence detection in human post-mortem brain tissue (Moreno-
Jiménez et al., 2019). Using these optimised techniques, the authors identified thousands of
DCX+ neuroblasts in the DG of 13 neurologically healthy patients between 43 and 87 years of
age, indicating that adult hippocampal neurogenesis robustly persists throughout physiological
ageing in humans until the ninth decade of life (Moreno-Jiménez et al., 2019). The presence of
neural stem cells within the adult human brain still remains unresolved, however the
development and optimisation of tissue processing and immunofluorescence techniques may
allow for the identification of these cells and could have profound ramifications for human health

and disease.
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1.1.3 Regions of Adult Neurogenesis in the Rodent Brain

Adult neurogenesis occurs within specialised regions of the adult rodent brain known as
neurogenic niches. These neurogenic niches consist of a complex microenvironment that
provide the necessary physical and molecular signals to balance the maintenance of adult
neural precursor cells and the progression of adult neurogenesis throughout life. In the rodent,
adult neurogenesis is mostly restricted to the ventricular-subventricular zone (V-SVZ or SVZ) of
the lateral ventricles and the subgranular zone (SGZ) of the dentate gyrus (DG) in the
hippocampus (Altman et al., 1965; Altman. 1969) (Figure 1.1). The adult neurogenesis in the V-
SVZ produces granule layer neurons and interneurons that integrate into the olfactory bulb,
following the migration and maturation of precursor sub-types, along the rostral migratory stream
(RMS), as well as some oligodendrocytes (Lois et al., 1994; Lois et al., 1996). In the DG of the
hippocampus, multipotent adult hippocampal stem cells (AHSCs) are responsible for producing
astrocytes and mature granule neurons that displace locally into the granule cell layer (GCL) of
the hippocampus and integrate into existing neural networks (Espdsito et al., 2005). Subsequent
studies have identified other possible neurogenic niches in the neocortex, hypothalamus,
amygdala and striatum in the rodent brain, however further characterisation of these areas is
required (reviewed by (Gould. 2007)) (Figure 1.1).
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Figure 1.1: Adult neurogenic niches in the rodent brain.

Schematic highlighting the regions of adult neurogenesis in the rodent brain. The ventricular
subventricular zone (V-SVZ) of the lateral ventricles and subgranular zone (SGZ) of the dentate
gyrus (DG) in the hippocampus are two regions of adult neurogenesis that have been
extensively characterised in the rodent brain. Adult neurogenesis in the V-SVZ generates new
neurons that migrate along the rostral migratory stream (RMS) and integrate into the olfactory
bulb. Adult hippocampal neurogenesis in the DG produces granule neurons that integrate locally
into existing hippocampal neural networks. Adult neurogenesis has also been described in the
neocortex, striatum, amygdala and hypothalamus in the rodent brain, however these regions
are less characterised. SVZ, Subventricular Zone. SGZ, Subgranular zone. DG, Dentate Gyrus.
RMS, Rostral Migratory Stream. HY, Hypothalamus. As not all of these brain regions are present

within the same sagittal plane, their approximate locations are represented on this schematic.

The stem cell niche is not only the physical location of stem cells in vivo, but is a specialised
microenvironment responsible for coordinating the development and maintenance of stem cells.
It facilitates this through the integration and interaction of extrinsic stimuli including cell-cell
interactions and signals from various signalling pathways (Ferraro et al., 2010). Regulating these
interactions is key for balancing quiescent stem cell maintenance vs their activation and
maturation towards a differentiated fate (Ferraro et al., 2010). The stem cell niche was first
hypothesised by R. Schofield in 1978, who postulated that removing hematopoietic stem cells
from their specialised niche location would result in their differentiation (Schofield. 1978). The
first studies characterising niche components were performed in Drosophila melanogaster (Xie
et al., 1998) and Caenorhabditis elegans (Kimble et al., 1981) gonads and has led to the

identification of common niche components at the cellular, molecular and functional level, across
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multiple species and biological systems including the skin, muscle and intestine (reviewed by
(Li et al., 2005; Ferraro et al., 2010; Morrison et al., 2008)).

As stated above, adult neurogenesis predominately occurs within two germinal regions of the
rodent brain; the V-SVZ of the lateral ventricles and the DG of the hippocampus. The importance
of these neurogenic niches in maintaining the undifferentiated state of neural precursor cells,
whilst regulating their differentiation, is highlighted by the transplantation of neural precursor
cells into neurogenic and non-neurogenic regions of the mammalian brain (Herrera et al., 1999).
SVZ derived neural precursors exhibit limited survival and poor neuronal differentiation when
transplanted into non-neurogenic regions, but were able to differentiate correctly when
transplanted into neurogenic regions (Herrera et al., 1999). Interestingly, SVZ neural precursor
cells transplanted into the DG generate hippocampal neurons and DG neural precursors
transplanted into the RMS generate olfactory neurons (Suhonen et al., 1996). This indicates that
whilst there are common features shared between these neurogenic niches, some molecular

signals regulating neuronal differentiation may be niche specific.

1.1.4 The Ventricular-Subventricular Zone Neurogenic Niche in the Rodent Brain

The ventricular-subventricular zone (V-SVZ) lines the lateral wall of the ventricle and houses
neural stem cells (NSC), which generate neuroblasts. These neuroblasts migrate anteriorly
along the rostral migratory stream (RMS) towards the olfactory bulb, where they mature into
local olfactory neurons. The NSCs are separated from the ventricular space by a layer of
ependymal cells (E) and are arranged in a “pinwheel” architecture where the NSC apical surface
is surrounded by ependymal cells (Mirzadeh et al., 2008) (Figure 1.2). NSCs retain astroglial
properties, such as the expression of the astrocyte marker glial fibrillary acidic protein (GFAP)
and were identified based on retroviral labelling and their ability to generate multipotent
neurospheres in vitro (Doetsch et al., 1999). NSCs project a thin apical process through the
ependymal layer to contact the ventricular space and also project a basal process that directly
contacts the vasculature (Mirzadeh et al., 2008) (Figure 1.2). This apical-basal polarity allows
NSCs to receive signals from the cerebral spinal fluid, circulated blood and surrounding
supporting cells to coordinate their behaviour in response to current demands (Fuentealba et
al., 2012). Once activated, NSCs will divide to generate a proliferating intermediate progenitor
cell (IPC) which undergoes a number of symmetrical divisions before differentiating into a
neuroblast (NB, Figure 1.2). These neuroblasts then enter the RMS and migrate towards the

olfactory bulb by forming a chain along a tube of astrocytes (Lois et al., 1996) (Figure 1.2). Upon
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reaching the olfactory bulb, the neuroblasts detach from the RMS and migrate and differentiate

into different subtypes of interneurons (reviewed by (Lledo et al., 2006)) (Figure 1.2).

Y \_to RMS

terminals

Figure 1.2: Schematic of the V-SVZ neurogenic niche.

The ventricular-subventricular zone (V-SVZ) is located along the wall of the lateral ventricle.
Neural stem cells (NSCs) reside within the SVZ above a layer of ependymal cells (E) occupying
the ventricular zone (VZ). NSCs have an apical-basal morphology which allows them to send
processes towards the cerebral spinal fluid (CSF) in the ventricular space and blood vessels
(BV). NSCs divide to generate intermediate precursor cells (IPCs). IPCs divide a number of
times before differentiating into neuroblasts (NBs), which migrate to the olfactory bulb via the
rostral migratory stream (RMS) where they terminally differentiate into subtypes of interneurons.
A, astrocyte; F, fractone. Image reproduced from (Urban et al., 2019) with permission from the

rights holder, Elsevier.

1.1.5 The Hippocampal Neurogenic Niche in the Rodent Brain

The hippocampal neurogenic niche resides within the dentate gyrus (DG) and the adult
hippocampal neural stem cells (AHSCs) are located in the subgranular zone (SGZ), which marks
the interface between the hilus and DG (Figure 1.3). AHSCs retain many astrocytic

characteristics and are commonly referred to as radial glial-like cells (RGL) due to their radial
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morphology (Bonaguidi et al., 2011; Bonaguidi et al., 2012; Seri et al., 2001). AHSCs are
polarised with their cell body located in the SGZ and a radial process that projects through the
granule cell layer (GCL), which either branches into the inner molecular layer (ML) (76% of RGL
AHSCs) or terminates at the GCL/ML interface (24% of RGL AHSCs) (Gebara et al., 2016). This
radial morphology allows AHSCs to coordinate signals from a variety of sources including
neighbouring cells (e.g. astrocytes and IPCs), blood vessels and neurons (reviewed by
(Fuentealba et al., 2012; Gebara et al., 2016; Moss et al., 2016; Licht et al., 2016)). AHSCs are
multipotent and are able to differentiate into granule neurons via the neurogenic lineage as well
as astrocytes (Steiner et al., 2004). AHSCs give rise to intermediate progenitor cells (IPCs),
which are small cells with short processes that cluster in close proximity to the AHSCs in the
SGZ (Figure 1.3). IPCs are highly proliferative and are responsible for the amplification of the
neurogenic lineage (Kronenberg et al., 2003). As IPCs differentiate into neuroblasts (NB) they
migrate a short distance into the GCL (Figure 1.3) (Fuentealba et al., 2012). As they mature,
neuroblasts adopt a rounded cell body with an apical dendrite and become post-mitotic as they
begin to lose their proliferative capacity. As neuroblasts differentiate into granule neurons they
begin to establish connections to the hippocampal network, which is essential for their long-term
survival (Kempermann et al., 2004). Approximately 4 weeks after the first AHSC division, mature
newborn granule neurons integrate into the tri-synaptic hippocampal circuit, that links the
entorhinal cortex, the DG and cornu ammonis (CA) regions, by extending dendrites towards the
ML and axons through the hilus towards CA3 (reviewed by (Li et al., 2009)).
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Figure 1.3: Schematic of the neurogenic niche in the dentate gyrus of the hippocampus.
Adult hippocampal stem cells (AHSCs or NSCs) are located in the subgranular zone (SGZ) at
the interface between the hilus and the dentate gyrus (DG). AHSCs have a radial glial-like
morphology that allows them to coordinate signals from across the neurogenic niche to regulate
their behaviour. AHSCs give rise to intermediate progenitor cells (IPCs), which in turn
differentiate into neuroblasts (NBs) that migrate into the granule cell layer (GCL). In the GCL,
neuroblasts mature further and differentiate into granule neurons (N) that integrate into existing
hippocampal neural networks. A, astrocyte; IN, interneuron. Image reproduced from (Urban et

al., 2019) with permission from the rights holder, Elsevier.

As cells progress along the hippocampal neurogenic lineage, they undergo gene expression
and physiological changes that can be used to characterise their cellular identity (Figure 1.4). In
addition to their niche location and radial morphology, AHSCs can be identified based on their
expression of neural stem cell markers, such as Sox2 and Nestin (Filippov et al., 2003; Suh et
al., 2007). Due to their astrocytic nature, AHSCs also co-express the astrocytic markers glial
fibrillary protein (GFAP) and glutamate aspartate transporter (Glast), however they can be
distinguished from mature astrocytes by the lack of expression of the mature astrocyte marker
S100p (Seri et al., 2001; Brunne et al., 2010; Steiner et al., 2004).The majority of AHSCs are
maintained in a quiescent state, however a small proportion (1-5%) are able to re-enter the cell

cycle and become activated in response to extrinsic stimuli (Kronenberg et al., 2003; Seri et al.,
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2001; Andersen et al., 2014). Currently there are no unique quiescence markers however,
quiescent and active AHSCs can be differentiated based on their gene expression patterns,
expression of cell cycle markers and metabolic differences, which will be discussed further in
Section 1.2.2 (Urban et al., 2019). Active AHSCs retain the classical RGL morphology, express
cell cycle markers and express the basic helix-loop-helix transcription factor Ascl1 at the protein
level (Andersen et al., 2014; Urban et al., 2016). Like active AHSCs, IPCs exhibit a proliferation
signature and can be distinguished from active AHSCs based on their rounded compact
morphology (Figure 1.4). Early IPCs (Type lla) share the expression of many AHSC associated
markers including Ascl1, Nestin and Sox2 (Figure 1.4). As IPCs progress along the neurogenic
lineage, these later stage IPCs (Type lIb) lose their expression of AHSC associated genes and
begin to express markers associated with neuronal commitment such as T-box brain gene 2
(Tbr2 or Eomes) and Neurogenin2 (Ngn2) (Hodge et al., 2008; Roybon et al., 2009). As Tbr2+
IPCs differentiate into neuroblasts, they start to express the neuroblast marker doublecortin
(DCX) (Brown et al., 2003). The overlapping expression of Tbr2 and DCX can be used to identify
early neuroblasts vs more mature neuroblasts that express DCX, lose Tbr2 expression and
develop an apical dendrite. Differentiating neuroblasts begin to express B-llI-tubulin (antibody
called Tuj1) before terminally differentiating as mature granule neurons expressing the neuronal

nuclear protein NeuN (Ambrogini et al., 2004).
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Figure 1.4: Expression of cell specific markers across the hippocampal neurogenic
lineage.

The cells of the hippocampal neurogenic lineage can be identified based on the expression of
stage-specific markers. Quiescent and active AHSCs can be identified by their expression of
Glast, glial fibrillary protein (GFAP) Nestin and Sox2. Active AHSCs and intermediate progenitor
cells (IPCs) express high levels of the transcription factor Ascl1. IPCs also express Nestin and
Sox2. Differentiating IPCs express Tbr2 and Ngn2 before differentiating into DCX+ neuroblasts.
Maturing neuroblasts express B-lll-tubulin (Tuj1) before terminally differentiating as a mature
NeuN+ granule neuron. Image adapted from (Urban et al., 2019) with permission from the rights

holder, Elsevier.

1.1.6 Comparison Between Ventricular-Subventricular Zone and Dentate Gyrus Adult

Neurogenesis

The V-SVZ and DG neurogenic niches exhibit many similarities that simultaneously allow for the
maintenance of adult neural stem cells, whilst also promoting the differentiation of newborn
neurons throughout life. They share a number of cellular components, including endothelial cells,
astrocytes, microglia, mature neurons and neural stem cell progeny, that all contribute to the
creation of an appropriate microenvironment to regulate neurogenesis throughout adulthood
(reviewed by (Ming et al., 2011)) (Figures 1.2 and 1.3). For example, the vasculature is highly
organised throughout the V-SVZ and DG and is closely associated with the NSCs from both

niches to regulate their behaviour via blood borne factors and cell-cell interactions (see Section
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1.3.2) (Delgado et al., 2014; Moss et al., 2016; Gebara et al., 2016; Licht et al., 2016). Astrocytes
also secrete a variety of signalling molecules that regulate multiple stages of adult neurogenesis
in both niches and microglia phagocytose cells that have undergone apoptosis to maintain the
homeostasis of baseline adult neurogenesis (Sierra et al., 2010; Song et al., 2002). Additionally,
the mature and immature progeny of NSCs also form an integrated part of both niches, providing
diffusible and contact-mediated signals to regulate multiple stages of adult neurogenesis
(Alfonso et al., 2012; Liu et al., 2005; Kawaguchi et al., 2013; Berg et al., 2013).

Whilst the two neurogenic niches share a number of common properties, there are distinct
differences between the V-SVZ and the DG as well as differences in the adult neurogenesis that
occurs between both niches. As stated above, the neurogenic niches are comprised of similar
cellular components, however the V-SVZ is unique due to the presence of ependymal cells lining
the ventricular wall (Figure 1.2). This ependymal cell lining is closely associated with the NSCs
of the V-SVZ and actively regulates their activation and neuronal fate choice through the release
of Noggin (Lim et al., 2000). In addition, factors within the cerebral spinal fluid such as
sphingosine-1-phosphate and prostaglandins provide unique regulation of V-SVZ adult
neurogenesis that is not present in the DG (Codega et al., 2014). The two niches are also distinct
in terms of their architecture, as NSCs are located in a “pinwheel” organisation in the V-SVZ
(Mirzadeh et al., 2008) and are localised to the SGZ in the DG. In addition, the adult
neurogenesis of the hippocampus is locally restricted to the DG with neuroblasts and newborn
granule neurons settling in the GCL, a short distance away from the NSCs in the SGZ (Sun et
al., 2015a). This contrasts with the V-SVZ where neuroblasts enter the RMS and migrate away
from the niche to settle in the olfactory bulb (Lois et al., 1994; Luskin. 1993; Doetsch et al., 1996;
Lois et al., 1996). This shows that the DG NSCs are in close proximity to the granule neurons
they produce unlike the V-SVZ NSCs which do not contact their progeny in the olfactory bulb
(Obernier et al., 2019).

The NSCs themselves also share many key characteristics between these two neurogenic
regions, such as their expression of stem cell specific markers (GFAP, Nestin and Sox2), their
quiescent state, their connections to surrounding niche components and their restricted lineage
potential. Single cell transcriptomic studies are useful tools to examine differences in the
transcriptomes of different cell types (Haque et al., 2017). Thus far, a direct comparison of single
cell RNA Sequencing datasets generated from NSCs isolated from the V-SVZ and DG
simultaneously, has not been performed in the same study. Nevertheless, the independent

single cell transcriptomic studies of the V-SVZ NSCs and DG NSCs, have allowed for the global
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comparison between the gene expression profiles of NSCs isolated from these two neurogenic
regions, despite employing different sorting strategies. Indeed, Dulken and colleagues directly
compare their single cell RNA sequencing dataset of NSCs isolated from the V-SVZ with the
dataset generated by Shin and colleagues of NSCs isolated from the DG (Dulken et al., 2017;
Shin et al., 2015). Dulken and colleagues show that the overall gene expression profiles are
similar between these two datasets, highlighting the transcriptomic similarities between the
NSCs of both neurogenic niches (Dulken et al., 2017; Shin et al., 2015). Additionally, by
employing pseudotime analysis to order cells according to their activation state, Dulken and
colleagues show that the molecular phenotypes of quiescence and activation are partially
conserved between the NSCs of the V-SVZ and DG (Dulken et al., 2017). Gene ontology
analysis of published datasets show an enrichment of genes associated with lipid metabolism,
glycolysis, cell signalling, and cell adhesion in quiescent V-SVZ and DG NSCs whereas cell
cycle, DNA/RNA metabolism, transcription and protein translation are enriched in active NSCs
from both niches (Llorens-Bobadilla et al., 2015; Mizrak et al., 2019; Shin et al., 2015; Artegiani
et al., 2017). However, transcriptomic analyses have identified differences between the NSCs
of these two neurogenic niches. For example, NSCs isolated from the V-SVZ have been shown
to express distinct combinations of lineage-specific transcription factors in a regionally defined
manner (Llorens-Bobadilla et al., 2015; Mizrak et al., 2019). This further supports evidence
showing that the fate potential of V-SVZ NSCs is regionally specified and is further discussed
below. In contrast, single cell data from NSCs isolated from the DG identify a single population
of NSCs, which do not demonstrate regional lineage restriction (Shin et al., 2015; Hochgerner
etal., 2018; Artegiani et al., 2017). Overall, these single cell transcriptomic datasets are a useful

tool to compare the molecular signatures of the NSCs from the V-SVZ and DG niches.

The neural stem cells from both neurogenic niches exhibit a restricted lineage specification,
however they each generate unique neuronal subtypes and glia. In the DG the NSCs generate
excitatory dentate granule neurons and astrocytes (Berg et al., 2019; Pilz et al., 2018; Encinas
et al., 2011; Bonaguidi et al., 2011; DeCarolis et al., 2013) whereas in the V-SVZ the NSCs
generate inhibitory interneurons, periglomerular neurons and oligodendrocytes (Fuentealba et
al., 2015; Merkle et al., 2007). As mentioned above, progeny subtypes are specified according
to the NSC location along the dorsal-ventral axis in the V-SVZ indicating a form of positional
heterogeneity within the V-SVZ NSCs (Merkle et al., 2007). This contrasts with the NSCs in the
DG that generate granule neurons and astrocytes throughout the SGZ, however more research
is needed to confirm this homogeneity (Bonaguidi et al., 2011; Encinas et al., 2011; Berg et al.,
2019). Interestingly, both V-SVZ and DG NSCs are able to differentiate into all three lineages
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(neurons, astrocytes and oligodendrocytes) in vitro (Palmer et al., 1997; Reynolds et al., 1992)
indicating that the in vivo niche may limit adult NSC potential (Bond et al., 2015; Urban et al.,
2019).

The NSCs within the V-SVZ and DG also exhibit contrasting modes of division. The NSCs of
the V-SVZ primarily divide symmetrically to produce two identical daughter cells (Obernier et al.,
2018; Basak et al., 2018). The majority of V-SVZ NSCs undergo “consuming divisions” to
generate two daughter IPCs, which depletes the size of the stem cell pool (Obernier et al., 2018).
However, a smaller proportion (20-30%) of V-SVZ NSCs undergo “self-renewing divisions” to
generate two daughter NSCs, which expands the pool of NSCs (Obernier et al., 2018). In
contrast, the NSCs of the DG predominately divide asymmetrically to generate an NSC and
either an IPC or astrocyte, which maintains the pool of NSCs whilst simultaneously meeting
neurogenic demands (Bonaguidi et al., 2011; Pilz et al., 2018). A smaller proportion of DG NSCs
are able to divide symmetrically in either self-renewing or consuming divisions (Bonaguidi et al.,
2011; Pilz et al., 2018) (See Section 1.2.3). Asymmetric divisions couple the regulation of self-
renewal with the generation of differentiated progeny, whereas symmetric divisions uncouple
this regulation (Urban et al., 2019). More work is needed to understand how these different
modes of division are regulated within the V-SVZ and DG neurogenic niches and to determine

how they impact the long-term dynamics of these two NSC populations (Urban et al., 2019).

The NSCs within both niches are regulated by a variety of niche-derived signals including Notch,
Sonic hedgehog (Shh), Bone Morphogenetic Proteins (BMPs) and Wnts. Notch signalling has
been shown to promote quiescence of both V-SVZ and DG NSCs, as deletion of Notch
downstream components in the NSCs of both niches leads to increased activation and depletion
of the quiescent NSC pool (Imayoshi et al., 2010; Ehm et al., 2010). NSCs from both the V-SVZ
and DG express three Notch receptors (Notch 1, 2 and 3) (Kawai et al., 2017; Breunig et al.,
2007), however they exhibit differential roles in V-SVZ and DG NSCs. For example, deletion of
Notch 1in DG NSCs results in the loss of the NSC and IPC pool (Ables et al., 2010). Conversely,
deletion of Notch 1 in V-SVZ NSCs promotes NSC proliferation without the loss of the quiescent
NSC pool as observed in the DG (Basak et al., 2012). This highlights the context dependency
of Notch signalling within the NSCs of the V-SVZ and DG niches. Similarly, BMP signalling also
maintains NSC quiescence in both niches (Mira et al., 2010; Lim et al., 2000; Douet et al., 2012;
Mercier et al., 2014) and also promotes the fate choice of V-SVZ progenitors in a dose-
dependent manner. Basal levels of BMP signalling in the V-SVZ promotes a neuronal lineage

specification (Colak et al., 2008), whereas higher BMP signalling levels inhibits neurogenesis
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by promoting glial differentiation (Lim et al., 2000). Shh signalling in the V-SVZ has been shown
to play a role in regulating NSC maintenance, activation and proliferation (Palma et al., 2005;
Petrova et al., 2013; Daynac et al., 2016). Deletion of the primary cilium, which is required for
Shh signalling, in DG NSCs impairs progenitor proliferation and promotes cell cycle exit (Breunig
et al., 2008; Amador-Arjona et al., 2011), however a direct role in regulating quiescent DG NSC
activation has yet to be established. Finally, the NSCs in both niches respond to canonical Wnt
signalling which has been shown to promote NSC self-renewal and progenitor proliferation (Lie
et al.,, 2005; Qu et al., 2013; Bowman et al., 2013) as well as neuronal lineage choice in the DG
(Lie et al., 2005; Seib et al., 2013). In the V-SVZ non-canonical Wnt signalling has been shown
to maintain the quiescent state of NSCs by promoting their anchorage to the niche via the small
GTPase CDC42 (Chavali et al., 2018). This could suggest that the activation of quiescent NSCs
requires a switch from non-canonical to canonical Wnt signalling, however this mechanism has
yet to be elucidated (Urban et al., 2019). Overall, whilst the niche-derived signals share some
common regulatory mechanisms between the V-SVZ and DG, there are subtle context
dependent differences in how these signalling pathways regulate adult neurogenesis within the
two niches. This is evidenced by transplantation studies showing that the neuronal fate choice
of transplanted NSCs is dependent on their niche location (Suhonen et al., 1996) and highlights
the importance of understanding how adult neurogenesis is regulated independently in both of
these neurogenic niches. The regulation of adult hippocampal neurogenesis will be further

explored in Section 1.3.

1.1.7 Functions of Adult Neurogenesis

To understand the function of adult neurogenesis it is important to consider how this process
evolved. In non-mammalian vertebrates, such as fish, reptiles, amphibians and birds, adult
neurogenesis is widespread throughout various brain regions and may be related to post-
embryonic brain growth in response to sensory system maturation (Kaslin et al., 2008). In
contrast, mammalian adult neurogenesis is restricted to discrete neurogenic regions, which
argues that the process of adult neurogenesis has declined during the course of evolution
(Kaslin et al., 2008; Lindsey et al., 2006). It has been suggested that this decreased propensity
for neurogenesis in the adult mammalian brain is due to a resistance to integrate new neurons
into an already established neural network (Rakic. 2004; Rakic. 1985b). In opposition to this
view, Gerd Kempermann proposed that the specific neurogenesis of the adult hippocampus is
instead a late-evolved trait, conferring plasticity and adaptability in response to environmental

challenges (Kempermann. 2012). Indeed, computational studies have shown that rigid networks
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cannot acquire new information, whereas highly flexible networks are unable to retain
information (Wiskott et al., 2006). As such, adult hippocampal neurogenesis provides an elegant

solution to the stability vs plasticity problem (Kempermann. 2012).

The adult born neurons generated in the rodent SVZ and SGZ, integrate into existing neural
networks and contribute to the complexity and continued plasticity of the adult brain (Deng et
al., 2010; Jessberger et al., 2009; Sahay et al., 2011a; Lledo et al., 2006). Adult neurogenesis
in the rodent SVZ gives rise to neuroblasts that migrate along the RMS to the olfactory bulb
where they mature and integrate into olfactory circuits. SVZ adult neurogenesis has been
implicated in maintaining olfactory bulb circuitry, regulating olfactory discrimination and
mediating olfactory memory (reviewed by (Lledo et al., 2006)). These functions have been
elucidated by ablating SVZ adult neurogenesis, however these studies have often reported
contradictory results due to the unspecific nature of the experimental approaches used
(reviewed by (Lledo et al., 2006)). Nevertheless, these studies provide useful information on the

function of SVZ adult neurogenesis.

The adult hippocampus plays a crucial role in learning and memory, spatial navigation, pattern
separation, and emotional behaviour (Deng et al., 2010). The functional integration of newborn
neurons in the DG of the hippocampus, has been shown to be important in modulating many of
these hippocampal dependent functions (Hastings et al., 1999; van Praag et al.,, 2002;
Jessberger et al., 2003; Deng et al., 2010). One key function of the adult hippocampus is its role
in pattern separation, which is the formation of distinct representations of similar inputs (Marr et
al., 1971; Clelland et al., 2009). Computational modelling (Aimone et al., 2010) and behavioural
studies (Clelland et al., 2009; Sahay et al., 2011a) have shown that adult hippocampal
neurogenesis is important for optimal pattern separation functions as immature newborn
neurons provide the plasticity required to integrate new information, without affecting the existing
information stored by mature granule neurons (Deng et al., 2010; Danielson et al., 2016).
Newborn neurons exhibit enhanced synaptic plasticity and excitability compared to mature
granule neurons (Schmidt-Hieber et al., 2004; Ge et al., 2007; Mongiat et al., 2009; Gu et al.,
2012) and are less influenced by the activity of inhibitory interneurons that depresses the
activation of mature granule neurons (Marin-Burgin et al., 2012; Dieni et al., 2013; Sahay et al.,
2011b; Groisman et al., 2020). These unique characteristics of immature newborn neurons
favours their activation and recruitment during the formation of new memories and indicates
their involvement in hippocampal learning and memory functions (Rodriguez-Iglesias et al.,

2019; Sahay et al.,, 2011b). Indeed, abrogating adult hippocampal neurogenesis impairs
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hippocampal dependent trace (Shors et al., 2001), spatial (Dupret et al., 2008) and long-term
memory (Bruel-Jungerman et al., 2005), thus highlighting key roles for newborn neurons in
hippocampal dependent learning and memory. However, there are reported inconsistencies
across studies that ablate adult hippocampal neurogenesis to investigate the function of
newborn neurons in hippocampal learning and memory (Deng et al., 2010; Shors et al., 2002).
This is in part due to different ablation techniques and behavioural tasks employed across
various studies and suggests that the involvement of adult neurogenesis in hippocampal

learning and memory is context dependent (Deng et al., 2010; Shors et al., 2002).

1.1.8 Adult Neurogenesis in Ageing and Disease

Another clue as to the function of adult hippocampal neurogenesis lies within the pathological
phenotypes of neuropsychiatric and neurodegenerative disorders that present with dysregulated
adult hippocampal neurogenesis. In rodents, age-related cognitive decline has been linked to
decreased levels of adult hippocampal neurogenesis (Knoth et al., 2010; Driscoll et al., 2006),
however this direct link has yet to be made in humans (Lazarov et al., 2013). Reduced adult
hippocampal neurogenesis is also a key feature of anxiety, stress and depressive disorders and
may directly contribute to their progression (Jacobs et al., 2000; Miller et al., 2015). Indeed,
many antidepressants have been shown to work by stimulating adult hippocampal neurogenesis
and some require adult hippocampal neurogenesis to be effective (Sahay et al., 2007; Miller et
al., 2015). Epileptic seizures have been shown to promote the production of newborn neurons
in the hippocampus and prolonged/multiple seizures can cause alterations in the dendrite
morphology of newborn neurons, which contributes to epileptic disease (Jessberger et al.,
2015). Neurodegenerative disorders, such as Alzheimer’'s disease, Parkinson’s disease and
Huntington’s disease also exhibit alterations in adult hippocampal neurogenesis despite the
depletion of different neural populations targeted by the pathological proteins associated with
each disease (Winner et al., 2015). Early symptoms of these diseases include depression,
anxiety and cognitive impairment associated with deficits in adult hippocampal neurogenesis
(Winner et al.,, 2015). Whether dysregulated adult neurogenesis represents a cause or
consequence of neuropsychiatric and neurodegenerative disorders currently remains to be seen
as, whilst depression is associated with decreased hippocampal volume (reviewed by (Kang et
al., 2016)), ablation of adult hippocampal neurogenesis fails recapitulate a “depressive-like”
state in animal models (Airan et al., 2007). In addition, as neurodegenerative diseases exhibit a
progressive pathology, it remains to be determined when and how defects in adult neurogenesis

switch from being causative to a direct consequence of neurodegeneration (Lazarov et al., 2010;
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Gil-Mohapel et al., 2011; Regensburger et al., 2014). Overall, the dysregulated adult
hippocampal neurogenesis in various disease states, ageing and depression, highlight
important clinical and therapeutic implications in understanding how endogenous adult

hippocampal neurogenesis is regulated.

1.2 Adult Hippocampal Stem Cell Activation States

Adult stem cells can be characterised based on their capacity for self-renewal and their ability
to differentiate into specialised cell types to meet the demands of the local tissue. In the following
section | will describe the stem cells of the adult hippocampus in terms of their origin,
heterogeneity, activation states and behaviours. | will then outline some of the intrinsic

mechanisms that regulate the activation of AHSCs from quiescence.

1.2.1 AHSC Origin and Heterogeneity

AHSCs share many characteristics with glial cells and indeed GFAP+ astrocytes were initially
believed to be the source of new neurons in the adult DG (Seri et al., 2001). Subsequently these
GFAP+ astrocytes were further defined as radial-glial-like cells that are derived from the radial
glia of the embryonic dentate neuroepithelium during development and maintain their
neurogenic potential in the adult (Doetsch et al., 1999; Seri et al., 2001; Eckenhoff et al., 1984;
Alvarez-Buylla et al., 2001). Recent single cell transcriptomics and clonal lineage tracing
techniques have shown a shift in embryonic radial glial identity towards an adult RGL identity
during the second postnatal week, suggesting that AHSCs are a continuation of embryonic radial
glial cells (Berg et al., 2019; Hochgerner et al., 2018). Alternatively, there is evidence suggesting
that AHSCs might be descended from Shh-responsive cells in the ventral hippocampus during
late gestation (Li et al., 2013). This could suggest that AHSCs originate from both embryonic
and late-gestational sources, however the precise embryonic origin of AHSCs is currently
unknown. Whilst no single marker has been identified to uniquely label the AHSC population,
fate mapping studies in mice using the inducible Cre recombinase system, showed that AHSCs
express astrocytic markers, such as Glast (Namba et al., 2005) and GFAP and progenitor
markers such as Sox2 (Suh et al., 2007) and Nestin (Fukuda et al., 2003; Seri et al., 2004)
(reviewed by (Dhaliwal et al.,, 2011)). These studies have also provided evidence for the
functional heterogeneity of AHSCs (Urban et al.,, 2019; DeCarolis et al., 2013). Using
NestinCreERT2; Rosa26YFP and GlastCreERT2; Rosa26YFP mice, DeCarolis and colleagues
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showed that Nestin+ and Glast+ AHSCs contribute differently to adult hippocampal
neurogenesis. They found that Glast+ AHSCs were more proliferative and had a higher
neurogenic output compared to Nestin+ AHSCs. (DeCarolis et al., 2013). This suggests that
heterogeneity within the AHSC pool is required to maintain long-term neurogenesis. Single-cell
transcriptomic analysis of AHSCs has thus far not provided any evidence of independent
heterogeneous subtypes, but has shed light on the changes that occur during the transition from
a quiescent to active state, suggesting that the molecular diversity of AHSCs is correlated with
their activation state (Shin et al., 2015; Hochgerner et al., 2018; Artegiani et al., 2017). This
highlights the possibility that AHSCs are differentially regulated to meet the changing demands

of the hippocampal neurogenic niche.

1.2.2 Quiescent and Active AHSCs

Quiescence is defined as a reversible state of cell cycle exit, where cells exist in GO of the cell
cycle but retain the ability to re-enter the cell cycle when necessary. This is distinct from
senescent and terminally differentiated cells, which apart from extreme circumstances, have
irreversibly withdrawn from the cell cycle (Cheung et al., 2013). The quiescent state was first
identified from the observation that cell populations proliferate at different rates, with some non-
proliferative cells in somatic tissues only proliferating in response to external stimuli (Cheung et
al., 2013; Baserga. 1968). Originally, this non-proliferative state was considered to be a
prolonged G1 phase, however evidence of a distinct quiescent state was demonstrated in 1974,
with the identification of a restriction point in G1 that determines whether a cell exits or
progresses through the cell cycle (Pardee. 1974). Adult stem cells are maintained in a quiescent
state to ensure the long-lasting integrity of the stem cell pool, and prevent them from
accumulating environmental damage, thus ensuring that sufficient numbers of stem cells are
available throughout life (Cheung et al., 2013). Whilst originally considered a passive state,
recent advances in transcriptomic analyses show that quiescence is actively maintained and

regulated by both extrinsic and intrinsic factors (Cheung et al., 2013).

The majority of AHSCs remain out of the cell cycle in quiescence to preserve their numbers
throughout life. However, a small proportion of AHSCs are active and do express cell cycle
markers such as Ki67 and MCM2 or incorporate the nucleotide analogues 5-ethynyl-2’-
deoxyuridine (EdU) and BrdU (Andersen et al., 2014; Urban et al., 2016). In the absence of a
unique quiescence marker, quiescent AHSCs can be identified based on their AHSC

characteristics (GFAP+ radial process with a Sox2+ nucleus residing in the SGZ of the DG) and
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lack of proliferation markers (Figure 1.5). The transition from a quiescent to an active state is
not only restricted to the upregulation of cell cycle genes. Activation of quiescent AHSCs is
accompanied by many changes in cellular physiology, including changes in cellular metabolism
(Figure 1.5) (Urban et al., 2019). Quiescent AHSCs predominately use glycolysis and fatty acid
oxidation to meet their energy demands, however upon activation cells switch to using oxidative
phosphorylation (Figure 1.5) (Beckervordersandforth et al., 2017; LIorens-Bobadilla et al., 2015;
Knobloch et al.,, 2013; Knobloch et al., 2017). Recent transcriptomic studies have also
highlighted many differences between the transcriptomes of quiescent and active AHSCs and
have identified genes that are enriched in quiescent AHSCs (Shin et al., 2015; Hochgerner et
al., 2018; Artegiani et al., 2017). For example, the homeodomain-only protein HopX is highly
expressed in quiescent AHSCs and is downregulated upon their activation making HopX a
putative marker of quiescent AHSCs (Shin et al., 2015; Berg et al., 2019; Li et al., 2015). Active
AHSCs are enriched for genes associated with transcription, translation, cell cycle and DNA
repair, whereas quiescent AHSCs are enriched for genes involved in cell signalling, cell-cell
communication and cell adherence (Figure 1.5) (Shin et al., 2015; Hochgerner et al., 2018;
Artegiani et al., 2017). The enrichment in cell signalling and cell-cell communication genes
suggests that quiescent AHSCs are constantly monitoring changes in the local niche
microenvironment and are poised to respond to meet these demands (Shin et al., 2015;
Hochgerner et al., 2018; Artegiani et al., 2017; Cheung et al., 2013). Not all the signals in the
niche promote activation meaning that quiescent AHSCs receive both quiescent and activation
signals alike and coordinate these to ensure the appropriate response (Section 1.3) (Urban et
al., 2019).
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Figure 1.5: Characteristics of quiescent and active AHSCs.

Schematic of AHSC activation states and their defining characteristics. AHSCs undergo vast
changes in gene expression and cellular physiology as they transition from different depths of
quiescence to an active state. Image adapted from (Urban et al., 2019) with permission from the

rights holder, Elsevier.

1.2.3 AHSC Behaviours

Active AHSCs have the dual roles of renewing the AHSC population whilst also generating
differentiated progenies (Urban et al., 2019). To do this, they adopt different modes of division;
symmetrical and asymmetrical divisions. Lineage tracing of AHSCs by clonal analysis and live
imaging experiments have shown that most AHSCs divide asymmetrically to generate two
daughter cells; another AHSC and an IPC or astrocyte (Bonaguidi et al., 2011; Pilz et al., 2018).
This simultaneously allows for the renewal of the AHSC pool whilst generating a cell that can
continue along the neurogenic lineage. Additionally, some AHSCs were found to divide

symmetrically to either provide two daughter AHSCs (amplifying divisions) or two daughter
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progenitor cells (consuming divisions) (Bonaguidi et al., 2011; Pilz et al., 2018). Long-term
lineage tracing of Nestin+ AHSCs in vivo showed that a large proportion of clones retained an
AHSC surrounded by neurons and astrocytes, highlighting the long-term ability of AHSCs to
self-renew, whilst also contributing to multilineage differentiation (Bonaguidi et al., 2011). In
contrast, in vivo live imaging showed that Ascl1+ AHSCs undergo limited rounds of symmetric
and asymmetric divisions before being lost from the niche (Pilz et al., 2018). These differences
could perhaps reflect the heterogeneity of the AHSC population and offer an insight into how
AHSCs maintain life-long adult neurogenesis (Pilz et al., 2018; Urban et al., 2016; Bonaguidi et
al., 2011).

The rate of adult hippocampal neurogenesis declines with age and is coupled to a decrease in
the number of AHSCs (Encinas et al., 2011). To explain this decline in adult neurogenesis with
age, Encinas and colleagues propose a model whereby AHSCs undergo multiple rounds of
asymmetric division before undergoing terminal astrocytic differentiation (Encinas et al., 2011).
This “disposable stem cell” model suggests that the decline in the number of AHSCs with age
is a division-coupled process linked to the production of new neurons and astrocytes (Encinas
et al., 2011). This is further supported by in vivo live imaging experiments that showed that the
self-renewal ability of AHSCs is lost upon successive divisions (Pilz et al., 2018). However,
evidence from Bonaguidi and colleagues directly contradicts the “disposable stem cell” model
as they show that AHSCs are maintained in the long-term by returning to a quiescent state
following their symmetric or asymmetric division (Bonaguidi et al., 2011). These differences
could be technical due to the use of different reporters and performing analyses at the cellular
and population levels, or could be due to the heterogeneity of the AHSC population. However,
these differences could also reflect a change in AHSC behaviour with time. The rate of adult
neurogenesis peaks during the first postnatal weeks and is associated with a rapid rate of AHSC
depletion (Kalamakis et al., 2019; Encinas et al., 2011; Harris et al., 2020) which corroborates
the “disposable stem cell” model proposed by Encinas and colleagues (Encinas et al., 2011).
The rate of adult neurogenesis declines with age but the depletion rate of the AHSC pool also
decreases with age as they increasingly return to a quiescent state following their activation
(Bonaguidi etal., 2011; Urban et al., 2016; Ziebell et al., 2018; Harris et al., 2020). This suggests
that AHSCs progressively acquire the ability to return to a quiescent state with age and could
provide a mechanism whereby adult neurogenesis persists throughout life. AHSCs that return
to quiescence enter a shallower state of quiescence termed “resting AHSCs” and have a higher
propensity to activate (Pilz et al., 2018; Urban et al., 2016). Inhibiting AHSCs ability to return to

quiescence severely impairs AHSC proliferation and shows that resting AHSCs significantly
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contribute to the pool of active AHSCs (Urban et al., 2016; Urban et al., 2019). Overall, these
studies suggest that AHSCs display a diverse range of behaviours to maintain their longevity

and to meet the demands of the changing DG niche microenvironment.

1.3 Regulation of Adult Hippocampal Stem Cell States and Adult

Hippocampal Neurogenesis

Progression along the hippocampal neurogenic lineage is a tightly regulated process influenced
by extrinsic, intrinsic and niche-derived factors. This tight regulation is essential to ensure the
long-term maintenance of the AHSC pool, whilst also meeting the demands for the generation
of newborn neurons. Each stage along the neurogenic lineage is subject to regulation including
quiescent AHSC activation, progenitor proliferation and survival, neuroblast migration and the
integration and survival of newborn neurons (Kempermann et al., 2015). Extrinsic or systemic
factors such as physical exercise and enriched environments have been shown to stimulate
adult hippocampal neurogenesis, by regulating the multiple signalling pathways present in the
hippocampal niche microenvironment (Urban et al., 2014). These signals arise from a variety of
sources within the hippocampal niche microenvironment including direct cell contact and cell-
cell adhesion; diffusible signals from both lineage cells and non-lineage cells including niche
astrocytes and interneurons; neuronal inputs; and from the vasculature. In an added level of
complexity, many of the same signals regulate different events throughout this neurogenic
process. One of the challenges currently facing this field is to decipher how these regulatory
signals impact the various cell types along the neurogenic lineage. In this section, | aim to briefly
describe the various extrinsic, intrinsic and niche-derived factors that regulate adult hippocampal

neurogenesis with a focus on what is known about the regulation of quiescent AHSC activation.

1.3.1 Extrinsic Factors Regulating AHSCs and Adult Hippocampal Neurogenesis

Adult hippocampal neurogenesis is regulated by many extrinsic factors that impact the levels of
adult neurogenesis in both positive and negative manners (Aimone et al.,, 2014). The first
example of this came from studies of mice housed in enriched environments. An enriched
environment is one that provides sensory, social and motor stimulation (Aimone et al., 2014).
To achieve environmental enrichment, multiple mice were housed together in an enlarged
enclosure containing tunnels, running wheels and other toys to provide stimulation (Aimone et

al., 2014). It was shown that mice housed within this enriched environment showed significantly
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higher numbers of newborn granule neurons than littermates housed in standard conditions
(Kempermann et al., 1997). This effect has been shown to act as a survival stimulus for new-
born neurons rather than promoting progenitor proliferation or quiescent AHSC activation and
has been shown to enhance cognition in learning and memory based behavioural tasks
(Kronenberg et al., 2003). Voluntary running also enhances adult hippocampal neurogenesis
but does so by promoting progenitor proliferation rather than enhancing newborn neuron survival
as in enriched environments (van Praag et al., 1999; Kronenberg et al., 2003; Steiner et al.,
2008). This highlights how different extrinsic factors can positively affect levels of adult
neurogenesis by acting via different mechanisms. Both enriched environment and voluntary
running have been shown to promote angiogenesis, which increases the levels of circulating
hormones and growth factors delivered to the hippocampus (Aimone et al., 2014; Olson et al.,
2006). Circulating growth factors such as Vascular Endothelial Growth Factor (VEGF) and
Insulin Growth Factor (IGF) are induced through exercise and have been shown to positively
influence adult hippocampal neurogenesis (Fabel et al., 2003; Trejo et al., 2001). The effects of
enriched environment and voluntary running are synergistic as levels of adult hippocampal
neurogenesis are further enhanced when these two extrinsic factors are combined (Fabel et al.,
2009). Interestingly, exercise is able to enhance neurogenesis in the aged hippocampus of old
mice more robustly than in younger mice, indicating that external stimulation could provide a
therapeutic intervention for age-associated cognitive decline (Kempermann et al., 1998;
Kempermann et al., 2002). Whilst these studies show a benefit of enriched environments and
exercise on the levels of adult hippocampal neurogenesis, they do not directly address whether

this is due to enhanced quiescent AHSC activation.

In line with the positive effects of an enriched environment, negative social interactions, such as
social isolation and psychological stress, can impair adult hippocampal neurogenesis. Acute
psychological stress, induced by co-habitation with an aggressor, has been shown to decrease
cell proliferation in the hippocampus of tree shrews and marmosets (Gould et al., 1997; Gould
etal., 1998; Lieberwirth et al., 2012). Adult neurogenesis is also impaired in rodents housed with
an aggressor, however, this was due to decreased newborn neuron survival rather than
decreased cell proliferation (Thomas et al., 2007). Chronic stress, caused by long-term social
isolation or mild environmental stressors, also impairs adult hippocampal neurogenesis by
reducing cell survival (Lu et al.,, 2003; Mineur et al., 2007). Stress causes the release of
glucocorticoids into the bloodstream, which have been shown to suppress adult hippocampal
neurogenesis by preventing the birth of newborn neurons (Gould et al., 1992; Cameron et al.,

1994) and promoting the quiescence of a pool of glucocorticoid receptor-expressing neural
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progenitors (Schouten et al., 2019), thus providing a possible mechanism for how stress could
impair adult hippocampal neurogenesis. Stress is one of the key contributing factors in
depression, which is also associated with decreased levels of adult hippocampal neurogenesis.
Understanding the mechanism behind this stress-induced inhibition of adult neurogenesis, could

provide insights into therapeutic targets for depressive diseases.

Many of these extrinsic environmental factors have been shown to affect adult hippocampal
neurogenesis, in part by modulating elements of the hippocampal neurogenic niche (Aimone et
al., 2014). Most of these effects have been shown to occur downstream of AHSCs, which could
reflect the requirement to preserve AHSC pool. However, changes within the niche
microenvironment, induced by external stimuli, could influence AHSC behaviour. For example,
adult hippocampal neurogenesis declines with age and is associated with decreased number of
AHSCs and increased AHSC quiescence (Encinas et al., 2011; Seib et al., 2013; Kempermann.
2011a). These age-associated effects are ameliorated by exposure to blood-derived factors
from young mice, indicating that age-associated changes within the niche microenvironment
could contribute to age-related cognitive decline (Castellano et al., 2015). By understanding how
the niche microenvironment impacts on adult hippocampal neurogenesis, we can begin to
identify therapies to rejuvenate adult hippocampal neurogenesis and overcome age-associated

cognitive impairments.

1.3.2 Niche-Derived Signals Regulating AHSCs and Adult Hippocampal Neurogenesis

1.3.2.1 Cell Adhesion

The cells of the hippocampal neurogenic lineage occupy defined locations within the niche
microenvironment, to ensure that the different cell types are exposed to the correct signals at
the correct point during their development. Very little is known about the role of cell adhesion in
adult hippocampal neurogenesis, however quiescent AHSCs show an enrichment for the
expression of cell adhesion genes, indicating that cell adhesion and niche positioning play a role
in maintaining quiescence (Shin et al., 2015; Martynoga et al., 2013; Codega et al., 2014).
Increased cell adhesion has been shown to enhance tissue stiffness (reviewed by (Smith et al.,
2018b)) and suggests a role for the mechanical properties of the niche in regulating AHSC
behaviour. Whilst this has not been explored in the DG in vivo, Saha and colleagues cultured
AHSCs on gels of varying stiffness to identify a critical range of mechanical properties that

support AHSC self-renewal and bias cells towards a neuronal cell fate (Saha et al., 2008). Stiffer
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gels instructed a glial fate choice, highlighting the importance of the mechanical properties of
the tissue in regulating AHSC behaviour (Saha et al., 2008). Furthermore, Kjell and colleagues
used atomic force microscopy to show that the SVZ neurogenic niche is stiffer than non-
neurogenic brain regions and found that NSCs cultured on hydrogels, mimicking the stiffness of
the niche (200 Pa), generated more neuroblasts than those cultured on softer gels (Kjell et al.,
2020). Further work is needed to fully understand how NSCs sense mechanical changes in their

surrounding niche microenvironment and how this regulates their behaviour.

The role of cell adhesion molecules in adult neurogenesis has been explored more in the V-SVZ
neurogenic niche. Vascular cell adhesion molecule-1 (VCAM1) is expressed by V-SVZ NSCs
and is required to maintain their correct niche location and prevent their premature activation
from quiescence (Kokovay et al., 2012). In addition, SVZ NSCs express the laminin receptor
a6p1-integrin, which facilitates adherence to laminin expressing endothelial cells and maintains
NSC quiescence (Shen et al.,, 2008). Another study showed that direct endothelial-NSC
signalling via both ephrinB2 and Jagged maintained NSCs in a quiescent state (Ottone et al.,
2014). This suggests that NSC quiescence is maintained by both cell adhesion and their location
within the niche microenvironment. However, the close localisation of quiescent NSCs to the
vasculature somewhat contradicts evidence showing that endothelial cells promote proliferation
of NSCs in co-culture systems (Shen et al., 2004) suggesting that different regulatory

mechanisms could be induced as a result of soluble factors or direct cell contacts.

1.3.2.2 Notch Signalling

AHSC behaviour is also regulated by direct interactions between AHSC transmembrane
receptors and their corresponding cell surface signalling molecules on neighbouring cells. Of
these, Notch signalling has been shown to play an important role in maintaining the pool of
quiescent AHSCs (Imayoshi et al., 2011; Kageyama et al., 2008). The Notch signalling pathway
is composed of four Notch receptors (Notch 1-4), which are single-pass transmembrane
heterodimers, five Notch ligands (Jag1, Jag2, DIl1, DII3 and DIl4) and the DNA-binding
transcription factor RBPJk. Cell surface Notch ligands activate downstream Notch signalling in
neighbouring cells by binding to their cell surface Notch receptors in a trans interaction. Upon
ligand binding, a y-secretase protease cleaves the Notch receptor which releases the Notch
intracellular domain (NICD) from the cell membrane allowing it to translocate to the nucleus to
regulate target gene transcription. The nuclear NICD binds RBPJk and recruits’ coactivators to

activate the expression of Notch target genes including members of the Hes transcription factor
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family. Hes proteins are basic helix-loop-helix transcription factors that, in the nervous system,
repress the gene expression of proneuronal transcription factors, such as Neurogenins and
Ascl1, thus maintaining progenitors in an undifferentiated state (Imayoshi et al.,, 2011;

Kageyama et al., 2008).

In the DG, Notch ligands are expressed by IPCs and are thought to provide feedback signals to
maintain the quiescent state of AHSCs and prevent their activation (Lavado et al., 2014; Ables
et al., 2010). Indeed, Notch signalling has been shown to be active in AHSCs as evidenced by
their expression of Notch pathway components such as the Notch 1, Notch2, and Notch3
receptors, the Notch target genes Hes1 and Hes5 and by the presence of NICD (Lugert et al.,
2010; Breunig et al., 2007; Ehm et al., 2010; Imayoshi et al., 2010). Ablation of IPCs leads to an
increase in AHSC activation and exhaustion of the AHSC pool (Lavado et al., 2010; Hodge et
al., 2008), which is similarly observed following the ablation of Notch signalling in AHSCs by
deletion of the Notch1 receptor or RBPJk (Ables et al., 2010; Ehm et al., 2010; Lavado et al.,
2014). This highlights an integral role for Notch signalling in maintaining AHSC quiescence by

preventing their activation.

Notch signalling also plays a role in modulating dendritic morphologies as loss of Notch
signalling, caused by ablation of Notch 1 receptor, resulted in less complex dendritic
arborisations whereas overexpression increased dendritic complexity in newborn neurons
(Breunig et al., 2007). This highlights that the role of Notch signalling is context dependent
across the cells of the neurogenic lineage as it promotes AHSC quiescence but also enhances
neuronal differentiation at later stages. This context dependency could arise from the differential

expression of Notch receptors in AHSCs vs immature granule neurons (Shimizu et al., 2002)

1.3.2.3 Vasculature and Blood-Derived Factors

The hippocampal neurogenic niche is a highly vascularised structure and direct contact with
endothelial cells has been shown to regulate NSC quiescence in the V-SVZ (Section 1.3.2.1).
In the DG, proliferating progenitors are closely associated with endothelial cells (Palmer et al.,
2000) and many blood-derived factors, such as IGF1 and VEGF have been shown to regulate
different processes during adult hippocampal neurogenesis (Section 1.3.2.6). Indeed, changes
within the DG vasculature could be key in mediating the effects external stimuli have on adult
hippocampal neurogenesis. For example, DG blood volume increases following voluntary

exercise, which positively correlates with increased neurogenic output (Pereira et al., 2007; Van
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der Borght et al., 2009). This could be due to the increased availability of blood-derived signals
delivered to the DG niche by increased angiogenesis (Clark et al., 2009; Van der Borght et al.,
2009). Blood components have been shown to change with age, which could contribute to the
age-related decline in adult neurogenesis (reviewed by (Smith et al., 2018a)). For example,
CCL11 is a blood-derived chemokine that has been shown to be able to cross the blood brain
barrier in multiple brain regions, however the exact mechanics driving this brain influx from the
blood still remains unclear (Erickson et al., 2014). CCL11 blood plasma levels increase with age
in both mice and humans and correlates with reduced hippocampal neurogenesis when levels
are increased in young mice (Villeda et al., 2011). In heterochronic parabiosis experiments,
where the blood supply of young and old mice is joined, factors from the blood of young mice
promoted the proliferation of Sox2+ cells in the hippocampi of old mice; whereas factors from
the blood of old mice impaired Sox2+ progenitor proliferation in young mice (Villeda et al., 2011;
Castellano et al., 2015; Rebo et al., 2016). Whilst these studies show that adult neurogenesis is
impaired or enhanced by factors that cross the blood brain barrier from old and young blood
respectively, further work is required to identify these blood derived factors and investigate the
mechanics of their influx into the brain across the blood brain barrier. Understanding more about
these factors, and their mechanisms for crossing the blood brain barrier, could highlight potential
therapeutic targets or strategies for ameliorating the effects of age-associated cognitive decline.
It will also be interesting to see if these blood-derived factors produced their pro- or anti-

neurogenic effects by regulating AHSCs quiescence and activation.

1.3.2.4 Neurotransmitters

Several neurotransmitters have been shown to influence adult hippocampal neurogenesis,
which provides a mechanistic link between neuronal activity and the regulation of adult
neurogenesis (reviewed by (Berg et al., 2013)). Neurotransmitters are small diffusible molecules
that provide chemical communication between neurons. Glutamate is an excitatory
neurotransmitter that binds to several different ionotropic receptor subtypes, N-methyl-D-
aspartate (NMDA), a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainic acid
receptors and metabotropic G-protein coupled glutamate receptors (mGIuR) (Faigle et al.,
2013). NMDA receptors are expressed by AHSCs and maturing granule neurons in the adult
hippocampus and have been shown to mediate activity-induced neurogenesis by promoting the
expression of the proneuronal transcription factor NeuroD1 (Nacher et al., 2007; Deisseroth et
al., 2004). Low level stimulation of kainic acid receptors with the kainic acid agonist in vivo,

promotes quiescent AHSC activation and depletion of the AHSC pool (Sierra et al., 2015).
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However, higher kainic acid doses induce seizures in vivo, and promotes the integration of
functional newborn neurons with aberrant morphologies in the rat hippocampus, which has long-
lasting effects on hippocampal functions and the progression of epileptic disease (Jessberger
et al., 2007). This highlights the importance in the correct balancing of activity levels within the
hippocampus to ensure the correct progression of adult neurogenesis without developing

epileptic disease.

y-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the adult brain and plays
a key role during the synaptic integration of newborn granule neurons (Ge et al., 2006). Newborn
granule neurons are tonically activated by GABA before being innervated by GABA- and
glutamate-mediated synaptic inputs (Ge et al., 2006). As well as playing a role at the later stages
of adult hippocampal neurogenesis, GABA signalling also plays a role in regulating AHSC
quiescence due to their expression of GABAg receptors (Song et al., 2012; Giachino et al.,
2014). Tonic GABA release from parvalbumin-expressing interneurons acts directly on AHSCs
to maintain their quiescent state in response to neuronal activity (Song et al., 2012). This is
further supported by evidence from Giachino and colleagues showing that genetic deletion of
GABA& receptors in AHSCs, promotes their proliferation and differentiation in vivo (Giachino et
al., 2014). This highlights a direct role for GABA signalling in the regulation of AHSC activity.
AHSCs themselves can directly regulate their own response to GABA signalling by the cell
autonomous production of diazepam binding inhibitor (DBI), which inhibits GABA activity to
maintain proliferation (Dumitru et al., 2017). The levels of GABA within the hippocampal niche
can also be regulated by glutamatergic projections from hilar mossy cells, which stimulate GABA
release from parvalbumin-expressing interneurons when moderately activated to maintain
AHSC quiescence (Yeh et al., 2018). Interestingly, when highly stimulated, mossy cells can
promote the activation of quiescent AHSCs by releasing glutamate directly onto AHSCs (Yeh et
al., 2018).

1.3.2.5 BMP Signalling

Bone Morphogenetic Protein (BMP) signalling has been shown to play an integral role in
regulating AHSC quiescence. More than 20 BMP ligands have been identified in vertebrates
and these form a subgroup of the Transforming Growth Factor § (TGFf) superfamily (Bragdon
etal., 2011). They signal by binding to the BMP serine-threonine kinase receptor complex, which
is divided into two subgroups; the BMP type | receptors BMPRIA, BMPRIB and Activin receptor
type 1 A (ACVR1); and the BMP type Il receptor BMPRII, which heterodimerise upon ligand
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binding (Dijke et al., 1996; Heldin et al., 1997). Downstream signalling is divided into SMAD-
dependent (canonical) and SMAD-independent (non-canonical) pathways. In canonical BMP
signalling, activation of type | receptors results in the phosphorylation of the DNA binding
proteins SMAD1/5/8, which in turn form a stable heterodimer with SMAD4 (Choe et al., 2015).
This heterodimer then translocates to the nucleus and, together with other co-factors, activates
the transcription of BMP target genes (Choe et al., 2015). Secreted BMP ligands often bind to

the extracellular matrix meaning they act as short-range morphogens (Hall et al., 2004).

In the adult DG, BMPs are secreted by granule neurons and the AHSCs themselves (Yousef et
al., 2015). In addition, several BMP inhibitors, including Noggin and Chordin are also present
within the niche microenvironment (Scott et al., 2000; Fan et al., 2003; Bonaguidi et al., 2005;
Bonaguidi et al., 2008). BMP signalling has been shown to act differentially at two stages along
the hippocampal neurogenic lineage depending on the expression of the BMP receptor
subtypes. Nestint/GFAP+ AHSCs express the BMPRIA receptor and its loss leads to an
overactivation of AHSCs, resulting in their depletion from the niche (Mira et al., 2010). This
suggests that BMP signalling plays a role in promoting AHSC quiescence (Mira et al., 2010).
This is further supported by data showing that the BMP antagonist Noggin promotes NSC
proliferation (Bonaguidi et al., 2008). In NSC cultures, BMPs have been shown to induce a
quiescent state when combined with Fibroblast Growth Factor 2 (FGF2), thus providing a useful
tool for investigating the molecular mechanisms that regulate NSC behaviour (Mira et al., 2010;
Martynoga et al., 2013; Sun et al., 2011; Blomfield et al., 2019). It has also been shown to
promote the expression of astrocytic genes in vitro, suggesting BMP signalling could play a role
in maintaining the astrocytic characteristics of AHSCs (Sun et al., 2011). BMP signalling also
plays a role in regulating the differentiation and maturation of granule neurons (Bond et al.,
2014). Granule neurons express BMPRIB and stimulating BMP signalling suppresses their
differentiation and maturation (Bond et al., 2014; Mira et al., 2010). BMP signalling may also
play a role in mediating how external stimuli regulate adult hippocampal neurogenesis. For
example, levels of the BMP inhibitor Noggin are increased following voluntary running, which
inhibits BMP signalling and enhances neurogenesis (Gobeske et al., 2009). In addition, levels
of BMP signalling increase with age, which may contribute to the age-associated decline in adult
hippocampal neurogenesis by preventing progenitor proliferation (Yousef et al., 2015). This
could mean that BMP signalling may provide a promising therapeutic target for promoting adult

hippocampal neurogenesis and preventing its age-associated decline.
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1.3.2.6 Growth Factors and Neurotrophic Factors

Growth factors comprise a large group of extracellular proteins that regulate cell proliferation
and maintenance (Faigle et al., 2013). Fibroblast Growth Factor-2 (FGF2), Insulin Growth
Factor-1 (IGF1) and Vascular Endothelial Growth Factor (VEGF) have all been shown to play a
role in regulating adult hippocampal neurogenesis (Faigle et al., 2013). These growth factors
share common downstream signalling pathways, including the Phosphoinositide 3-kinase
(PI13k)/Akt and the Ras/Raf/MEK/Erk pathways, which are activated by the binding of each
growth factor to its’ respective cell surface receptor. FGF receptor 1 (FGFR1) is expressed by
GFAP+ AHSCs suggesting a role for FGF signalling in regulating AHSC behaviour (Choubey et
al., 2017). Indeed, over-expression of FGF2 has been shown to promote DG neurogenesis (Rai
etal., 2007) and loss of FGFR1 in Nestin+ progenitors impairs proliferation and newborn neuron
production (Zhao et al., 2007). In addition, levels of FGF signalling decline in the DG with age
and neurogenic output is improved by an infusion of FGF2 (Kang et al., 2015; Jin et al., 2003).
In in vitro cultures, FGF2 acts as a mitogen to promote the self-renewal of progenitors derived
from the DG (Gage et al., 1995). Overall, these data suggest a role for FGF2 signalling in
promoting adult hippocampal neurogenesis, however more work is needed to delineate the

stages along the neurogenic lineage that are directly regulated by FGF2 signalling.

IGF signalling has been shown to promote proliferation and neuronal differentiation in the DG
and the upregulation of blood-derived IGF1 following exercise has been shown to mediate the
positive effects of physical exercise on adult hippocampal neurogenesis (Bracko et al., 2012;
Trejo et al., 2008; Llorens-Martin et al., 2010). Infusion of IGF1 in adult rats promotes progenitor
proliferation and enhances neurogenic output in the DG (Aberg et al., 2003). It has also been
shown to ameliorate age-related decline in adult hippocampal neurogenesis (Lichtenwalner et
al., 2001). In addition, IGF2 has been shown to directly stimulate proliferation in cultured DG
neural progenitors by activating the Akt signalling pathway (Bracko et al., 2012). This positive
effect of IGF signalling on progenitor proliferation could be due to the Akt dependent inactivation
of the FoxO3 transcription factor, which is expressed by AHSCs to maintain their quiescent state
(Calnan et al., 2008; Paik et al., 2009; Renault et al., 2009). Whilst these studies show a positive
effect of IGF signalling on adult hippocampal neurogenesis, more work is needed to identify how

AHSCs are directly affected by this signalling pathway.

VEGEF is a blood derived factor that is also secreted by endothelial cells and has been shown to

have pro-proliferative effects in DG progenitor cultures, which is mediated by VEGF receptor 2
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(FIk-1) activation (Jin et al., 2002; Schanzer et al., 2004). VEGF has two high-affinity receptor
tyrosine kinases, VEGF receptor 1 (FIt-1) and VEGF receptor 2 (Flk-1) which are expressed by
both endothelial cells and DG neural progenitors (Yang et al., 2003; Palmer et al., 2000; Maurer
et al., 2003). VEGF is also expressed by hippocampal neural precursors suggesting the
possibility of an autocrine signalling loop (Maurer et al., 2003). As VEGF is also angiogenic, its’
expression by hippocampal precursors could suggest that hippocampal precursors play a role
in remodelling the niche vasculature to accommodate local demands (Maurer et al., 2003).
Indeed, the density of blood vessels increases in the DG after voluntary running which could be
to meet the demands of activity-enhanced adult hippocampal neurogenesis (Clark et al., 2009;
Van der Borght et al., 2009). Peripheral VEGF has also been shown to mediate the pro-
neurogenic effects of exercise indicating that VEGF signalling directly regulates activity-induced

adult neurogenesis as well as promoting angiogenesis (Fabel et al., 2003).

Neurotrophic factors are extracellular signalling proteins that play diverse roles in both the
developing and adult central nervous system (CNS) (Lu et al., 2005). Four neurotrophins have
been identified in the adult mammalian brain; nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin 3 (NT3) and neurotrophin4d (NT4). Neurotrophins act
by binding the tyrosine kinase receptors known as Trk and their co-receptor p75 neurotrophin
receptor (p75N"R). There are three Trk receptors, TrkA, TrkB and TrkC, which each selectively
bind a different neurotrophin (Faigle et al., 2013). Ligand binding promotes the dimerization and
autophosphorylation of Trk receptors resulting in the transduction of various downstream
signalling cascades (Miller et al., 2001; Lee et al., 2001). The TrkB receptor, which preferentially
binds BNDF and NT4, and the p75""R co-receptor are expressed by quiescent neural precursors
and maturing granule neurons in the adult DG (Donovan et al., 2008; Li et al., 2008). Out of all
the neurotrophins, BDNF has been the most studied in the context of adult hippocampal
neurogenesis. Chronic infusion of BDNF directly into the adult DG promotes adult neurogenesis
by acting as a survival and maturation factor for newborn granule neurons (Scharfman et al.,
2005). The impairment of newborn neuron maturation following deletion of the TrkB receptor in
Glast+ progenitors, further supports a role for BDNF signalling in enhancing the survival and
maturation of newborn neurons (Bergami et al., 2008). BDNF was also shown to be important
in promoting the proliferation of Nestin+ progenitors, as conditional deletion of the TrkB receptor
reduced proliferation in vitro and proliferation and neurogenesis in vivo (Li et al., 2008). In
addition, BDNF signalling has been shown to play a role in mediating the pro-neurogenic effects
of environmental enrichment, as BDNF knock-out mice did not display enhanced neurogenesis

after being housed within an enriched environment (Rossi et al., 2006).
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1.3.2.7 Shh Signalling

Sonic hedgehog (Shh) is a soluble extracellular signalling protein that mediates signalling by
binding to its cell surface receptor Patched and G-protein coupled co-receptor Smoothened,
which are located on the primary cilium. Upon ligand binding, Patched-mediated inhibition of
Smoothened is released and Smoothened activates the expression of Gli zinc-finger
transcription factors, which have both activating (Gli1) and repressive forms (Gli2, Gli3) (Rohatgi
et al., 2007; Philipp et al., 2009). Shh ligands in the DG have been shown to originate from
distant entorhinal cortical neurons and local hilar mossy cells and both AHSCs and astrocytes
have been shown to respond to Shh signalling (Gonzalez-Reyes et al., 2019; Traiffort et al.,
1999; Ahn et al., 2005; Garcia et al., 2010). Pharmacological inhibition of Shh signalling, by
cyclopamine treatment, reduces hippocampal progenitor proliferation in vivo and postnatal
progenitors fail to develop following Smoothened deletion in Nestin+ and GFAP+ precursors
(Lai etal., 2003; Han et al., 2008b). This suggests that Shh signalling plays a role in maintaining
neural precursors and promoting their proliferation. This is further supported by data showing
that progenitor proliferation is decreased upon loss of the primary cilium in neural progenitors
but no effect was reported in the quiescent AHSC population (Breunig et al., 2008). Stimulating
the levels of Shh signalling has been shown to promote progenitor proliferation in vitro (Lai et
al., 2003), however the direct effect of Shh signalling on quiescent AHSC activation is still under
debate.

1.3.2.8 Whnt Signalling

Whnt signalling has been shown to promote progenitor proliferation and neuronal differentiation.
The full role of Wnt signalling during adult hippocampal neurogenesis will be explored in detail
in Section 1.5.3.

1.3.3 Intrinsic Mechanisms Regulating AHSC Activation States

As stated above, quiescence is a highly regulated state and requires the controlled expression
of many genes to balance quiescence maintenance vs activation. To maintain this balance many

extrinsic and niche derived signals modulate AHSC behaviour via intrinsic factors that mediate
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their effects. In this section, | will outline how some of the known intrinsic factors regulate AHSC

activity and behaviour (Figure 1.6).

Ascl1 (Achaete-scute like 1; Mash1) is a basic helix-loop-helix (bHLH) proneuronal
transcription factor that is expressed at the protein level in proliferating progenitors and active
AHSCs (Pleasure et al., 2000; Kim et al., 2007; Blomfield et al., 2019; Andersen et al., 2014).
The Ascl1 bHLH domain facilitates the binding to DNA at specific E-box hexanucleotide
sequences as well as enabling the heterodimerisation to E-protein binding partners to promote
stability and expression of target genes (Bertrand et al., 2002; Imayoshi et al., 2014). Ascl1 is
essential for AHSC activation and neuronal differentiation in vivo as genetic ablation of Ascl1
prevents quiescent AHSC activation and blocks adult hippocampal neurogenesis, even in
response to a neurogenic stimulus (Andersen et al., 2014). This dramatic phenotype in Ascl1-
deficient mice suggests that Ascl1 is a key player in regulating the initiation of neuronal
differentiation and promoting quiescent AHSC activation (Figure 1.6). Indeed, downstream
targets of Ascl1 include cell cycle regulators such as CyclinD1, indicating that it promotes
proliferation by directly activating the expression of cell cycle genes (Figure 1.6) (Andersen et
al., 2014). Several niche derived signals converge on regulating the levels Ascl1 highlighting the
integral nature of this transcription factor in co-ordinating multiple signals from extrinsic sources
(Andersen et al., 2014; Imayoshi et al., 2010; Urban et al., 2016; Blomfield et al., 2019). For
example, Notch and BMP signalling regulate Ascl/1 via the expression of Hes and Inhibitor of
differentiation (Id) proteins respectively (Figure 1.6). Notch signalling has been shown to
maintain AHSC quiescence by downregulating Asc/1 transcription via its target genes, Hes1 and
Hes5 (Sueda et al.,, 2019). Stable, high levels of Hes1 and Hes5 have been shown to
downregulate Ascl1 transcription, however lower oscillating levels of Hes proteins promote out
of phase oscillations of Asc/1, which induces AHSC proliferation (Sueda et al., 2019). This switch
between oscillating and stably high Hes protein expression patterns is in part regulated by the
direct interaction between Hes and Id proteins. This interaction blocks the auto-repressive
activity of Hes proteins resulting in their stable expression and repression of their target genes
such as Ascl1 (Sueda et al., 2019; Bai et al., 2007; Boareto et al., 2017). However, Hes proteins
do not fully repress Ascl1 transcription as Asc/T mMRNA was found to be expressed in the majority
of quiescent AHSCs in vivo (Blomfield et al., 2019). Id4 is upregulated in quiescent AHSCs
(Blomfield et al., 2019) and has been shown to inhibit the interactions between other Id proteins
(Id1-3) and their binding partners (Patel et al.,, 2015; Sharma et al., 2015). Therefore,
upregulation of Id4 in quiescent AHSCs could maintain Ascl/1 transcription by blocking the

stabilisation of Hes proteins and their subsequent repression of target genes such as Ascl1
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(Blomfield et al., 2019). I1d4 also plays a role in regulating the elimination of Ascl1 protein in
quiescent AHSCs (Blomfield et al., 2019). Whilst Asc/T mRNA is expressed in quiescent AHSCs,
Ascl1 protein is absent from these cells (Blomfield et al., 2019). The high levels of 1d4, induced
by BMP signalling in quiescent AHSCs, sequesters the E-protein binding partners of Ascl1,
which are required to maintain Ascl1 stability (Blomfield et al., 2019). This means that Ascl1 is
destabilised and rapidly degraded in quiescent AHSCs thus preventing their premature
activation (Blomfield et al., 2019). Ascl1 is also regulated at the protein level by the HECT
domain E3 ubiquitin ligase Huwe1, which targets Ascl1 for proteasomal degradation in active
AHSCs (Urban et al., 2016). The loss of Ascl1 protein in active AHSCs promotes the
downregulation of Ascl1 pro-proliferative target genes, thus allowing AHSCs to return to a
resting state of quiescence (Urban et al., 2016). Overall, the multiple levels of Ascl1 regulation

highlight the importance of this transcription factor in regulating AHSC activation states.

TLX is an orphan nuclear receptor encoded by the Nr2e1 gene and is required to maintain the
pro-proliferative and undifferentiated state of AHSCs (Qu et al., 2010; Zhang et al., 2008; Shi et
al., 2004). Indeed, TLX deletion impairs proliferation and TLX overexpression is sufficient to
enhance neurogenesis and cognition (Shi et al., 2004; Murai et al., 2014). The pro-proliferative
effects of TLX have been shown to work via activation of the canonical Wnt signalling pathway
(Qu etal., 2010). TLX promotes the expression of Wnt7a, which works in an autocrine/paracrine
manner to stimulate the proliferation of cultured NSCs by directly activating the expression of
the canonical Wnt target gene and cell cycle regulator CyclinD1 (Qu et al., 2010). Other TLX
target genes include the cell cycle inhibitors p27 and PTEN, which are repressed by the TLX
dependent recruitment of histone deacetylases (HDACs), to promote proliferation (Sun et al.,
2007). TLX has also been shown to promote neuronal lineage commitment over glial
differentiation by directly activating Ascl/1 expression, while simultaneously repressing astrocytic
genes such as GFAP (Elmi et al.,, 2010). Despite its integral role in promoting progenitor
proliferation and neuronal lineage commitment, very little is known about how TLX is regulated.
MicroRNA-9 suppresses TLX expression to negatively regulate cell proliferation in favour of
neuronal differentiation (Zhao et al., 2009). In addition, TLX represses microRNA-9 expression,
thus forming a negative feedback loop to balance cell proliferation vs neuronal differentiation.
(Zhao et al., 2009). TLX expression levels are also regulated by extrinsic factors such as
inflammation, which negatively regulates adult hippocampal neurogenesis and contributes to
neuropathologies such as depression and Alzheimer’s disease (Koo et al., 2008; Ekdahl et al.,
2003; Loftis et al., 2010; Wyss-Coray et al., 2012). Interleukin-1p (IL-1B), the most abundant
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pro-inflammatory cytokine in the brain, has been shown to impair progenitor proliferation by

repressing the expression of TLX (Ryan et al., 2013).

PTEN is a negative regulator of PI3k-Akt signalling and a potent tumour suppressor gene that
has been shown to be essential for maintaining AHSC quiescence (Figure 1.6) and preserving
the AHSC pool, as loss of PTEN results in AHSC depletion via their increased activation and
differentiation (Bonaguidi et al., 2011). PTEN prevents cell cycle progression by preventing GO-
G1 cell cycle entry, therefore loss of PTEN promotes proliferation by allowing cells in GO to
progress to G1 (Groszer et al., 2006). Additionally, loss of PTEN has also been shown to elevate
cellular levels of the activated form of B-catenin (Persad et al., 2016). This could provide another
mechanism for PTEN maintaining quiescence by preventing the activation of the canonical Wnt
signalling pathway (Persad et al., 2016). In quiescent AHSCs, PTEN inhibits Akt signalling,
which in turn releases the Akt dependent repression of the forkhead transcription factor FoxO3.
FoxO3 is required for the maintenance of quiescence and the long-term maintenance of the
AHSC pool, as loss of FoxO3 results in AHSC depletion (Paik et al., 2009; Renault et al., 2009).
Interestingly, Chromatin immunoprecipitation sequencing (ChIP-Seq) analysis shows that
FoxO3 shares many of the same target genes as Ascl1 (Webb et al., 2013). This suggests that
FoxO3 may directly compete with Ascl1 for DNA binding sites and promote AHSC quiescence
by suppressing the expression of Ascl1 target genes (Figure 1.6). Additionally, FoxO3 has been
shown to directly activate the expression of the Wnt inhibitors sFRP1/2 (Paik et al., 2009),
indicating that FoxO3 could maintain stem cell quiescence by inhibiting the canonical Wnt
pathway, which has been reported to promote proliferation (Lie et al., 2005). Other target genes
of FoxO3 include genes associated with glycolysis, which is the preferred metabolic pathway of
quiescent AHSCs (Paik et al., 2009; Renault et al., 2009; Beckervordersandforth et al., 2017;
Knobloch et al., 2013; Llorens-Bobadilla et al., 2015; Knobloch et al., 2017). Overall this
suggests that FoxO3 regulates many cellular responses to maintain quiescence and prevent the
loss of the NSC pool.

Regulation of cellular metabolism has been shown to play a role in regulating the activation
state of NSCs. As stated previously in Section 1.2.2, quiescent AHSCs favour glycolysis and
fatty acid oxidation and switch to oxidative phosphorylation once activated
(Beckervordersandforth et al., 2017; Llorens-Bobadilla et al., 2015; Knobloch et al., 2013;
Knobloch et al., 2017). Interestingly, inhibiting fatty acid oxidation in quiescent NSCs, by
manipulating the levels of malonyl-CoA (the metabolite that regulates fatty acid oxidation levels),

induced quiescence exit and enhanced proliferation (Knobloch et al., 2017). This suggests that
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the metabolic state of NSCs is not just a passive consequence of their activation state, but also

plays an integral role in regulating NSC quiescence and activation.

Niche cell

QUIESCENT &\ ACTIVE

Figure 1.6: Intrinsic mechanisms regulating quiescent and active AHSCs.
Schematic highlighting some of the intrinsic mechanisms that regulate the activation states of
AHSCs in response to extracellular stimuli. Image reproduced from (Urban et al., 2019) with

permission from the rights holder, Elsevier.

1.4 Wnt Signalling

The Wnt signalling pathway is a key regulator of both embryonic development and adult tissue
homeostasis and mutations in this pathway can result in birth defects, cancer and other diseases
(Logan et al., 2004; Clevers. 2006). The first member of the Wnt family Wnt1 (or Int1) was
identified in 1982 as an integration site for the mouse mammary tumour virus in virally induced
breast cancers (Nusse et al., 1982). The Wnt1 proto-oncogene encodes a secreted cysteine
rich domain (CRD) protein, which was shown to be a homologue of the Drosophila Wingless
(WQg) gene that controls segment polarity during larval development (NUsslein-Volhard et al.,
1980; Rijsewijk et al., 1987). Epistasis experiments investigating the relationships between
segment polarity mutations in Drosophila facilitated the delineation of the core components of

this signal transduction cascade (Noordermeer et al., 1994; Peifer et al., 1994b; Siegfried et al.,
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1992). The injection of mouse Wnt7 mRNA into early Xenopus embryos induced the duplication
of the body axis and highlighted that Wnt signalling is shared between vertebrates and
invertebrates, whilst also provided an assay to study the Wnt pathway in vertebrates (McMahon
et al., 1989). The combined work in Drosophila and Xenopus identified a highly conserved
signalling pathway that is activated by secreted Wnt proteins and has since been directly linked
to human disease (Clevers. 2006; Clevers et al., 2012). Three separate pathways are currently
known to be activated in response to Wnt receptor activation: the canonical/p-catenin dependent
Wnt signalling pathway, and the non-canonical/p-catenin independent Wnt/PCP and Wnt/Ca?*
pathways. In the following sections | will briefly explain these three signal transduction cascades

from the production of Wnt ligands through to their reception and transduction.

1.4.1 Production of Wnt Ligands

There are 19 Wnt ligands encoded within the human and mouse genomes, which introduces a
level of complexity to the signalling cascade (Clevers et al., 2012). Wnt ligands are
approximately 40kDa in size and contain many conserved cysteines (Tanaka et al., 2002). The
first purification of the Wnt3a ligand highlighted that Wnt proteins are lipid modified by the
attachment of a mono-unsaturated fatty acid (palmitoleic acid) to conserved serine and cysteine
residues (Willert et al., 2003; Takada et al., 2006; Rios-Esteves et al., 2014; Rios-Esteves et al.,
2013). This lipid modification is mediated by Porcupine (Porc), which is a multi-pass
transmembrane O-acyltransferase located in the endoplasmic reticulum, active only in Wnt
producing cells, and is essential for Wnt secretion (Figure 1.7) (Hofmann. 2000; Kadowaki et
al., 1996; Rios-Esteves et al., 2013). The seven-transmembrane protein Wntless/Evi (WIs) is
located to the Golgi network, endosomes and plasma membranes where it binds to the lipidated
Whnt ligand to transfer it from the Golgi to the plasma membrane for secretion (Figure 1.7)
(Bartscherer et al., 2006; Banziger et al., 2006; Yu et al., 2014; Herr et al., 2012; Najdi et al.,
2012). The lipid modification renders Wnt ligands insoluble which raises questions on how a
Wnt morphogen gradient is established and how Wnt signals reach their target cells (Clevers et
al., 2012; Nusse et al., 2017). Wnt ligands have been shown to be membrane tethered indicating
that cell-cell contact is required to activate the Wnt signalling cascade (Alexandre et al., 2014).
This would suggest that Wnt signalling occurs at close-range between neighbouring cells, which
contradicts the assumption that Wnt ligands are long-range morphogens. However, there is
evidence indicating that Wnt ligands are presented on the outside of secretory vesicles and

exosomes making it available for receptor binding over longer distances (Figure 1.7) (Gross et
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al., 2012; Korkut et al., 2009; McGough et al., 2016). Despite the recent advances in the field,

there is still some way to go before the range of Wnt signalling is resolved.

Endoplasmic Golgi apparatus

reticulum O

Exocytic
Endosome vesicle

De-lipidated

@ Celleivision
Wnt

FZD

@© Wnt protein  ~m® Lipid modified Wnt protein

Figure 1.7: Schematic of Wnt secretion from the cell.

Whnt ligands are lipid modified by the O-acyltransferase Porcupine (Porc) in the endoplasmic
reticulum. Transport of Wnt ligands is facilitated by Wntless (WIls) in endosomes and Wnts are
secreted on exocytic vesicles or are tethered to the membrane. Notum is a Wnt inhibitor that de-
acylates the Wnt ligand rendering it inactive. Wnt ligands bind to their Frizzled (Fzd) cell surface
receptors, on recipient cells to activate the Wnt signalling cascade. Image adapted from (Nusse

et al., 2017) with permission from the rights holder, Elsevier.

1.4.2 Wnt Cell Surface Receptors

On the cell surface of recipient cells, Wnt ligands bind to a heterodimeric receptor complex
comprised of a Frizzled (Fzd) and LDL-Receptor-related Protein 5/6 (LRP5/6) (Figure 1.8)
(Nusse et al., 2017). There are 10 mammalian Fzd proteins and these provide the primary
platform for Wnt ligand binding (Dann et al., 2001; Janda et al., 2012). Fzd receptors are seven-
transmembrane-domain receptors that contain a large N-terminal CRD (Bhanot et al., 1996).
The CRD domain primarily forms the interaction with Wnt ligands due to the presence of a
hydrophobic pocket that binds to the lipid modification on the Wnt ligand (Figure 1.7) (Janda et
al., 2012). During Wnt ligand binding, Fzds co-operate with the single-pass transmembrane
molecule LRP5/6 resulting in the heterodimerisation between the Fzd and LRP5/6 proteins
(Figure 1.8) (Janda et al., 2017). This heterodimerisation leads to a conformational change in
the receptors resulting in the phosphorylation of the cytoplasmic tail of LRP5/6 by multiple

kinases, which initiates downstream Whnt signalling by recruiting the scaffold protein Axin (Figure
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1.8) (Stamos et al., 2014). LRP5/6 phosphorylation is mediated in part by glycogen synthase
kinase 3 B (GSK3p), which phosphorylates LRP5/6 on a serine located within a PPPSP motif
(Stamos et al., 2014). This same motif is found in other GSK3p phosphorylation targets including
B-catenin, Axin and APC (Zeng et al., 2005). LRP5/6 is also phosphorylated by the membrane
tethered Casein Kinase 1y (CK1y), which phosphorylates LRP5/6 on serine/threonine residues
located next to the PPPSP motifs (Davidson et al., 2005). Less information is known about the
role of Fzds in Wnt reception. The Fzd cytoplasmic domain binds to Dishevelled (Dvl), which
recruits Axin and forms a platform for the LRP5/6-Axin interaction to take place (Figure 1.8)
(Tauriello et al., 2012). Axin and Dvl both contain DIX domains which polymerise in a head-to-
tail fashion to facilitate the interaction between Axin and Dvl and encourage the formation of the
Fzd-LRP5/6 heterodimer (Schwarz-Romond et al., 2007; Fiedler et al., 2011). The Wnt-Fzd
interaction is promiscuous in that a single Wnt ligand can bind multiple Fzd receptors and vice
versa, however there is some evidence suggesting that Wnt ligands have higher binding
affinities for some Fzd receptors than others (Agostino et al., 2019; Agostino et al., 2017). In
addition, it is not clear whether specific Wnt-Fzd bindings selectively activate the canonical or
non-canonical Wnt signalling pathways. For example, Wnt8, Wnt3 and Wnt3a seem to
preferentially activate canonical Wnt signalling, whereas Wnt5a favours the non-canonical
pathways and Wnt11 and Wnt7a/b can activate both (Tao et al., 2005; Cadigan et al., 2006).
Fzds similarly appear able to activate both canonical and non-canonical pathways (reviewed by
(Cadigan et al., 2006)) indicating that the specific Wnt-Fzd combinations are not solely
responsible for instructing the activation of a particular downstream Wnt signalling cascade
(Komiya et al., 2008). It has been suggested that Wnt pathway specificity is determined by the
availability of the Wnt co-receptors, as LRP5/6 is only implicated in transducing the canonical
Wnt pathway (He et al., 2004).

1.4.3 Natural Wnt Agonists and Antagonists

The level of canonical Wnt signalling induced by Wnt ligand/receptor binding, is further regulated
by the presence of natural Wnt agonists and antagonists. R-spondins (Rspo) are small secreted
proteins containing two N-terminal furin domains and a thrombospondin domain (Kazanskaya
et al., 2004). There are four Rspo proteins encoded in the vertebrate genome and were first
found to enhance canonical Wnt signalling in Xenopus (Kazanskaya et al., 2004). Subsequently
Rpso1 was shown to promote canonical Wnt dependent proliferation of intestinal crypt cells in
vivo and in vitro (Kim et al., 2005; Sato et al., 2009). Rspo’s bind to members of the seven-

transmembrane leucine-rich repeat-containing G-protein coupled receptor (LGR) family and this
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binding has been shown to enhance low level Wnt signalling (Carmon et al., 2011; de Lau et al.,
2011; Glinka et al., 2011). The LGR family have been shown to mark adult stem cells of various
adult tissues, such as the intestines and skin, and regulate these stem cell pools by maintaining
Rspo receptor expression (Barker et al., 2007; de Lau et al., 2011; Yan et al., 2017; Fullgrabe
et al., 2015; Snippert et al., 2010). The Rspo-LGR interaction has been shown to enhance Wnt
signalling by reversing the Rnf43/Znrf3 E3 ligase mediated clearance of Wnt receptors in the
plasma membrane (Hao et al., 2012). Rspo binds to LGR via one of its furin repeats which,
facilitates the binding of Rspo to Rnf43/Znrf3 via its second furin repeat and promotes
membrane clearance of the Rnf43/Znrf3 E3 ligases. This in turn results in the persistence of
activated Wnt-Fzd-LRP5/6 receptor complexes at the plasma membrane thus enhancing Wnt

signalling (de Lau et al., 2014).

Rnf43 and Znrf3 are single-pass transmembrane RING-type E3 ligases that are direct
transcriptional targets of Wnt signalling (Koo et al., 2012; Hao et al., 2012). Rnf43 and Znrf3
mediate the multi-ubiquitination of lysines in Fzd cytoplasmic loops, thus inducing Fzd
endocytosis and lysosomal degradation and downregulation of Wnt signalling levels (Koo et al.,
2012; Hao et al., 2012). Therefore, Rnf43/Znrf3 act in a negative feedback loop to regulate the
levels of Wnt signalling in cells (Koo et al., 2012; Hao et al., 2012).

Whnt signalling levels are also regulated by extracellular proteins that antagonise the Wnt-Fzd-
LRP5/6 binding. For example, the Dickkopf (Dkk) family of secreted glycoproteins specifically
inhibit the canonical Wnt pathway by binding the LRP5/6 co-receptors and preventing the
formation of the Fzd-LRP5/6 heterodimer (Glinka et al., 1998; Ellwanger et al., 2008; Seménov
et al., 2008). Similarly, WISE/SOST proteins also inhibit canonical Wnt signalling by binding to
LRP5/6 and disrupting Fzd-LRP5/6 complexes (Seménov et al., 2005). Other Wnt antagonists
include the secreted-frizzled related proteins (sFRPs) that sequester extracellular Wnt ligands
away from their Fzd cell surface receptors thus preventing receptor activation of Wnt signalling
(reviewed by (Bovolenta et al., 2008)). The sFRPs comprise the largest family of Wnt inhibitors
with five family members identified in humans (Bovolenta et al., 2008). sFRPs contain a CRD
similar to the one found in Fzd receptors and it is via this CRD that sFRPs bind to extracellular
Whnt ligands and inhibit Wnt signalling (Bovolenta et al., 2008). Wnt-Inhibitory protein (WIF) also
directly binds to extracellular Wnt ligands sequestering them away from their Fzd cell surface
receptors, however the mechanism behind this binding is not yet understood (Hsieh et al., 1999;
Cruciat et al.,, 2013). A more recently discovered Wnt inhibitor is Notum, which is a

carboxylesterase enzyme that removes the palmitoleate lipid modification on Wnt ligands,
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rendering it unable to bind to its Fzd cell surface receptor (Kakugawa et al., 2015; Zhang et al.,
2015) (Figure 1.7). Altogether, the plethora of extracellular Wnt inhibitors provide different
mechanisms for antagonising ligand receptor binding and allow the fine-tuning of Wnt signalling

levels.

1.4.4 Canonical B-catenin Dependent Wnt Signalling Pathway

The canonical Wnt signalling pathway relies on the stabilisation and nuclear translocation of 3-
catenin to activate a Wnt dependent transcriptional profile. In the absence of Wnt-Fzd-LRP5/6
binding, cytoplasmic p-catenin is degraded by the -catenin destruction complex, which consists
of Axin, adenomatous polyposis coli (APC), Protein phosphatase 2A (PP2A), the E3 ubiquitin
ligase B-TrCP, CK1y and GSK3p (Figure 1.8) (Nusse et al., 2017). Within this complex, Axin
acts as a scaffolding protein and interacts with all other members of the destruction complex
and B-catenin (Figure 1.8) (Ikeda et al., 1998; Sakanaka et al., 1998). APC is a large protein
that interacts with both Axin and B-catenin via interspersed Axin/B-catenin binding sites
(Rubinfeld et al., 1993; Behrens et al., 1998). Whilst its exact function remains unresolved, APC
is an integral member of the destruction complex and its deletion results in over-activation of
canonical Wnt signalling and cancer (reviewed by (Kwong et al., 2009)). In the absence of a Wnt
signal, CK1y and GSK3p of the destruction complex, sequentially phosphorylate Axin bound -
catenin at its N-terminus. B-catenin is first phosphorylated by CK1y at Ser45 followed by GSK3p
mediated phosphorylation of Thr41, Ser37 and Ser33 (Liu et al., 2002; Yanagawa et al., 2002;
Amit et al., 2002). These phosphorylated motifs provide a docking site for the E3 ubiquitin ligase
B-TrCP that mediates B-catenin ubiquitination thus inducing its degradation via the proteasomal
pathway (Figure 1.8) (Aberle et al., 1997; Kitagawa et al., 1999). Therefore, in the absence of
Whnt-Fzd-LRP5/6 binding, B-catenin is degraded and canonical Wnt signalling is inactive (Figure
1.8).

Upon Wnt-Fzd-LRP5/6 binding, the destruction complex is recruited to the plasma membrane
through the binding of Axin to the phosphorylated cytoplasmic tail of LRP5/6 (Figure 1.8). This
recruitment inactivates the destruction complex resulting in the accumulation of non-
phosphorylated B-catenin, which translocates to the nucleus to activate the transcription of Wnt
target genes (Figure 1.8). The exact mechanism driving the inactivation of the destruction
complex upon Wnt-Fzd-LRP5/6 binding has yet to be fully resolved, however various models

have been proposed. Stamos and colleagues show that the phosphorylated LRP5/6 receptor
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may act to directly inhibit GSK3p activity thus preventing p-catenin being phosphorylated for
degradation (Stamos et al., 2014). An alternative model proposes that ubiquitination of the
phosphorylated p-catenin protein is blocked by the destruction complexes’ relocation to the
plasma membrane (Li et al., 2012). In this model, the destruction complex becomes over-
saturated with phosphorylated p-catenin, leading to the accumulation of newly synthesised -
catenin, which is able to translocate to the nucleus and activate Wnt target genes (Li et al.,
2012).

The translocation of B-catenin into the nucleus is still poorly understood. B-catenin does not
contain a nuclear-localisation signal but rather directly interacts with nuclear pore components
to facilitate its nuclear translocation (Fagotto et al., 1998). It has been suggested that g-catenin
could “piggy-back” into the nucleus as cargo of Axin or APC that also shuttle in and out of the
nucleus (Cong et al., 2004; Rosin-Arbesfeld et al., 2000). Once in the nucleus, B-catenin forms
a transcriptional activator complex with DNA bound T-cell factor/ Lymphoid enhancer-binding
factor (TCF/LEF) transcription factors (Figure 1.8) (Behrens et al., 1996; Molenaar et al., 1996).
TCF/LEF transcription factors bind to DNA at 5-AGATCAAAGG-3’ promoter motifs (van de
Wetering et al., 1997) and these are widely used in Wnt reporter models to drive the expression
of reporter genes and provide a read-out of Wnt signalling levels in cells (Maretto et al., 2003;
Korinek et al., 1997). In the absence of Wnt-Fzd-LRP5/6 binding, TCF/LEFs interact with Gro
proteins (Groucho in metazoan; Transducin-Like Enhancer of split (TLE) proteins in humans
and Groucho-related-gene (Grg) proteins in mice) to repress gene transcription (Figure 1.8)
(Cavallo et al., 1998; Roose et al., 1998). Upon activation of canonical Wnt signalling, nuclear
B-catenin converts TCF/LEF to a transcriptional activator by displacing Gro proteins and binding
to the N-terminus of TCF/LEF via its central Armadillo repeats (Figure 1.8) (Daniels et al., 2005;
Behrens et al., 1996; Molenaar et al., 1996; van de Wetering et al., 1997). B-catenin also
regulates TCF/LEF phosphorylation which further mediates its activation (Hikasa et al., 2010;
Lee etal., 2009). The C-terminal domain of 3-catenin mediates the recruitment of transcriptional
co-activators such as the histone acetylase CBP, BCL9 and Brg1 of the SWI/SNF chromatin
remodelling complex, thus inducing the remodelling of the local chromatin structure to aid the
activation of Wnt target genes (reviewed by (Stadeli et al., 2006)). Most Wnt target genes are
context specific, however Axin2 is considered to be a global target of canonical Wnt signalling
and is therefore commonly used as a read-out of canonical Wnt pathway activity (Figure 1.8)
(Lustig et al., 2002). Axin2 is also a key component of the destruction complex, therefore its Wnt
induced upregulation acts as a negative feedback loop to inhibit canonical Wnt signalling (Lustig
et al., 2002).
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Figure 1.8: The canonical Wnt signalling pathway.

In the absence of a Wnt signal, the cytoplasmic destruction complex facilitates p-catenin
degradation via GSK3p and CK1y mediated phosphorylation and proteasome degradation.
Therefore, B-catenin is unable to translocate to the nucleus and downstream canonical Wnt
signalling is inactive. In the absence of a Wnt signal, TCF/LEF transcription factors are bound
to DNA at target sites but their activity is repressed by Gro proteins. In the presence of a Wnt
signal, binding of extracellular Wnts to their cell surface receptors, Fzds and LRP5/6, recruits
the destruction complex to the cell membrane via Dvl, which disrupts its ability to degrade j-
catenin. This promotes the accumulation of cytosolic -catenin, which can then translocate to
the nucleus and form a transcription activator complex with TCF/LEF by displacing Gro proteins.
This B-catenin-TCF/LEF complex facilitates the activation of a Wnt dependent transcriptional
program, including the expression of the canonical Wnt target gene Axin2. APC, adenomatous
polyposis coli. CK1, casein kinase 1. Dvl, Dishevelled. Fzd, Frizzled. GSK3, glycogen synthase
kinase 3. LRP5/6, low-density lipoprotein receptor-related protein 5/6. Pi, phosphate. TCF/LEF,
T-cell factor/ Lymphoid enhancer-binding factor. Ub, ubiquitin. TrCP, E3 ubiquitin ligase.
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1.4.5 Structure and Functions of B-catenin

-catenin plays a dual role in mediating both canonical Wnt signalling and cell-cell adhesion at
cadherin-based adherens junctions. The B-catenin protein contains a central region consisting
of 12 imperfect Armadillo (ARM) repeats that are flanked by N- and C-terminal domains (NTD
and CTD respectively, Figure 1.9) (Valenta et al., 2012). The NTD and CTD are structurally
flexible whereas the central ARM domain provides a rigid scaffold for many p-catenin binding
partners, such as APC, TCF/LEF and cadherins (Figure 1.9) (Huber et al., 1997). The NTD
contains the GSK3p and CK1y phosphorylation sites and is therefore involved in regulating the
stability of the B-catenin protein (Figure 1.9) (Yost et al., 1996). The CTD is responsible for
recruiting transcriptional co-activators and therefore mediates gene transcription when bound
with TCF/LEF transcription factors (Figure 1.9) (van de Wetering et al., 1997). The spatial
segregation of B-catenin binding partners within the cell is important for determining the function
of B-catenin and the conformational changes B-catenin undergoes are important in regulating
this binding. For example, the NTD and CTD have been shown to fold back onto the central
ARM domains to prevent binding to TCF/LEF and cadherins (Solanas et al., 2004). Interestingly,
the CTD is essential for the signalling activity of B-catenin but is not required for its role in cell-
cell adhesion indicating that different regions of the p-catenin protein are responsible for

mediating its various function (Xing et al., 2008; Valenta et al., 2011).
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Figure 1.9: Genomic structure of CTNNB1 and structure of B-catenin.

Cartoon of the genomic and protein structure of B-catenin. B-catenin is encoded by the CTNNB1
gene, which contains 16 exons. The encoded p-catenin protein consists of three regions the N-
terminal domain (N), Armadillo repeats and C-terminal domain (C). The N-terminal domain is
encoded by exon 3 and encodes the GSK3p and CK1y phosphorylation sites and the a-catenin
binding site. The Armadillo repeats are encoded by exons 4-13 and form the central region of
the protein responsible for binding TCF/LEF, cadherins and APC. The C-terminal domain is
encoded by exon 15 and is responsible for recruiting transcriptional co-activators. Black boxes
represent noncoding exons. Large boxes represent coding exons. Grey boxes indicate exons
encoding the Armadillo repeats. N denotes the N-terminal domain. C denotes the C-terminal
domain. Arrow indicates the ATG translational start codon. APC, adenomatous polyposis coli.
CK1y, casein kinase 1y. GSK3p, glycogen synthase kinase 3. TCF/LEF, T-cell factor/ Lymphoid

enhancer-binding factor.

Cadherin-based cell-cell junctions perform multiple roles including the initiation and stabilisation
of cell-cell contacts, regulation of the actin cytoskeleton and regulation of intracellular signalling
(reviewed by (Hartsock et al., 2008)). At these junctions, contact between neighbouring cells is
mediated by cadherins, which are single-pass transmembrane glycoproteins named after the
tissue they are predominately expressed in, such as Epithelial- and Neural-cadherin (E- and N-
cadherin respectively) (Gooding et al., 2004). The cadherin extracellular domain forms a trans-
cadherin interaction between neighbouring cells thus facilitating cell-cell adhesion and the
formation of an adherens junction (Halbleib et al., 2006). The cytoplasmic region of cadherin

interacts with the ARM domain of 3-catenin, which is bound to a-catenin via its NTD (Huber et
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al., 2001). a-catenin interacts directly with F-actin proteins, thus o/p-catenin provide a physical
link between the transmembrane adhesion proteins and the actin cytoskeleton (Hur etal., 2013).
This link to the cytoskeleton has been shown to be essential for maintaining cell adhesion
functions as cells lacking either a- or B-catenin are unable to form cell-cell contacts (Knudsen et
al., 1995). In addition, the binding between B-catenin and cadherins has been shown to be
essential for the stability of both proteins as both are rapidly degraded by the proteasome when

binding between these proteins is impaired (Hinck et al., 1994; Huber et al., 2001).

1.4.6 Non-canonical B-catenin independent Wnt signalling pathways: Wnt/PCP pathway
and Wnt/Ca?* pathway

The non-canonical Wnt signalling pathways are -catenin-independent Wnt signalling cascades
and include the planar cell polarity (PCP) pathway and the Ca?* pathway (Figure 1.10). These
pathways are favoured by Wnt4, Wnt5a and Wnt11 ligands, however other Wnt ligands are also
able to activate non-canonical Wnt signalling (Grumolato et al., 2010). The Wnt/PCP pathway
was first identified in Drosophia and regulates tissue polarity and cell migration (Adler. 2002;
Veeman et al., 2003). This pathway involves the activation of small GTPases such as Rho and
Rac to regulate cytoskeletal dynamics (Varela-Nallar et al., 2013). The Wnt/PCP pathway is
thought to be mediated by Wnt-Fzd binding independently of LRP5/6, and uses the tyrosine
kinases Ryk, PTK7 and ROR2 as alternative co-receptors (Figure 1.10) (He et al., 2004; Lu et
al., 2004a; Lu et al., 2004b; Nishita et al., 2006). This signal is then transduced to Dvl, which
uses separate domains to activate the GTPases Rho and Rac in parallel signalling pathways
(Eaton et al., 1996; Fanto et al., 2000; Habas et al., 2003; Strutt et al., 1997; Tahinci et al.,
2003). To activate Rho GTPase, Dvl forms a complex with the formin-homology protein
Dishevelled associated activator of morphogenesis 1 (Daam1), which directly activates Rho
GTPase (Figure 1.10) (Habas et al., 2001; Tanegashima et al., 2008). Activation of Rho GTPase
leads to the activation of Rho-associated kinase (ROCK) and myosin resulting in cytoskeletal
rearrangements (Figure 1.10) (Marlow et al., 2002; Weiser et al., 2007). The activation of Rac
GTPase by Dvl is still poorly understood, but results in the activation of the JNK pathway and

modulation of the cytoskeleton (Figure 1.10) (Habas et al., 2003).

The Wnt/Ca?* pathway plays a role across a variety of developmental processes including the
regulation of the dorsal-ventral axis, cardiac development and synapse formation (Kuhl et al.,
2000; Tian et al., 2010; McQuate et al., 2017). The Wnt/Ca?* pathway was first identified

following the observation that some Wnt ligands induced the release of Calcium ions (Ca?*) from
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the endoplasmic reticulum (ER) in a G-Protein dependent manner (Slusarski et al., 1997;
Westfall et al., 2003). The Wnt-Fzd binding leads to the intracellular increase of inositol 1, 4, 5-
triphosphate (IP3), which is produced from membrane-bound phospholipid phosphatidyl inositol
4, 5-bisphosphate by the action of membrane-bound phospholipase C (PLC) (De. 2011). IP3
interacts with calcium channels located in the ER and results in the release of Ca?* into the
cytoplasm (Figure 1.10) (De. 2011). The increase in intracellular Ca?* levels activates several
Ca?* sensitive proteins including protein kinase C (PKC), calcium calmodulin-dependent kinase
[l (CamKIll) and calcineurin (Figure 1.10) (Veeman et al., 2003; Kohn et al., 2005; Sheldahl et
al., 2003; Kuhl et al., 2000). These proteins then activate various downstream effectors including
the transcription factors NFkB, CREB and NFAT that activate the expression of downstream
target genes (Figure 1.10) (De. 2011; Hogan et al., 2003; Feske et al., 2003). CamKIl also
activates the TGFp activated kinase (TAK) and Nemo-like kinase (NLK) which can antagonise
canonical Wnt signalling, indicating that the different Wnt signalling branches are able to directly

regulate each other (Ishitani et al., 1999).
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Figure 1.10: Schematic of the non-canonical B-catenin independent Wnt signalling
pathways: the Wnt/PCP pathway and the Wnt/Ca?* pathway.

The Wnt/PCP pathway activates the GTPases Rho and Rac, which in turn activate Rho
associated kinase (ROCK) and JNK resulting in the reorganisation of the cytoskeleton. The
Wnt/Ca?" pathway triggers the increase in intracellular Ca?* levels which in turn activates the
calcium sensitive proteins calcium calmodulin-dependent kinase Il (CamKIl), protein kinase C
(PKC), and calcineurin. These then activate various transcription factors that regulate the gene

expression of various downstream target genes.

1.5 Role of Wnt Signalling During Neurogenesis

1.5.1 Role of Wnt Signalling in Neurogenesis During Development

Whnt signalling plays a crucial role throughout all stages of brain development including the
anterior-posterior specification of the neural plate; the morphogenesis of the neural tube; the
regulation of neural stem cell proliferation and neuronal differentiation; neuronal migration; axon
growth and guidance; dendritic development and synapse formation (reviewed by (Mulligan et
al., 2012)). During early vertebrate development, a Wnt signalling gradient, that is high in the
posterior and low in the anterior, is integral for the correct anterior-posterior patterning of the

neural plate (Kiecker et al., 2001). Ectopic stimulation of canonical Wnt signalling promotes the
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expression of posterior neural markers while suppressing the expression of anterior markers
(McGrew et al., 1995). Antagonism of Wnt signalling in the anterior neuroectoderm is achieved
by the expression of the Wnt inhibitor Dkk1 and loss of anterior Wnt inhibition is associated with
posteriorisation and loss of anterior fate (Glinka et al., 1998; Kazanskaya et al., 2000). After
neural plate specification, the neuroectoderm invaginates to form the neural tube and the
Wnt/PCP pathway plays a major role in regulating the closure of the neural tube (Mulligan et al.,
2012). Many neural tube defects present with genetic disruptions in modulators of the Wnt/PCP
pathway highlighting its integral role in regulating this process (Mulligan et al., 2012; Hamblet et
al., 2002; Torban et al., 2008). Canonical Wnt signalling also plays a role in regulating neural
tube closure, however whether it does so by interacting with the non-canonical Wnt signalling

pathway is still unclear (Mulligan et al., 2012).

Canonical Wnt signalling has been shown to regulate both proliferation and neural specification
of multipotent neural tube precursors (McMahon et al., 1990; Parr et al., 1993). Wnt1 and Wnt3a
are expressed along the dorsal midline of the neural tube in a high-dorsal, low-ventral gradient
and this correlates with the proliferative capacity of the progenitors along this gradient (Megason
et al., 2002). High canonical Wnt signalling in the dorsal neural tube promotes proliferation by
the direct upregulation of cell cycle genes such as CyclinD1, however in the ventral neural tube,
where Wnt signalling is low, neuronal differentiation is favoured (Megason et al., 2002).
Canonical Wnt signalling is also involved in specifying the dorsal fate of the developing
telencephalon as loss of p-catenin in embryonic day 8 (E8) neural progenitors results in the
upregulation of ventral restricted markers, such as Ascl/7 and loss of dorsal fate (Backman et
al., 2005). In addition, ectopic expression of stabilised B-catenin in the ventral forebrain, results
in the overexpression of dorsal-restricted markers, such as Ngn2 and the repression of ventral
markers, such as Ascl1, indicating that Wnt signalling also promotes a dorsal fate by repressing

the expression of ventral markers (Zechner et al., 2007).

Wnt ligands and Fzd receptors are expressed in discrete and overlapping patterns in the
developing forebrain, which correlates with areas of active canonical Wnt signalling, indicating
that canonical Wnt signalling plays a role in early patterning events (Harrison-Uy et al., 2012;
Maretto et al., 2003). The progenitor cells of the developing forebrain are initially a homogenous
population, which become patterned as development progresses by key signalling centres from
different regions along the neuroepithelium, such as the cortical hem. Components of the Wnt
signalling pathway continue to be expressed following the completion of patterning events,

suggesting that Wnt continues to play a role in later developmental processes (Harrison-Uy et
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al., 2012). Cortical radial glia progenitors are located in a proliferative zone next to the lateral
ventricles and undergo symmetric divisions to expand the progenitor pool during early
development (Takahashi et al.,, 1996). As development progresses, radial glia switch to
asymmetric divisions to generate one radial glial cell and either a neuron or IPC (Noctor et al.,
2001; Noctor et al., 2004; Haubensak et al., 2004; Miyata et al., 2004). The IPCs then migrate
away from the ventricular zone and symmetrically divide to generate two neurons (Noctor et al.,
2004). Canonical Wnt signalling has been shown to promote the symmetrical divisions of radial
glial cells thus expanding the progenitor pool at the expense of neuronal differentiation (Chenn
et al., 2002; Wrobel et al., 2007; Machon et al., 2007; Woodhead et al., 2006). Wnt signalling
also promotes the neuronal differentiation of IPCs, through the upregulation of pro-neuronal
transcription factors such as Ngn1 and Ngn2 (Hirabayashi et al., 2004; Israsena et al., 2004;
Kuwahara et al., 2010). This suggests that the response to Wnt signalling changes as
progenitors mature indicating the context dependent role of Wnt signalling during cortical
development. Interestingly, the dose of canonical Wnt signalling has been shown to determine
cellular fate in the developing cortex where a gradient of canonical Wnt signalling regulates cell
identity along the latero-medial axis in the developing dorsal telencephalon (Machon et al.,
2007).

Whnt signalling also plays a role in the later stages of neuronal development during axon growth
and guidance, dendrite development and synapse formation and function (reviewed by (Mulligan
et al., 2012). Wnt ligands have been identified as guidance cues for axon growth cones that
guide axon elongation towards their correct location (reviewed by (Guan et al., 2003)).
Cerebellar granule neurons express Wnt7a, which mediates axon growth by inhibiting the
GSK3p-mediated phosphorylation of microtubule associated proteins thus changing the
organisation and stability of the cytoskeleton (Lucas et al., 1998; Lucas et al., 1997; Ciani et al.,
2011). Dendrite development is also influenced by canonical Wnt signalling and is enhanced in
hippocampal neuron cultures when dominant active B-catenin is over-expressed (Yu et al.,
2003). Non-canonical Wnt signalling also enhances dendrite formation as inhibition/ knock-down
of Wnt/PCP and Wnt/Ca?* pathway components result in decreased dendritic branching (Rosso
et al., 2005; Ciani et al., 2011). Additionally, Wnt7a plays a role in regulating synaptogenesis by
promoting the clustering of Synapsin-1 at the presynaptic terminal and post-synaptic density
protein-95 (PSD-95) at the postsynaptic terminal via the induction non-canonical Wnt signalling
(Hall et al., 2000; Ciani et al., 2011). Wnt5a also mediates synapse function via the Wnt/Ca?*
pathway (Varela-Nallar et al., 2010; Cerpa et al., 2011; Varela-Nallar et al., 2012) and the
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canonical Wnt signalling pathway has been shown to promote synaptic transmission (Chen et
al., 2006).

Canonical Wnt signalling is also critical for the development of hippocampus. The cortical hem
is a neuroepithelial structure located between the hippocampal anlage and the choroid plexus,
characterised by high expression of Wnt and BMP ligands (Grove et al., 1998). These cortical
hem signals influence the development of the hippocampus, starting at E14, and the
hippocampus fails to develop in mouse models that lack the cortical hem (Grove et al., 1998;
Tole et al., 2000; Theil et al., 1999). The importance of Wnt signalling during the development
of the hippocampus is shown by the absence of the hippocampal structure in Wnt3a and LEF
knock-out mice (Lee et al., 2000; Galceran et al., 2000). Wnt signalling also promotes the
proliferation of hippocampal precursors, as in Wnt3a and LEF mutants, the number of BrdU+
cells are reduced in the medial wall of the developing telencephalon at E10.5 and E11.5
respectively (Galceran et al., 2000; Lee et al., 2000). Interestingly, proliferation is not affected
at E12.5 and E13.5 suggesting that Wnt signalling regulates the initial expansion of the
hippocampal progenitor pool but ongoing proliferation is supported independent of canonical
Whnt signalling (Machon et al., 2003). In addition, the level of Wnt signalling is important in
determining the cellular fate of the hippocampus, with high Wnt signalling specifying DG granule
cells whereas a moderate level of canonical Wnt signalling specifies the CA layers (Machon et
al., 2007). This indicates a dose-dependent effect for canonical Wnt signalling during
hippocampal development (Machon et al., 2007). Overall, these studies show that Wnt signalling
plays multiple roles across neurodevelopment which are also relevant to adult hippocampal

neurogenesis and will be explored in the following sections.

1.5.2 Role of Non-Canonical Wnt Signalling During Adult Hippocampal Neurogenesis

The role of non-canonical Wnt signalling during adult hippocampal neurogenesis is relatively
unknown but there is evidence suggesting the PCP and Wnt/Ca?* pathway play a role in
regulating the later stages of neuronal maturation, such as synapse formation and dendritic
spine morphogenesis. As cells progress along the hippocampal neurogenic lineage they have
been shown to transition from canonical to non-canonical Wnt signalling to promote the
morphological maturation of newborn granule neurons (Schafer et al., 2015). Indeed, inhibition
of the Wnt/PCP pathway, by deletion of pathway components, severely impairs dendritic growth,
migration and dendritic orientation of adult born granule neurons (Schafer et al., 2015). The non-

canonical Wnt5a ligand has been shown to activate non-canonical Wnt signalling cascades in
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cultured hippocampal neurons where it plays an important role in modulating synapse structure
and function (Farias et al., 2009; Cuitino et al., 2010; Varela-Nallar et al., 2010). Wnt5a induces
the clustering of PSD-95 in a Wnt/UJNK dependent manner (Farias et al., 2009). PSD-95 is a
synaptic scaffolding protein enriched in the post-synaptic density, which is a network of proteins
whose role is to organise the neurotransmitter receptors, such as glutamate receptors, at the
synapse membrane (Li et al., 2003; Han et al., 2008a). Therefore, Wnt5a/JNK signalling plays
a direct role in regulating glutamatergic synaptic transmission by directing the clustering and
distribution of PSD-95 (Farias et al., 2009). Wnt5a also induces the recycling of functional
GABAA\ receptors in hippocampal neurons via the Wnt/ Ca?* pathway thus modulating inhibitory
synapses as well as glutamatergic excitatory synapses. The synaptic integration of newborn
granule neurons into the existing hippocampal neural circuitry requires the correct firing of
inhibitory followed by excitatory synaptic inputs, suggesting that Wnt5a signalling could play a
role in regulating the integration of newborn neurons by modulating synaptic activity (Varela-
Nallar et al., 2012). Wnt5a and Wnt7a both promote dendritic spine morphogenesis via the
Wnt/Ca?* pathway and blockage of this signalling pathway leads to decreased spine density and
decreased excitatory synaptic strength, indicating that non-canonical Wnt signalling could play
an integral role during newborn neuron integration in the adult DG (Ciani et al., 2011; Varela-
Nallar et al., 2010; Arredondo et al., 2019). In addition, Wnt5a treatment of hippocampal slices
increased the activity and amplitude of synaptic events via the Wnt/ Ca?* pathway (Varela-Nallar
et al., 2010; Cerpa et al., 2011). Interestingly, Wnt5a levels are increased following training in
the hidden platform Morris water maze task, which utilises hippocampal dependent long-term
spatial memory (Tabatadze et al., 2012). This could suggest an indirect role for non-canonical
Whnt signalling in promoting progenitor proliferation and neuronal differentiation by modulating
hippocampal neurotransmission in response to an external stimulus (Varela-Nallar et al., 2010;
Cerpa et al., 2011; Tabatadze et al., 2012; Varela-Nallar et al., 2013). During development
Wnt/PCP pathway regulates polarisation and migration of newborn neurons, however this

function during adult neurogenesis has yet to be established (reviewed by (Goodrich. 2008)).

1.5.3 Role of Canonical Wnt Signalling During Adult Hippocampal Neurogenesis

By using BATGAL Wnt reporter mice, that express B-galactosidase under the control of
7xTCF/LEF binding sites (Maretto et al., 2003), canonical Wnt signalling has been shown to be
active within the SGZ and GCL of the adult hippocampus (Lie et al., 2005). Wnt ligands and Wnt
inhibitors have been shown to be present within the adult hippocampal neurogenic niche,

highlighting that Wnt is a regulated signalling pathway within the niche microenvironment (Lie et
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al., 2005; Seib et al., 2013; Jang et al., 2013). Cultured adult hippocampal stem and progenitor
cells (AHSPCs) express Wnt pathway components including Dvl, p-catenin and LEF1 and also
express Fzds and LRP5/6 receptors (Lie et al., 2005; Wexler et al., 2009). Wnt receptors are
differentially expressed across the cells of the neurogenic lineage, indicating stage specific roles
for Wnt signalling in regulating different aspects of adult neurogenesis (Mardones et al., 2016).
Adult hippocampal neural progenitors have also been shown to express Wnt ligands
themselves, such as Wnt7a/b suggesting the presence of autocrine/paracrine Wnt signalling
(Wexleretal., 2009; Qu et al., 2010; Qu et al., 2013). Wexler and colleagues used a Wnt reporter
cell line, where GFP expression is driven by an enhanced TCF/LEF promoter, and found that
co-culture with NSCs induced a 2-fold increase in fluorescence signal compared to fibroblast
co-cultures, indicating that NSC derived Wnt ligands act locally on neighbouring cells (Wexler
et al., 2009). However, other studies have failed to achieve a read-out of Wnt signalling using
the classical TOP/FOPflash Wnt reporter assay (Lie et al., 2005; Wexler et al., 2009). The
TOP/FOPflash assay uses luciferase expression under the control of TCF/LEF binding sites as
a read-out of Wnt signalling levels (Molenaar et al., 1996). Luciferase has a relatively short half-
life, which makes it difficult to detect low levels and cyclic changes in Wnt signalling activity,
which Wexler and colleagues argue is the reason for not detecting baseline Wnt signalling in
AHSPC cultures using the TOPflash Wnt reporter (Wexler et al., 2009). Nevertheless, deletion
of Wnt7a and inhibition of Wnt signalling in cultured AHSPCs impairs proliferation, indicating
that AHSPC derived Wnt ligands could act in an autocrine/paracrine manner to regulate AHSPC
behaviour (Qu et al., 2010; Wexler et al., 2009; Qu et al., 2013).

Another source of Wnt ligands within the DG are the niche astrocytes (Lie et al., 2005). Lie and
colleagues show that astrocyte derived Wnt3a promotes adult neurogenesis by enhancing
proliferation and neuronal differentiation of neuronally committed precursors in vitro and in vivo
(Lie et al., 2005). They found that stimulating canonical Wnt signalling, by overexpression of
Whnt3a in vitro and Wnt3 in vivo, played a role in regulating neuronal fate choice and enhanced
proliferation of neuronally committed precursors (Lie et al., 2005). The selective role of canonical
Whnt signalling in neuronally committed precursors is further supported by evidence from Seib
and colleagues (Seib et al., 2013). They found that loss of the Wnt inhibitor Dkk1 from
progenitors enhanced the proliferation and maturation of neuronally committed progenitors in
vivo, indicating a selective role for canonical Wnt signalling in enhancing adult neurogenesis
(Seib et al., 2013). However, this is contradicted by data from Jang and colleagues who use
clonal analysis to show that loss of sSFPR3 from granule neurons, and the subsequent increase

in niche Wnt signalling levels, activates quiescent AHSCs to generate IPCs, astrocytes and
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AHSCs equally, thus indicating that canonical Wnt signalling does not exclusively favour
neuronal lineage commitment (Jang et al., 2013). These differences could be due to the different
experimental techniques used to stimulate canonical Wnt signalling, differences between in vitro
and in vivo assays, as well as examining the effects at different stages along the neurogenic
lineage. For example, Jang and colleagues use clonal analysis to look at the identities of cells
in activated clones of Nestin+ AHSCs in the adult DG of sFRP3 knock-out mice (Jang et al.,
2013). On the other hand, Seib and colleagues conditionally ablate Dkk1 in Nestin+ progenitors
and use BrdU labelling to characterise and quantify the number of newly generated lineage cells
(Seib et al., 2013). Finally, Lie and colleagues use a lentiviral vector to overexpress Wnt3 in the
adult DG and examine the proportion of BrdU+ DCX+ neuroblasts (Lie et al., 2005). Additionally,
Seib et al 2013 and Jang et al 2013 use Dkk1 and sFRP3 knock-out mice respectively for some
analyses. Whilst they comment on no overall gross abnormality in the DG of adult mice, this
doesn’t exclude potential developmental contributions towards the reported phenotypes (Seib
et al., 2013; Jang et al., 2013).

Canonical Wnt signalling has also been reported to play a role at the later stages of adult
neurogenesis during neuronal maturation. Indeed, loss of sFRP3 accelerates the maturation of
newborn neurons by enhancing dendritic branching and dendritic spine formation (Jang et al.,
2013). Similarly, loss of Dkk1 also enhances dendritic complexity of DCX+ neuroblasts
indicating a role for canonical Wnt signalling in promoting the maturation of newborn neurons
(Seib et al., 2013). Transcriptional targets of canonical Wnt signalling include the pro-neuronal
transcription factors Neurogenin2 (Ngn2) and NeuroD1, showing that canonical Wnt signalling
plays a direct role in regulating neuronal differentiation (Kuwabara et al., 2009; Gao et al., 2009).
NeuroD1 is dual regulated by both Sox2 and canonical Wnt signalling, where its expression is
repressed in Sox2+ progenitors but is activated by canonical Wnt signalling to promote neuronal
differentiation (Kuwabara et al., 2009). Indeed, loss of B-catenin in Sox2+ progenitors impairs
the number of newborn neurons without affecting the maintenance of the Sox2+ progenitor pool
indicating a stage specific role for canonical Wnt signalling during adult hippocampal
neurogenesis (Kuwabara et al., 2009). However, the authors do not robustly distinguish between
AHSCs with radial morphology and Sox2+ IPCs in their in vivo conditional deletion of B-catenin
models, which warrants further investigation to understand the role of canonical Wnt signalling
during the early stages of adult neurogenesis. In addition, they conditionally delete B-catenin in
B-catenin™ mice through the stereotaxic injection of a Sox2-Cre-GFP retrovirus (Kuwabara et
al., 2009), which infects mitotically active cells (Suh et al., 2007). Therefore, the quiescent AHSC
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population is largely unaffected in this in vivo model meaning that the role of canonical Wnt

signalling in regulating quiescent AHSC activation remains unresolved.

Adult neurogenesis declines with age as do the levels of canonical Wnt signalling in the DG in
part due to the increased levels of the Wnt inhibitor Dkk1 and decreased levels of astrocyte
derived Wnt3a ligands (Seib et al., 2013; Okamoto et al., 2011; Miranda et al., 2012). Loss of
Dkk1 restored the levels of adult hippocampal neurogenesis in aged mice, suggesting that lower
levels of canonical Wnt signalling could contribute to the age-related decline in adult
hippocampal neurogenesis (Seib et al., 2013). Indeed, progenitor proliferation and neurogenic
output are dramatically reduced by the inhibition of canonical Wnt signalling and impairs
hippocampal dependent behaviours such as spatial memory retention and object recognition
memory (Lie et al., 2005; Jessberger et al., 2009). This indicates that canonical Wnt mediated
adult hippocampal neurogenesis contributes to overall hippocampal function and could provide
a target for therapeutic intervention to combat age-related cognitive decline (Jessberger et al.,
20009).

Levels of canonical Wnt signalling are also decreased in many neuropsychiatric disorders that
also display impaired adult hippocampal neurogenesis, such as depression, Alzheimer’s
disease and schizophrenia (Fiorentini et al., 2010; Wexler et al., 2007; Mao et al., 2009; Hussaini
et al., 2014). Disruptions in Disrupted In Schizophrenia 1 (DISC1) gene function are associated
with bipolar disorder, autism spectrum disorders and schizophrenia (Mao et al., 2009). DISC1
is expressed in hippocampal progenitors where it inhibits GSK3p, thus stabilises p-catenin and
activates canonical Wnt signalling to promote progenitor proliferation (Mao et al., 2009). Loss of
DISC1 impairs progenitor proliferation and induces hyperactive and depressive behaviours,
which are normalised by treatments with a GSK3p inhibitor to restore canonical Wnt signalling
levels (Mao et al., 2009). Additionally, treatment with the GSK3p inhibitor lithium chloride, a
treatment for manic depression, stimulates proliferation and neuronal fate commitment in a
mouse model of Alzheimer’'s disease and hippocampal NSC cultures in a canonical Wnt
dependent manner (Fiorentini et al., 2010; Wexler et al., 2007). These studies indicate an
important link between canonical Wnt dependent adult hippocampal neurogenesis and
neuropsychiatric disorders and highlight the clinical and therapeutic importance in

understanding how canonical Wnt signalling regulates adult hippocampal neurogenesis.

Interestingly, exercise has been shown to increase the expression of Wnt3a in the adult

hippocampus which has a positive effect on adult neurogenesis in the aged hippocampus
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(Okamoto et al., 2011). Additionally, the Wnt inhibitor sFRP3, is produced by granule neurons
in an activity-dependent manner (Jang et al., 2013). Both exercise and electroconvulsive
stimulation (ECS) decrease the expression of granule neuron derived sFRP3 and promote
progenitor proliferation via activation of the canonical Wnt signalling pathway (Jang et al., 2013).
This positive effect of ECS on adult neurogenesis was abolished by the infusion of sSFRP3 into
the adult DG, indicating that the reduction in sFRP3 levels, and concomitant increase in levels
of canonical Wnt signalling, are required for this activity dependent increase in neurogenesis
(Jang et al., 2013). Overall, these studies implicate a role for canonical Wnt signalling in

regulating the pro-neurogenic effects of external stimuli.

As previously stated, the direct Wnt-induced transcriptional activation of pro-neuronal
transcription factors, such as NeuroD1 and Neurogenin2, has been identified as a potential
mechanism driving the pro-neurogenic effects of canonical Wnt signalling (Kuwabara et al.,
2009). Additionally, Prox1 is another direct transcriptional target of canonical Wnt signalling that
is required for the differentiation and survival of newborn granule neurons (Karalay et al., 2011).
The molecular mechanisms underlying the pro-proliferative effects of canonical Wnt signalling
are currently not well defined. CyclinD1 is a direct transcriptional target of the canonical Wnt
signalling pathway and plays an integral role in regulating progression through the G1-S phase
of the cell cycle alongside its cyclin dependent kinase binding partners CDK4 and CDK6 (Jun-
ya Kato. 1993; Shtutman et al., 1999). Therefore, the pro-proliferative effects of canonical Wnt
signalling during adult hippocampal neurogenesis could be due to the direct upregulation of

CyclinD1 expression.

Whilst the current literature indicates a role for canonical Wnt signalling in regulating various
aspects of adult hippocampal neurogenesis, the identities of the cells along the neurogenic
lineage that are directly responding to and affected by canonical Wnt signalling have yet to be
robustly characterised. Indeed, studies highlighting a role for canonical Wnt signalling in
regulating neural stem and progenitor cell behaviour are predominately performed in vitro (Lie
et al., 2005; Wexler et al., 2009; Qu et al., 2010; Qu et al., 2013) and in vivo studies do not
distinguish between AHSCs with radial morphology and IPCs (Kuwabara et al., 2009; Seib et
al., 2013; Jang et al., 2013), which could be differentially regulated by canonical Wnt signalling
given the context dependency of this pathway across various cell types. In addition, AHSCs
exhibit unique characteristics according to their activation state, which could influence their
response to niche-derived signalling pathways (Figure 1.5). However, the role of canonical Wnt

signalling in quiescent and active AHSCs has not yet been explored. Furthermore, the activation
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of quiescent AHSCs represents a key regulatory step during adult hippocampal neurogenesis,
that balances the preservation of the AHSC pool with the neurogenic demands of the
hippocampus. However, the role of canonical Wnt signalling in regulating quiescent AHSC

activation is still unclear.

1.6 Project Aims

Since the establishment of neurogenesis in the adult mammalian hippocampus, much research
has focussed on understanding how this process is regulated by extrinsic, niche-derived and
intrinsic factors. The fact that adult hippocampal neurogenesis is impaired in a number of
disease states and is associated with age-related cognitive decline, highlights important clinical
and therapeutic implications in understanding how it is regulated. By deciphering these
regulatory mechanisms, we can develop therapies to help alleviate the symptoms of
neuropsychiatric disease and perhaps mitigate the changes associated with age-related

cognitive decline.

The first key stage in the regulation of adult hippocampal neurogenesis is the decision of
quiescent AHSCs to activate. The majority of the AHSC pool remains out of the cell cycle in
quiescence to preserve their numbers throughout life. The decision to activate must balance the
long-term preservation of the stem cell pool, whilst also meeting the neurogenic demands of the
hippocampus. The unique microenvironment of the hippocampal neurogenic niche supplies
AHSCs with a variety of signals, which they co-ordinate and integrate to regulate their behaviour.
Much work has gone into understanding how these various niche-derived signals regulate adult
hippocampal neurogenesis, however how these signals independently regulate specific stages
of adult hippocampal neurogenesis still remains to be defined. The canonical Wnt signalling
pathway is one example of a niche derived signal that has been shown to regulate adult

hippocampal neurogenesis, however its precise role in AHSCs has yet to be elucidated.

Canonical Wnt signalling is actively regulated within the hippocampal neurogenic niche and has
been shown to play a role at both early and late stages of adult hippocampal neurogenesis; in
promoting neural precursor proliferation and instructing a neuronal fate. However, it is still
unclear which cells along the neurogenic lineage are responding to canonical Wnt signalling and
how they are affected by changing Wnt signalling levels. For example, canonical Wnt signalling
has been shown to induce proliferation within the adult DG, however whether this is due to

increased progenitor proliferation or increased activation of quiescent AHSCs remains unknown.
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As such, the overall aim of this PhD work is to characterise the role of canonical Wnt signalling
in the AHSC population, with a particular focus on the role of canonical Wnt signalling in the
quiescence-activation transition of AHSCs. | aim to investigate the role of canonical Wnt

signalling in AHSCs in the following ways:

1. Characterise both active and quiescent AHSCs under physiological conditions for their
response to canonical Wnt signalling in vivo and in vitro.

2. Investigate the function of canonical Wnt signalling in AHSCs in vivo and in vitro, with a
particular focus on the role of canonical Wnt signalling in regulating quiescent AHSC
activation, by inhibiting their ability to respond to canonical Wnt signalling.

3. Determine how quiescent and active AHSCs respond to changing levels of canonical
Whnt signalling, particularly in regards to quiescent AHSC activation, by stimulating

canonical Wnt signalling in AHSCs in vivo and in vitro.
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2.1 Experimental Models

2.1.1 Mouse Models

All procedures involving animals and their husbandry were performed according to the
guidelines of the Francis Crick Institute and in compliance with the following statutory
regulations: Animals (Scientific Procedures) Act 1986 [ASPA], Animal Welfare Act 2006 and
Welfare of Animals in Transport Order. This study was approved by The Crick Biological
Research Facility Strategic Oversight Committee (BRF-SOC), Animal Welfare and Ethical
Review Body (AWERB) and the UK Home Office (PPL PB04755CC). Mice were housed in
standard cages under a 12hr light/dark cycle, with ad libitum access to food and water. All mouse
husbandry requirements were met by Crick BRF staff members. Mice were genotyped by

Transnetyx®.

All experimental mice were of a mixed genetic background. Founder mice were crossed with
MF1 mice, and then backcrossed to littermates of the F1 generation. Glast-CreERT2
(Slc1a3imcreERT2Mgoey (Mori et al., 2006) mice were crossed with Rosa26-floxed-stop-YFP
(RYFP; Gt(ROSA)26Sor™EYFPICos)y (Srinjvas et al., 2001) mice to generate AHSC specific
tamoxifen inducible mice with a YFP recombination reporter. These mice were then crossed
with our experimental strains: p-cat™ @3 (Ctnnb1™?8") (Huelsken et al., 2001), p-cat™ ex2©
(Ctnnb1t™2Kem) (Brault et al., 2001) and Cat-ca (Ctnnb1™'™™™) (Harada et al., 1999). Glast-
CreERT2; p-cat™™ 36, RYFP mice, Glast-CreERT2; B-cat" ®2¢; RYFP mice and Glast-
CreERT2; Cat-ca; RYFP mice were crossed with BATGAL Wnt reporter mice (Maretto et al.,
2003) to introduce the BATGAL Wnt reporter allele. BATGAL Wnt reporter mice were also
crossed with Axin2-mTurQ (Axin2°™'Fst) (de Roo et al., 2017) mice and TCF/Lef:H2B:mCherry

Tg(TCF/Lef1-HISTHZB/mCherry)) (

((no gene) Metzis et al., 2018). Nestin-GFP reporter mice have been

previously described (Mignone et al., 2004).

Experimental groups included a combination of mice from different litters within each strain and

both males and females were used for all in vivo studies.
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2.1.2 Generation and Maintenance of Primary Cell Cultures

Primary adult hippocampal stem and progenitor cell (AHSPC) cultures were derived from 7-8-
week-old BATGAL and B-cat™" 3%, RYFP mice. Animals were processed separately or in pools
of up to two mice. Mice were sacrificed and the dentate gyrus (DG) was dissected as previously
described (Walker et al., 2014). DGs were dissociated using the Neural Tissue dissociation kit
(P) (Milteny Biotec, 130-092-628) and AHSPCs were amplified in non-adherent conditions as
neurospheres for at least two passages. Neurospheres were maintained in Complete
Neurosphere media consisting of Supplemented Neurosphere media (DMEM:F12 + Glutamax
(Gibco, 11320), 1mg/ml KCI (Sigma, P5405) and 2mg/ml BSA (Sigma, A9056)) + 1x Neurocult
Supplement (Stem Cell Technologies, 05701) + 1x Penicillin/Streptomycin (ThermoFischer
Scientific, 15140) + 10ng/ml Fibroblast Growth Factor 2 (FGF2, Protech, 450-33) + 20ng/mi
Epidermal Growth Factor (EGF, Protech, 315-09) + 2ug/ml Heparin (Sigma, A9056).

Neurospheres were incubated at 37°C, 5% CO..

Once >400,000 AHSCs were obtained from the neurosphere cultures (quantified using a
haemocytometer during passaging), they were dissociated and transferred to adherent culture
conditions in a T25 flask. Adherent flasks were incubated with AHSPC media for a minimum of
1hr at 37°C before passaging to allow for Laminin pre-coating. AHSPC media consists of basal
media (DMEM/F-12 + Glutamax (Invitrogen, 31331-093)) + 1x N2 Supplement (R&D Systems,
ARO009) + 1x Penicillin/Streptomycin (ThermoFischer Scientific, 15140) + 2ug/ml Laminin
(Sigma, L2020) + 5ug/ml Heparin (Sigma, A9056) + 10-20ng/ml FGF2 (Protech, 450-33) +
20ng/ml EGF (Protech, 315-09). AHSPCs were incubated in AHSPC media at 37°C, 5% CO-
until 80% confluent at which point they were either passaged or frozen down. AHSPCs were
detached from the flask using Accutase (Sigma, A6964) and Accutase was stopped by washing
the AHSPCs in phosphate buffered saline (PBS). AHSPCs in PBS were then centrifuged for
4.5min at 0.2rcf. AHSPC pellets were resuspended in AHSPC media and transferred to a fresh
laminin pre-coated flask for propagation or were processed for freezing. For freezing, pelleted
AHSPCs were resuspended in AHSPC media containing 10% dimethyl sulfoxide (DMSO, Sigma,
D2650) and chilled slowly to -80°C before being transferred to liquid nitrogen for long-term

storage.

To transition AHSPCs from AHSPC media containing both 20ng/ml FGF2 and 20ng/ml EGF to
20ng/ml FGF2 only, AHSPCs were grown in 20ng/ml FGF2 + 20ng/ml EGF AHSPC media until
80% confluent, at which point the AHSPC media was aspirated and refreshed with AHSPC
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media containing 20ng/ml FGF2 only. AHSPCs were then incubated at 37°C, 5% CO: in the
presence of 20ng/ml FGF2 only for 2-3 days until 100% confluent. Cells were then passaged in
the presence of 20ng/ml FGF2 only for at least 2 passages before being used for any

experiments to allow the cells time to acclimatise to the FGF2 only conditions.

2.1.3 in vitro Model of Active and Quiescent AHSPCs

AHSPCs were maintained in an active state using the culture conditions described above.
20ng/ml FGF2 + 20ng/ml EGF AHSC media and 20ng/ml FGF2 only AHSPC media were used

to maintain active culture conditions.

To induce quiescence, media from active culture conditions (either 20ng/ml FGF2 +20ng/mi
EGF AHSPC media or 20ng/ml FGF2 only AHSPC media) was replaced with 20ng/ml FGF2
only AHSPC media containing 20ng/ml recombinant BMP4 (R&D Systems, 5020-BP) (Blomfield
etal., 2019). AHSPCs were then incubated at 37°C, 5% CO. for 48-72hrs to induce quiescence
(Blomfield et al., 2019). Quiescent AHSPC media was refreshed every 72hrs where necessary.
In all experiments, active AHSPCs were plated onto laminin pre-coated P6 well plates (200,000
cells/well), P24 well plates containing laminin pre-coated coverslips (50,000 cells/well) or laminin
pre-coated 10cm dishes (1million cells/dish) and incubated overnight to allow AHSPCs to settle
and adhere. The next day active AHSPC media was refreshed for quiescent AHSPC media and
AHSPCs were incubated for 48-72hrs at 37°C, 5% CO. to establish quiescence prior to

commencing experimental conditions.

2.2 Method Details

2.2.1 Tamoxifen and EdU Administration in vivo

To induce nuclear translocation of the CreERT2 recombinase in Glast+ AHSCs in vivo, 2-month-
old adult mice were administered 2mg (57-67mg/kg) 4-hydroxy-tamoxifen (Sigma, H6278) or
tamoxifen (Sigma, T5648) by intraperitoneal (ip) injection, at the same time each day for 5
consecutive days. All tamoxifen injections were performed by Crick BRF staff members. Brain
tissue was collected by transcardial perfusion 6, 10 and 30 days after the first tamoxifen injection
or was collected and dissected as fresh tissue for fluorescence-activated cell sorting (FACS) 10

days after the first tamoxifen injection.

81



Chapter 2. Materials and Methods

To mark active AHSCs following 4x tamoxifen injections to induce recombination,
GlastCreERT2; Cat-ca; RYFP P65 adult mice were administered 50mg/kg EdU by
intraperitoneal injections 3 times in one day (09:00, 13:00 and 17:00). All EJU injections were
performed by Crick BRF staff members. Brain tissue was collected by transcardial perfusion 1

day later.

2.2.2 Tissue Preparation and Immunofluorescence

For immunofluorescence of brain tissue, mice were transcardially perfused, under terminal
anaesthesia, for 2 mins with PBS followed by 4% paraformaldehyde (PFA) in PBS for 12mins.
Brains were post-fixed overnight in 4% PFA at 4°C with rocking and were then transferred to
PBS containing 0.02% Sodium Azide. Brains were sectioned coronally at a thickness of 40um
using a vibratome (Leica) and sections were stored serially in P12 plates in PBS containing
0.02% sodium azide at 4°C. Brains were sectioned with the assistance of L. Chen. For
immunofluorescence of cultured AHSPCs on coverslips, AHSPCs were fixed with 4% PFA/PBS

for 10min at room temperature and were then washed and stored at 4°C with PBS.

Antigen retrieval was performed in brain sections prior to immunofluorescence. For antigen
retrieval, samples were transferred to sodium citrate buffer (10mM, pH6.0) and incubated at
95°C for 2min. Following antigen retrieval, samples were blocked with 10% normal donkey
serum (NDS) in 1% Triton-PBS for 2 hours at room temperature with rocking. Fixed AHSPCs
were blocked with 10% NDS in 0.1% Triton-PBS for 1hr at room temperature.

For all sections and fixed AHSPCs on coverslips, primary antibodies were diluted as described
in Table 1in 10% NDS in 0.1% Triton-PBS and incubated with samples at 4°C overnight. The
following day, samples were washed 3x 10-15min with 0.1% Triton-PBS. Secondary antibodies
were diluted 1:500 in 10% NDS in 0.1% Triton-PBS and incubated with samples for 2hrs at room
temperature with rocking. Samples were then washed 1x 10-15min with 0.1% Triton-PBS
followed by 2x 10-15min washes with PBS. 4’,6-diamidino-2-phenylindole (DAPI) was diluted
1:5,000 in 50% PBS:H>0O and incubated with brain sections for 30mins or fixed AHSPCs for
10mins at room temperature. Samples were then transferred to 50% PBS:H2O in preparation
for mounting. All washes and incubations of brain sections were 15mins with rocking and
washes and incubations of fixed AHSPCs were 10mins. Primary and secondary antibodies are
listed in Table 1.
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EdU detection was performed following secondary antibody incubation and 2x washes in PBS
and prior to DAPI incubation using the Click-iT™ EdU Alexa Fluor® 647 detection kit (Invitrogen,

C10340) following manufacturer’s instructions.

Immunostained sections were arranged onto a slide in PBS and excess PBS was carefully
aspirated. Aqua Polymount (Polysciences, 18606) was applied to the edge of the slide and a
1.0 glass coverslip was carefully lowered over the samples ensuring even distribution of the
Aqua Polymount across all sections. Slides were kept in the dark at room temperature overnight

to dry before storing at 4°C prior to imaging.

Fixed AHSPCs on coverslips were mounted onto glass slides using Aqua Polymount. Six
coverslips were arranged per slide and were carefully lowered onto a small amount of Aqua
Polymount applied directly to the slide. Mounted coverslips were left to dry overnight in the dark

at room temperature to dry before storing at 4°C prior to imaging.

Target Molecule | Species | Procedure | Dilution | Supplier Catalogue #
Actin Rabbit WB 1:1000 | Sigma-Aldrich A2066
Ascl1 Mouse IF 1:100 In house N/A
Axin2 Rabbit IF 1:1000 | Abcam ab32197
B-catenin Mouse IF-in vivo 1:100 BD Biosciences 610154

IF-in vitro 1:250

WB 1:2000
B-catenin (ABC) | Mouse IF 1:200 Merck 05-665
B-catenin Rabbit IF 1:500 Sigma C2206
B-galactosidase | Chicken | IF 1:1000 | Aves Lab Inc. BGL-1010
CyclinD1 Rabbit IF 1:25 ThermoScientific | RM-9104
DCX Goat IF 1:50 Santa-Cruz Discontinued
GFAP Rat IF 1:800 Invitrogen 13-0300
GFP Chicken | IF 1:2000 | Abcam ab13970
Ki67 Mouse IF 1:100 BD Biosciences 550609
Map?2 Mouse IF 1:200 Sigma M4403
mCherry Rabbit IF 1:500 GeneTex GTX128508
Sox2 Rat IF 1:400 EBioscience 14-9811-82
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Tbr2 Rabbit IF 1:200 Abcam ab183991
TdTomato Goat IF 1:1000 | Sicgen ABB181-200
Tuj1 Rabbit IF 1:400 Covance PRB-435P
Tuj1 Mouse IF 1:400 Covance MMS-435P
Wnt7a Rabbit WB 1:500 Abcam ab100792
Chicken IgG Donkey | IF-488 1:500 Jackson 703-545-155
Mouse IgG Donkey | IF-488 1:500 Jackson 715-546-151
Rat IgG Donkey | IF-Cy3 1:500 Jackson 712-166-153
Rabbit IgG Donkey | IF-Cy3 1:500 Jackson 711-166-152
Mouse IgG Donkey | IF-Cy3 1:500 Jackson 715-166-151
Goat IgG Donkey | IF-647 1:500 Jackson 705-605-147
Mouse IgG Donkey | IF-647 1:500 Jackson 715-606-151
Rabbit IgG Donkey | IF-647 1:500 Jackson 711-606-152
Rat IgG Donkey | IF-647 1:500 Jackson 112-175-167
Mouse IgG Rabbit WB-HRP 1:1000 | Dako P0161
Rabbit IgG Goat WB-HRP 1:1000 | Dako P0448

Table 1: Antibodes.
Colours indicate the conjugated fluorophores of the secondary antibodies used for

immunofluorescence.

2.2.3 RNA in situ Probe Preparation

Primers were designed to generate an RNA in situ probe that spans exons 3-6 of -catenin (from
nt301 to nt1223 of National Centre for Biotechnology Information (NCBI) reference number
NM_007614.3). Primers were designed with the addition of the sequence for the T7 polymerase
binding sites (5-TAATACGACTCACTATAGGG-3’) on the Reverse Antisense and Forward
Sense primers: Forward Antisense primer: 5-CTGACCTGATGGAGTTGGAC-3’ (Tm =43.4°C).
Reverse Antisense Primer + T7: 5-TAATACGACTCACTATAGG
GCTTGCTCTCTTGATTGCCAT-3 (Tm 44.1°C). Forward Sense Primer + T7: 5-
TAATACGACTCACTATAGGGCTGACCTGATGGAGTTGGAC-3' (Tm = 48.8°C). Reverse
Sense Primer: 5-CTTGCTCTCTTGATTGCCAT-3 (Tm = 24.8°C). Primer specificity was
checked using Basic Local Alignment Tool (BLAST) from NCBI. This showed 100% homology

with mouse B-catenin.
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Mouse B-catenin®® probe was generated by PCR using the Q5 Hot Start High-Fidelity 2X
Master Mix (New England Biolabs, M0494S) following manufacturer’s instructions.
Complementary DNA (cDNA) from cultured wild type (WT) active AHSPCs was used as
template for the PCR reaction. 1ul of the PCR reaction was run on a 1% polyacrylamide gel to
confirm successful amplification. PCR product was purified using the QIAquick PCR clean-up

kit (Qiagen, 28104) following manufacturer’s instructions.

Digoxigenin-(DIG) labelled probes were generated using the DIG RNA Labelling Mix 10X,
(Roche, 11277073910) following manufacturer’s instructions for a 20ul reaction. 1ug of purified
PCR product was used to generate the DIG-labelled probe using the T7 Taq Polymerase
(Roche, 10881775001). Generated probes were treated with DNase (Roche, 04716728001)
according to manufacturer's instructions and 1.86ul 0.5M Ethylenediaminetetraacetic acid
(EDTA) was added to stop the DNase reaction. The DIG-labelled probe was purified by adding
6.25ul 4M lithium chloride and 200ul 100% ethanol at -20°C and incubated at -80°C for 15mins,
followed by centrifugation at 16,000rpm at 4°C for 10mins. The supernatant was removed and
20ul DEPC water, 2.5ul 4M lithium chloride and 75ul 100% ethanol at -20°C was added before
repeating the incubation at -80°C and centrifugation steps listed above. After the second
centrifugation, the supernatant was removed and the pellet re-suspended in 20ul DEPC water.
Purified DIG-labelled probes were run on a Bioanalyser (Aligent Technologies Inc.) to check
purity. 180ul of hybridisation buffer was added to the purified DIG-labelled probe and this was
stored at -20°C. 50ml of hybridisation buffer consisted of: 25ml deionised formamide, 12.5ml
20x SSC, 1.25ml tRNA (10mg/ml), 2.5ml 100X Denhardt’s solution, 2.5ml 500mg/ml herring
sperm and 6.25ml H20O. The hybridisation buffer was stored at -20°C until use.

2.2.4 Tissue Preparation and in situ hybridisation

For in situ experiments, mice were transcardially perfused as described above. Brains were
cryoprotected in 30% sucrose/PBS at 4°C before embedding in OCT compound (Fisher
Scientific, 12678646), freezing at -80°C, and coronally sectioned at a thickness of 40um using

a cryostat (Leica). Sections were stored serially in a P12 plate in PBS at 4°C.

Sections were washed 3x 5mins in PBS before being incubated in acetylation solution for
10mins. Acetylation solution recipe for 200ml is as follows: 2.66ml Triethanolamine (TEA),
0.32ml 36% hydrochloric acid (HCI), 0.5ml acetic anhydride and H2O up to 200ml. Sections were
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then washed 3x 5mins in PBS followed by an incubation in hybridisation buffer for 2 hrs at room
temperature. During this incubation the probe was diluted 1:100 in hybridisation buffer,
denatured for 10mins at 95°C, vortexed and kept on ice until use. Sections were then incubated
overnight at 70°C in a humidified chamber. The following day, sections were washed with 5X
saline-sodium citrate buffer (SSC) for 10mins at room temperature followed by 2x30mins
washes with 0.2X SSC at 70°C. Sections were then washed in 0.2X SSC for 5mins at room
temperature followed by 2x 5mins washes in Buffer 1 at room temperature. Buffer 1 recipe for
1L is as follows: 100ml 1M Tris-HCI pH7.5, 30ml 5M sodium chloride (NaCl) and H2O up to 1L.
Sections were blocked with 10% normal goat serum (NGS) in Buffer 1 for 1hr at room
temperature. Sections were then incubated over-night at 4°C with anti-digoxygenin AP-antibody
diluted 1:1500 in 10% NGS in Buffer 1. The next day sections were washed 3x 5mins with Buffer
1 at room temperature followed by 2x 10mins washes with NTMT at room temperature. NTMT
recipe for 50ml is as follows: 1ml 5M NaCl, 5ml 1M Tris-HCI pH9.5, 2.5ml 1M magnesium
chloride (MgClz2) 0.5ml 10% Tween-20 and H2O up to 50ml. NBT/BCIP Stock Solution (Roche,
11681451001) was prepared 1:100 in NTMT and incubated with sections at 37°C protected from
light with gentle shaking for 2hrs until signal developed. Sections was briefly washed in NTMT
followed by 3x 5mins washes with PBS. Sections were fixed with 4%PFA at room temperature

for 10min before beginning the immunofluorescence protocol listed above.

2.2.5 Microscopic Analysis and Quantifications

Immunofluorescence samples were imaged using a SP5 confocal microscope (Leica). For brain
sections both left and right DG of every twelfth 40um section along the rostro-caudal axis were
imaged. Whole 40um sections were imaged with a 1um z-step. For AHSPCs on coverslips, 3

random regions of each coverslip were imaged with a 1um z-step.

RNA in situ hybridisation samples were imaged using a Zeiss Apotome microscope. Whole
40um sections were imaged with a 1um z-step and bright field and fluorescence channels were
overlaid to identify AHSCs as described below.

2.2.6 Dentate Gyrus Dissections and Fluorescence-activated Cell Sorting (FACS)

Mice were sacrificed and the dentate gyrus was dissected as previously described (Walker et

al., 2014). Dentate gyri were dissociated using the Neural Tissue dissociation kit (P) (Milteny
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Biotec, 130-092-628) according to manufacturer’s instructions. Dissociated cells were
resuspended in 750ul recovery media (recipe for 50ml of recovery media: 45ml DMEM/F12
media without phenol red (Sigma, DG434) and 5ml 5% PBS-BSA) and 7.5ul DAPI (100X) was
added to check for cell viability. All cells were sorted on a MoFLo XDP cell sorter machine
(Beckman Coulter) using a 100um nozzle at a maximum sort speed of 5000 events per second
and an efficiency of more than 80%. The MoFLo XDP cell sorter machine (Beckman Coulter)
was operated by the Crick Flow Cytometry Science Technology Platform (STP). Events were
first gated to remove debris, aggregates and dead cells. Cells were then gated for YFP
expression using a YFP negative control mouse. For experiments involving Glast-CreERT2; -
cat"®36: RYFP and Glast-CreERT2; B-cat™"®2%; RYFP strains, mice were processed for FACS
separately and YFP+ cells from individual samples were collected directly in 700ul RL lysis
buffer from the RNeasy® Mini Kit (Qiagen, 74104) for RNA extraction. Dissections and FACS
of YFP+ cells from Glast-CreERT2; B-cat™™ ®3®; RYFP and Glast-CreERT2; p-cat"" ®x2%; RYFP
strains were performed in collaboration with L. Harris and the Crick Flow Cytometry STP. Nestin-
GFP mice were processed for FACS in pools of up to 5 mice and GFP+ cells were collected in
700ul recovery media and processed for single cell RNA sequencing. Dissections of Nestin-
GFP mice were performed by L. Harris, M. Masdeu and myself. FACS of Nestin-GFP mice was
performed by L. Harris and M. Masdeu in collaboration with the Crick Flow Cytometry STP.

2.2.7 RNA Extraction, Complementary DNA synthesis and Quantitative PCR

FACS sorted YFP+ cells from Glast-CreERT2; p-cat™™ ®x3%; RYFP and Glast-CreERT2; p-cat""
&26- RYFP strains collected in RL lysis buffer from the RNeasy® Mini Kit (Qiagen, 74104) were
processed for RNA extraction according to manufacturer’s instructions. Complementary DNA
(cDNA) synthesis was performed using the Maxima First Strand cDNA Synthesis Kit for

quantitative PCR (gPCR) (ThermoScientific, K1641) according to manufacturer’s instructions.

Cultured AHSPCs were plated in P6 wells (200,000 cell/well) and were lysed by the direct
addition of 700ul TRIzol reagent (Ambion, 15596018) to the P6 wells. RNA was extracted using
the Direct-zol™ RNA MiniPrep Kit (Zymo Research, R2052) according to manufacturer's
instructions. cDNA was synthesised using the High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems, 4387406) according to manufacturer’s instructions.
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Gene expression level was measured using TagMan Gene expression assays (Applied
Biosystems) and gqPCR was performed on a QuantStudio Real-Time PCR machine
(ThermoFisher). TagMan probes used for gPCR were listed in Table 2 Gene expression was
calculated relative to the endogenous controls GAPDH and ActinB, and normalised to control to

provide a delta delta cycle threshold (ddCt) value.

Gene Assay ID Catalogue Number
ActinB MmO00607939_s1 4352933E
Ascl1 MmO03058063_m1 | 4331182
Axin2 MmO00443610_m1 | 4331182
CyclinD1 MmO00432359 m1 | 4331182
Eomes (Tbr2) MmO01351988_m1 | 4331182
GAPDH Mm99999915_g1 | 4352932E
GFAP MmO01253033_m1 | 4331182
Hes5 MmO00439311_g1 | 4331182
HopX MmO00558630_m1 | 4331182
ld4 MmO00499701_m1 | 4331182
Nestin MmO00450205_m1 | 4331182
Ngn2 MmO00437603_g1 | 4331182
Olig1 MmO00497537_s1 4331182
Olig2 MmO01210556_m1 | 4331182
CDKN1C (p57) MmO00438170_m1 | 4331182
Slc1a3 (Glast) MmO00600697 _m1 | 4331182
Sox2 MmO00488369_s1 4331182
Tubb3 (Tuj1) MmO00727586_s1 4331182
B-catenin exons 13-14 | Mm00483039_m1 | 4331182
B-catenin exons 4-5 MmO01350386_g1 4351372

Table 2: List of TagMan probes from Applied Biosystems used for qPCR gene expression

assays.

2.2.8 RNA Sequencing and Analysis with Seurat

Dissections of Nestin-GFP DGs for single cell RNA sequencing experiments were performed by

L. Harris, M. Masdeu and myself. Single cell RNA sequencing experiments of Fluorescence
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activated cell sorted (FAC sorted) Nestin-GFP+ cells were performed by L.Harris and M. Masdeu
in collaboration with the Crick Sequencing STP. Analysis of single cell RNA sequencing data
was performed by L. Harris, Z. Gaber and S. Vaga. Nestin-GFP+ cells were collected in 700ul
recovery media following FAC sorting and were subsequently spun down at 500G for 5min at
4°C. After removing all but 50ul of supernatant, cells were resuspended and loaded into the 10x
Chromium machine for single cell RNA sequencing. Libraries were prepared using with 10x
Genomics Chemistry, Single Cell 3’ version 2. Following sequencing, cellRanger count (Version
3.0.2) was used to map the FASTQ files to the mouse genome and was then read into Seurat
(Version 3.1.1) (Stuart et al., 2019) for analysis. The Seurat object was transformed using the
SCTransform function. The 3,000 most variable genes and anchors were identified and the data
was integrated using the default parameters. This integrated dataset was visualised using
UMAP (Becht et al., 2019) with the first 30 principle components. Clusters were identified based
on the expression of known marker genes and expression levels of genes of interest was

performed using the FeaturePlot function in Seurat.

Bulk RNA sequencing of AHSPCs in active and quiescent culture conditions was performed by
|. Blomfield in collaboration with the Crick Sequencing STP and analysed by S. Vaga as
previously described (Blomfield et al., 2019). Briefly, the KAPA mRNA HyperPrep Kit for lllumina
(KAPA, Biosystems, Wilmington, MA, USA) was used to according to manufacturer’s
instructions to prepare the libraries for sequencing. Libraries were sequenced using Hiseq4000
(llumina) and quality of reads was evaluated using FastQC (Version 0.11.2) (Andrews. 2010).
Sequences that passed the quality assessment using Trimmomatic (Version 0.32) (Bolger et al.,
2014), were aligned to the mm10 genome using tophat2 (Version 2.0.14) (Kim et al., 2013) with
bowtie2 (Version 2.1.0) (Langmead et al., 2012) or for the quiescent AHSPC dataset, Cufflinks
(Trapnell et al., 2010). Transcript abundance level (transcript count) was generated using
HTSeq (Version 0.5.3p9) (Anders et al., 2015) and were further processed using R software
environment for statistical computing and graphics (Version 3.4.0). Normalisation, removal of
batch effects and other variants was performed using EDASeq R package (Risso et al., 2011)
and RUVseq package (remove unwanted variation from RNA sequencing package) (Risso et
al., 2014).

2.2.9 Constructs, Plasmid Transfection and Viral Transduction

The 7TGC Wnt reporter plasmid was a gift from Roel Nusse (Addgene, plasmid # 24304 ) (Fuerer

et al., 2010) and was supplied as a bacterial stab. Bacteria were streaked for single colonies on
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an ampicillin (100ug/ml) agar plate and grown overnight. Isolated single colonies were then
picked to inoculate an overnight culture in 3ml of LB broth + 0.1mg/ml ampicillin. 500ul of this
overnight culture was amplified in 100ml LB broth + 0.1mg/ml ampicillin overnight. 500ul of this
overnight culture was mixed with 50% glycerol in dH20 in a cryotube and frozen at -80°C to
produce a glycerol stock of the plasmid. The 100ml overnight culture was then centrifuged for
15mins at 6693rcf at 4°C and the supernatant discarded. Pellets were then processed for
plasmid isolation (MaxiPrep) using the EndoFree® Plasmid Maxi Kit (Qiagen, 12362) according
to manufacturer’s instructions or stored at -20°C until the MaxiPrep protocol was performed. The
7TGC plasmid identity was confirmed by Sanger sequencing performed by the Crick Genomics
Equipment Park STP using the following primers: 5-GGCCCGAAGGAATAGAAG-3’ (Tm:
52.5°C) and 5-AACGGGCCACTCCTC-3 (Tm: 57.8°C).

Active AHSPCs were cultured in laminin pre-coated T75 flasks in 20ng/ml FGF2 + 20ng/ml EGF
AHSPC media prior to nucleofection with the 7TGC Wnt reporter plasmid. Active AHSPCs were
detached using Accutase, as described previously, and counted. 5x10° cells were used per 10ug
of 7TGC plasmid for each nucleofection. Nucleofection was performed using the Amaxa mouse
neural stem cell nucleofector kit (Lonza, VPG-1004) with an Amaxa Nucleofector || machine on
programme A-033 according to manufacturer’s instructions. Following nucleofection, 5x10° cells
were resuspended in 4ml 20ng/ml FGF2+ 20ng/ml EGF active AHSPC media and distributed
between 8x laminin pre-treated coverslips in P24 wells (approximately 6.25x10° cells, however
many cells die after the nucleofection) and active AHSPC media (20ng/ml FGF2 + 20ng/ml EGF)
was refreshed the next day. 48hrs after nucleofection, cells on coverslips in P24 wells were fixed
with 4% PFA/PBS for 10mins at room temperature before being stored at 4°C in PBS until they
were processed for immunofluorescence protocols. To induce quiescence in 7TGC
nucleofected active AHSPCs, media was changed to quiescent culture conditions (20ng/ml
FGF2 + 20ng/ml BMP4 AHSPC media) 24hrs after nucleofection and maintained for 72hrs

before fixation as described above.

Cre adenovirus (Ad-CMV-iCre, Vector Biolabs, 1045) was used to induce the deletion of j3-
catenin in AHSPCs derived from B-cat™" ®*6; RYFP mouse strain. p-cat”" ®3® AHSPCs in active
AHSPC media (20ng/ml FGF2 + 20ng/ml EGF and 20ng/ml FGF2) were plated onto laminin
pre-coated coverslips in P24 wells (50,000 cells/well), P6 wells (200,000 cells/well) or 10cm
Petri dishes (1million cells). The following day, the active AHSPC media was refreshed with

active AHSPC media only (non-transduced Control), active AHSPC media with 100 multiplicity
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of infection (moi) empty adenovirus (Ad-CMV-Null, Vector Biolabs, 1300) or active AHSPCs
media with 100moi Cre Adenovirus and incubated overnight. The following morning, active
AHSPC media (20ng/ml FGF2 + 20ng/ml EGF and 20ng/ml FGF2) was refreshed and the
AHSPCs collected forimmunofluorescence, QPCR and Western blot analysis 24-, 48- and 72hrs
post-virus transduction. To induce deletion of B-catenin in quiescent p-cat™ 6 AHSPCs, the
media was refreshed for quiescent AHSPC media (20ng/ml FGF2 + 20ng/ml BMP4), 24hrs after
plating the active AHSPCs as described above. 72hrs later, the quiescent AHSPC media was
refreshed with quiescent AHSPC media only (non-transduced Control), quiescent AHSPC
media with 100moi empty adenovirus or quiescent AHSPCs media with 100moi Cre Adenovirus

and incubated overnight. The quiescent AHSPC media was refreshed the following morning.

2.2.10 Cell Treatments

To inhibit and activate canonical Wnt signalling in active and quiescent AHSPC cultures, small
molecule Wnt antagonists and agonists were added to active or quiescent AHSPC media and
incubated with AHSPCs at 37°C, 5% CO; for various times before analysis. All treatments were
performed in duplicate wells to generate technical repeats of each experimental condition for
each biological replicate. Biological replicates constitute individual experiments initiated on
separate days from consecutive AHSC passages. Experiments were repeated with three

biological replicates (n=3) unless stated otherwise.

To inhibit canonical Wnt signalling in active AHSPC cultures, the following small molecule Wnt
inhibitors were incubated with active AHSPCs for 24hrs or 48hrs: C59 (gifted by the J. Smith
lab), Dkk1 (R&D Systems, 5897-DK), IWR (gifted by the J. Smith lab), LF3 (Sigma, SML1752),
LGK974 (Cayman Chemical, 14072), sFRP1 (R&D Systems, 5396-SF) and sFPR3 (R&D
Systems, 592-FR). For these experiments, active AHSPCs were plated on laminin pre-coated
coverslips in P24 wells (50,000 cells/well) or laminin pre-coated P6 wells (200,000 cells/well)
and incubated overnight at 37°C, 5% CO.. The following day, active AHSPC media was
refreshed for active AHSPC media supplemented with either the vehicle Control for each Wnt
antagonist (either DMSO or 0.1% BSA/PBS) or active AHSPC media supplemented with one of
the Wnt antagonists listed above. AHSPCs were collected for immunofluorescence and qPCR
analysis 24hrs or 48hrs later. In all cases, the concentration of the Wnt antagonists used were
titrated to optimise experimental conditions and treatment media was refreshed every 24hrs

where necessary.
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For experiments treating 7TGC transfected active AHSPCs with the Wnt antagonist LGK974,
active AHSPCs were nucleofected as described above and plated onto laminin pre-coated
coverslips in P24 wells (6.25x10° cells/well). The following day, the active AHSPC media was
refreshed for active AHSPC media supplemented with either DMSO vehicle Control or 1uM,

2.5uM and 5uM LGK974 and samples were collected for immunofluorescence 24hrs later.

For the proof of principle experiment of Wnt inhibition, active AHSPCs were plated onto laminin
pre-coated P6 wells (200,000 cells/well) and incubated at 37°C, 5%CO.. Active AHSPC media
was refreshed 24hrs later for active AHSPC media supplemented with either DMSO vehicle
Control, the Wnt agonist 5uM CHIR99021 (BioVision, 1677-5), the downstream Wnt antagonist
30uM LF3, or both 5uM CHIR99021+ 30uM LF3. Samples were collected for RNA extraction

and qPCR analysis 48hrs later. Treatment media was refreshed every 24hrs where necessary.

To stimulate canonical Wnt signalling using the GSK3p inhibitor CHIR99021 in active AHSPCs,
active AHSPCs (10ng/ml FGF2) were plated onto laminin pre-coated coverslips in P24 wells
(50,000 cells/well) or onto laminin pre-coated P6 wells (200,000 cells/well). Active AHSPC
media (10ng/ml FGF2) was refreshed the following day and supplemented with either DMSO
vehicle Control or 1uM CHIR99021, or 5uM CHIR99021 or 10uM CHIR99021. Active AHSPCs
were collected 72hrs later for immunofluorescence and qPCR analysis. Treatment media was

refreshed after 36hrs.

To stimulate canonical Wnt signalling using the GSK3p inhibitor CHIR99021 in quiescent
AHSPCs, active AHSPCs (20ng/ml FGF2+ 20ng/ml EGF) were plated onto laminin pre-coated
coverslips in P24 wells (50,000 cells/well) or onto laminin pre-coated P6 wells (200,000
cells/well). The following day, active AHSPC media (20ng/ml FGF2 + 20ng/ml EGF) was
replaced with quiescent AHSPC media (20ng/ml FGF2 + 20ng/ml BMP4) and cells were
incubated at 37°C 5% CO, for 48hrs. Afterwards, the quiescent AHSPC media was refreshed
and supplemented with either DMSO vehicle Control or the indicated concentrations of
CHIR99021. Samples were collected 6hrs, 12hrs, 24hrs, 48hrs and 72hrs later as indicated for

immunofluorescence or gPCR analysis.
To compare the phenotype of stimulating canonical Wnt signalling in quiescent AHSPCs using

the GSK3p inhibitor CHIR99021 vs recombinant Wnt3a (R&D Systems, 1324-WN), active
AHSPCs (20ng/ml FGF2) were plated onto laminin pre-coated coverslips in P24 wells (50,000
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cells/well) or P6 wells (200,000 cells/well) and incubated overnight at 37°C 5%CO2. The
following day, active AHSPC media was replaced with quiescent AHSPC media (20ng/ml FGF2
+ 20ng/ml BMP4) and AHSPCs were incubated at 37°C 5%CO; for 72hrs. Following this, the
quiescent AHSPC media was refreshed and supplemented with either vehicle Control (DMSO
or 0.1%BSA/PBS) or 5uM CHIR99021 or 250ng/ml rWnt3a or 500ng/ml rWnt3a. Samples were
collected 48hrs later for immunofluorescence and qPCR analysis. Treatment media was

refreshed every 24hrs where necessary.

To stimulate canonical Wnt signalling in active p-cat™ ®36 AHSPCs after p-catenin deletion,
active p-cat” 36 AHSPCs were treated with active AHSPC media (20ng/ml FGF2)
supplemented with 5uM CHIR99021 48hrs after Cre and Null virus transduction as described
above. 24hrs later, samples were collected in 700ul TRIzol for RNA extraction, cDNA synthesis

and qPCR analysis.

To determine the reactivation rate of quiescent p-cat”" ®*6 AHSPCs upon returning to active
culture conditions after B-catenin deletion, Cre and Null adenoviruses were applied to quiescent
pB-cat™ e3¢ AHSPCs to facilitate the deletion of B-catenin as described above. 48hrs after virus
transduction, quiescent AHSPC media (20ng/ml FGF2 + 20ng/ml BMP4) was replaced with
active AHSPC media (20ng/ml FGF2) following 2x PBS washes to remove any residual BMP4
in the wells. At this point some wells were refreshed with quiescent AHSPC media to maintain
AHSPCs in a quiescent state throughout the experiment. Samples in quiescent culture
conditions were collected at this time point as time point Ohrs and further samples in both active
and quiescent culture conditions were collected 3 days and 6 days later forimmunofluorescence

and qPCR analysis. Media was refreshed every 72hrs for all conditions.

To label cells in S-phase of the cell cycle, 0.5ul of 10mM EdU (Invitrogen, C10340) was added
to the AHSPC media of cells on coverslips in P24 wells for a final concentration of 10uM EdU in
each well. The plates were agitated slightly to ensure even mixing of the EdU in the media and
AHSPCs were incubated with the EdU for 45min-1hr at 37°C 5% CO- prior to fixation with 4%
PFA/PBS for 10mins at room temperature. To label the mitochondria of AHSPCs in culture,
AHSCs on coverslips in P24 wells were incubated with 30nM MitoTracker™ Deep Red
(LifeTechnologies, M22426) for 1hr at 37°C 5% CO- prior to fixation with 4% PFA/PBS for
10mins at room temperature. Coverslips were stored in PBS in a P24 plate at 4°C before

processing for immunofluorescence and EdU detection as described above.
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To determine the effect of chronic loss of B-catenin in p-cat™ ®3¢ AHSPCs, active p-cat™ <
AHSPCs were plated in a T25 flask and transduced with either Cre or Null adenovirus as
described above. These cells were maintained in the long-term in active culture conditions
(20ng/ml FGF2). At 6-, 12- and 18 days after virus transduction, AHSPCs were plated on laminin
pre-coated coverslips in P24 wells (50,000 cells/well) and in laminin pre-coated P6 wells
(200,000 cells/well) and assayed for their maintenance as active AHSPCs, ability to enter a
quiescent state and the ability to differentiate into astrocytes and neurons. After plating,
transduced active B-cat"" 3¢ AHSPCs were collected for immunofluorescence and qPCR
analysis at the indicated times. To determine how chronic B-catenin deletion affects quiescent
entry, plated transduced p-cat”" ®3*¢ AHSPCs were switched to quiescent culture conditions
(20ng/ml FGF2 + 20ng/ml BMP4) and were collected for immunofluorescence and qPCR
analysis 72hrs later. To determine how chronic -catenin deletion affects neuronal and astrocytic
differentiation, the active AHSPC media (20ng/ml FGF2) on transduced p-cat™" 36 AHSPCs
was changed to basal media + 2% B27 to promote neuronal differentiation and to basal media
+ 2% FBS to promote astrocytic differentiation. AHSPCs were cultured in these media conditions

at 37°C 5% COz and samples were collected 5 days later for analysis.

2.2.11 Protein Purification and Western Blots

For Western blot analysis of B-catenin protein in active B-cat™" 3¢ AHSPCs following Cre and
Null adenovirus transduction, active p-cat™ ®3® AHSPCs were plated in laminin pre-coated
10cm dishes (1million AHSPCs per dish) and virus transduction in active p-cat”™ 3¢ AHSPCs
was performed as described above. Samples were collected at the various time points after
virus transduction as indicated. Non-transduced quiescent p-cat""®x3® AHSPCs and dissected
P14 hippocampus samples were used for Wnt7a Western blots. Upon sample collection, dishes
were kept on ice whilst the AHSPC media was aspirated and AHSPCs were washed with ice-
cold PBS. 250ul of lysis buffer (ThermoFischer Scientific, 87788) supplemented with
phosphatase inhibitor (ThermoFischer Scientific, 78420), EDTA (ThermoFischer Scientific,
87788) and protease inhibitor (ThermoFischer Scientific, 87786) was added to the dishes and
cells were scraped from the dish and collected in a 500ul Eppendorf. Samples were lysed under
rotation at 4°C for 20mins and then centrifuged at 13,000 rpm at 4°C for 20mins. 400ul of
supernatant was transferred to a clean Eppendorf and an equal volume of Laemmli sample
buffer (Sigma, S3401-10VL) was added before boiling at 95°C for 5mins.
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Samples were run on a polyacrylamide gel at 120V and then transferred onto a nitrocellulose
membrane. Membranes were then blocked with 5% BSA in TBS-Tween for 90mins at room
temperature with rocking. After blocking, membranes were incubated with primary antibody,
diluted as described in Table 1 in 5% BSA in TBS-Tween + 0.02% sodium azide, overnight at
4°C under rotation. The following day membranes were washed 5x 10mins with TBS-Tween
prior to incubation with secondary antibody, diluted as described in Table 1 in 5% milk in TBS-
Tween, for 2hrs at room temperature with rocking. Membranes were washed 5x 10mins with
TBS-Tween followed by 2x 10mins washes with TBS under rocking. Detection was performed
using ECL Western Blotting reagents (Sigma, GERPN2106) according to manufacturer’s

instructions and blots were developed using Kodak films.

For Actin Western blots following the development of Wnt7a Western blots, membranes were
washed 3x 10mins with TBS and the incubated with stripping buffer (ThermoScientific, 46430)
for 30mins at room temperature with rocking. Membranes were washed 3x 10mins with TBS
before repeating the steps listed above starting from the blocking step and using a primary

antibody against Actin.

2.3 Quantifications and Statistical Analysis

2.3.1 Quantification of Immunofluorescence

All samples were blinded by a third party prior to quantification. AHSCs in DG images were
identified as having a DAPI+ (Sox2+) cell body located within the subgranular zone (SGZ) co-
localised with a GFAP+ radial projection through the granule cell layer (GCL) spanning a
minimum of 2 cell nuclei away from the AHSC nucleus. Displaced AHSCs were identified as
above but with the DAPI+ Sox2+ cell body being located more than 2 nuclei’s distance away
from the SGZ.

For quantifying the proportion of cells expressing specific markers in DG images, a minimum of
200 cells were counted per animal for a minimum of 3 animals per genotype. For quantifying the
total number of cells/SGZ length mm, a minimum of 3 sections per series per mouse was
quantified for a minimum of 3 mice per genotype. The freehand line tool in Fiji (Schindelin et al.,
2012) was used to measure the length of the SGZ in um. Fiji was used to measure the nuclear

signal intensity of immunolabelled cells by selecting for the DAPI+ area of the identified cell in a
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single z-plane and measuring the intensity in the selected channel (0-255 Arbitrary Units (A.U.).).
A DAPI negative area in the hilus was chosen to measure the background levels of the signal
and this value (0-255 A.U.) was subtracted from the value obtained from the immunolabelled

cell.

For quantification of cultured AHSPC immunolabelled samples, the DAPI channel was used to
generate a mask of all nuclei using the Fiji software. This mask was used to measure the
average pixel intensity for each channel within the area of each nuclei. The proportion of cultured
AHSPCs expressing specific markers was quantified by setting a signal threshold and
expressing the number of positive cells as a percentage of the total number of cells. For each
experiment, at least 100 cells were quantified across 3 biological replicates unless stated

otherwise.

2.3.2 Statistical Analysis

Statistical analyses were conducted using an unpaired Student’s t-test; One-way ANOVA with
Tukey’s or Dunnett’'s multiple comparison tests; Two-way Anova with Sidak’s or Tukey’s multiple
comparisons tests and Three-way Anova with Tukey’s multiple comparisons as appropriate
using the Prism software. All error bars represent the mean + SEM. Significance is stated as
follows: ns, p>0.05. *, p<0.05. **, p<0.01. ***, p<0.001. ****, p<0.0001. The statistical details for

each experiment are recorded in the figure legends.
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Chapter 3. Results 1: Adult Hippocampal Stem Cells
Respond to Canonical Wnt Signalling Independent of their

Activation State

To understand the role of canonical Wnt signalling in regulating adult hippocampal stem cell
(AHSC) biology and behaviour, | first worked to establish how these cells respond to canonical
Whnt signalling in vivo and in vitro. As such, the aim of this chapter is to characterise the response
of AHSCs to canonical Wnt signalling both in vivo and in the in vitro model system of active and
quiescent adult hippocampal stem and progenitor cells (AHSPCs). In this chapter, | will present
RNA sequencing data showing that AHSCs in vivo and AHSPCs in vitro express components
of the canonical Wnt signalling pathway, which agrees with published works (Lie et al., 2005;
Wexler et al., 2009). This shows that AHSCs in vivo and AHSPCs in vitro possess the necessary
machinery to respond to canonical Wnt signalling. | will also present data from Wnt reporter
models showing that AHSCs in vivo and AHSPCs in vitro respond heterogeneously to
endogenous levels of canonical Wnt signalling in a manner that is independent of their activation

state.

3.1 Adult Hippocampal Stem Cells Express Components of the

Canonical Wnt Signalling Pathway in vivo and in vitro

3.1.1 Adult Hippocampal Stem Cells in vivo Express the Machinery to Respond to

Canonical Wnt Signalling

To determine whether AHSCs in vivo express components of the canonical Wnt signalling
pathway, | utilised the in vivo single cell RNA sequencing dataset generated by members of the
Guillemot lab. To generate this dataset M. Masdeu, L. Harris and myself dissected the dentate
gyrus (DG) of 2 month old Nestin-GFP adult mice (Mignone et al., 2004) as described (Walker
et al., 2014). M. Masdeu and L. Harris then dissociated the dissected tissue to achieve a single
cell suspension which was Fluorescence-Activated Cell (FAC) Sorted, in collaboration with the
Crick Flow Cytometry Science Technology Platform (STP), for the Nestin-GFP+ population.
Nestin is an intermediate filament protein that is transiently expressed in AHSCs and
intermediate progenitor cells (IPCs) and disappears during differentiation (Dahlstrand et al.,
1995). Therefore, FAC Sorting for Nestin-GFP+ cells selects for AHSCs and IPCs, although

some astrocytes, oligodendrocyte precursor cells and oligodendrocytes were also obtained in
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these preparations perhaps due to leaky expression of the randomly integrated Nestin-GFP
reporter (Mignone et al., 2004). These cells were then processed for single cell RNA sequencing
by M. Masdeu and L. Harris in collaboration with the Crick Sequencing STP. Analysis of these
datasets was performed by S. Vaga, Z. Gaber and L. Harris. Datasets were merged using Seurat
(Stuart et al.,, 2019) and visualised using Uniform Manifold Approximation and Projection
(UMAP) for dimension reduction (Becht et al., 2019). The cluster identities were determined
according to the expression of cell specific markers. Astrocytes and oligodendrocyte precursor
cells/oligodendrocytes were removed from the dataset based on the expression of astrocyte and
oligodendrocyte markers, such as Aldoc and Mog, and the data was re-clustered to visualise
the AHSCs and IPCs only. The “AHSC” cluster was identified by the high expression of the
AHSC markers HopX and Apoe and the low expression of the astrocyte marker Aqp4 (Figure
3.1A). This cluster predominately contains AHSCs in a quiescent state due to their low
expression of cell cycle genes such as Mcm2. In this dataset, active AHSCs could not be
distinguished from proliferating IPCs due to their low numbers, therefore active AHSCs cluster
alongside the IPCs according to their stage in the cell cycle. “G1 IPCs” were identified by the
high expression levels of Tbr2 as well as genes associated with G1 of the cell cycle such as
MCM2-7 (Figure 3.1A). The “G2/M/S Proliferating Cells” cluster was identified by the expression
of genes associated with G2/M/S of the cell cycle such as Ki67 and includes active AHSCs and
IPCs (Figure 3.1A). The “Differentiating IPCs” cluster was identified based on the expression of
neuronal differentiation genes such as NeuroD1 and DCX (Figure 3.1A). Visualisation of the
cellular clusters in low-dimensional space using UMAP revealed that the AHSCs cluster away
from the proliferating and differentiating IPCs, highlighting intrinsic differences between the

quiescent AHSC and proliferating IPC populations.

Single cell RNA sequencing datasets are limited by the low sensitivity of sequencing methods
detecting lowly expressed transcripts in some cells, highlighting that a lack of detection does not
necessarily mean a lack of expression (Haque et al., 2017). Nevertheless, single cell RNA
sequencing datasets are useful tools to compare the transcriptomes of different cell types and
assess transcriptional heterogeneity within cell populations (Haque et al., 2017). | therefore used
this single cell RNA sequencing dataset to examine the expression of Wnt associated genes
within the AHSC and IPC clusters (Figure 3.1A). | found that subsets of cells within each cluster
express components of the canonical Wnt signalling pathway. The Wnt receptors Fzd1, Fzd2
and Lrp6 (Figure 3.1B, 3.1C and 3.1D) are expressed in a proportion of both AHSCs and IPCs
in a salt and pepper manner highlighting the heterogeneity of gene expression within these

clusters. Fzd3 (Figure 3.1E) appears to be more abundant in IPCs compared to AHSCs
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suggesting a difference in the demand for Wnt signalling between AHSCs and IPCs. Lrp5, Fzd6
and Fzd9 (Figure 3.1F, 3.1G and 3.1H) are expressed in both the AHSC and IPC clusters,
however, fewer cells express these Wnt receptors. Fzds 4, 7 and 8 are expressed by very few
cells within the AHSC and IPC clusters (data not shown).
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Dissection of Nestin-GFP mice was performed by M. Masdeu, L. Harris and myself. Samples
were processed for FAC Sorting by M. Masdeu and L. Harris and GFP+ cells were sorted in
collaboration with the Crick Flow Cytometry STP. Single cell RNA sequencing of Nestin-GFP+
cells was performed by M. Masdeu and L. Harris in collaboration with the Crick Sequencing
STP. Analysis of this data was performed by S. Vaga, Z. Gaber and L. Harris and is used here
with permission.

(A) UMAP plot showing the clusters of cells FAC Sorted from 2-month-old Nestin-GFP mice.
Cluster identities were determined based on the expression patterns of cell specific markers.
(B, C, D, E, F, G, H) UMAP plots showing the gene expression patterns of the Wnt receptors
Fzd1 (B), Fzd2 (C), Lrp6 (D), Fzd3 (E), Lrp5 (F), Fzd6 (G) and Fzd9 (H) within the AHSC and
IPC clusters described in (A).

Both AHSCs and IPCs express downstream Wnt pathway components such as APC and
GSK3p of the B-catenin destruction complex (Figure 3.2B and 3.2C). AHSCs, and to a higher
extent IPCs, also express the transcription factor S-catenin, which is essential for the activation
of a canonical Wnt dependent transcriptional programme (Figure 3.2D). They also express the
co-transcription factors Lef1 and TCF7/2 (Figure 3.2E and 3.2F) of the transcription activator
complex indicating that they are expressing the machinery that will allow them to respond to
canonical Wnt signalling. Axin2 is a component of the p-catenin destruction complex and is a
direct target gene of canonical Wnt signalling (Yan et al., 2001b; Jho et al., 2002). As such,
Axin2 expression is commonly used as a read-out of canonical Wnt signalling levels in cells
(Yan etal., 2001b; Jho et al., 2002). Few cells express AxinZ2 in both the AHSC and IPC clusters
(Figure 3.2G), which could indicate that the endogenous level of canonical Wnt signalling is low
in AHSCs and IPCs. However, the low detection of Axin2 expression levels could reflect the
limitations of single cell RNA sequencing, as genes that are lowly expressed can remain

undetected using this technique (Haque et al., 2017).
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Figure 3.2: in vivo single cell RNA sequencing data showing the expression of Wnt

pathway components in Nestin-GFP+ AHSCs and IPCs.
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(A) UMAP plot showing the clusters of cells FAC Sorted from Nestin-GFP 2-month-old mice.
Cluster identities were determined based on the expression patterns of cell specific markers.
(B, C, D, E, F, G) UMAP plots showing the gene expression patterns of the Wnt pathway
components APC (B), Gsk3p (C), p-catenin (D), Lef1 (E), Tcf712 (F) and Axin2 (G) within the
AHSC and IPC clusters described in (A).

A subset of AHSCs and IPCs also express Wnt ligands such as Wnt5a, Wnt7a, Wnt7b and
Wnt8b (Figure 3.3B, 3.3C, 3.3D and 3.3E), suggesting that these cells could be producing their
own Whnt ligands within the DG niche. In addition, AHSCs and IPCs express the Wnt inhibitors
Dkk3 and sFRP1 (Figure 3.3F and 3.3G), indicating that these cells play a role in regulating Wnt
signalling levels within the DG neurogenic niche.

103



Chapter 3. Results 1

Clusters Whntda
® AHSCs 2.0
. ©G1IPCs ! 1.5
. ® G2/M/S 82
5 Proliferating cells 5. 0.0
o, @ Differentiati N < '
a BTN Irrerentiating o
< o S Al < e
s " - ﬂ..' o
oo g L g 201 .
-10 -10 -5 0 5 10
UMAP_1
Wnt7. Wnt7b
tra 2.0 2.0
15 15
1.0 1.0
0.5 0.5
~ 51 0.0 ~ 5 g 0.0
[a o "‘ :"u
-] 0 > 0; .:" »‘1. 3 %
& ths
-10 -5 0 5 10 -10 -5 0 5 10
UMAP_1 UMAP_1
F
Wnt8b Dkk3
2.0 20
15 15
1.0 1.0
05 05
~ 5 0.0 ~ 5 0.0
% % ~
. = R ;.
% 0 .‘,[" 2 0; 2 - Y 5:::
e g 540
Jard o
-10 -5 0 5 10 -10 -5 0 5 10
UMAP_1 UMAP_1
G
SFRP1
20
15
1.0
0.5
N 5 0.0
o AR
< ", ¥ AL
= ST oy
2 0] RS s 3Pt
o "'Ja._ e
-10 -5 0 5 10
UMAP_1

Figure 3.3: in vivo single cell RNA sequencing data showing the expression of Wnt

ligands and Wnt inhibitors in Nestin-GFP+ AHSCs and IPCs.
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(A) UMAP plot showing the clusters of cells FAC Sorted from Nestin-GFP 2-month-old mice.
Cluster identities were determined based on the expression patterns of cell specific markers.
(B, C, D, E, F, G) UMAP plots showing the gene expression patterns of the Wnt ligands and
inhibitors Wntba (B), Wnt7a (C), Wnt7b (D), Wnt8 (E), Dkk3 (F) and sFRP1 (G) within the AHSC
and IPC clusters described in (A).

| also used immunofluorescence techniques to determine the protein expression of B-catenin in
AHSCs in vivo, which is the key transcription factor essential for the transduction of canonical
Wnt signalling (Molenaar et al., 1996). AHSCs can be identified based on their expression of
cell markers such as glial fibrillary associated protein (GFAP), their subgranular zone (SGZ) cell
body location and their characteristic radial morphology. Therefore, in these sections AHSCs
were identified as having a DAPI+ cell body located in the SGZ of the DG with a GFAP+ radial
projection through the granule cell layer (GCL) (Figure 3.4, arrowheads). Co-immunolabelling of
AHSCs with two different antibodies against the C-terminal domain of B-catenin showed that
AHSCs are positive for B-catenin protein (Figure 3.4). Overall, this data shows that AHSCs in
vivo express canonical Wnt pathway components at both the mRNA and protein level, indicating

that they have the necessary machinery to respond to canonical Wnt signalling.

GFAP GFAP B-catenin B-catenin GFAP [3-catenir BD B-catenin
aa768-781 aa768-781 / /

P60 Dentate Gyrus

Figure 3.4: AHSCs express B-catenin at the protein level.

Representative images of a GFAP+ p-catenin+ AHSC in the dentate gyrus (DG) of a 2-month-
old mouse. AHSCs were identified as cells with an SGZ located DAPI+ cell body with a GFAP+
radial projection through the GCL. Co-immunolabelling with two different antibodies raised
against the C-terminal domain of p-catenin highlighted p-catenin+ AHSCs (arrowhead). Scale

bars represent 20pum.
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3.1.2 Active and Quiescent AHSPC Cultures Recapitulate the Gene Expression Patterns

of Wnt Pathway Components Observed in vivo.

As previously described, |I. Blomfield of the Guillemot lab established an in vitro model of
AHSPCs in both an active and quiescent state (Blomfield et al., 2019). In this model, active
AHSPCs are maintained in an active/proliferative state by culturing them in the presence of high
concentrations of mitogens (10-20ng/ml FGF2 + 20ng/ml EGF or 10-20ng/ml FGF2 only)
(Blomfield et al., 2019). A reversible state of quiescence can be induced in active AHSPC
cultures through the addition of BMP4 (10-20ng/ml FGF2+ 20ng/ml BMP4) (Blomfield et al.,
2019). This model not only allows me to investigate the role of canonical Wnt signalling in active
and quiescent AHSPCs, but also allows me to investigate the role of canonical Wnt signalling in
the switch between these two AHSPC states. Additionally, it is a useful tool to investigate the
molecular mechanisms induced by canonical Wnt signalling in AHSPCs. Before investigating
these molecular mechanisms, | first needed to establish whether the AHSPC cultures express
components of the canonical Wnt signalling pathway as they do in vivo (Figures 3.1, 3.2 and
3.3). To do this, | used bulk RNA sequencing datasets generated by |. Blomfield of both active
(10ng/ml FGF2) and quiescent (10ng/ml FGF2 + 20ng/ml BMP4) AHSPC cultures. Using these
datasets, | compared the gene expression levels of Wnt pathway components between active

and quiescent AHSPC cultures and compared this to the in vivo data.

AHSPCs in vitro express a variety of Frizzled (Fzd) Wnt receptors such as Fzd1, Fzd2, Fzd3,
Lrp5and Lrp6 (Figure 3.5A) recapitulating the in vivo observations. These Wnt receptors appear
to be differentially expressed between the active and quiescent cultures, for example Fzd2,
Fzd9, Fzd8 and Lmp5 are more highly expressed in active AHSPCs, whereas Fzd1, Fzd3 and
Fzd5 are more highly expressed in quiescent AHSPCs. This could reflect varying demands for
Whnt signalling between active and quiescent AHSPCs. Other Wnt pathway components, such
as p-catenin, Gsk3f and DvI3 (Figure 3.5B) are more highly expressed in active AHSPCs
compared to quiescent AHSPCs, which could again reflect a greater demand for canonical Wnt
signalling in active AHSPCs. However, the Wnt target gene Axin2 (Figure 3.5B) is expressed at
a similar level in both active and quiescent AHSPC cultures. This could indicate that Axin2 is
regulated by other transcription factors in AHSPCs in vitro. Alternatively, it could suggest that
active and quiescent AHSPCs respond similarly to canonical Wnt signalling despite potential

differing demands for the upstream pathway components and cell surface receptors.
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| also found that active and quiescent AHSPCs express a number of Wnt ligands (Figure 3.5C)
that have been shown to preferentially activate both the canonical and non-canonical Wnt
signalling pathways. The non-canonical Wnts, Wnt5a and Wnt5b are differentially expressed
between active and quiescent AHSPCs with Whtba being more highly expressed in both states
compared to Wnt5b (Figure 3.5C). The canonical Wnts, Wnt7a and Wnt7b, are expressed in
both active and quiescent AHSPCs but are more highly expressed in active AHSPCs (Figure
3.5C). Wnt ligand expression is translated into protein in these AHSPC cultures, as shown by
Western blot of Wnt7a in quiescent AHSPC lysate (Figure 3.5D). The production of Wnt ligands
alongside the expression of Fzd Wnt receptors in active and quiescent AHSPCs suggests the
possibility of autocrine or paracrine Wnt signalling within these AHSPC cultures and highlights

their ability to regulate their own behaviour.
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Figure 3.5: Bulk RNA sequencing and Western blot analysis of Wnt pathway components
in active (10ng/ml FGF2) and quiescent (10ng/ml FGF2 + 20ng/ml BMP4) AHSPC cultures.

RNA sequencing data from active and quiescent AHSPC cultures was produced by |. Blomfield

and analysed by S. Vaga. These data are used here with permission. An unpaired Student’s t-
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test was used for statistical analysis, (*, p<0.05. **, p<0.01. ***, p<0.001. ****, p<0.0001). Error
bars represent mean with SEM. n=3 biological replicates.

(A, B, C) RNA sequencing analysis comparing the gene expression levels of Wnt receptors (A),
Wnt pathway components (B) and Wnt ligands (C) between active (FGF2 10ng/ml) and
quiescent (10ng/ml FGF2 + 20ng/ml BMP4) AHSPC cultures. (A) Differential expression of Wnt
receptors between active and quiescent cultures could reflect different demands for canonical
Whnt signalling between AHSPC states. (B) Similar expression levels of Axin2 suggests similar
levels of Wnt signalling in active and quiescent AHSPC cultures. (C) Expression of Wnt ligands
in both active and quiescent AHSPC cultures highlights the possibility of autocrine/paracrine
Whnt signalling. FPKM = Fragments per Kilobase of transcript per Million mapped reads.

(D) Wnt7a Western Blot in quiescent AHSPC lysates shows that quiescent AHSPCs produce

Whnt protein. Lysate from dissected P14 hippocampus samples was used as a positive control.

3.2 AHSCs in vivo Respond to Canonical Wnt Signalling Independently

of their Activation State

By using the in vivo single cell RNA sequencing dataset of Nestin-GFP+ FAC Sorted cells, |
found that AHSCs express components of the canonical Wnt signalling pathway, indicating that
they possess the machinery to respond to canonical Wnt signalling. | next wanted to investigate
whether AHSCs respond to canonical Wnt signalling in vivo under normal conditions. The
expression of the Wnt target gene Axin2, observed in some AHSCs from the single cell RNA
sequencing dataset, indicated that some AHSCs in vivo respond to canonical Wnt signalling
(Figure 3.2G). To investigate this further, | took advantage of available Wnt reporter mouse
models that exploit the transcriptional activation mechanism of canonical Wnt signalling to
provide a read-out of canonical Wnt signalling levels in cells. One model used was the BATGAL
Whnt reporter mouse model (Maretto et al., 2003). These transgenic mice were engineered to
express the LacZ gene under the control of 7 x B-catenin/TCF/LEF responsive elements
(Maretto et al., 2003). This means that cells responding to canonical Wnt signalling in these
mice will express nuclear B-galactosidase. The p-galactosidase reporter can be visualised
through its reaction with X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside), which is a
soluble colourless glycoside consisting of galactose linked to a substituted indolyl. B-
galactosidase hydrolyses X-gal thus releasing the indolyl group from galactose (Trifonov et al.,
2016). Dimerisation of two indolyl moieties and their subsequent oxidation results in the

production of an insoluble blue/indigo precipitate that represents the expression of the (-
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galactosidase reporter (Cotson et al., 1958; Trifonov et al., 2016). For all experiments throughout
this thesis, B-galactosidase expression was visualised with immunofluorescence techniques
using an antibody against p-galactosidase. This approach was used to allow for co-
immunolabelling with cell specific markers to characterise the cells of the neurogenic lineage for

their response to canonical Wnt signalling in vivo.

| used 2-month-old BATGAL mice to characterise the cells within the DG for their response to
canonical Wnt signalling. Immunostaining for 3-galactosidase in the DG of 2-month-old BATGAL
mice, showed that a large number of cells within the DG were BATGAL+ (B-galactosidase+) and
therefore responding to canonical Wnt signalling (Figure 3.6A). As the levels of Wnt ligands and
Whnt inhibitors change with age (Seib et al., 2013; Okamoto et al., 2011; Miranda et al., 2012), |
also looked at 7-month-old BATGAL mice, to see how the response to canonical Wnt signalling
in the DG changes with age (Figure 3.6B). | found that there are fewer BATGAL+ cells in the
DG of 7-month-old BATGAL mice (Figure 3.6B), which could reflect the age-dependent changes

in the niche microenvironment (Seib et al., 2013; Okamoto et al., 2011; Miranda et al., 2012).

By combining immunostaining of the canonical Wnt reporter pB-galactosidase with
immunostaining of neurogenic lineage markers, | characterised the cells across the neurogenic
lineage for their Wnt responsiveness. As before, AHSCs were identified by the localisation of
their cell body in the SGZ and the presence of a GFAP+ radial process projecting through the
GCL (Figure 3.6A and 3.6B). Quantifying the proportion of BATGAL+ AHSCs in 2-month-old
and 7-month-old BATGAL mice showed that around 30% of the AHSCs were BATGAL+ in 2-
month-old BATGAL mice compared with 20% BATGAL+ AHSCs in 7-month-old mice, however
this was not statistically significant (Figure 3.6C). This indicates that AHSCs’ response to
canonical Wnt signalling slightly decreases with age, which could be due to the reported age-
associated changes in the levels of canonical Wnt signalling within the hippocampal niche
microenvironment (Seib et al., 2013; Okamoto et al., 2011). To determine the level of response
to canonical Wnt signalling in AHSCs, | measured the signal intensity of the B-galactosidase
staining in BATGAL+ AHSCs of 2-month-old and 7-month-old mice (Figure 3.6D). The range of
values in the B-galactosidase signal intensity suggests that AHSCs respond heterogeneously to
canonical Wnt signalling (Figure 3.6D). This heterogeneous response could be due to
fluctuations in the levels of Wnt ligands or Wnt inhibitors throughout the niche microenvironment.
Variations in the measured B-galactosidase signal intensities could also reflect different timings

of activation between AHSCs. Therefore, it is possible that all AHSCs respond uniformly to
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canonical Wnt signalling but exhibit a temporal heterogeneity in their response. Comparing the
B-galactosidase signal intensity of BATGAL+ AHSCs in 2-month-old vs 7-month-old mice,
shows that on average AHSCs respond similarly to canonical Wnt signalling with age (Figure
3.6D).
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Figure 3.6: Wnt responding AHSCs in the Dentate Gyrus of 2-month-old and 7-month-old
BATGAL Wnt reporter mice.
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(A, B) B-galactosidase immunolabelling in the dentate gyrus of 2-month-old (A) and 7-month-
old (B) BATGAL Wnt reporter mice, showing that cells in the SGZ and GCL respond to canonical
Whnt signalling. Enlarged boxes indicate BATGAL+ AHSCs (identified as GFAP+ cells with radial
morphology). Scale bars represent 50um.

(C) Quantification of the proportion of BATGAL+ AHSCs in 2-month-old (A) and 7-month-old (B)
mice. An unpaired Student’s t-test was used for statistical analysis, (ns, p>0.05). Error bars
represent mean with SEM. n=4 for 2-month-old and n=3 for 7-month-old.

(D) Quantification of the intensities of -galactosidase immunolabelling in BATGAL+ AHSCs in
young 2-month-old vs old 7-month-old mice. The spread of these values indicates a
heterogeneous response to canonical Wnt signalling in AHSCs in young and old mice. A.U. =
Arbitrary Units. An unpaired Student’s t-test was used for statistical analysis (ns, p>0.05). Error

bars represent mean with SEM. n=4 for 2-month-old and n=3 for 7-month-old.

As well as the AHSCs, | also characterised the cells along the neurogenic lineage for their
response to canonical Wnt signalling in 2-month-old BATGAL mice. Co-immunolabelling of -
galactosidase alongside markers for IPCs (Sox2+ GFAP-) and neuroblasts (DCX+) highlighted
that some IPCs and neuroblasts were BATGAL+ and therefore responding to canonical Wnt
signalling (Figure 3.7A and 3.7B). However, quantifying the proportion of BATGAL+ IPCs and
neuroblasts showed that very few responded to canonical Wnt signalling compared with AHSCs
and neurons (Figure 3.7C). The proportion of Wnt responding astrocytes (GFAP+) is also slightly
reduced compared to AHSCs and significantly reduced compared to neurons (Figure 3.7C). This
highlights how the different cell types across the neurogenic lineage respond differently to
canonical Wnt signalling despite residing within similar niche locations, emphasising the context
dependency of their response. | also measured the p-galactosidase signal intensity in BATGAL+
cells across the neurogenic lineage as an indication of their level of response to canonical Wnt
signalling (Figure 3.7D). AHSCs and neurons respond quite variably to canonical Wnt signalling
whereas the few neuroblasts that were BATGAL+ exhibited lower B-galactosidase signal
intensity (Figure 3.7D). On average, BATGAL+ IPCs respond similarly to canonical Wnt
signalling compared to AHSCs and neurons, however they do not exhibit the same variability in
B-galactosidase signal intensity (Figure 3.7D). This pattern of Wnt responsiveness across the
cells of the neurogenic lineage suggests that canonical Wnt signalling has a role at both early

and late stages of adult neurogenesis.
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Figure 3.7: Wnt Responding IPCs and neuroblasts in the dentate gyrus of 2-month-old
BATGAL Wnt reporter mice.
(A, B) B-galactosidase (p-gal) immunolabelling in Sox2+ GFAP- Intermediate Progenitor cells
(IPCs) (A) and DCX+ neuroblasts (B) in 2-month-old BATGAL mice.
(C) Quantification of the proportion of BATGAL+ cells across the neurogenic lineage in 2-month-
old BATGAL mice. A higher proportion of BATGAL+ AHSCs and neurons compared to

neuroblasts, progenitors and astrocytes, indicates a role for canonical Wnt signalling at early

and late stages of adult hippocampal neurogenesis. An ordinary one-way ANOVA with Tukey’s
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multiple comparison test was used for statistical analysis, (**, p<0.01. ***, p<0.001. ****
p<0.0001). Error bars represent mean with SEM. n=3.
(D) Intensities of B-galactosidase immunolabelling in BATGAL+ cells across the neurogenic
lineage. AHSCs and neurons respond to Wnt signalling with a similar dynamic, whereas
neuroblasts and astrocytes respond less to canonical Wnt signalling. BATGAL+ progenitors
respond to Wnt similarly to AHSCs on average but less variably. A.U. = Arbitrary Units. An
ordinary one-way ANOVA with Tukey’s multiple comparison test was used for statistical
analysis, (**, p<0.01. ***, p<0.001. ****, p<0.0001). Error bars represent mean with SEM. n=3.

The data | have shown so far shows that 30% of AHSCs in 2-month-old BATGAL Wnt reporter
mice respond to canonical Wnt signalling. | next wanted to investigate whether the response to
canonical Wnt signalling enriches for AHSC proliferation. To identify active/proliferating AHSCs
within the AHSCs responding to Wnt, | co-immunolabelled for the pan cell cycle marker Ki67,
alongside the AHSC marker GFAP and the Wnt reporter B-galactosidase (Figure 3.8A and 3.8B).
| found both Ki67+ BATGAL- AHSCs (Figure 3.8A) and Ki67+ BATGAL+ AHSCs (Figure 3.8B),
indicating that AHSC proliferation does not correlate with their response to Wnt signalling. |
quantified the proportion of Ki67+ AHSCs within BATGAL+ and BATGAL- AHSCs and found no
significant difference (Figure 3.8C). This suggests that AHSCs’ response to canonical Wnt

signalling does not enrich for proliferation and is independent of their activation state.
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Figure 3.8: Response to canonical Wnt signalling does not enrich for AHSC proliferation
in 2-month-old BATGAL Wnt reporter mice.

(A, B) pB-galactosidase immunolabelling in active (Ki67+) AHSCs in 2-month-old BATGAL Wnt
reporter mice. AHSCs’ response to canonical Wnt signalling is independent of their activation
state as shown by the presence of Ki67+ BATGAL- AHSCs (A) and Ki67+ BATGAL+ AHSCs
(B).

(C) Quantification of the data shown in (A, B). The proportion of proliferating (Ki67+) AHSCs is
similar between BATGAL+ and BATGAL- AHSCs indicating that AHSC activation/proliferation
is not enriched in Wnt responding AHSCs. An unpaired Student’s t-test was used for statistical

analysis, (ns, p>0.05). Error bars represent mean with SEM. n=3 biological replicates.

Comparisons between different Wnt reporter mouse models have sometimes produced varying
results (Al Alam et al., 2011; Garbe et al., 2012). Therefore, to validate the results obtained with

the BATGAL Wnt reporter mice, | used two other Wnt reporter mouse models to characterise
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the AHSCs for their response to canonical Wnt signalling. | used a second Wnt reporter mouse
line that utilises multimerised TCF/LEF binding sites to drive the expression of histone tagged
mCherry (TCF/LEF:H2B:mCherry) (Metzis et al., 2018). Immunolabelling of the Wnt reporter
mCherry in 2-month-old TCF/LEF:H2B:mCherry mice showed a similar reporter pattern
observed with the BATGAL Wnt reporter mice (Figure 3.9A). Co-immunolabelling for AHSC
markers (GFAP+ cells with RGL morphology) alongside the mCherry Wnt reporter highlighted
the presence of mCherry+ AHSCs indicating that AHSCs respond to canonical Wnt signalling in
vivo as observed with the BATGAL Wnt reporter mice (Figure 3.9A panels).

In addition to using the BATGAL and TCF/LEF:H2B:mCherry Wnt reporter mice, that both use
multimerised TCF/LEF binding sites to drive reporter gene expression, | also used an Axin2
knock-in Wnt reporter mouse line to further validate AHSCs’' response to canonical Wnt
signalling. Axin2 is a direct transcriptional target of canonical Wnt signalling and is used as a
read-out of Wnt responding cells (Yan et al., 2001b; Jho et al., 2002). | used 2-month-old Axin2-
membrane Turquoise (Axin2-mTurQ) knock-in mice (de Roo et al., 2017) to identify the Axin2+
Whnt responding cells within the DG. Immunolabelling of mTurQ using a GFP antibody generated
results with a high level of background, despite optimisations with and without antigen retrieval,
different detergents for permeabilization and different post-fixation times in 4%PFA (Figure 3.9B).
Co-immunolabelling for AHSC markers (GFAP+ /Sox2+ cells with RGL morphology) alongside
GFP to label the Axin2-mTurQ+ cells did show some Axin2-mTurQ+ AHSCs (Figure 3.9B
panels). This indicates that some AHSCs in vivo respond to canonical Wnt signalling and
reaffirms the results achieved with the BATGAL Wnt reporter mice. Overall, these data suggest
that AHSCs in vivo respond heterogeneously to canonical Wnt signalling and that their response

is independent of their activation state.
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Figure 3.9: Characterisation of Wnt responding AHSCs using TCF/LEF:H2B:mCherry and

Axin2-mTurQ Wnt reporter mice.

(A) Immunolabelling of AHSCs (GFAP+ cells with radial morphology) and mCherry in the
dentate gyrus of 2-month-old TCF/LEF:H2B:mCherry Wnt reporter mice. Boxes highlight
mCherry+ (Wnt responding) AHSCs and are enlarged in the adjacent panels. Scale bar
represents 50um.

(B) Immunolabelling of AHSCs (GFAP+/Sox2+ cells with radial morphology) and GFP (Axin2-
mTurQ) in the dentate gyrus of 2-month-old Axin2-mTurQ Wnt reporter mice. Box indicates an
Axin2-mTurQ+ AHSC, which is shown enlarged in the subsequent panels. Scale bar represents

50um.
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3.3 Active and Quiescent AHSPC Cultures Respond to Canonical Wnt

Signalling in a Heterogeneous Manner

So far, using the bulk RNA sequencing dataset generated by |. Blomfield, | have established
that the AHSPCs in active and quiescent culture conditions express Wnt pathway components,
and therefore possess the machinery to respond to canonical Wnt signalling (Figure 3.5). | next
wanted to determine whether active and quiescent AHSPCs in vitro respond to canonical Wnt
signalling to validate using this model in future experiments to manipulate canonical Wnt
signalling levels. To do this, | used the 7TGC Wnt reporter plasmid gifted by R. Nusse (Fuerer
et al., 2010). This plasmid contains a 7xTCF-eGFP Wnt reporter cassette, upstream of a SV40-
mCherry selection cassette (Figure 3.10A). This means that all nucleofected/transfected cells
will express mCherry, but only those responding to canonical Wnt signalling will co-express
eGFP, thus allowing the distinction between un-nucleofected and Wnt un-responsive cells
(Figure 3.10A). Initial nucleofection tests using 10ug 7TGC plasmid DNA in Wild Type (WT)
AHSPCs showed that both active and quiescent AHSPCs took up the plasmid DNA and
expressed the mCherry selection marker, which was observed by immunolabelling for mCherry
(Figure 10B). Quantification of the proportion of mCherry+ nucleofected cells was similarly low,
at approximately 25%, in both active and quiescent culture conditions (Figure 3.10C). However,
the presence of the mCherry selection cassette means that only mCherry+ cells were counted
for further analysis on their Wnt responsiveness. To confirm that the 7TGC Wnt reporter plasmid
provides a reliable read out of Wnt signalling levels in these AHSPC cultures, | treated 7TGC
nucleofected active AHSPCs with the canonical Wnt agonist 5uM CHIR99021 for 24hrs.
CHIR99021 is a competitive ATP inhibitor of GSK3 of the B-catenin destruction complex (Ring
et al.,, 2003). GSK3p of the B-catenin destruction complex phosphorylates B-catenin at 3
residues, S33, S37 and T41, thus marking it for degradation in the absence of a Wnt signal
(Daugherty et al., 2007; Sakanaka. 2002; Yost et al., 1996; Peifer et al., 1994a; Liu et al., 2002).
Therefore, inhibiting the activity of GSK3p, prevents the degradation of B-catenin and activates
downstream canonical Wnt signalling (Ring et al., 2003). Immunofluorescence of mCherry and
eGFP in these samples allowed me to identify the AHSPCs that had taken up the plasmid and
were responding to canonical Wnt signalling (Figure 3.10D). Normalising the eGFP grey values
to mCherry grey values, allowed me to determine the level of the Wnt response in AHSPCs and
AHSPCs treated with the Wnt agonist, independent of the amount of plasmid they have taken
up. The eGFP/mCherry average ratio is 1.3x higher in 5uM CHIR99021 treated active AHSPCs
compared with vehicle Control (Figure 3.10E). This indicates that the 7TGC Wnt reporter
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plasmid serves as a readout of Wnt signalling levels in these AHSPC cultures. | therefore used
this Wnt reporter plasmid to compare the Wnt responsiveness between the AHSPCs in active
and quiescent culture conditions. Co-immunolabelling of mCherry and eGFP shows the
presence of mCherry+/eGFP+ cells in both active and quiescent culture conditions (Figure
3.10F), indicating that they are responding to canonical Wnt signalling. As eGFP+ cells were
found in both culture conditions, this suggests that AHSPCs’ response to canonical Wnt
signalling is independent of their activation state, which recapitulates the results observed in
vivo using the BATGAL Whnt reporter mice (Figure 3.8C). In addition, these results were obtained
without the addition of Wnt agonists, highlighting the presence of autocrine/paracrine Wnt
signalling in active and quiescent AHSPC cultures. The range of eGFP/mCherry ratio values
indicates a level of heterogeneity in their response to canonical Wnt signalling (Figure 3.10G),
which also supports the variation of intensities observed in BATGAL+ AHSCs in vivo (Figure
3.6D). Although the spread of eGFP/mCherry ratios is similar between active and quiescent
AHSPCs, the average eGFP/mCherry ratio value is higher in active AHSPCs indicating that they
are more responsive to canonical Wnt signalling than AHSPCs in a quiescent state (Figure
3.10G).
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Figure 3.10: Analysis of active and quiescent AHSPCs nucleofected with the 7TGC Wnt

reporter plasmid.

(A) Schematic of the 7TGC Wnt reporter plasmid. All nucleofected cells will express mCherry

and Wnt responding cells will co-express eGFP. 7TGC plasmid was a gift from Roel Nusse
(Fuerer et al., 2010).
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(B) mCherry immunostaining in active (20ng/ml FGF2 + 20ng/ml EGF) and quiescent (20ng/ml
FGF2 + 20ng/ml BMP4) AHSPCs transfected with 10ug of 7TGC plasmid. Images are
representative of n=3 and n=2 biological repeats for active and quiescent AHSPCs respectively.
Scale bars represent 50um.

(C) Quantification of data represented in (B). Quantification of the proportion of mCherry+ cells
in active and quiescent AHSPCs transfected with 10ug of 7TGC plasmid. n=3 and n=2 biological
repeats for active and quiescent AHSPCs respectively. An unpaired Student’s t-test was used
for statistical analysis, (ns, p>0.05). Error bars represent mean with SEM.

(D) mCherry and eGFP immunostaining in 7TGC nucleofected active AHSPCs treated with the
Whnt agonist 5uM CHIR99201 for 24hrs vs Control. Images are representative of n=1 biological
replicate. Scale bars represent 50um.

(E) Treatment of 7TGC nucleofected active AHSPCs with the Wnt agonist CHIR99021 for 24hrs
increases the average ratio of eGFP/mCherry grey values confirming that the 7TGC Wnt
reporter plasmid provides a readout of the levels of canonical Wnt signalling in nucleofected
cells. A.U. = Arbitrary units. An unpaired Student’s t-test was used for statistical analysis, (*,
p<0.05). Error bars represent mean with SEM. Data shown is of technical repeats from n=1
biological replicate.

(F) mCherry and eGFP immunostaining in active and quiescent AHSPCs nucleofected with 10ug
of 7TGC plasmid. eGFP+ cells in both active and quiescent AHSPC cultures indicates the
presence of endogenous canonical Wnt signalling in both culture conditions. Images are
representative of n=3 and n=2 biological replicates for active and quiescent AHSPCs
respectively. Scale bars represent 50um.

(G) Ratio of eGFP/mCherry grey values indicates the Wnt responsiveness of AHSPCs,
independent of the amount of plasmid in each cell. The range of values suggests that active and
quiescent AHSPCs in vitro respond heterogeneously to endogenous canonical Wnt signalling.
A.U. = Arbitrary units. n=3 and n=2 biological replicates for active and quiescent AHSPCs
respectively. An unpaired Student’s t-test was used for statistical analysis, (**, p<0.01). Error

bars represent mean with SEM.

To corroborate the results obtained with the 7TGC Wnt reporter plasmid in wild type (WT)
AHSPCs, | used an AHSPC line that was derived from the BATGAL Wnt reporter mice by N.
Urban as described in Section 2.1.2. Immunolabelling of B-galactosidase in active BATGAL
AHSPCs, showed B-galactosidase staining in the nuclei of approximately 37% of active AHSPCs
(Figure 3.11A and 3.11B). These preliminary results suggest that some active BATGAL
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AHSPCs respond to canonical Wnt signalling, which recapitulates the observations with the
7TGC Wnt reporter plasmid in WT active AHSPCs (Figure 3.10F). Measuring the intensity of
the B-galactosidase immunolabelling across the nucleus in a single z-plane, highlights the

specificity of the -galactosidase reporter immunolabelling to the cell nucleus (Figure 3.11C).
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Figure 3.11: Active AHSPC cultures derived from BATGAL mice respond to endogenous
canonical Wnt signalling.

(A) Nuclear B-galactosidase immunostaining in AHSPC cultures derived from BATGAL mice
shows that active (20ng/ml FGF2 + 20ng/ml EGF) AHSPCs respond to endogenous canonical
Whnt signalling. Arrows indicate a p-galactosidase+ active BATGAL AHSPC. Images represent
a single z-plane of a confocal stack containing the nucleus. Images are representative of n=1
biological replicate. Scale bars represent 20pum.

(B) Quantification of the proportion of BATGAL+ active AHSPCs represented in (A). Error bars
represent mean with SEM. Data shown is of technical repeats from n=1 biological replicate.
(C) Intensity of B-galactosidase immunostaining measured across the DAPI+ nucleus indicated
by the arrow in (A). The intensity of the -galactosidase immunostaining increases across the

nucleus indicating a BATGAL+ cell.
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Unaffected by Deletion of B-catenin

In the previous chapter, | established that adult hippocampal stem cells (AHSCs) respond
heterogeneously to canonical Wnt signalling under normal conditions in vivo and in vitro,
independently from their activation state. | next sought to investigate the role of this endogenous
canonical Wnt signalling in AHSCs. It has previously been reported that loss of canonical Wnt/p-
catenin dependent signalling has very little effect on adult hippocampal neural progenitor
behaviour (Kuwabara et al., 2009), however, the effect in active and quiescent AHSCs has not
been explored in detail. Conversely, other studies have shown that inhibition of endogenous
canonical Wnt signalling induces a loss of multipotency and impairs proliferation in adult
hippocampal stem and progenitor cell (AHSPC) cultures (Wexler et al., 2009; Qu et al., 2010;
Qu et al., 2013). Therefore, to decipher the role of endogenous canonical Wnt signalling in
AHSCs, | designed experiments to inhibit canonical Wnt signalling in AHSCs using both in vivo

and in vitro experimental techniques.

In this chapter, | will present data showing that various small molecule Wnt inhibitors fail to inhibit
baseline canonical Wnt signalling in active AHSPC cultures. Similarly, deleting B-catenin in
active AHSPCs fails to abolish their response to endogenous canonical Wnt signalling but does
prevent AHSPCs from responding to a canonical Wnt agonist. | will also present data showing
that AHSPC homeostasis and differentiation potential is unaffected by the loss of B-catenin in
vitro. Next, | will present the characterisation of a mouse model designed to inhibit canonical
Whnt signalling in AHSCs in vivo, by inducing the deletion of -catenin, and | will provide evidence
for the unsuccessful recombination and deletion of B-catenin in this in vivo model. Finally, | will
present data from a second successful in vivo model of AHSC specific f-catenin deletion,
showing that whilst AHSCs are unaffected by loss of B-catenin, the process of adult

neurogenesis is impaired.

4.1 Small Molecule Wnt Inhibitors Do Not Inhibit Baseline Canonical Wnt
Signalling in Active AHSPC Cultures

To understand the role of endogenous canonical Wnt signalling observed in AHSPC cultures

(Section 3.3), | aimed to investigate the functional and molecular alterations that occur following
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treatment of AHSPCs with various small molecule Wnt inhibitors (Figure 4.1). There is a large
repertoire of available small molecule Wnt inhibitors that block canonical Wnt signalling at
different points along the pathway (Figure 4.1A). The Wnt inhibitors sFPR1 and sFPR3
sequester Wnt ligands extracellularly and Dkk1 prevents the binding between Wnt ligands and
their LRP5/6 cell surface co-receptors (Figure 4.1A) (Finch et al., 1997; Glinka et al., 1998; Mao
et al., 2001; Bafico et al., 2001; Seménov et al., 2001). The porcupine inhibitors LGK974 and
C59 inhibit the activity of the o-acyl-transferase Porcupine, preventing the lipid modification and
secretion of Wnt ligands (Figure 4.1A) (Liu et al., 2013; Proffitt et al., 2013). The tankyrase
inhibitor IWR, stabilises Axin protein and inhibits canonical Wnt signalling by stabilising the -
catenin destruction complex (Figure 4.1A) (Chen et al., 2009; Huang et al., 2009). Finally, LF3
prevents the formation of the transcription activator complex in the nucleus by antagonising the
binding of B-catenin with TCF/LEF partners (Figure 4.1A) (Fang et al., 2016). Using these
different small molecule Wnt inhibitors in parallel experiments ensures that any observed

phenotypes are due to inhibiting canonical Wnt signalling and not off target effects.

To optimise experimental conditions, | titrated each individual Wnt inhibitor in active AHSPCs
for 24hrs. | determined the concentrations of the Wnt inhibitors used based on their previous
use in the literature at non-toxic levels. Axin2 is a direct transcriptional target of canonical Wnt
signalling and its expression is used as read out of Wnt signalling levels in cells (Yan et al.,
2001b; Jho et al., 2002). Thus, inhibiting canonical Wnt signalling should result in a decrease in
Axin2 expression levels, which | investigated using qPCR analysis. Active AHSPCs treated with
0.1ug/ml and 0.5ug/ml sFRP1 for 24hrs showed a modest decrease in Axin2 expression levels
indicating a mild inhibition of canonical Wnt signalling (Figure 4.1B). However, Axin2 gene
expression levels were unchanged in active AHSPCs treated with sFPR3 (Figure 4.1C), Dkk1
(Figure 4.1D) or LGK974 (Figure 4.1E) for 24hrs at all indicated concentrations. This indicates
that canonical Wnt signalling was not inhibited under these experimental conditions. To further
confirm that canonical Wnt signalling was not impaired by treatment with these Wnt antagonists,
| treated active AHSPCs, nucleofected with the 7TGC Wnt reporter plasmid, with different
concentrations of LGK974 for 24hrs (Figure 4.1F). As described in the previous chapter, this
7TGC Wnt reporter plasmid contains a constitutively active mCherry selection cassette
downstream of an e GFP Wnt reporter cassette, meaning all nucleofected cells express mCherry
and only those responding to canonical Wnt signalling co-express eGFP (Figure 3.10A). By
immunostaining for mCherry and eGFP, | found mCherry+ eGFP+ cells in both control active
AHSPCs and active AHSPCs treated with all three concentrations of LGK974 (1uM, 2.5uM and
5uM LGK974). This suggests that LGK974 treatment has failed to inhibit canonical Wnt
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signalling in active AHSPCs (Figure 4.1F). Indeed, active AHSPCs treated with increasing
concentrations of the Wnt inhibitor LGK974 (1uM, 2.5uM and 5uM LGK974), do not show a
significant decrease in the average eGFP/mCherry ratio (Figure 4.1G). This further supports a

failure to inhibit canonical Wnt signalling in active AHSPCs under these experimental conditions.

| also treated active AHSPCs with Wnt inhibitors for 48hrs as further optimisation of these
experimental conditions. | found that 48hrs treatment of active AHSPCs with the small molecule
Whnt inhibitors LGK974, IWR, LF3 and C59, at the indicated concentrations, also failed to
decrease Axin2 expression levels compared to Control (Figure 4.1H). This contrasts with the
increase in Axin2 expression levels achieved with 48hrs treatment with the Wnt agonist
CHIR99021 (5uM) (Figure 4.1H). This shows that active AHSPCs are able to respond to a
canonical Wnt stimulus, but baseline levels of canonical Wnt signalling are difficult to inhibit
under these experimental conditions. As a proof of principle experiment, to determine whether
Whnt inhibition is possible using small molecule Wnt inhibitors in AHSPC cultures, | treated active
AHSPCs with the Wnt agonist CHIR99021, that stimulates Wnt at the level of the B-catenin
destruction complex, in combination with the Wnt antagonist LF3, that inhibits Wnt signalling
downstream of the B-catenin destruction complex at the level of the transcriptional activation
complex (Figure 4.1A). Other Wnt inhibitors were not suitable for this proof of principle
experiment as they inhibit the signalling cascade upstream of the p-catenin destruction complex
and would therefore not be able to counteract CHIR99021 stimulated canonical Wnt signalling
(Figure 4.1A). | found that 48hrs of 5uM CHIR99021 treatment alone upregulates Axin2 gene
expression, whereas 48hrs of 30uM LF3 treatment alone fails to decrease Axin2 gene
expression compared to Control (Figure 4.1l). Active AHSPCs treated with both 5uM
CHIR99021 and 30uM LF3 for 48hrs also show a significant increase in Axin2 gene expression
levels (Figure 4.11). This indicates that 30uM LF3 is unable to inhibit 5uM CHIR99021 stimulated

canonical Wnt signalling in active AHSPCs under these experimental conditions.
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Figure 4.1: Expression of the Wnt target gene Axin2 and activity of the Wnt reporter
plasmid 7TGC is unaffected in active AHSPCs treated with small molecule Wnt inhibitors.
(A) Schematic of the canonical Wnt signalling pathway highlighting the target points of the small

molecule Wnt modulators used in subsequent experiments. sFRP1 and sFRP3 sequester Wnt
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ligands extracellularly and Dkk1 inhibits the binding between Wnt ligands and their LRP5/6 cell
surface co-receptors. LGK974 and C59 are inhibitors of the o-acyl-transferase Porcupine and
inhibit the secretion of Wnt ligands. IWR is a tankyrase inhibitor that stabilises Axin within the -
catenin destruction complex. LF3 antagonises the binding of B-catenin with TCF/LEF
transcription factor partners. The Wnt agonist CHIR99021, stimulates canonical Wnt signalling
by inhibiting the activity of GSK3p of the 3-catenin destruction complex.

(B, C, D, E) gPCR results of Axin2 gene expression levels in active AHSPCs treated with the
Whnt inhibitors sFRP1 (B), sFRP3 (C), Dkk1 (D) and LGK974 (E) for 24hrs. mRNA levels were
normalised to GAPDH and ActinB mRNA and expressed relative to Control. An ordinary one-
way ANOVA with Dunnett's multiple comparisons test was used for statistical analysis, (*,
p<0.05). Error bars represent mean with SEM. Data shown are technical repeats of one
biological replicate. n=1 biological replicate.

(F) mCherry and eGFP immunolabelling in active AHSPCs nucleofected with the 7TGC Wnt
reporter plasmid and treated with 1uM, 2.5uM and 5uM LGK974 for 24hrs. Scale bars represent
50um.

(G) Quantification of the data shown in (F). Normalisation of eGFP grey values to mCherry grey
values indicates the Wnt responsiveness of AHSPCs independent of the amount of plasmid in
each cell. Active AHSPCs treated with LGK974 do not show a significant decrease in the
average eGFP/mCherry ratio. A.U. = Arbitrary units. An ordinary one-way ANOVA with
Dunnett’'s multiple comparisons test was used for statistical analysis, (ns, p>0.05). Error bars
represent mean with SEM. Data shown is technical repeats of one biological replicate. n=1
biological replicate.

(H) gPCR results of Axin2 gene expression levels in active AHSPCs treated with the Wnt agonist
CHIR99021 and the Wnt inhibitors LGK974, IWR, LF3 and C59 for 48hrs at the indicated
concentrations. Axin2 expression is significantly upregulated in active AHSPCs treated with 5uM
CHIR99021 for 48hrs indicating stimulated canonical Wnt signalling. Axin2 expression levels do
not decrease in active AHSPCs treated with the Wnt inhibitors 5uM LGK974, 10uM IWR, 30uM
LF3 and 2uM C59 for 48hrs indicating that canonical Wnt signalling is not inhibited using these
small molecule inhibitors under these experimental conditions. mMRNA levels were normalised
to GAPDH and ActinB mRNA and expressed relative to Control. An ordinary one-way ANOVA
with Dunnett’'s multiple comparisons test was used for statistical analysis, (***, p<0.001). Error
bars represent mean with SEM. Data shown is technical repeats of one biological replicate. n=1

biological replicate.
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(I) Axin2 gene expression changes in a proof of principle experiment of Wnt inhibition. Active
AHSPCs were treated with the Wnt agonist 5uM CHIR99021, the Wnt inhibitor 30uM LF3 and
both 5uM CHIR99021 and 30uM LF3 for 48hrs. 5uM CHIR99021 alone upregulates Axin2
expression, however, 30uM LF3 alone does not change Axin2 expression compared to control.
Combined treatments of 5uM CHIR99021 and 30uM LF3 causes an increase in Axin2
expression levels suggesting that LF3 is unable to inhibit CHIR99021 stimulated canonical Wnt
signalling under these experimental conditions. mRNA levels were normalised to GAPDH and
ActinB mRNA and expressed relative to Control. An ordinary one-way ANOVA with Dunnett’s
multiple comparisons test was used for statistical analysis, (*, p<0.05. **, p<0.01). Error bars
represent mean with SEM. Data shown is technical repeats of one biological replicate. n=1

biological replicate.

4.2 in vitro AHSPC Cultures are Unaffected by Loss of B-catenin

4.2.1 B-catenin is Robustly Deleted in Active B-cat™™ ¢ AHSPCs, Which Prevents Their
Response to a Canonical Wnt Stimulus, But Fails to Inhibit Baseline Canonical Wnt

Signalling

As well as using small molecule Wnt inhibitors, | took advantage of an AHSPC line, derived by
N. Urban from a mouse model designed to inhibit canonical Wnt signalling in AHSPCs in vivo
by deleting B-catenin. B-catenin is the key transcriptional mediator of canonical Wnt signalling,
therefore deleting B-catenin in AHSPCs should prevent them from responding to canonical Wnt
signalling (Papkoff et al., 1996; Peifer et al., 1994b). Mice from the GlastCreERT2; p-catf &*;
RYFP line that were wild type for the GlastCreERT2 allele and homozygous for both the p-cat"
e36 and RYFP alleles were used for the derivation of this p-cat™™ ®*® AHSPC line. The p-cat""
36 mice contain LoxP sites flanking exons 3-6, which encode the N-terminal domain and
armadillo repeats 1-4 of B-catenin (Huelsken et al., 2001) (Figure 4.2A). Recombination of these
LoxP sites causes a deletion/frame-shift mutation fusing exon 2 with exon 7, which generates a
truncated mRNA but does not produce protein (Huelsken et al., 2001) (Figure 4.2A). The RYFP
(Rosa26-floxed-stop-YFP) allele is included as a reporter of recombination (Srinivas et al.,
2001). EYFP was inserted into the Rosa26 locus preceded by a LoxP-flanked-Stop sequence
(Srinivas et al.,, 2001). Recombination of the LoxP-flanked-Stop sequence results in the
expression of EYFP, thus marking recombined cells as YFP+ (Srinivas et al., 2001). By including

the RYFP allele, we are able to identify recombined AHSCs and target our immunofluorescence
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analysis to this population. Recombination of the p-cat"™ ®*6 and RYFP alleles in vitro was

achieved through the overnight exposure of AHSPCs to a Cre adenovirus (Figure 4.2A).

To validate the deletion of p-catenin in this AHSPC line, | treated active B-cat™" ®3® AHSPCs
with either Control or Cre adenovirus overnight and collected samples 24hrs, 48hrs and 72hrs
after virus transduction. As stated above, recombined cells will be YFP+ due to the inclusion of
the RYFP recombination reporter allele. Therefore, to identify recombined YFP+ AHSPCs, |
performed immunostaining using a GFP antibody in Control and B-cat® ®36 AHSPCs (Figure
4.2B). | did not find any YFP+ AHSPCs in Control active AHSPCs, showing that they have not
undergone recombination (Figure 4.2B and 4.2C). The majority of active p-cat® ®*6 AHSPCs
were YFP+ indicating a high level of recombination under these experimental conditions (Figure
4.2B and 4.2C). Immunostaining for an antibody raised against the C-terminal domain of -
catenin showed that active Control AHSPCs were largely positive for cytoplasmic and
membrane B-catenin at all time points (Figure 4.2B). In contrast, YFP+ active p-cat® 35
AHSPCs were largely B-catenin negative, indicating that Cre mediated recombination
successfully deletes B-catenin under these experimental conditions (Figure 4.2B). B-catenin
immunolabelling can be seen in YFP- cells in active p-cat® ®3® AHSPCs at all time points after
Cre adenovirus transduction, indicating that they have not recombined (Figure 4.2B). This
provides an internal control showing that the loss of B-catenin is specific to AHSPCs that have

undergone successful recombination.

| next performed qPCR analysis for two different regions of B-catenin to confirm that the floxed
region (S-catenin®*®) has been deleted. The gene expression levels of a region outside the
LoxP sites (TagMan probe spanning f-catenin®™'4) is unchanged between Control and p-cat®
&3-6 active AHSPCs at all time points following virus transduction, indicating that this region is
unaffected by Cre mediated recombination (Figure 4.2D). However, the gene expression levels
of a region within the floxed region of B-catenin (TagMan probe spanning f-catenin®*®) is
abolished in active B-cat® @36 AHSPCs compared to Control (Figure 4.2E). This indicates that
Cre adenovirus treatment induces the recombination of the floxed region of B-catenin even at
24hrs after virus transduction (Figure 4.2E). Western blot analysis, using an antibody against
the C-terminal domain of B-catenin, shows that at 24hrs after virus transduction, p-catenin
protein levels are greatly reduced in B-cat® ®*® active AHSPCs compared to Control and is
completely abolished 48hrs after virus transduction (Figure 4.2F). This shows that these

experimental conditions are optimal to achieve robust deletion of B-catenin in active p-cat™ e
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AHSPCs. As the canonical Wnt signalling pathway relies on B-catenin to mediate a Wnt
dependent transcriptional programme, deleting p-catenin should result in the decreased
expression of the Wnt target gene Axin2 (Yan et al., 2001b; Jho et al., 2002). However, Axin2
expression levels are unchanged in active p-cat™" 3¢ AHSPCs compared to Control at all time
points following virus transduction (Figure 4.2G). This suggests that active p-cat® ®3*® AHSPCs
might still be able to respond to endogenous canonical Wnt signalling, even in the absence of
B-catenin. It also highlights the possibility that Axin2 could be regulated independently of
canonical/B-catenin Wnt signalling in these cells and therefore might not be a good read-out for

inhibiting canonical Wnt signalling levels.

| next sought to determine whether active p-cat® ®3® AHSPCs are able to respond to a
canonical Wnt signalling stimulus. As such, 48hrs after virus transduction, | treated Control and
B-cat®® 3¢ active AHSPCs with the Wnt agonist CHIR99021 (5uM) for 24hrs and analysed
Axin2 expression levels (Figure 4.2H). In Control AHSPCs, 5uM CHIR99021 treatment induced
a significant upregulation of Axin2 (Figure 4.2H), confirming the activation of canonical Wnt
signalling. However, in active p-cat® 3¢ AHSPCs, 5uM CHIR99021 treatment failed to
upregulate Axin2 expression as observed in Control AHSPCs (Figure 4.2H). This indicates that,
whilst B-catenin deletion fails to abrogate baseline canonical Wnt signalling, intact g-catenin is

essential for active AHSPCs to respond to an external stimulus of canonical Wnt signalling.
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Figure 4.2: Robust deletion of B-catenin in active AHSPCs fails to inhibit baseline

canonical Wnt signalling but prevents their response to an external Wnt stimulus.
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(A) Schematic of experimental design including a scheme of the genomic structure of -catenin
before and after Cre induced recombination of the B-cat""®3® allele. Active p-cat™"®*® AHSPCs
were exposed to Control and Cre adenovirus overnight to facilitate the recombination of the -
cat™e3-6 gllele. Media was refreshed the following morning and samples collected 24hrs, 48hrs
and 72hrs after virus transduction for immunolabelling, gPCR and western blots. In the p-cat™"
36 allele, LoxP sites (red triangles) flank exons 3-6 which encode the N-terminal domain and
armadillo repeats 1-4 (grey boxes). Upon Cre-mediated recombination, a deletion/frame-shift
mutation is introduced fusing exon 2 with exon 7, which does not encode a functional protein
(Huelsken et al., 2001). Black boxes indicate non-coding exons. Large boxes indicate coding
exons. Grey boxes indicate armadillo repeats. Red arrows indicate LoxP sites. Blue boxes
indicate the TagMan probes used for gPCR analysis.

(B) Immunolabelling of YFP (GFP antibody used), B-catenin and DAPI in active (20ng/ml FGF2)
Control and B-cat® 36 AHSPCs 24hrs, 48hrs and 72hrs after Control and Cre virus
transduction. Cells exposed to Control virus remain YFP- and retain p-catenin protein (top
panels). YFP+ staining indicates AHSPCs that have undergone Cre adenovirus-mediated
recombination and have lost p-catenin protein (bottom panels double arrow heads). Some (-
cat® 36 AHSPCs have not recombined (YFP-) and retain p-catenin protein (bottom panels
single arrow heads). Scale bars represent 50um. Data shown are representative images from
n=3 biological repeats.

(C) Quantification of the proportion of YFP+ cells shown in (B) indicating a high level of
recombination in B-cat®® ®3® AHSPCs. Two-way Anova with Sidak’s multiple comparisons test

*kkk

was used for statistical analysis, (****, p<0.0001). Error bars represent mean with SEM. n=3
biological replicates.

(D) gPCR gene expression analysis of f-catenin®''* p-catenin®'3'* lies outside the floxed
region of B-catenin and is similarly expressed between Control and p-cat® 3% AHSPCs. n=3
biological replicates.

(E) gPCR gene expression analysis of S-catenin®*°. p-catenin®*° lies within the floxed region
of B-catenin and is downregulated in p-cat®® ®*3® AHSPCs vs Control active AHSPCs. Two-way
Anova with Sidak’s multiple comparisons test was used for statistical analysis, (****, p<0.0001).
Error bars represent mean with SEM. n=3 biological replicates.

(F) Western Blot analysis of p-catenin protein levels in Wild Type, Control and B-cat® ®3 gctive
AHSPCs 24hrs, 48hrs and 72hrs after virus transduction. B-catenin protein levels are abolished

48hrs after virus transduction.
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(G) gPCR gene expression levels of Axin2 are unaffected by B-catenin deletion. This indicates
that baseline levels of canonical Wnt signalling in active AHSPCs are not impaired by deletion
of B-catenin. Two-way Anova with Sidak’s multiple comparisons test was used for statistical
analysis, (ns, p>0.05). Error bars represent mean with SEM. n=3 biological replicates.

(H) gPCR gene expression levels of Axin2 in Control and p-cat® ®3*® active AHSPCs following
treatment with the Wnt agonist CHIR99021 (5uM). CHIR99021 treatments were started 48hrs
after virus transduction and maintained for 24hrs. Axin2 levels increase in Control active
AHSPCs treated with 5uM CHIR99021 indicating stimulation of canonical Wnt signalling.
However, Axin2 expression levels are unchanged in p-cat® ®3¢ AHSPCs treated with 5uM
CHIR99021 compared to vehicle Control, indicating that in the absence of -catenin protein, -
cat? ®36 AHSPCs are unable to respond to a Wnt stimulus. An unpaired Student’s t-test was
used for statistical analysis, (*, p<0.05). Error bars represent mean with SEM. Data shown is

technical repeats of one biological replicate. n=1 biological replicate.

4.2.2 Active AHSPCs Do Not Require Intact B-catenin Signalling to Maintain Their

Stemness or Their Activation State

| next wanted to see whether intact -catenin signalling was required for active AHSPCs to
maintain their active state or to retain their stem-like properties. To investigate any changes in
their active state following pB-catenin deletion, | examined proliferation in Control and p-cat®! &
6 AHSPCs 24hrs, 48hrs and 72hrs after virus transduction. EAU (5-ethynyl-2’-deoxyuridine) is a
thymidine analogue that is incorporated into DNA during active DNA synthesis in S-phase of the
cell cycle (Salic et al., 2008). EdU is detected using the Click-iT™ EdU Alexa Fluor® 647
detection kit (Invitrogen, C10340), which uses a Click copper catalysed reaction between the
alkyne in EAU and the azide in the Alexa Fluor® 647 to fluorescently label incorporated EdU
(Salic et al., 2008). This fluorescence can then be visualised to identify cells in S-phase of the
cell cycle. | pulsed Control and B-cat®™ ®3® AHSPCs with EdU for 1hr before sample collection
to label cells in S-phase of the cell cycle. Immunolabelling of EdU, using the Click-iT™ EdU
Alexa Fluor® 647 detection kit (as described in Section 2.2.2) showed the presence of
proliferating cells in both Control and B-cat® ®3® AHSPCs (Figure 4.3A). Quantification of the
proportion of EdU+ cells is similar between both Control and p-cat® 3¢ AHSPCs across alll
time points (Figure 4.3B), indicating that proliferation is unaffected by p-catenin deletion.

Furthermore, the expression levels of the G1 cell cycle gene CyclinD1 are also unaffected
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between active Control and B-cat® ®3*® AHSPCs (Figure 4.3C). Overall, this suggests that the
loss of B-catenin signalling does not affect AHSPCs’ ability to maintain an active proliferative

state under these culture conditions.

To understand whether AHSPCs’ stemness is affected by loss of B-catenin signalling, | used
gPCR analysis to compare the expression levels of AHSPC associated genes, between Control
and B-cat® ®3® AHSPCs. The similarity in the expression levels of Nestin, Ascl1, Glast and
Sox2 (Figure 4.3D, 4.3E, 4.3F and 4.3G) highlight that AHSPCs’ stem-like state is unaffected

by loss of B-catenin signalling under these experimental conditions.
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Figure 4.3: Loss of B-catenin signalling does not affect AHSPCs’ ability to maintain an

active state or retain their stem-like properties.
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(A) YFP (GFP antibody), p-catenin and EdU immunolabelling in active (20ng/ml FGF2) Control
and p-cat® 3¢ AHSPCs 24hrs, 48hrs and 72hrs following virus transduction. Scale bars
represent 50um. Representative images of n=3 biological replicates.

(B) Quantification of the proportion of EQU+ AHSPCs shown in (A). The proportion of EdU+ cells
is similar between Control and B-cat® 3¢ active AHSPCs indicating that proliferation is
unaffected by loss of B-catenin signalling. The proportion of EdU+ cells increases with time in
active culture conditions. Proportion of EdU+ cells in active p-cat®® % AHSPCs was calculated
as a proportion of the YFP+ (recombined) AHSPCs. Two-way Anova with Sidak’s multiple
comparisons test was used for statistical analysis, (ns, p>0.05). Error bars represent mean with
SEM. n=3 biological replicates.

(C, D, E, F, G) gPCR gene expression analysis of CyclinD1 (C), Nestin (D), Ascl1 (E), Glast (F)
and Sox2 (G). CyclinD1 (C) is a cell cycle marker, expressed during G1 of the cell cycle, and
the similarity in its expression levels between Control and p-cat® ®3 active AHSPCs, indicates
that proliferation is unaffected by the loss of B-catenin signalling. The similarities in the
expression levels of the of stem cell markers Nestin (D), Ascl1 (E), Glast (F) and Sox2 (G)
highlight that active AHSPC stemness is unaffected by loss of B-catenin signalling. Two-way
Anova with Sidak’s multiple comparisons test was used for statistical analysis, (ns, p>0.05).

Error bars represent mean with SEM. n=3 biological replicates.

4.2.3 Under Normal Culture Conditions, B-catenin Deletion Does Not Affect Quiescent
AHSPC Activation

| have shown above that intact B-catenin signalling is not essential for AHSPCs to maintain an
active/proliferative state when cultured in active culture conditions. Quiescent AHSPC activation
is distinctly regulated from the maintenance of a proliferative state once activated, as quiescent
AHSPCs must first re-enter the cell cycle from GO. Therefore, | next wanted to investigate
whether intact p-catenin signalling was required for quiescent AHSPCs to re-activate upon
returning to active culture conditions. To achieve this, | exposed quiescent p-cat™" %6 AHSPCs
to Control and Cre adenovirus overnight to induce recombination and deletion of B-catenin
(Figure 4.4A). 48hrs after virus transduction, | either maintained Control and B-cat® ©3®
AHSPCs in quiescent culture conditions (20ng/ml FGF2 + 20ng/ml BMP4) or changed the media
for active culture conditions (20ng/ml FGF2) (Figure 4.4A). | then collected samples for gqPCR
and immunofluorescence analysis (following a 1hr pulse with EAU) 3 and 6 Days after this media
change (Figure 4.4A). | used immunolabelling for GFP, to mark the YFP+ recombined AHSPCs,
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and combined this with immunolabelling for the proliferation markers EdU and Ki67 to provide a
read-out of AHSPC re-activation rates (Figure 4.4B). Quantification of the proportion of YFP+
AHSPCs in p-cat® 36 AHSPCs ranged from 40%-70% across the course of the experiment
indicating successful recombination (Figure 4.4C). The proportion of EdU+ (Figure 4.4D) and
Ki67+ (Figure 4.4E) AHSPCs increases at a similar rate in both Control and p-cat® ®3*6 AHSPCs
returned to active culture conditions. This suggests that loss of -catenin signalling does not
impair quiescent AHSPC activation upon returning to active culture conditions. In addition, the
proportion of EAU+ (Figure 4.4D) and Ki67+ (Figure 4.4E) AHSPCs remained low in Control and
B-cat®® 36 AHSPCs maintained in quiescent culture conditions. This indicates that intact B-

catenin signalling is not essential for the maintenance of AHSPC quiescence in vitro.
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Figure 4.4: Quiescent B-cat’ ®4°* AHSPCs re-activate and proliferate similarly to
quiescent Control AHSPCs when returned to active culture conditions.

(A) Schematic of experimental design. 48hrs after Cre adenovirus transduction, quiescent
(20ng/ml FGF2 + 20ng/ml BMP4) Control and p-cat® ®3¢ AHSPCs were either maintained in
quiescent culture conditions or changed to active (20ng/ml FGF2) culture conditions. Media was
refreshed every 48hrs and samples collected 3 and 6 Days after changing to active culture
conditions.

(B) Immunolabelling of YFP (GFP antibody), Ki67 and EdU in Control and p-cat® ®3® AHSPCs

maintained in quiescent culture conditions and those changed to active culture conditions at all
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time points. YFP immunolabelling marks recombined cells. Ki67 and EdU immunolabelling was
used as markers of proliferation as a measurement of quiescent AHSPCs re-activation upon
change to active culture conditions. Scale bars represent 50um. Data shown are representative
images from n=3 biological repeats.

(C, D, E) Quantification of the proportion of YFP+ (C), EdU+ (D) and Ki67+ (E) cells shown in
(B). The proportion of YFP+ cells (C) in B-cat®™ ®3¢ AHSPCs indicates successful Cre mediated
recombination. The proportion of EQU+ (D) and Ki67+ (E) cells indicates a similar re-activation
rate between quiescent Control and B-cat® ®36 AHSPCs changed to active conditions. The
proportion of proliferating AHSPCs is unchanged in Control and p-cat®! ®**® AHSPCs maintained
in quiescent culture conditions. In B-cat® ®3¢ AHSPCs, the proportion of proliferating AHSPCs
was determined as a proportion of the YFP+ (recombined) AHSPCs. Statistical significance was
achieved for the proportion of EdU+ (D) and Ki67+ (E) cells between Active and Quiescent
culture conditions over time. A = active culture conditions (20ng/ml FGF2). Q = quiescent culture
conditions (20ng/ml FGF2 + 20ng/ml BMP4). A three-way Anova with Tukey’s multiple
comparisons test was used for statistical analysis, (****, p<0.0001). Error bars represent mean

with SEM. n=3 biological replicate.

The above data shows that quiescent AHSPCs are able to re-activate normally in the absence
of intact B-catenin signalling, which suggests that 3-catenin signalling is not essential for the re-
activation of quiescent AHSPCs. However, the re-activation of quiescent p-cat® ¢ AHSPCs
could be due to a compensatory mechanism that by-passes the need for intact B-catenin
signalling to promote quiescent AHSPC activation. Therefore, | wanted to investigate any
potential mechanistic differences between the re-activation of quiescent Control AHSPCs and
quiescent p-cat®®3*6 AHSPCs. To do this, | analysed the expression levels of genes associated
with an active or quiescent state in Control and p-cat® ®3-¢ AHSPCs that were either maintained
in quiescent culture conditions or returned to active culture conditions to re-activate. To confirm
successful B-catenin deletion, | checked the expression levels of f-catenin exons 4-5 and
observed a 50% decrease in the expression level of p-catenin®*?® in p-cat®® 36 AHSPCs vs

Control (Figure 4.5A). This 50% reduction in the expression of S-catenin®*®

, is consistent with
the proportion of YFP+ (recombined) AHSPCs recorded in p-cat®® ®3¢ AHSPCs (Figure 4.4C).
This confirms that B-catenin has been deleted in p-cat®® 3¢ AHSPCs, however the expression
of the Wnt target gene Axin2 is unchanged (Figure 4.5B), which again suggests that baseline
canonical Wnt signalling is not impaired. CyclinD1 is expressed during G1 of the cell cycle and

is used as a marker of AHSPC activation and proliferation. The gene expression levels of
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CyclinD1 are similarly upregulated in both Control and B-cat®™ ®36 AHSPCs that have been
returned to active culture conditions (Figure 4.5C), supporting the previous observation that -
catenin is not necessary for the re-activation of quiescent AHSPCs under these experimental
conditions. In addition, CyclinD1 remains lowly expressed in both Control and B-cat®' ®3®
AHSPCs maintained in quiescent conditions (Figure 4.5C), indicating that B-catenin is not
required to maintain AHSPC quiescence. This is also supported by the gene expression levels
observed with the quiescent AHSPCs marker HopX. HopX expression remains consistent in
Control and B-cat® 3¢ AHSPCs maintained in quiescent culture conditions, but decreases in
Control and B-cat® ®3® AHSPCs returned to active culture conditions (Figure 4.5D). This again
indicates that AHSPCs’ maintenance of quiescence is not affected by the loss of B-catenin
signalling. Overall, these data show that Control and p-cat® ®3*% AHSPCs re-activate similarly
under these experimental conditions, indicating that intact 3-catenin signalling is not essential

for quiescent AHSPC re-activation.

Finally, | checked the expression levels of genes associated with stemness to determine
whether loss of B-catenin signalling affects the maintenance of a stem-like state during this
quiescence to activation switch. The expression levels of the AHSPCs markers Ascl1 (Figure
4 5E) and Sox2 (Figure 4.5F) remain consistent across both Control and p-cat™ ®3-¢ AHSPCs
in all conditions and time points. This indicates that the absence of -catenin signalling does not

affect AHSPCs’ ability to maintain a stem-like state when activating from a quiescent state.
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Figure 4.5: Loss of B-catenin signalling does not alter the mechanism of quiescent
AHSPC activation nor does it affect quiescent AHSPC maintenance.

(A, B, C, D, E, F) gPCR gene expression analysis of p-catenin®*® (A), Axin2 (B), CyclinD1 (C),
HopX (D), Ascl1 (E) and Sox2 (F). The floxed region of g-catenin (A) is robustly deleted in -
cat®® @36 AHSPCs. Axin2 (B) gene expression levels are unchanged between Control and -
cat®® ®36 AHSPCs, indicating that -catenin deletion does not affect baseline levels of canonical
Whnt signalling. CyclinD1 (C) expression levels are increased in active culture conditions vs
quiescent culture conditions irrespective of the presence or absence of 3-catenin. The quiescent
marker HopX (D) is increased in quiescent culture conditions vs active culture conditions
irrespective of the presence or absence of B-catenin. Ascl/1 (E) and Sox2 (F) expression levels
are unchanged, indicating that p-catenin deletion does not affect AHSPC stemness. Gene
expression changes are shown normalised to ActinB and GAPDH expression levels and shown
relative to Ohrs in quiescent culture conditions. A = active culture conditions (20ng/ml FGF2). Q
= quiescent culture conditions (20ng/ml FGF2 + 20ng/ml BMP4). A three-way Anova with
Tukey’s multiple comparisons test was used for statistical analysis, (¥, p<0.05. **, p<0.01. ****,

p<0.0001). Error bars represent mean with SEM. n=3 biological replicates.
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4.2.4 Chronic Loss of B-catenin Does Not Affect AHSPCs’ Stemness, Their Ability to
Enter a Quiescent State or Their Ability to Differentiate into Astrocytes and

Neurons

It has been reported that levels of the Wnt inhibitor Dkk1 increase in the mouse DG with age,
which impairs progenitor self-renewal and/or survival (Seib et al., 2013). Indeed, | found that the
proportion of Wnt responding AHSCs is decreased in 7-month old BATGAL Wnt reporter mice
compared with 2-month-old BATGAL mice (Figure 3.6D). This implies that age-related changes
in AHSCs' response to canonical Wnt signalling could affect AHSC behaviour and impair adult
neurogenesis. | addressed this in vitro by investigating how AHSPCs respond to a chronic loss
of B-catenin signalling. | exposed active p-cat"" ®*6 AHSPCs to Control and Cre adenovirus
overnight, and refreshed the active AHSPC media the following day. | maintained Control and
pB-cat?® ®3® AHSPCs in active culture conditions through serial passaging and collected samples
for gPCR and immunofluorescence analysis at 6-, 12- and 18-days following virus transduction
(Figure 4.6A). | wanted to investigate whether the maintenance of AHSPCs’ active state and
stem-like characteristics are affected by a chronic loss of B-catenin signalling. Co-
immunolabelling for YFP (GFP antibody) and B-catenin shows that B-catenin levels are
decreased in YFP+ (recombined) B-cat® ®3® AHSPCs (Figure 4.6B). The proportion of EdU+
AHSPCs is similar in Control and B-cat® ®3® active AHSPCs at all time points, indicating that
their proliferation rate is unaffected by loss of B-catenin signalling (Figure 4.6C). By qPCR
analysis, | confirmed that the expression level of p-catenin®*? is decreased in active p-cat® &
6 AHSPCs compared to Control (Figure 4.6D) indicating successful deletion of p-catenin. As
before, | also found that Axin2 expression levels were unchanged despite the successful
deletion of p-catenin (Figure 4.6E). In addition, the expression levels of the AHSPC markers
Sox2, Nestin and Glast (Figure 4.6F, 4.6G and 4.6H respectively) are unchanged between
Control and p-cat® 3 active AHSPCs across all time points. This indicates that active AHSPC

stemness is unaffected by chronic loss of B-catenin signalling.
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(A) Schematic of experimental design. Active (20ng/ml FGF2) p-cat"™ 36 AHSPCs were
exposed to Control and Cre adenovirus overnight to induce recombination. Control and p-cat®
&3-6 AHSPCs were maintained in active culture conditions through serial passages and samples
were collected 6-, 12- and 18-Days following virus transduction for gPCR and
immunofluorescence analysis.

(B) Immunolabelling of YFP (GFP antibody), B-catenin and EdU in Control and p-cat® ®3% active
AHSPCs at 6-, 12- and 18-Days after virus transduction. YFP immunolabelling marks
recombined cells. B-catenin immunolabelling shows that levels of B-catenin are decreased in
YFP+ AHSPCs. The proliferation marker EJU was used as an indicator of AHSC activity. Scale
bars represent 50um. Data shown are representative images from n=1 biological replicate.

(C) Quantification of the proportion of EJU+ AHSPCs shown in (B). For p-cat® ®3% active
AHSPCs, the proportion of EdU+ AHSPCs was calculated from the YFP+ population. Two-way
Anova with Sidak’s multiple comparisons test was used for statistical analysis, (ns, p>0.05).
Error bars represent mean with SEM. Data shown is technical repeats of one biological replicate.
n=1 biological replicate.

(D, E, F, G, H) gPCR analysis of the gene expression levels of f-catenin®*® (D), Axin2 (E), Sox2
(F), Nestin (G) and Glast (H) in Control and p-cat® ®**® active AHSPCs collected 6-, 12- and 18-
Days after virus transduction. Gene expression changes are shown normalised to ActinB and
GAPDH expression levels and shown relative to active Control AHSPCs at 6-days after virus
transduction. Two-way Anova with Sidak’s multiple comparisons test was used for statistical
analysis, (ns, p>0.05. *, p<0.05). Error bars represent mean with SEM. Data shown is technical

repeats of one biological replicate. n=1 biological replicate.

A key feature for the long-term maintenance of AHSPCs is their ability to enter and maintain a
quiescent state. | therefore wanted to investigate whether chronic loss of B-catenin signalling
affects AHSPCs’ ability to enter quiescence. To test this, at 6-, 12- and 18-Days after virus
transduction, | plated Control and p-cat® ®3*¢ AHSPCs in quiescent culture conditions (20ng/ml
FGF2 + 20ng/ml BMP4) for 72hrs before collecting for gPCR and immunofluorescence analysis
(Figure 4.7A). Co-immunolabelling of B-catenin and YFP shows that B-catenin is deleted in YFP+
AHSPCs (Figure 4.7B). EdU immunolabelling shows that very few Control and p-cat® e
AHSPCs are proliferating after 72hrs in quiescent culture conditions, indicating that they have
entered a quiescent state (Figure 4.7B). In addition, quantification of the proportion of EdU+
Control and p-cat®® ®3® AHSPCs after 72hrs in quiescent culture conditions, is similar across all

time points (Figure 4.7C). This indicates the chronic loss of B-catenin signalling does not affect
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AHSPCs ability to enter a quiescent state under these in vitro conditions. The decreased

expression of B-catenin®*®

confirms that B-catenin has successfully recombined (Figure 4.7D)
and maintained Axin2 expression levels continue to show that this deletion of B-catenin does
not impair baseline canonical Wnt signalling levels (Figure 4.7E). Finally, | checked the gene
expression levels of known markers of quiescence. HopX, Id4 and p57 (Figure 4.7F, 4.7G and
4.7H respectively) are similarly expressed in Control and p-cat® ®3® AHSPCs at all time points
following virus transduction and 72hrs in quiescent culture conditions. Overall this indicates that
quiescence entry is unaffected by chronic loss of B-catenin signalling under these in vitro

experimental conditions.
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Figure 4.7: Chronic loss of B-catenin signalling does not affect AHSPCs ability to enter

quiescence.
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(A) Schematic of experimental design. Active (20ng/ml FGF2) p-cat"™ 36 AHSPCs were
exposed to Control and Cre adenovirus overnight to induce recombination and active culture
media was refreshed the following morning and maintained. At 6-, 12- and 18- Days after virus
transduction, Control and B-cat® 3¢ AHSPCs were changed to quiescent (20ng/ml FGF2 +
20ng/ml BMP4) culture conditions for 72hrs to induce quiescence before collection for
immunofluorescence and gPCR analysis.

(B) Immunolabelling of YFP (GFP antibody), p-catenin and EdU in Control and B-cat® &35
AHSPCs at 6-, 12- and 18- Days after virus transduction, following 72hrs in quiescent culture
conditions. YFP immunolabelling marks recombined cells and p-catenin immunolabelling shows
that levels of B-catenin are decreased in YFP+ AHSPCs. The proliferation marker EAU was used
as an indicator of AHSPC activity. Scale bars represent 50um. Data shown are representative
images from n=1 biological replicate.

(C) Quantification of the proportion of EdU+ AHSPCs shown in (B). For p-cat® ®3€ quiescent
AHSPCs, the proportion of EdU+ AHSPCs was calculated from the YFP+ population. Two-way
Anova with Sidak’s multiple comparisons test was used for statistical analysis, (ns, p>0.05).
Error bars represent mean with SEM. Data shown is technical repeats of one biological replicate.
n=1 biological replicate.

(D, E, F, G, H) gPCR analysis of the gene expression levels of g-catenin®*° (D), Axin2 (E),
HopX (F), Id4 (G) and p57 (H) in Control and p-cat® ®3-% AHSPCs collected 6-, 12-, 18- Days
after virus transduction, following 72hrs in quiescent culture conditions. Gene expression
changes of HopX (F), Id4 (G) and p57 (H) are significant across time (not shown) but not
between Control and p-cat® ®3¢ AHSPCs. Gene expression changes are shown normalised to
ActinB and GAPDH expression levels and shown relative to quiescent Control AHSPCs at 6-
days after virus transduction. Two-way Anova with Sidak’s multiple comparisons test was used
for statistical analysis, (ns, p>0.05. **, p<0.01. ***, p<0.001). Error bars represent mean with

SEM. Data shown is technical repeats of one biological replicate. n=1 biological replicate.

-catenin signalling, via the canonical Wnt signalling pathway, has been shown to promote
AHSPC differentiation towards the neuronal and astrocyte lineages with a preference towards
neuronal differentiation (Lie et al., 2005; Jang et al., 2013; Seib et al., 2013). Therefore, | wanted
to investigate whether chronic loss of B-catenin signalling affected AHSPCs’ ability to
differentiate into neurons and astrocytes in vitro. To do this, | plated Control and B-cat®
active AHSPCs 6-, 12- and 18-days after virus transduction and cultured them for 5 days in

conditions to promote neuronal (FGF2 withdrawal and B27 addition) and astrocyte (FGF2
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withdrawal and FBS addition) differentiation (Figure 4.8A). To identify differentiated neurons in
B27 treated Control and p-cat® 3¢ AHSPCs, | immunolabelled cells for the neuronal marker
Map2 (Figure 4.8B). | did not observe any morphological differences between the Map2+
neurons generated from Control or p-cat® ®3¢ AHSPCs (Figure 4.8B). In addition, the proportion
of Map2+ cells is similar in both Control and p-cat® ®3® AHSPCs at all time points after virus
transduction (Figure 4.8C). This indicates that neuronal differentiation is not impaired by chronic
loss of B-catenin signalling under these in vitro experimental conditions. To identify differentiated
astrocytes in FBS treated Control and B-cat®™ 3¢ AHSPCs, | immunolabelled cells for the
astrocyte marker GFAP (Zhang et al., 2019) (Figure 4.8D). The GFAP+ astrocytes generated
from Control and B-cat® ¢ AHSPCs were morphological similar at all time points after virus
transduction (Figure 4.8D). The proportion of GFAP+ cells is similar between Control and -
cat® 36 AHSPCs at both 6- and 12- days after virus transduction indicating that loss of p-
catenin signalling does not affect astrocyte differentiation at these time points (Figure 4.8E). At
18 Days after virus transduction the proportion of GFAP+ cells is greater in p-cat® 3¢ AHSPCs
compared with Control (Figure 4.8E). These preliminary results could suggest that differentiation

towards the astrocyte lineage is enhanced by a chronic loss of B-catenin signalling.
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Figure 4.8: Chronic loss of B-catenin signalling does not impair AHSPCs ability to

differentiate into neurons and astrocytes in vitro.
(A) Schematic of experimental design. Active (20ng/ml FGF2) B-cat""®*® AHSPCs were treated

with Control and Cre adenovirus overnight and active culture media was refreshed the following

morning and maintained. At 6-, 12- and 18- Days after virus transduction, Control and p-cat®

36 AHSPCs were cultured in conditions to promote neuronal or astrocytic differentiation. The
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growth factor FGF2 was withdrawn and either B27 for neuronal differentiation or FBS for
astrocyte differentiation was added. Control and p-cat® 3% AHSPCs were cultured in these
differentiation conditions for 5 days before collection.

(B) YFP (GFP antibody) and Map2 co-immunostaining in Control and p-cat® ®3® cultured in
B27 for 5 days at 6-, 12- and 18- Days after virus transduction. YFP labels recombined cells in
B-cat? ®3® samples. Map2 is a neuronal marker and is used here to label differentiated neurons.
Scale bars represent 50um. Data shown are representative images from n=1 biological
replicate.

(C) Quantification of the proportion of Map2+ neurons shown in (B). For p-cat® ®3€ samples,
the proportion of Map2+ neurons were calculated from the YFP+ population. Two-way Anova
with Sidak’s multiple comparisons test was used for statistical analysis. Error bars represent
mean with SEM. Data shown is technical repeats of one biological replicate. n=1 biological
replicate.

(D) YFP and GFAP co-immunostaining in Control and B-cat® ®*% AHSPCs cultured in FBS for
5 days at 6, 12 and 18 Days after virus transduction. YFP labels recombined cells in p-cat®! &
6 samples. GFAP is an astrocyte marker and is used here to label differentiated astrocytes.
Scale bars represent 50um. Data shown are representative images from n=1 biological
replicate.

(E) Quantification of the proportion of GFAP+ astrocytes shown in (D). For B-cat® ®3® samples,
the proportion of GFAP+ astrocytes were calculated from the YFP+ population. Two-way Anova
with Sidak’s multiple comparisons test was used for statistical analysis, (*, p<0.05). Error bars
represent mean with SEM. Data shown is technical repeats of one biological replicate. n=1

biological replicate.

4.3 in vivo Model Fails to Reliably Delete B-catenin and Inhibit Canonical
Wnt Signalling in AHSCs

In Chapter 3, using the BATGAL Wnt reporter mouse model, | showed that AHSCs in vivo
respond to canonical Wnt signalling. To understand the role of canonical Wnt signalling in these
Wnt responding AHSCs in vivo, | generated transgenic inducible knock-out mice to inhibit
AHSCs’ response to canonical Wnt signalling within the in vivo context. | generated
GlastCreERT2; p-cat""®3%; RYFP mice as described in Section 2.1.1 to conditionally delete p-

catenin in Glast-expressing AHSCs by tamoxifen-inducible Cre-mediated recombination. Mice
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from this line were used to generate the in vitro AHSPC line presented above (Figure 4.2A). As
stated previously, B-catenin is the key downstream mediator of canonical Wnt signalling,
therefore deleting pB-catenin should prevent the transduction of canonical Wnt signalling in
recombined cells (Papkoff et al., 1996; Peifer et al., 1994b). Glast encodes a glutamate
aspartate transporter protein that is expressed in AHSCs, IPCs and astrocytes (Mori et al., 2006).
Cre is fused to a mutated ligand binding domain of the oestrogen receptor and is retained in the
cytoplasm of Glast+ cells in the absence of tamoxifen (Mori et al., 2006; Feil et al., 1997). Upon
tamoxifen administration, Cre translocates to the nucleus of Glast+ cells and recombines the
LoxP sites within the p-cat™™ ®3* allele thus generating a truncated form of p-catenin mRNA,
which is unable to produce protein (Mori et al., 2006; Feil et al., 1997; Huelsken et al., 2001) (B-
cat® 36 Figure 4.2A). The inclusion of the RYFP reporter allows the identification of

recombined cells based on their YFP expression.

4.3.1 Unsuccessful pB-catenin Deletion in AHSCs in vivo, Means That Canonical Wnt

Signalling Remains Intact in the AHSCs of B-cat®' ®3 Mice

| first set out to validate this mouse model for the deletion of B-catenin and inhibition of canonical
Wnt signalling in the recombined AHSCs of B-cat® ®3® mice. To do this, | crossed
GlastCreERT2; p-cat™ ®36; RYFP mice to the BATGAL Wnt reporter mice that express LacZ
under the control of 7 x pB-catenin/TCF/LEF responsive elements (Maretto et al., 2003). This
means that Wnt responding cells express nuclear -galactosidase, which | can visualise using
immunofluorescence techniques. Therefore, B-galactosidase immunostaining should be
decreased in recombined (YFP+) B-cat® ®3¢ AHSCs that are unable to respond to canonical

Whnt signalling as a consequence of 3-catenin deletion.

2-month-old GlastCreERTZ2; B-cat™®*3¢; RYFP; BATGAL (Control) and GlastCreERT2; p-cat™"
&36. RYFP; BATGAL (B-cat® ®3®) mice were injected once daily with tamoxifen for 5
consecutive days and sacrificed 30 days after the first injection by transcardial perfusion (Figure
4.9A). Immunostaining for recombined AHSCs (YFP+ GFAP+ with radial morphology) and B-
galactosidase of the BATGAL Wnt reporter, highlighted the presence of BATGAL+ YFP+ AHSCs
in both Control and B-cat® 3 mice 30 days after tamoxifen (Figure 4.9B). This suggests that

AHSCs are still able to respond to canonical Wnt signalling in p-cat®® ®3® mice. Indeed, the
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proportion of BATGAL+ YFP+ AHSCs is similar between Control and p-cat® ®*® mice (Figure

4.9C), indicating that AHSCs in p-cat® ®3® mice are still responding to canonical Wnt signalling.
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Figure 4.9: Canonical Wnt signalling is not inhibited in YFP+ AHSCs of B-cat®' ¢ mice
30 days after tamoxifen.

(A) Schematic of experimental design. 2-month-old GlastCreERT2; B-cat™ ®36. RYFP;
BATGAL (Control) and GlastCreERT2; p-cat™" ®3%; RYFP; BATGAL (p-cat® ®3%) mice were
injected once daily with tamoxifen for 5 consecutive days and sacrificed 30 days after the first
injection by transcardial perfusion.

(B) p-galactosidase, YFP (GFP antibody) and GFAP immunolabelling in the DG of Control and
B-cat® 36 mice 30 days after the first tamoxifen injection. Wnt responding AHSCs that have
recombined (YFP+ BATGAL+ GFAP+ cells with radial morphology) can been seen in both
Control and B-cat®™ 3% mice. This indicates that AHSCs in B-cat®™ ®3® mice are still able to
respond to canonical Wnt signalling. Arrowheads indicate recombined Wnt responding AHSCs
(YFP+ BATGAL+ GFAP+ cells with radial morphology).
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(C) Quantification of the proportion of BATGAL+ (Wnt responding) YFP+ AHSCs in Control and
B-cat® @36 mice 30 days after the first tamoxifen injection. The proportion of BATGAL+ YFP+
AHSCs is similar between Control and B-cat® 3 mice, indicating that AHSCs are still able to
respond to canonical Wnt signalling in B-cat® ®3® mice. An unpaired Student’s t-test was
performed for statistical analysis (ns, p>0.05). n=3 and n=4 biological replicates for Control and

B-cat® ®3-6 mice respectively.

The presence of BATGAL+ YFP+ AHSCs in B-cat® ®*® mice, prompted me to investigate
whether B-catenin was successfully deleted in B-cat® ®*® mice upon tamoxifen administration.
To see whether B-catenin protein levels are reduced in the DG of B-cat® ®3® mice, |
immunolabelled Control and p-cat® ®*3*° brain sections using an antibody against the C-terminal
domain of B-catenin (Figure 4.10A). Overall, B-catenin protein levels do not appear to be
decreased in the DG of B-cat®® ®*® mice 30 days after the first tamoxifen injection (Figure 4.10A).
Also, the proportion of p-catenin+ YFP+ AHSCs is similar between Control and p-cat® ®36 mice
(Figure 4.10B), which indicates that B-catenin protein is still present in YFP+ AHSCs of p-cat®

ex3-6 mjce.

| next used in situ hybridisation to confirm whether the floxed region of B-catenin had been
deleted in YFP+ AHSCs of B-cat®™ 3 mice. | designed primers to generate an RNA in situ
probe that spans exons 3-6 of B-catenin (B-cat*®®°) and used cDNA from in vitro WT active
AHSPCs as template for the PCR reaction. The PCR product was sent for Sanger sequencing
to confirm specificity of the amplification and the in situ probe was generated as described in
Section 2.2.3. in situ hybridisation using the designed antisense probe showed that g-cat®**® is
still expressed in the DG of Control and B-cat® ®3® mice 30 days after tamoxifen injection
(Figure 4.10C). The specificity of the probe was confirmed upon comparison with the sense
Control probe, which did not report any signal (Figure 4.10C). To determine whether the mRNA
levels of the floxed region of B-catenin was decreased in recombined AHSCs, | combined the g-
cat®3% in situ probe with immunofluorescence to identify recombined AHSCs (Figure 4.10C
outlined cells). However, the inability to generate single z-plane images of the g-cat®>?® in situ,

made it difficult to assign the in situ signal to individual AHSCs.
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Figure 4.10: B-catenin immunolabelling and in situ analysis in the DG of Control and B-
cat® 36 mice 30 days after the first tamoxifen injection.

(A) B-catenin and YFP (GFP antibody) immunolabelling in the DG of Control and p-cat®' 3¢
mice 30 days after the first tamoxifen injection. B-catenin immunolabelling is widespread in the
SGZ of both Control and p-cat® ®3*® mice, indicating that p-catenin protein is still present in the

SGZ of p-cat® 36 mice. Scale bars represent 50um.
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(B) Quantification of the proportion of YFP+ B-catenin+ AHSCs in Control and p-cat® ®*€ mice
30 days after the first tamoxifen injection. Students’ t-test was performed for statistical analysis
(ns, p>0.05). Error bars represent mean with SEM. n=3 and n=2 biological repeats for Control
and B-cat® ®3® respectively.

(C) in situ hybridisation of antisense and sense p-cat®3° with YFP, GFAP and DAPI
immunolabelling in Control and p-cat®® ®3® mice 30 days after the first tamoxifen injection.

Outlined cells indicate AHSCs in Control and B-cat® ®*® mice. n=2 biological replicates.

Due to the difficulty in assigning the S-cat®™*® in situ signal to individual YFP+ AHSCs, | next
used qPCR analysis to determine whether the floxed region of B-catenin was recombined. To
do this, | FAC Sorted the YFP+ cells from Control and B-cat® ®3® mice and performed qPCR
analysis to investigate the expression levels of the floxed region of B-catenin (Figure 4.11A). |
injected 2-month-old GlastCreERT2; B-cat™ *6: RYFP (Control) and GlastCreERT2; p-cat™"
36, RYFP (B-cat® ®36) with tamoxifen, once daily for 5 consecutive days to induce
recombination (Figure 4.11A). Ten days after the first tamoxifen injection, | dissected the DG of
individual Control and B-cat® ®3® mice and processed these samples for FAC Sorting of YFP+
cells (Figure 4.11A). The dissection and FAC Sorting were performed in collaboration with L.
Harris and the Crick Flow Cytometry Science Technology Platform (STP). The number of YFP+
cells collected from each individual sample ranged from 400-7,000 cells. | then extracted the
RNA from the collected YFP+ cells, and synthesised cDNA for the gPCR analysis. The amount
of RNA used for cDNA synthesis was normalised according to the lowest number of YFP+ cells
collected for each replicate. | next performed qPCR analysis using TagMan probes for both an
unfloxed region of S-catenin (B-cat®'3'#) and the floxed region of p-catenin (f-cat®**®) (Figure
4.11B). The gene expression level of the unfloxed region f-cat®*’*"#is unchanged in YFP+ cells
from Control and p-cat® ®3® mice, indicating that these cells express B-catenin (Figure 4.11C).
Two out of the three B-cat® *® mice dissected showed no difference in the gene expression
level of p-cat™**® compared to Control (Figure 4.11D) This indicates that they have failed to
successfully recombine the floxed region of B-catenin upon tamoxifen administration (Figure
4.11D). However, one p-cat® ®*® mouse did show a decrease in the expression level of p-cat™*
°, meaning that recombination has occurred in the YFP+ cells collected from this mouse (Figure
4.11D). | also checked the gene expression level of the Wnt target gene Axin2 and found no
difference between Control and p-cat® ¢ mice (Figure 4.11E). This suggests that canonical

Whnt signalling is not inhibited in YFP+ cells of p-cat®® ®3® mice due to the failure to reliably
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delete B-catenin. Overall, these data show that recombination of the floxed region of S-catenin
only occurs in one third of B-cat® ®3- mice making this an inefficient model for deleting B-catenin

and inhibiting canonical Wnt signalling in AHSCs in vivo.
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Figure 4.11: Recombination of the floxed region of fS-catenin is inefficient in FAC Sorted
YFP+ cells from B-cat®' ©***¢ mice.

(A) Schematic of experimental design. 2-month-old GlastCreERT2; p-cat""'®*3¢; RYFP (Control)
and GlastCreERT2; p-cat™" ®3; RYFP (B-cat®™ ®*%) were injected with tamoxifen once daily for
5 consecutive days. 10 days after the first tamoxifen injection, the DG of individual mice was
dissected and YFP+ cells were FAC Sorted and collected for RNA extraction and qPCR
analysis.

(B) Schematic of p-cat” ©3¢ allele before and after tamoxifen induced Cre mediated
recombination. LoxP sites (red triangles) flank exons 3-6 which encode the N-terminal domain
and armadillo repeats 1-4 (grey boxes). Upon tamoxifen induced Cre-mediated recombination,
a deletion/frame-shift mutation is introduced fusing exon 2 with exon 7, which generates
truncated mRNA but does not encode a functional protein (Huelsken et al, 2001). Black boxes

indicate non-coding exons. Large boxes indicate coding exons. Grey boxes indicate armadillo
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repeats. Red arrows indicate LoxP sites. Blue boxes indicate the TagMan probes used for gPCR
analysis.

(C) gPCR analysis of the gene expression levels of an unfloxed region of f-catenin (p-cat™'™>
). The TagMan probe used spans exons 13-14 which is outside the floxed region and its’
expression levels are unaffected by tamoxifen induced Cre-mediated recombination in YFP+
cells from both Control and p-cat®' ®3® mice.

(D) gPCR analysis of the gene expression levels of the floxed region of S-catenin (f-cat®*+®).
The TagMan probe used spans exons 4-5 which is within the floxed region. Two out of the three
B-cat? &3 repeats show a similar expression level to Control indicating that the YFP+ cells in
these samples have not recombined pg-cat”” ®3¢ One sample has undergone successful
recombination of the floxed region of B-catenin.

(E) gPCR analysis of the gene expression levels of the Wnt target gene Axin2. Axin2 levels are
unchanged between YFP+ cells from Control and -cat® ®**® mice indicating that canonical Wnt
signalling is not inhibited due to the failure to reliably delete p-catenin.

For all gPCR analysis a Student’s t-test was used for statistical analysis (ns, p>0.05). Error bars

represent mean with SEM. n=3 biological replicates for Control and p-cat® ®3*® mice.

4.3.2 Adult Neurogenesis is Unaffected in B-cat?' ®***® Mice Due to Failed Recombination

As this model failed to successfully recombine and delete B-catenin in Glast+ cells, | anticipated
that adult neurogenesis would be unaffected in this mouse model. To confirm this, 2-month-old
GlastCreERT2; p-cat”"®36; RYFP (Control) and GlastCreERT2; p-cat"™®3¢; RYFP (B-cat®® 3
%) mice were administered tamoxifen, by intraperitoneal (ip) injection, once daily for 5
consecutive days and were transcardially perfused 30 days after the first tamoxifen injection
(30dpi) for analysis (Figure 4.12A). Collecting samples 30 days after the initial tamoxifen
injection allowed me to investigate the resulting phenotype in the AHSC population and the
whole process of adult neurogenesis. | performed immunofluorescence staining for AHSC
markers (YFP+ GFAP+ cells with radial morphologies) to investigate whether the AHSC
population was affected. Quantification of the total number of YFP+ AHSCs normalised to the
SGZ length showed no difference between Control and B-cat® 3 mice 30 days after tamoxifen
induced recombination at 2 months, as expected (Figure 4.12C). | also stained for the
proliferation marker Ki67 (Figure 4.12B) and found no difference in the percentage of Ki67+
AHSCs between Control and p-cat® € mice (Figure 4.12D). In addition, the total number of

Ki67+ cells normalised to the SGZ length, which includes active AHSCs, IPCs and proliferating
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neuroblasts, was similar in both Control and p-cat® ®3® mice 30 days after tamoxifen
administration (Figure 4.12E). This confirms that AHSCs and their progeny are unaffected in

this mouse model as B-catenin has not been deleted.

Doublecortin (DCX) is a microtubule-associated protein (MAP) that is expressed in late
progenitors and neuroblasts (NBs) of the hippocampal neurogenic lineage and is commonly
used to detect levels of adult neurogenesis (Brown et al.,, 2003). Therefore, | used DCX
immunolabelling in brain sections from Control and p-cat® 3¢ mice, 30 days after tamoxifen,
to compare the levels of adult hippocampal neurogenesis in this model (Figure 4.12F). The
morphologies of DCX+ neuroblasts are similar between Control and p-cat® ®3® mice (Figure
4.12F), indicating that neuroblast maturation is unaffected. In addition, the total number of DCX+
neuroblasts is not significantly changed between Control and p-cat®® ®3® mice 30 days after the
first tamoxifen injection (Figure 4.12G). This indicates that adult neurogenesis is unaffected in

B-cat®® ®*€ mice due to the failure to successfully recombine and delete B-catenin.
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Figure 4.12: Adult neurogenesis is unaffected in B-cat® > mice 30 days after tamoxifen.
(A) Schematic of experimental design. 2-month-old mice were injected with tamoxifen for 5

consecutive days and sacrificed 30 days after the first tamoxifen injection for analysis.
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Tamoxifen was administered to both GlastCreERT2; p-cat”™ ®3%;RYFP (Control) mice and
GlastCreERT2; p-cat" ®36;RYFP (B-cat®™ &) mice.

(B) Immunolabelling of AHSCs (GFAP+ YFP+ cells with radial morphologies) and the
proliferation marker Ki67 in the DG of Control and p-cat® ®3% animals 30 days after tamoxifen
administration. No gross overall phenotype can be observed between Control and B-cat®! ©x36
animals. GFP antibody was used to label YFP+ cells. Scale bars represent 50um.

(C) Quantification of the total number of YFP+ AHSCs normalised to the length of the SGZ in
Control and B-cat® 3 animals 30 days after tamoxifen administration. No significant difference
is observed between Control and B-cat® ®3*® animals. An unpaired Student’s t-test was used for
statistical analysis, (ns, p>0.05). Error bars represent mean with SEM. Data shown is of n=3
biological replicates for each genotype.

(D) Quantification of the proportion of Ki67+ YFP+ AHSCs in Control and p-cat®® ®3® animals
30 days after tamoxifen administration. No significant difference is observed between Control
and B-cat®™ 36 animals. An unpaired Student’s t-test was used for statistical analysis, (ns,
p>0.05). Error bars represent mean with SEM. Data shown is of n=3 biological replicates for
each genotype.

(E) Quantification of the total number of YFP+ Ki67+ cells normalised to the length of the SGZ
in Control and B-cat® ®3% animals 30 days after tamoxifen administration. Ki67+ YFP+ cells
include active AHSCs, IPCs and neuroblasts. No significant difference is observed between
Control and B-cat® ®3® animals. An unpaired Student’s t-test was used for statistical analysis,
(ns, p>0.05). Error bars represent mean with SEM. Data shown is of n=3 biological replicates
for each genotype.

(F) Immunolabelling of YFP and DCX (neuroblasts) in the DG of Control and p-cat® ®3® animals
30 days after tamoxifen administration. No gross overall phenotype can be observed in the
morphologies or numbers of DCX+ neuroblasts between Control and B-cat® ®3® animals. Scale
bars represent 50um.

(D) Quantification of the total number of YFP+ DCX+ neuroblasts normalised to the length of
the SGZ in Control and B-cat® ®3® animals 30 days after tamoxifen administration. No
significant difference is observed between Control and p-cat® ®3® animals. An unpaired
Student’s t-test was used for statistical analysis, (ns, p>0.05). Error bars represent mean with

SEM. Data shown is of n=3 biological replicates for each genotype.
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4.4 Deletion of B-catenin in AHSCs from a Second B-catenin™™ Mouse

Model Does Not Affect AHSCs But Does Impair Adult Neurogenesis

4.4.1 B-catenin is Successfully Deleted in YFP+ Cells from The DG of B-cat® 2 Mice

As p-catenin was not reliably deleted in the AHSCs of the previous mouse model,
(GlastCreERT2; B-cat™ 3¢, RYFP mice), | generated a second p-catenin floxed mouse line to
investigate the role of canonical Wnt signalling in AHSCs in vivo. This second B-catenin floxed
line contains LoxP sites flanking exons 2-6 of B-catenin (B-cat™ ®2%) which encode the N-
terminal domain, ATG translational start codon and Armadillo repeats 1-4 of B-catenin (Brault et
al., 2001). Tamoxifen induced Cre-mediated recombination of these LoxP sites flanking exons
2-6 of B-catenin generates the p-cat® ®*2 allele, which is unable to generate a functional protein
(Brault et al., 2001) (Figure 4.13A). | crossed p-cat™ ®*2¢ mice with GlastCreERT2; RYFP mice
to generate GlastCreERT2; B-cat" 6. RYFP mice. As described previously, tamoxifen
administration will promote Cre translocation to the nucleus of Glast+ cells, where it facilitates
the recombination of the LoxP sites within the B-cat™" %2 allele. By including the RYFP reporter

of recombination allele, | am able to identify the cells that have successfully recombined as being
YFP+.

To confirm B-cat/" &2

the DG of 2-month-old GlastCreERTZ2; B-cat*"*t®x26: RYFP (Control) and GlastCreERT2; p-cat™"

recombination in this mouse model, | FAC Sorted the YFP+ cells from

26 RYFP (B-cat® ®*2®) mice 10 days after tamoxifen administration and performed gPCR
analysis for both floxed and unfloxed regions of B-catenin (Figure 4.13B). The dissection and
FAC Sorting were performed in collaboration with L. Harris and the Crick Flow Cytometry STP
and were identically processed for qPCR analysis as described for the previous mouse model
(Figure 4.11). gPCR analysis for an unfloxed region of f-catenin (B-cat™ *'%) shows a similar
expression level between Control and p-cat® ®2® mice, indicating that these cells express p-
catenin (Figure 4.13C). The expression level of the floxed region of B-catenin (f-cat™ +°) is
significantly decreased in B-cat® ®2® mice compared to Control (Figure 4.13D). This confirms
successful recombination of the p-caf” °?® allele upon tamoxifen administration in
GlastCreERT2; B-cat™ ®26; RYFP mice. All three biological replicates behaved in a similar
manner (Figure 4.13D), showing that this recombination event is more efficient in this mouse
model compared with the previous one. | also checked the gene expression levels of the Wnt

target gene Axin2, to determine whether the successful recombination of the p-cat”” 2 allele
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inhibits canonical Wnt signalling in YFP+ cells (Figure 4.13E). However, | did not observe a
significant decrease in Axin2 expression levels between Control and p-cat® ®%® mice (Figure
4.13E) suggesting that canonical Wnt signalling levels are not impaired by loss of B-catenin.
This recapitulates my in vitro observations in Section 4.2.1, that loss of B-catenin does not inhibit
AHSCs’ baseline response to canonical Wnt signalling. It again also raises the possibility that
Axin2 expression is not strictly dependent on canonical Wnt signalling levels in these cells and

therefore may not provide a reliable read-out for inhibited canonical Wnt signalling.
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Figure 4.13: p-cat’ex2% g|lele is successfully recombined in FAC Sorted YFP+ cells from
B-cat’® 2 mice.

(A) Schematic of p-cat” ©26 allele before and after tamoxifen induced Cre mediated
recombination. LoxP sites (red triangles) flank exons 2-6 which encode the ATG translational
start codon, the N-terminal domain and armadillo repeats 1-4 (grey boxes). Tamoxifen induced
Cre-mediated recombination, generates the p-cat® ®2° allele, which is unable to generate
functional protein (Brault et al., 2001). Black boxes indicate non-coding exons. Large boxes
indicate coding exons. Grey boxes indicate armadillo repeats. Red arrows indicate LoxP sites.

Blue boxes indicate the TagMan probes used for qPCR analysis.
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(B) Schematic of experimental design. 2-month-old GlastCreERT2; p-cat"'*t x2¢; RYFP
(Control) and GlastCreERTZ2; B-cat™"®26; RYFP (B-cat® ®*2®) were injected with tamoxifen once
daily for 5 consecutive days. 10 days after the first tamoxifen injection, the DG of individual mice
was dissected and YFP+ cells were FAC Sorted and collected for RNA extraction and qPCR
analysis.

(C) gPCR analysis of the gene expression levels of an unfloxed region of f-catenin (p-cat™'>
). Expression levels of pcat®’>' is unaffected by tamoxifen induced Cre-mediated
recombination in YFP+ cells from both Control and p-cat®! ®*2¢ mice.

(D) gPCR analysis of the gene expression levels of the floxed region of S-catenin (f-cat®**®).
The expression levels of p-cat™*° is significantly decreased in p-cat® ®2 mice compared to
control, confirming successful recombination in all biological repeats.

(E) gPCR analysis of the gene expression levels of the Wnt target gene Axin2. Axin2 levels are
unchanged between YFP+ cells from Control and B-cat® ®*2® mice indicating that canonical Wnt
signalling is not inhibited despite the successful recombination of the p-cat”” ®*?® allele.

For all gPCR analysis a Students’ t-test was used for statistical analysis (ns, p>0.05. *, p<0.05).

Error bars represent mean with SEM. n=3 biological replicates for Control and B-cat® ®3 mice.

The above results show that the g-cat”” ®*2° allele is successfully recombined in YFP+ cells 10
days after tamoxifen induced Cre mediated recombination in GlastCreERTZ2; B-cat"™ ®2¢; RYFP
mice (Figure 4.13). | next wanted to confirm that this recombination event resulted in the loss of
B-catenin protein levels. For this, | injected 2-month-old GlastCreERT2; p-cat""! &26; RYFP
mice (Control) and GlastCreERT2; p-cat”™ 26 RYFP mice (B-cat®™ ®2®) once daily with
tamoxifen for 5 consecutive days. 30 days after the first tamoxifen injection, Control and p-cat®
26 mice were sacrificed by transcardial perfusion and brain tissue was collected and processed
for immunofluorescence techniques (Figure 4.14A). Analysing 30 days after the first tamoxifen
injection allows me to investigate the effect deleting p-catenin in the AHSCs has on the whole
process of adult neurogenesis. To confirm that f-cat”” ®2 recombination results in loss of p-
catenin protein levels, | immunolabelled Control and p-cat®® ®2® prain sections with an antibody
raised against the C-terminal domain of B-catenin (Figure 4.14B). By comparing the confocal
images of this p-catenin immunofluorescence, | observed that the intensity of the p-catenin
immunolabelling appears to be decreased in the DG of B-cat®™ ®*2® mice compared to Control

(Figure 4.14B). This suggests that p-cat”" °*2¢ recombination does result in decreased p-catenin

protein levels in the DG of B-cat® ®2® mice, making this a more reliable model of deleting B-
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catenin in AHSCs in vivo. Quantification of the proportion of B-catenin+ AHSCs is ongoing to

further confirm this.
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Figure 4.14: B-catenin protein levels are decreased in the DG of B-cat®' ®*2® mice 30 days
after tamoxifen induced Cre-mediated recombination of the S-cat” ¢*2€ allele in Glast+
cells.

(A) Schematic of experimental design. 2-month-old GlastCreERT2; p-cat"'"! ©26: RYFP mice
(Control) and GlastCreERT2; B-cat""®2¢; RYFP mice (B-cat® %) were injected with tamoxifen
once daily for 5 consecutive days. 30 days following the first tamoxifen injection, mice were
sacrificed by transcardial perfusion and brains were processed for immunofluorescence

techniques.

(B) Representative images of B-catenin immunostaining in the DG of Control and B-cat®' 2
mice 30 days after tamoxifen administration. The p-catenin antibody used was raised against
the C-terminal domain of B-catenin. Global levels of B-catenin immunostaining appear to be
reduced in the DG of B-cat® ®2 mice compared to Control suggesting loss of B-catenin protein.

Scale bars represent 50um.
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4.4.2 AHSCs are Largely Unaffected by Deletion of B-catenin in B-cat?' ©x2¢ Mice 30 Days

After Tamoxifen Induced Cre-Mediated Recombination of the pg-cat”" **2¢ Allele.

The results above confirm the successful recombination and deletion of B-catenin in the DG of
B-cat’® 2% mice. | next wanted to investigate how AHSCs are affected by this this loss of p-
catenin signalling. To do this | used the same protocol described above whereby 2-month-old
GlastCreERT2; p-cat"'"'®*2-6: RYFP mice (Control) and GlastCreERT2; p-cat™™®?6; RYFP mice
(B-cat® %) were injected once daily with tamoxifen for 5 consecutive days and analysed 30
days later (Figure 4.14A). Immunostaining for AHSC markers (GFAP+ Sox2+ cells with radial
morphologies) showed that the overall morphologies and organisation of the AHSCs is similar
in the DG of Control and B-cat®™ ®2¢ mice (Figure 4.15A), indicating that AHSCs are not
obviously affected by loss of B-catenin signalling. Indeed, the total number of AHSCs,
normalised to the SGZ length, is similar between Control and p-cat® ®2 ¢ mice 30 days after
tamoxifen administration (Figure 4.15B). | used Ki67 immunostaining to identify proliferating
cells and initially observed more Ki67+ cells in the DG of B-cat® ®*2 mice compared to Control
(Figure 4.15A), suggesting that loss of -catenin signalling in AHSCs could promote proliferation.
However, the percentage of Ki67+ AHSCs is largely unchanged between Control and B-cat®
26 mice (Figure 4.15C). This indicates that the increased number of proliferating cells observed
in the DG of B-cat®™ ®2- mice (Figure 4.15A) is not due to increased AHSC proliferation, however
more quantifications are needed to confirm this. IPCs in the DG can be characterised based on
their proliferative nature, the absence of a GFAP+ radial process and their expression of cell
specific markers such as Sox2. As such, | quantified the total number of Ki67+ Sox2+ IPCs,
normalised to the length of the SGZ, to understand whether the increased proliferation in p-cat®
26 mice is due to increased numbers of proliferating IPCs (Figure 4.15D). | found an increase
in the number of proliferating Sox2+ IPCs in B-cat®™ ®2® mice vs Control (Figure 4.15D)
suggesting that inhibiting canonical Wnt/ p-catenin signalling in AHSCs promotes the
proliferation and/or generation of IPCs. More replicates are needed to improve the robustness
of these quantifications; however, these preliminary data so far suggest that AHSCs are largely
unaffected by loss of -catenin signalling. The observed increase in the number of proliferating
IPCs in B-cat® ®2- mice suggests that there are consequences of deleting p-catenin in AHSCs

further along the neurogenic lineage.

166



Chapter 4. Results 2

FP GFAP/Sox2
o
‘E f
@]
o
'_C.!(_U‘ v
Q@
«

. g 15
%) a LE ]
N ¢ 304 D) 3 S 10-
8 < 207 <_:_: R
IS N~ ©N 51
< 5 104 © Lo
e X s 2
K 0- = g3 O

Control B-catde! =26 Control B-cat®e>® = g Control B-catdeex26

Figure 4.15: Inmunostaining for AHSCs, IPCs and proliferation in the DG of Control and
B-cat?'®x2¢ mice 30 days after tamoxifen administration.

(A) Immunostaining of GFAP, Sox2, YFP (GFP antibody) and Ki67 in the DG of Control and -
cat® 26 mice 30 days after the first tamoxifen injection. AHSCs are identified as having a
DAPI+ Sox2+ cell body located in the SGZ, associated with a GFAP radial projection through
the GCL. YFP immunostaining marks the recombined cells. Ki67 immunostaining is used to
mark proliferating cells. Scale bars represent 50um.

(B) Quantification of the total number of AHSCs normalised to the length of the SGZ (mm) in
Control and B-cat® ©2 mice.

(C) Quantification of the proportion of Ki67+ AHSCs in Control and p-cat® ®*2¢ mice.

(D) Quantification of the total number of Ki67+ Sox2+ IPCs normalised to the length of the SGZ

(mm) in Control and p-cat® ®%® mice.
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Error bars represent mean with SEM. Statistics were not performed for these data due to
insufficient biological replicates for B-cat® ®2® samples. n=4 and n=2 biological replicates for

Control and B-cat® ®%® mice respectively.

4.4.3 Normal Progression Along the Neurogenic Lineage is Impaired by the Loss of -
catenin in AHSCs

To further investigate how adult neurogenesis is affected by the loss of B-catenin in AHSCs, |
used immunofluorescence techniques to identify and characterise the different cell types along
the neurogenic lineage in the DG of Control and p-cat® ®*2- mice 30 days after the first tamoxifen
injection (Figure 4.14A). | used DCX immunostaining to label the neuroblast population and
preliminary observations suggest that the number of DCX+ cells is markedly reduced in -cat®
26 mice compared to Control (Figure 4.16A). In addition, the morphologies of the DCX+
neuroblasts in the DG B-cat®™ ®2® mice appear to be less complex than in Control mice (Figure
4.16A). Overall, this could indicate that loss of B-catenin signalling in AHSCs, impairs the correct
generation and/or survival of neuroblasts. However, as this is preliminary data, further analysis

and quantifications are needed to confirm these observations.

| showed above that the number of proliferating Sox2+ early IPCs was increased in p-cat®! <2
mice (Figure 4.15D). However, the defect observed above in the DCX+ neuroblast population
would suggest that loss of pB-catenin in AHSCs impairs the generation of neuroblasts. IPCs
progress through various stages before differentiating into DCX+ neuroblasts (Urban et al.,
2014; Ming et al., 2011) (Figure 1.4). Therefore, | next wanted to investigate how the progenitor
stages preceding DCX+ neuroblasts are affected by the loss of B-catenin in AHSCs. Tbr2 (T-
box brain gene 2 or Eomes) is a T-box transcription factor that is expressed in Type llb
progenitors of the hippocampal neurogenic lineage and is therefore used as a marker for these
later progenitor stages of adult hippocampal neurogenesis (Hodge et al., 2008; Hodge et al.,
2012) (Figure 1.4). Preliminary observations of the Tbr2 immunostaining showed fewer Tbr2+
cells in the DG of B-cat® ®2® mice vs Control 30 days after tamoxifen administration (Figure
4.16B). This suggests that loss of B-catenin in AHSCs promotes the proliferation of Sox2+ Tbr2-
early IPCs but impairs their differentiation into later stage Tbr2+ IPCs. Overall, these data
suggest the loss of B-catenin signalling in AHSCs impairs the progression along the neurogenic
lineage and adult neurogenesis. However, as stated above, these are preliminary observations

and require confirmation with further analysis and quantifications.
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Figure 4.16: Progression along the neurogenic lineage is impaired in the DG of adult B-

cat® ®*2® mice 30 days after the first tamoxifen injection.
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(A) DCX and YFP (GFP antibody) immunostaining in the DG of Control and p-cat® ®*2® mice 30
days after the first tamoxifen injection at 2 months of age. YFP is used to label the recombined
cells. DCX is used to label the neuroblast population. Scale bars represent 50um.

(B) Tbr2 and YFP immunostaining in the DG of Control and B-cat® ®2® mice 30 days after the
first tamoxifen injection at 2 months of age. YFP is used to label the recombined cells. Tbr2 is
used to label Type lIb later progenitors of the hippocampal neurogenic lineage. Scale bars
represent 50um.

Representative images of n=2 biological replicates for Control and p-cat®' ®® mice.
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Chapter 5. Results 3: Levels of Canonical Wnt Stimulation
are Important for Determining a Proliferation or Neuronal

Differentiation Response in Quiescent AHSCs

In the previous chapters, | have shown that AHSCs, in vitro and in vivo, respond
heterogeneously to canonical Wnt signalling, however they are largely unaffected by inhibition
of canonical Wnt signalling. In contrast, it has been reported that stimulating canonical Wnt
signalling in AHSCs promotes both AHSC self-renewal and instructs neuronal differentiation (Lie
et al., 2005; Seib et al., 2013; Jang et al., 2013; Wexler et al., 2009; Qu et al., 2010). | next
wanted to understand how stimulating canonical Wnt signalling in AHSCs can produce these
two different phenotypes. In this Chapter, | will present data showing that canonical Wnt
stimulation in active AHSPCs drives neuronal differentiation, whereas the same level of Wnt
stimulation in quiescent AHSPCs promotes their proliferation and activation from quiescence. A
higher level of Wnt stimulation is required to promote neuronal differentiation of quiescent
AHSPCs. This indicates that the levels of canonical Wnt stimulation in quiescent AHSPCs are
important in determining a proliferation or neuronal differentiation response. Finally, | will present
results from an in vivo model of canonical Wnt stimulation, where p-catenin protein is stabilised
in AHSCs, to over-activate canonical Wnt signalling levels in Glast+ AHSCs. Here | found that
stabilising B-catenin in AHSCs promotes their displacement from their correct niche location
within the SGZ. This displacement appears to promote AHSC activation from quiescence

possibly because they lose exposure to SGZ-located quiescent signals.

5.1 Stimulating Canonical Wnt Signalling in Active AHSPCs Initiates

Neuronal Differentiation

To understand how AHSPCs respond to elevated canonical Wnt signalling levels, | treated
active AHSPC cultures with a Wnt agonist to stimulate their canonical Wnt response. To
stimulate canonical Wnt signalling in vitro | titrated the Wnt agonist CHIR99021 in active
AHSPCs cultures for 72hrs and collected samples for immunofluorescence and qPCR analysis
to assess any Wnt induced changes in proliferation and gene expression (Figure 5.1A). | used
1uM, 5uM and 10uM of CHIR99021 for a total of 72hrs in active AHSPC cultures. The 10uM
CHIR99021 treatment in active AHSPCs caused massive cell death by 48hrs, indicating that

this level of Wnt agonist and Wnt stimulation is toxic to active AHSPCs.
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To confirm the activation of canonical Wnt signalling following CHIR99021 treatment, | checked
the gene expression level of the Wnt target gene Axin2 (Figure 5.1B). The expression levels of
Axin2 is upregulated in a dose-dependent manner in active AHSPCs treated with CHIR99021,
which confirms the stimulation of canonical Wnt signalling (Figure 5.1B). Canonical Wnt
signalling has been shown to play a role in promoting neuronal differentiation in the adult
hippocampal neurogenic lineage (Lie et al., 2005; Seib et al., 2013; Jang et al., 2013). To
understand whether neuronal differentiation is upregulated in CHIR99021 treated active
AHSPCs, | used qPCR to check the gene expression levels of genes associated with stemness
and neuronal differentiation. Ascl1 is a basic helix-loop-helix transcription factor that has been
shown to been essential for the activation and proliferation of AHSCs in vivo (Andersen et al.,
2014). Nestin is a class VI intermediate filament protein that is highly expressed in neural
progenitors of both the developing and adult central nervous system (CNS) (Lendahl et al., 1990;
Morshead et al., 1994; Palmer et al., 2000). Both Ascl/1 and Nestin are highly expressed in
neural progenitors but are downregulated upon neuronal differentiation (Pleasure et al., 2000;
Frederiksen et al., 1988; Dahlstrand et al., 1995). | found that CHIR99021 treatment in active
AHSPCs decreased the gene expression levels of Ascl1 and Nestin, however the
downregulation of Nestin gene expression levels was not statistically significant and therefore
only indicates a trend (Figure 5.1C and 5.1D). This suggests that stimulating canonical Wnt
signalling in active AHSPCs promotes a loss of stem cell associated genes. To determine
whether this canonical Wnt induced loss of stem cell associated genes is accompanied by an
increase in neuronal differentiation, | checked the gene expression levels of neuronal
differentiation markers. Neurogenin 2 (Ngn2) is neural-specific basic helix-loop-helix (bHLH)
transcription factor that is expressed in neural progenitor cells and instructs a neuronal fate
(Hodge et al., 2012; Galichet et al., 2008; Wilkinson et al., 2013). Tuj1 is a neuron-specific class
[ll B-tubulin and is expressed early on during neuronal differentiation (Ambrogini et al., 2004). |
found that the pro-neuronal markers Tuj7 and Ngn2 were upregulated in a dose-dependent
manner in active AHSPCs treated with CHIR99021 (Figure 5.1E and 5.1F). However, as these
results were not statistically significant this only indicates a trend of upregulation. This could
indicate that stimulating canonical Wnt signalling in active AHSPCs initiates neuronal

differentiation.

To confirm this neuronal differentiation phenotype, | immunolabelled Control, 1uM CHIR99021
and 5uM CHIR99021 treated active AHSPCs for Tuj1 (Figure 5.1G). No Tuj1+ cells were found

in Control active AHSPC samples (Figure 5.1G and 5.1H). In contrast, | observed some Tuj1+
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cells in active AHSPCs treated with 1uM CHIR99021 and significantly more Tuj1+ cells in 5uM
CHIR99021 (Figure 5.1G). This confirms that stimulating canonical Wnt signalling in active
AHSPCs promotes a neuronal fate. The proportion of Tuj1+ cells is higher in 5uM CHIR99021
treated active AHSPCs compared to 1uM CHIR99021 treated active AHSPCs, indicating that a
higher level of canonical Wnt stimulation promotes neuronal differentiation of active AHSPCs

more readily (Figure 5.1H).

The proliferative capacity of AHSPCs is a hallmark of multipotent progenitors (Ming et al., 2011).
As progenitors differentiate towards a more committed cell fate, their proliferative capacity
decreases as they become post-mitotic (Ming et al., 2011). To investigate proliferation changes
in active AHSPCs treated with CHIR99021, | immunolabelled proliferating cells with the cell
cycle markers EdU and Ki67 (Figure 5.11). | found that the proportion of EdU+ and Ki67+
AHSPCs, was significantly decreased in active AHSPCs treated with 5uM CHIR99021
compared to Control (Figure 5.1J and 5.1K). 5uM CHIR99021 treatment also induced a
significant increase in the proportion of Tuj1+ cells (Figure 5.1H). This indicates that stimulating
canonical Wnt signalling in active AHSPCs, reduces their proliferative capacity as they initiate
neuronal differentiation. Overall, these data suggest that stimulating canonical Wnt signalling in

active AHSPC cultures instructs a neuronal fate and promotes neuronal differentiation.
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Figure 5.1: Treatment of active AHSPCs with the Wnt agonist CHIR99021 promotes

neuronal differentiation.
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(A) Schematic of experimental design. Active AHSPCs (10ng/ml FGF2) were treated with DMSO
vehicle Control, 1uM CHIR99021, 5uM CHIR99021 and 10uM CHIR99021 for 72hrs.
Treatments were refreshed at 36hrs. 10uM CHIR99021 treatment caused cell death in active
AHSPCs.

(B, C, D, E, F) gPCR analysis of the expression levels of Axin2 (B), Ascl1 (C), Nestin (D), Ngn2
(E) and Tuj1 (F). The increasing expression levels of the Wnt target gene Axin2 (B) shows that
canonical Wnt signalling is stimulated in active AHSPCs upon CHIR99021 treatment. The
decreasing expression levels of the stem cell markers Ascl/1 (C) and Nestin (D) indicate a loss
of stemness with high levels of Wnt stimulation in active AHSPCs. The expression levels of the
pro-neuronal markers Ngn2 (Neurogenin 2) (E) and Tuj1 (F) increase with 5uM CHIR99021,
indicating that high levels of Wnt stimulation initiates neuronal differentiation in active AHSPCs.
An unpaired Student’s t-test was used for statistical analysis, (*, p<0.05). Error bars represent
mean with SEM. n=2 biological repeats.

(G) Tuj1 and DAPI immunolabelling in active AHSPCs treated with 1uM CHIR99021 and 5uM
CHIR99021 vs Control. Scale bars represent 50um.

(H) Quantification of the data shown in (G). The proportion of Tuj1+ cells is increased in active
AHSPCs treated with CHIR99021, indicating that stimulating canonical Wnt signalling in active
AHSPCs initiates neuronal differentiation. An unpaired Student’s t-test was used for statistical
analysis, (*, p<0.05). Error bars represent mean with SEM. n=2 biological repeats.

(I) Immunolabelling of proliferation markers, EdU and Ki67, in active AHSPCs treated with 1uM
CHIR99021 and 5uM CHIR99021 verses Control. To label cells in S-phase of the cell cycle,
AHSPCs were pulsed with 10uM EdU for 45min prior to fixation on the last day of treatment and
EdU was detected using the Click-iT™ EdU Alexa Fluor® 647 detection kit. Scale bars represent
50um.

(J, K) Quantification of the data shown in (I). The proportion of EdU+ (J) and Ki67+ (K)
immunolabelled cells decreases in active AHSPCs treated with CHIR99021, indicating that
stimulating canonical Wnt signalling causes cells to become post-mitotic as they undergo
neuronal differentiation. An unpaired Student’s t-test was used for statistical analysis, (¥,

p<0.05). Error bars represent mean with SEM. n=2 biological repeats.
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5.2 Stimulating Canonical Wnt Signalling in Quiescent AHSPCs
Promotes Differential Effects Depending on the Levels of Wnt

Stimulation

Quiescent AHSPCs differ from active AHSPCs in their proliferative capacity, metabolism and
transcriptional program (Beckervordersandforth et al., 2017; Knobloch et al., 2017; Shin et al.,
2015; Cheung et al., 2013). These differences allow quiescent AHSPCs to be maintained in a
reversible state of dormancy, which is essential for the long-term maintenance of the AHSPC
pool. It has also been suggested that quiescence allows stem cells to respond to more readily
to external signals due to their high expression of cell surface receptors (Cheung et al., 2013).
Due to these differences between active and quiescent AHSPCs, | next wanted to investigate

how quiescent AHSPCs respond to stimulating canonical Wnt signalling.

5.2.1 Over-stimulating Canonical Wnt Signalling in Quiescent AHSCs Induces Neuronal

Differentiation Whereas Lower Levels of Wnt Stimulation Promotes Proliferation

To stimulate canonical Wnt signalling in quiescent AHSCs, | again used the Wnt agonist
CHIR99021. | used the same concentrations of CHIR99021 as | used to stimulate canonical Wnt
signalling in active AHSPCs (1uM, 5uM and 10uM CHIR99021) and collected samples after
48hrs (Figure 5.2A). 10uM CHIR99021 treatment was toxic to active AHSPCs, however | did
not observe any cell death in quiescent AHSPCs treated with 10uM CHIR99021. This indicates
that active AHSPCs are more sensitive to levels of canonical Wnt stimulation compared to
quiescent AHSPCs and highlights the difference in how active and quiescent AHSPCs perceive

and respond to the same level of an external stimulus.

To confirm the activation of canonical Wnt signalling, | checked the gene expression levels of
Axin2 (Figure 5.2B). Axin2 levels are significantly upregulated in a dose-dependent manner in
quiescent AHSPCs treated with 1uM, 5uM and 10uM CHIR99021 (Figure 5.2B), indicating
robust stimulation of the canonical Wnt signalling pathway. Similar to stimulating canonical Wnt
signalling in active AHSPCs, over-activation of canonical Wnt signalling in quiescent AHSPCs
also initiated neuronal differentiation. This is seen by the downregulation AHSPC markers such
as Ascl1 (Figure 5.2C) and Sox2 (Figure 5.2D), alongside the upregulation of the pro-neuronal
markers Ngn2 (Figure 5.2E) and Tuj1 (Figure 5.2F) in quiescent AHSPCs treated with 10uM

CHIR99021. Indeed, immunolabelling for Tuj1 showed a significant increase in the proportion of
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Tuj1+ cells in quiescent AHSPCs treated with 10uM CHIR99021 vs Control (Figure 5.2G and
5.2H). 5uM CHIR99021 treatment of quiescent AHSPCs also initiated neuronal differentiation,
but to a lesser extent than 10uM CHIR99021. This suggests that higher levels of stimulating

canonical Wnt signalling in quiescent AHSPCs are more effective at inducing neuronal

differentiation.
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Figure 5.2: Over-stimulating canonical Wnt signalling using CHIR99021 in quiescent
AHSPCs initiates neuronal differentiation.

(A) Schematic of experimental design. Active AHSPCs (20ng/ml FGF2) were plated and were
transferred into quiescent culture conditions (20ng/ml FGF2 + 20ng/ml BMP4) 24hrs later.
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CHIR99021 treatments were started 48hrs after quiescence induction and quiescent culture
conditions were maintained throughout. Treatments include: DMSO vehicle control, 1uM
CHIR99021, 5uM CHIR99021 and 10uM CHIR99021 for 48hrs.

(B) gPCR analysis of the expression levels of the Wnt target gene Axin2 shows that canonical
Whnt signalling is stimulated in quiescent AHSPCs treated with CHIR99021 in a dose-dependent
manner.

(C, D) gPCR analysis of the expression levels of the AHSPC markers Asc/1 (C) and Sox2 (D).
Both Asc/1 (C) and Sox2 (D) expression levels decrease with 5uM and 10uM CHIR99021
indicating a loss of stemness with high levels of Wnt stimulation.

(E, F) gPCR analysis of the expression levels of pro-neuronal markers Neurogenin2 (Ngn2) (E)
and Tuj1 (F). Ngn2 (E) and Tuj1 (F) expression levels increase with 10uM CHIR99021 treatment
indicating that high levels of Wnt stimulation initiates neuronal differentiation in quiescent
AHSPCs.

(G) Immunolabelling of the neuronal differentiation marker Tuj1 in quiescent AHSPCs treated
with 1uM CHIR99021, 5uM CHIR99021 and 10uM CHIR99021 verses Control. Scale bars
represent 50um.

(H) Quantification of the data shown in (G). The proportion of Tuj1+ cells increases in quiescent
AHSPCs treated with 5uM and 10uM CHIR99021.

(B-F, G) An unpaired Student’s t-test was used for statistical analysis, (*, p<0.05. **, p<0.01. ***,
p<0.001). Error bars represent mean with SEM. Data shown is technical repeats of one

biological replicate. n=2 biological replicates.

The above data shows that over-stimulating canonical Wnt signalling with 10uM CHIR99021 in
quiescent AHSPCs, initiates neuronal differentiation. Adult hippocampal neurogenesis in vivo
begins with the activation and proliferation of quiescent AHSCs before they progress along the
neurogenic lineage to generate newborn granule neurons. | next wanted to investigate whether
Whnt stimulated quiescent AHSPCs proliferate prior to differentiating towards a neuronal fate. To
investigate levels of quiescent AHSPC proliferation upon Wnt stimulation, | used EdU
incorporation and Ki67 immunolabelling to mark cells in the cell cycle (Figure 5.3A). | found that
the proportion of proliferating AHSPCs remained low in Control, 1uM CHIR99021 and 10uM
CHIR99021 treated quiescent AHSPCs (Figure 5.3A, 5.3B and 5.3C). As the expression levels
of Ascl1 and Sox2 (Figure 5.2C and 5.2D) are similar to Control in 1uM CHIR99021 treated
quiescent AHSPCs, this could suggest that Control and 1uM CHIR99021 treated quiescent

AHSPCs retain their stemness and remain out of the cell-cycle in quiescence. This could be
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further investigated by checking the expression levels of quiescent markers such as HopX and
p57. Conversely, 10uM CHIR99021 treatment of quiescent AHSPCs caused the downregulation
of AHSPC genes alongside the upregulation of neuronal differentiation markers (Figure 5.2).
This, alongside the low number of proliferating cells, could suggest that 10uM CHIR99021
treatment of quiescent AHSPCs promotes direct neuronal differentiation, without quiescent
AHSPC proliferation. This could be further explored by investigating the proliferation changes
induced by 10uM CHIR99021 treatment of quiescent AHSPCs over time. However, the
proportion of proliferating cells is increased in 5uM CHIR99021 treated quiescent AHSPCs
(Figure 5.3). This suggests that a lower stimulation of canonical Wnt signalling in quiescent
AHSPCs promotes their activation from quiescence and proliferation. Overall, these data
indicate there is a dose-dependent effect of stimulating canonical Wnt signalling in quiescent
AHSPCs. Over-stimulation of canonical Wnt signalling could promote direct neuronal
differentiation, whereas a lower level of Wnt stimulation also promotes quiescent AHSPC

activation and proliferation.
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Figure 5.3: Lower Wnt stimulation using 5uM CHIR99021 in quiescent AHSPCs, promotes
quiescent AHSPC activation and proliferation.

(A) Immunolabelling of the proliferation markers EdU and Ki67 in quiescent AHSPCs treated
with 1uM CHIR99021, 5uM CHIR99021 and 10uM CHIR99021 vs Control. To label cells in S-
phase of the cell cycle, cells were pulsed with 10uM EdU for 45min prior to fixation on the last
day of treatment and EdU was detected using the Click-iT™ EdU Alexa Fluor® 647 detection
kit. Scale bars represent 50um.

(B, C) Quantification of the data shown in (A). The proportion of EAU+ (B) and Ki67+ (C)
immunolabelled cells increases in quiescent AHSPCs treated with 5uM CHIR99021, indicating
that lower stimulation of canonical Wnt signalling could promote quiescent AHSPC activation.
An unpaired Student’s t-test was used for statistical analysis, (*, p<0.05). Error bars represent
mean with SEM. Data shown is technical repeats of one biological replicate. n=2 biological

replicates.
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5.2.2 WntInduced Proliferation of Quiescent AHSPCs is Sustained Over Time But Could

Promote Lineage Progression Towards a Progenitor Fate

| next wanted to see whether this Wnt induced activation of quiescent AHSPCs is sustained over
time, or whether prolonged exposure to a lower level of canonical Wnt stimulation eventually
induces neuronal differentiation. | treated quiescent AHSPCs with 5uM CHIR99021 for 24hrs,
48hrs and 72hrs (Figure 5.4A) and confirmed that canonical Wnt signalling was activated by
measuring Axin2 expression levels (Figure 5.4B). Axin2 is significantly upregulated at 24hrs and
is sustained across all time points (Figure 5.4B). This shows that canonical Wnt signalling is
activated quite rapidly in quiescent AHSPCs using CHIR99021, and that longer treatments with
CHIR99021 do not increase the level of Wnt stimulation. The expression levels of the cell cycle
marker CyclinD1 show a decreasing trend in Control quiescent AHSPCs over time (Figure 5.4C).
This suggests that that long-term maintenance of quiescent culture conditions induces a deeper
state of quiescence, as has previously been shown in fibroblasts (Augenlicht et al., 1974; Owen
et al., 1989; Kwon et al., 2017). This contrasts with the upregulation of CyclinD1 expression
levels in 5uM CHIR99021 treated quiescent AHSPCs at 48hrs and 72hrs (Figure 5.4C). This
suggests that sustained canonical Wnt stimulation in quiescent AHSPCs is sufficient to promote
quiescent AHSPC activation. However, the increased expression of the quiescent marker HopX
(Li et al., 2015) following 48hrs and 72hrs Wnt stimulation would seem to contradict this
activation phenotype (Figure 5.4D). To confirm that quiescent AHSPCs become activated
following sustained canonical Wnt stimulation, | used EdU incorporation (S-phase) and
immunolabelling of Ki67 (pan-cell cycle) and CyclinD1 (G1) to identify cells in the cell cycle
(Figure 5.4E). | found that the proportion of Ki67 positive and CyclinD1 positive AHSPCs was
significantly increased in 5uM CHIR99021 treated quiescent AHSPCs compared to Control at
48hrs and 72hrs (Figure 5.4F and 5.4G). The proportion of EAU positive cells was increased
with 5uM CHIR99021 treatment over time, however this was not significant and therefore only
represents and trend (Figure 5.4H). Overall, this indicates that prolonged canonical Wnt
stimulation in quiescent AHSPCs is sufficient to maintain quiescent AHSPC activation and

proliferation.
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Figure 5.4: 5uM CHIR99021 induced quiescent AHSPC proliferation is sustained over

time.
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(A) Schematic of experimental design. Quiescent AHSPCs were treated with 5uM CHIR99021
and DMSO vehicle Control for 24hrs, 48hrs and 72hrs.

(B) Axin2 expression levels increase with 5uM CHIR99021 treatment in quiescent AHSPCs at
all time points highlighting an activation of canonical Wnt signalling.

(C) CyclinD1 expression levels increase in 5uM CHIR99021 treated quiescent AHSPCs
suggesting that activation of canonical Wnt signalling promotes quiescent AHSPC activation
and proliferation. This contrasts with Control where CyclinD1 levels decrease over time implying
they enter deeper into quiescence.

(D) The expression of the quiescent AHSC marker HopX increases in 5uM CHIR99021 treated
quiescent AHSPCs over time.

mRNA levels were normalised to GAPDH and ActinB mRNA and expressed relative to Control
at 24hrs. Two-way Anova with Sidak's multiple comparisons test was used for statistical
analysis, (¥, p<0.05. **, p<0.01. ***, p<0.001. ****, p<0.0001). Error bars represent mean with
SEM. Data shown is technical repeats of one biological replicate. n=2 biological replicates.

(E) Immunolabelling of proliferation markers Ki67, CyclinD1 and EdU in quiescent AHSPCs
treated with 5uM CHIR99021 vs DMSO vehicle control at 24, 48 and 72hrs. Scale bars represent
50um.

(F, G, H) Quantification of the data shown in (E). The proportion of Ki67+ AHSCs (F), CyclinD1+
AHSPCs (G) and EdU+ AHSCs (H) increases in quiescent AHSPCs treated with 5uM
CHIR99021 vs Control over time, indicating that activation of canonical Wnt signalling in
quiescent AHSPCs promotes sustained proliferation. Two-way Anova with Sidak’s multiple
comparisons test was used for statistical analysis, (*, p<0.05. ***, p<0.001). Error bars represent

mean with SEM. n=2 biological repeats.

Increased proliferation is not the only defining characteristic of quiescent AHSPC activation.
Increased mitochondrial activity is also a marker quiescent AHSPC activation (Cottet-Rousselle
et al., 2011; Freyer. 1998). | measured mitochondrial activity in quiescent AHSPCs treated with
5uM CHIR99021 over time, using the MitoTracker™ Deep Red fluorescent dye (Cottet-
Rousselle et al., 2011; Septinus et al., 1983) (Figure 5.5A). MitoTracker™ Deep Red is a
fluorescent dye that diffuses across the plasma membrane of active mitochondria (Cottet-
Rousselle et al., 2011; Septinus et al., 1983). The dye intensity within mitochondria is correlated
with mitochondrial activity and can therefore be used to distinguish between cells in an active
and quiescent state (Cottet-Rousselle et al., 2011; Freyer. 1998) (Figure 5.5A). The trend of

decreasing intensity of the MitoTracker™ Deep Red staining in Control quiescent AHSPCs
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suggests that they are entering deeper into quiescence with time (Figure 5.5B). This contrasts
with the increased MitoTracker™ Deep Red signal intensity | observed in quiescent AHSPCs
treated with 5uM CHIR99021 at 48hrs and 72hrs (Figure 5.5B). This suggests that quiescent
AHSPCs treated with 5uM CHIR99021 are more active than those maintained in quiescent
culture conditions. Overall, these data support the hypothesis that prolonged low stimulation

levels of canonical Wnt signalling can sustain quiescent AHSPC activation over time.
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Figure 5.5: MitoTracker™ Deep Red staining in Control quiescent AHSPCs and quiescent
AHSPCs treated with 5uM CHIR99021 over time.

(A) MitoTracker™ Deep Red staining in Control vs 5uM CHIR99021 treated quiescent AHSPCs
over time. MitoTracker™ Deep Red was used to measure quiescent AHSPC activation. Scale

bars represent 20pum.
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(B) Quantification of the data shown in (A). The intensity of MitoTracker™ Deep Red staining
decreases in control quiescent AHSPCs, as they enter a deeper state of quiescence over time.
However, in 5uM CHIR99021 treated quiescent AHSPCs, the intensity MitoTracker™ Deep Red
staining increases with time indicating their activation upon prolonged Wnt stimulation. An
unpaired Student’s test was used for statistical analysis, (***, p<0.001. ****, p<0.0001). Error

bars represent mean with SEM. n=2 biological repeats.

As stated previously, adult hippocampal neurogenesis progresses via a distinct neurogenic
lineage that begins with the activation of quiescent AHSPCs. Once activated, AHSPCs
proliferate and differentiate through various progenitor stages before terminally differentiating
as a mature granule neuron. | next wanted to understand whether the sustained Wnt induced
activation of quiescent AHSPCs, maintained AHSPCs in an active state or whether it pushed
them further along the neurogenic lineage towards a progenitor fate. To investigate this, |
checked the gene expression changes of AHSPC associated genes, in quiescent AHSPCs
treated with 5uM CHIR99021 for 24hrs, 48hrs and 72hrs (Figure 5.6). The downregulation of
the AHSPC markers Sox2 (Figure 5.6A), Ascl1 (Figure 5.6B), Hes5 (Figure 5.6C) and GFAP
(Figure 5.6D) suggests that stimulating canonical Wnt signalling in quiescent AHSPCs promotes
a loss of stemness, even after 24hrs (Figure 5.6A, 5.6B, 5.6C and 5.6D). However, not all
AHSPC marker genes are regulated in this way as Glast expression levels are unchanged by
stimulating canonical Wnt signalling (Figure 5.6E). Nestin is slightly upregulated by 5uM
CHIR99021 treatment in quiescent AHSPCs at all time points compared to Control, however
this was not statistically significant (Figure 5.6F). As Nestin is highly expressed in IPCs, the
increasing trend of Nestin expression, could suggest that stimulating canonical Wnt signalling in
quiescent AHSPCs drives them towards a progenitor fate whilst also promoting a partial loss of
stemness (Figure 5.6A, 5.6B, 5.6C and 5.6D). The trending upregulation of the pro-neuronal
marker Tuj1 in 5uM CHIR99021 treated quiescent AHSPCs suggests that low levels of canonical
Whnt stimulation are sufficient to commit quiescent AHSPCs towards a neuronal fate, however
this result was no statistically significant (Figure 5.6G). This is further supported by the
downregulation of the oligodendrocyte marker Olig1 at 48hrs and 72hrs (Figure 5.6H) and the
trending downregulation of Olig2 (Figure 5.61) in Wnt stimulated quiescent AHSPCs, which
suggests that oligodendrocyte differentiation is suppressed by stimulation of canonical Wnt
signalling. Overall, this suggests that prolonged low levels of stimulated canonical Wnt signalling
promotes quiescent AHSPC activation over time and could commit their differentiation towards

a neuronal fate.
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Figure 5.6: qPCR analysis of the gene expression changes induced by 5uM CHIR99021
treatment in quiescent AHSPCs over time.

(A, B, C, D) The decreasing expression levels of the stem cell markers Sox2 (A), Ascl1 (B),
Hes5 (C) and GFAP (D) may imply a loss of stemness and progression towards a progenitor-
like fate following canonical Wnt stimulation.

(E) Glast expression levels are unchanged.
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(F) Nestin expression levels are upregulated in quiescent AHSPCs treated with 5uM CHIR99021
at all time points.

(G) Upregulation of Tuj1 expression levels in 5uM CHIR99021 treated quiescent AHSPCs may
indicate a preference towards a neuronal fate.

(H, 1) Downregulation of Olig7 (H) and Olig2 (l) expression levels suggests that activating
canonical Wnt signalling suppresses oligodendrocyte differentiation.

mMRNA levels were normalised to GAPDH and ActinB mRNA and expressed relative to Control
at 24hrs. Two-way Anova with Sidak's multiple comparisons test was used for statistical
analysis, (¥, p<0.05. **, p<0.01. ***, p<0.001. ****, p<0.0001). Error bars represent mean with

SEM. Data shown is technical repeats of one biological replicate. n=2 biological replicates.

| next wanted to see whether it was possible to activate quiescent AHSPCs by stimulating
canonical Wnt signalling, without promoting their progression along the neurogenic lineage. To
investigate this, | treated quiescent AHSPCs with even lower concentrations of the Wnt agonist
CHIR99021 (1uM, 2.5uM and 5uM CHIR99021) and for shorter treatment times (6hrs, 12hrs
and 24hrs) (Figure 5.7A). To look at quiescent AHSPC activation under these conditions, |
immunolabelled AHSPCs for the cell cycle markers CyclinD1 and Ki67 (Figure 5.7B). The
proportion of CyclinD1+ cells was significantly increased in quiescent AHSPCs treated with
CHIR99021 at all time points (Figure 5.7C). However, as CyclinD1 is a direct transcriptional
target of canonical Wnt signalling, | wanted to confirm this observation with other proliferation
markers. The proportion of Ki67+ (Figure 5.7E) cells was not significantly changed across all
CHIR99021 conditions compared to Control, indicating that these experimental conditions were
not sufficient for canonical Wnt induced quiescent AHSPC activation. However, as this is

preliminary data these observations need to be confirmed with further investigations.
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Figure 5.7: Immunostaining of proliferation markers in quiescent AHSPCs treated with
1uM, 2.5uM and 5uM CHIR99021 for 6hrs, 12hrs and 24hrs.
(A) Schematic of experimental design. Quiescent AHSPCs were treated with DMSO vehicle
Control, 1uM CHIR99021, 2.5uM CHIR99021 and 5uM CHIR99021 for 6hrs, 12hrs and 24hrs.
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(B) Immunolabelling of the proliferation markers CyclinD1 and Ki67 in quiescent AHSPCs
treated with 1uM CHIR99021, 2.5uM CHIR99021 and 5uM CHIR99021 vs Control. Scale bars
represent 50uM.

(C, D, E) Quantification of the proportion of CyclinD1+ (C) and Ki67+ (D) AHSPCs shown in (B).
Two-way Anova with Tukey’s multiple comparisons test was used for statistical analysis, (*,
p<0.05. **, p<0.01. ***, p<0.001. ****, p<0.0001). Error bars represent mean with SEM. Data

shown is technical repeats of one biological replicate.

Previously, | showed that 5uM CHIR99021 treatment in quiescent AHSPCs, drives AHSPCs
towards a progenitor fate, as shown by the downregulation of AHSPC associated genes (Figure
5.6). | next wanted to investigate how rapidly these gene expression changes occur following
treatment of quiescent AHSPCs with 5uM CHIR99021, and whether lower concentrations of the
Whnt agonist also induce these gene expression changes. Firstly, | wanted to confirm the levels
of canonical Wnt stimulation induced by 1uM, 2.5uM and 5uM CHIR99021 at 6hrs, 12hrs and
24hrs of treatment. Axin2 expression levels are unchanged in 1uM CHIR99021 treated
quiescent AHSPCs compared to Control (Figure 5.8A), indicating that 1uM CHIR99021 is not
sufficient to stimulate canonical Wnt signalling in quiescent AHSPCs at these time points. Axin2
is significantly upregulated in quiescent AHSPCs treated with 2.5uM CHIR99021 and to a higher
extent in 5uM CHIR99021 at all time points (Figure 5.8A), indicating activation of the canonical
Wnt signalling pathway. The consistent upregulated level of Axin2 in 2.5uM and 5uM
CHIR99021 treated quiescent AHSPCs across all three time points, suggests that it is the
concentration of the Wnt agonist, rather than treatment time, that dictates the level of canonical
Wnt stimulation. To investigate whether AHSPC markers were downregulated upon Wnt
stimulation under these conditions, | checked the gene expression levels of the AHSPC markers
Ascl1 (Figure 5.8B), Sox2 (Figure 5.8C) and GFAP (Figure 5.8E). Ascl1 is significantly
downregulated in quiescent AHSPCs treated with 1uM, 2.5uM and 5uM CHIR99021 vs Control
at all time points (Figure 5.8B), which is consistent with previously observed results. However,
Ascl1 expression levels are downregulated in quiescent AHSPCs treated with 1uM CHIR99021,
which failed to robustly activate canonical Wnt signalling at these time points (Figure 5.8A). This
suggests that the downregulation of Asc/1 could be driven by off target effects associated with
GSK3p inhibition, rather than direct activation of canonical Wnt signalling. On the other hand,
Sox2 (Figure 5.8C) and GFAP (Figure 5.8D) are both downregulated in quiescent AHSPCs
treated with 2.5uM and 5uM CHIR99021 at 12hrs and 24hrs, and not in the 1uM CHIR99021
condition. Both 2.5uM and 5uM CHIR99021 induced robust upregulation of Axin2 and therefore
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activated the canonical Wnt signalling pathway (Figure 5.8A). This indicates that stimulating
canonical Wnt signalling in quiescent AHSPCs induces a rapid loss of stemness, as AHSPC
associated genes start to be downregulated after 12hrs of Wnt stimulation. However, as this is

preliminary data, these observations are pending confirmation through further investigations.
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Figure 5.8: qPCR analysis of quiescent AHSPCs treated with 1uM, 2.5uM and 5uM
CHIR99021 for 6hrs, 12hrs and 24hrs.

(A) Axin2 expression levels are upregulated by 2.5uM CHIR99021 and 5uM CHIR99021
treatments, indicating that canonical Wnt signalling is activated. However, Axin2 levels are
unchanged in 1uM CHIR99021, suggesting that 1uM CHIR99021 is not sufficient to significantly
activate canonical Wnt signalling.

(B) Ascl1 expression levels are decreased with all CHIR99021 treatments at all time points.
Ascl1 is downregulated by 1uM CHIR99021 treatment, which failed to induce significant
activation of canonical Wnt signalling. This suggests that Ascl1 expression could be regulated
by off target effects associated with GSK3p inhibition, rather than stimulation of canonical Wnt
signalling.

(C, D) Sox2 (C) and GFAP (D) expression levels are downregulated in quiescent AHSPCs
treated with 2.5uM CHIR99021 and 5uM CHIR99021 for 12hrs and 24hrs. This suggests that
these AHSPC marker genes are downregulated by stimulation of canonical Wnt signalling.
mMRNA levels were normalised to GAPDH and ActinB mRNA and expressed relative to Control
at 6hrs. Two-way Anova with Tukey’s multiple comparisons test was used for statistical analysis,
(*, p<0.05. **, p<0.01. ***, p<0.001. **** p<0.0001). Error bars represent mean with SEM. Data

shown is technical repeats of one biological replicate.
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5.2.3 Stimulating Canonical Wnt Signalling in Quiescent AHSPCs With Recombinant
Wnt3a Also Promotes Proliferation and Activation But With Mechanistic

Differences

CHIR99021 stimulates canonical Wnt signalling by inhibiting the activity of GSK3p and therefore
preventing the degradation of B-catenin (Ring et al., 2003; Daugherty et al., 2007). However,
GSK3p is also responsible for phosphorylating many other proteins involved in a variety of
signalling pathways, which would all be affected by GSK3p inhibition (Sutherland. 2011). As
such, | wanted to confirm that the activation phenotype and gene expression changes | observed
upon CHIR99021 treatment in quiescent AHSPCs, are due to stimulating canonical Wnt
signalling and not off target effects induced by GSK3p inhibition. To do this, | titrated
recombinant Wnt3a protein (rWnt3a) in quiescent AHSPCs and compared this with quiescent
AHSPCs treated with 5uM CHIR99021 for 48hrs (Figure 5.9A). | chose 48hrs for this
comparison, as | previously observed that 48hrs of 5uM CHIR99021 treatment in quiescent
AHSPCs significantly induced quiescent AHSPC activation and proliferation (Figures 5.3-5.5).
To measure quiescent AHSPC activation and proliferation, | labelled proliferating cells using
EdU incorporation and immunofluorescence techniques using antibodies against the pan-cell
cycle marker Ki67, the G1 cell cycle marker CyclinD1 (Figure 5.9B). Representative images of
these proliferation immunostainings show that proliferation is upregulated in quiescent AHSPCs
treated with 5uM CHIR99021, 100ng/ml rWnt3a, 250ng/ml rWWnt3a and 500ng/ml rWnt3a (Figure
5.9B). This indirectly suggests that the observed activation phenotype, of quiescent AHSPCs,
is induced by stimulating canonical Wnt signalling. | quantified the proportion of Ki67 positive,
CyclinD1 positive and EdU positive cells in each sample, and normalised this to the proportion
of positive cells in the vehicle Control for each Wnt agonist (Figure 5.9C-5.9E). This allowed me
to directly compare the fold change of proliferation induced by CHIR99021 and rWnt3a
treatments. | found that proliferation was significantly increased in quiescent AHSPCs treated
with rWnt3a compared to Control as shown by the fold change of Ki67 and CyclinD1 positive
cells (Figure 5.9C and 5.9D). The fold change of EdU positive cells was significantly increased
with 500ng/ml rWnt3a treatment compared to Control and was increased with the other
treatments, however this was not significant so only illustrates and increasing trend (Figure
5.9E). The fold change of increased proliferation induced by rWnt3a was comparable to that
induced by 5uM CHIR99021 treatment of quiescent AHSPCs (Figure 5.9C-5.9E). This indirectly
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confirms that stimulating canonical Wnt signalling in quiescent AHSPCs promotes their

activation and proliferation.
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Figure 5.9: Recombinant Wnt3a promotes proliferation of quiescent AHSPCs.

(A) Schematic of experimental design. Quiescent AHSPCs were treated with 0.1% BSA vehicle
Control, 100ng/ml rWnt3a, 250ng/ml rWnt3a and 500ng/ml rWnt3a vs DMSO vehicle Control
and 5uM CHIR99021 for 48hrs.
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(B) Ki67 and CyclinD1 immunolabelling in quiescent AHSPCs treated with Control (0.1%BSA),
100ng/ml rWnt3a, 250ng/ml rWnt3a and 500ng/ml rWnt3a vs Control (DMSO) and 5uM
CHIR99021. Scale bars represent 50uM.

(C, D, E) Quantifications of the data shown in (B). Fold change of Ki67+ cells (C) CyclinD1+
cells (D) and EdU+ cells (E) is shown for 5uM CHIR99021 relative to its vehicle Control (DMSO).
Likewise, for recombinant Wnt3a, the fold change of proliferating cells is shown relative to its
vehicle Control (0.1%BSA). An unpaired Student’s t-test and one-way ANOVA with Dunnett’s
multiple comparisons test was used for statistical analysis, (*, p<0.05. **, p<0.01. ***, p<0.001.

*kkk

, p<0.0001). Error bars represent mean with SEM. n=3 biological replicates.

To understand the mechanism behind the observed Wnt induced quiescent AHSPC activation,
| compared the gene expression changes that occur upon CHIR99021 vs rWnt3a induced
quiescent AHSPC activation. | first checked the expression levels of the Wnt target gene Axin2,
to compare the level of Wnt activation induced by 5uM CHIR99021 vs rWnt3a in quiescent
AHSPCs (Figure 5.10A). 5uM CHIR99021 treatment in quiescent AHSPCs approximately
induced an eight-fold increase in Axin2 expression relative to the DMSO vehicle Control (Figure
5.10A). A similar level of Axin2 upregulation was achieved with 500ng/ml rWnt3a treatment in
quiescent AHSPCs (approximately a six-fold increase), whereas 100ng/ml and 250ng/mi
rWnt3a significantly upregulated Axin2 expression but to a lesser extent (Figure 5.10A). Similarly,
the canonical Wnt target gene CyclinD1 is also significantly upregulated in 5uM CHIR99021
treated quiescent AHSPCs and significantly upregulated in a dose-dependent manner with
rWnt3a treatments (Figure 5.10B). Overall, this indicates that 500ng/ml rWnt3a stimulates
canonical Wnt signalling to a similar level as 5uM CHIR99021 in quiescent AHSPCs under these
experimental conditions. Some AHSPC associated genes are similarly regulated by CHIR99021
and rWnt3a treatments in quiescent AHSPCs. For example, the expression level of the AHSPC
marker Hes5 is significantly decreased in quiescent AHSPCs treated with 5uM CHIR99021 and
is slightly decreased with 500ng/ml rWnt3a treatment, although this is not statistically significant
(Figure 5.10C). In addition, quiescent AHSPCs treated with 5uM CHIR99021 and 500ng/ml
rWnt3a show a slight upregulation of Nestin, however this is not statistically significant and
therefore only represents a slight trend (Figure 5.10D). HopX is upregulated by both CHIR99021
and 500ng/ml rWnt3a treatment in quiescent AHSPCs, however CHIR99021 treatment induces
HopX expression more robustly than rWnt3a treatment (Figure 5.10E). Overall, this shows that
some AHSPC genes are similarly regulated by CHIR99021 and rWnt3a treatment in quiescent

AHSPCs. However, this is not true for all tested genes. For example, Glast expression levels

194



Chapter 5. Results 3

are relatively unchanged by 5uM CHIR99021 treatment but are significantly increased by
500ng/ml rWnt3a treatment (Figure 5.10F). Similarly, Sox2 is downregulated by 5uM
CHIR99021 but is unaffected by treatment with rWnt3a (Figure 5.10G). Ascl1 is significantly
downregulated by 5uM CHIR99021 treatment and 500ng/ml rWnt3a treatment also significantly
reduces Ascl1 gene expression levels, but this reduction is less robust than the downregulation
observed with 5uM CHIR99021 treatment (Figure 5.10H). Overall, these data suggest that
stimulating canonical Wnt signalling with either CHIR99021 or rWnt3a promotes quiescent
AHSPC activation and proliferation. However, the differences in the gene expression changes
induced by these two Wnt agonists suggests that CHIR99021 treatment may be regulating gene

expression changes partially independently of canonical Wnt signalling.
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Figure 5.10: Mechanistic differences between recombinant Wnt3a and CHIR99021

induced quiescent AHSPC activation.
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(A, B) gPCR analysis of Axin2 (A) and CyclinD1 (B) expression levels. Axin2 and CyclinD1 are
similarly increased in both 5uM CHIR99021 and 500ng/ml Wnt3a indicating similar activation of
canonical Wnt signalling levels. The increase in CyclinD1 expression levels could also indicate
increased quiescent AHSPC activation induced by stimulating canonical Wnt signalling.

(C, D, E, F, G, H) gPCR analysis of Hes5 (C), Nestin (D), HopX (E), Glast (F), Sox2 (G) and
Ascl1 (H) expression levels in quiescent AHSPCs treated with 5uM CHIR99021, 100ng/ml
rWnt3a, 250ng/ml rWnt3a and 500ng/ml rWnt3a for 48hrs.

mRNA levels were normalised to GAPDH and ActinB mRNA and expressed relative to the
Vehicle Controls of each Wnt agonist (DMSO and 0.1%BSA for CHIR99021 and recombinant
Whnt3a respectively). An unpaired Student’s t-test and one-way ANOVA with Dunnett’'s multiple
comparisons test was used for statistical analysis, (*, p<0.05. **, p<0.01. ****, p<0.0001). Error

bars represent mean with SEM. n=3 biological replicates.

5.3 Stabilising p-catenin in AHSCs in vivo Causes Their Displacement

from Their Correct Niche Location

| next wanted to investigate whether stimulating canonical Wnt signalling in AHSCs in vivo
recapitulated the results obtained when stimulating canonical Wnt signalling in active and
quiescent AHSPC cultures. To do this, | generated an inducible transgenic mouse line to
stabilise B-catenin and activate canonical Wnt signalling in AHSCs in vivo. GlastCreERT2; Cat-
ca; RYFP mice were generated as described in Section 2.1.1. The Cat-ca allele contains LoxP
sites flanking exon3 of f-catenin, which encodes the GSK3p phosphorylation sites S33, S37,
T41 and S45 (Harada et al., 1999). Tamoxifen induced recombination causes the deletion of -
catenin®?® and generates constitutively active p-catenin, which activates downstream canonical
Whnt signalling (Harada et al., 1999). Upon tamoxifen administration in these mice, CreERT2
translocates to the nucleus of Glast+ cells to facilitate recombination of the Cat-ca and RYFP
alleles (Feil etal., 1997). The RYFP allele was included to identify the recombined cells (Srinivas
et al., 2001).

5.3.1 AHSCs are Lost from the Dentate Gyrus 30 days After B-catenin Stabilisation

2-month-old GlastCreERT2; Cat-ca"'": RYFP (Control), GlastCreERT2; Cat-ca”; RYFP (Cat-
ca™"), GlastCreERT2; Cat-ca™; RYFP (Cat-ca™™) mice were administered tamoxifen, by

intraperitoneal injection, once daily for 5 consecutive days and were transcardially perfused 30
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days after the first tamoxifen injection (30dpi) for analysis (Figure 5.11A). Analysing samples 30
days after the initial tamoxifen injection allowed to me to investigate the effect stabilising p-
catenin in AHSCs has on the whole process of adult neurogenesis, including AHSC and
intermediate progenitor cell (IPC) proliferation and neuronal differentiation. | used both
heterozygous and homozygous mice for the Cat-ca allele to explore the dose-dependent effect
of stimulating canonical Wnt signalling in AHSCs in vivo that | previously observed in vitro
(Section 5.2.1).

During this experiment, Cat-ca™' and Cat-ca"™ mice developed an abnormal skin phenotype
that first presented approximately 2 weeks after the first tamoxifen injection. Histopathological
analysis of this skin phenotype was performed by E. Ross. In her report, she described this skin
phenotype as a “muiltifocal thickening, lichenification, crusting and alopecia of the skin affecting
the limbs, axillae, inguinal area and muzzle. Microscopic examination showed a clear
disorganisation of keratinocyte maturation within hair follicles and the accumulation of flaky
keratin associated with the distension of the hair follicles. Subsequent rupture of the hair follicles
leads to a strong inflammatory response. From a literature search, this phenotype is consistent
with the phenotype classically observed when knocking-out S-catenin within hair follicle stem
cells (Huelsken et al., 2001).” Glast has been shown to be expressed in activated stem and
progenitor cells in the hair follicle, interfollicular epidermis and sebaceous glands (Reichenbach
et al., 2018). This means that in this mouse model, tamoxifen administration promotes the
recombination and stabilisation of B-catenin in the Glast+ cells of both the dentate gyrus (DG)
and the skin. The similarities of the skin phenotype between these mice and the -catenin knock
out mice from Huelsken et al, 2001 (Huelsken et al., 2001), suggest that stabilising p-catenin in
activated stem and progenitor cells of the skin, promotes a dominant negative effect, where the
normal function of wild type B-catenin is overridden by the stabilised form of B-catenin. | was
able to collect enough samples from the first cohort of mice, looking 30 days after the first
tamoxifen injection, to perform relevant immunofluorescence analysis. However, for future
experiments and following veterinary advice, Cat-ca mice were sacrificed a maximum of 10 days

after the first tamoxifen injection, before the skin phenotype developed.

| performed immunofluorescence staining on coronal sections of the DG of Control, Cat-ca™
and Cat-ca™™ mice 30 days after the first tamoxifen injection at 2 months, to investigate how
AHSCs (YFP+ GFAP+ Sox2+ cells with radial morphology) are affected by the stabilisation of

B-catenin. To investigate whether proliferation is affected, | immunolabelled cells with an
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antibody against the pan cell-cycle marker Ki67 (Figure 5.11B). From the confocal images of
this immunofluorescence, | observed fewer YFP+ cells in the DG of Cat-ca™ and Cat-ca™™
mice compared to Control (Figure 5.11B). In addition, many YFP+ cells in the DG of Cat-ca™!
and Cat-ca™™ mice did not retain a radial morphology as seen in Control (Figure 5.11B). This
suggests that stabilisation of B-catenin negatively affects AHSCs 30 days later. Indeed, the total
number of AHSCs normalised to the subgranular zone (SGZ) length is severely reduced in Cat-
ca™ and Cat-ca™™ mice (Figure 5.11C). This decrease in total AHSC number was more

pronounced in Cat-ca™™ compared to Cat-ca™

mice, indicating there could be a dose-
dependent effect to stabilising B-catenin in the AHSCs in vivo (Figure 5.11C). The decreased
total number of AHSCs in Cat-ca"® and Cat-ca"°™ mice could be due to their increased activation,
proliferation and progression along the neurogenic lineage. To investigate this, | quantified the
proportion of Ki67+ AHSCs in Cat-ca™! and Cat-ca"™ vs Control mice 30 days after stabilising
B-catenin in the AHSCs in vivo (Figure 5.11D). | found no significant difference in the proportion
of Ki67+ AHSCs in Cat-ca™® and Cat-ca™™ mice compared to Control, indicating that the
decrease in total number of AHSCs was not due to increased AHSC activation and proliferation
(Figure 5.11D). However, as this analysis was performed relatively late after B-catenin
stabilisation, | cannot exclude that a proliferation burst may have happened earlier. From the
Ki67 immunofluorescence images, there appeared to be an increase in the number of Ki67+

Het

cells in Cat-ca™" mice compared to Control (Figure 5.11B). | quantified the total number of Ki67+

cells in the DG of Control, Cat-ca" and Cat-ca™’®™ mice, which includes active AHSCs, IPCs

and proliferating neuroblasts (Figure 5.11E). | found that the total number of proliferating cells

Het

is increased in Cat-ca™ mice compared to Control 30 days after tamoxifen (Figure 5.11E). The

Het mice is also increased compared to Cat-cat™®™ mice,

total number of Ki67+ cells in Cat-ca
indicating there could be a dose-dependent effect to stabilising p-catenin in AHSCs (Figure
5.11E). However, as this is not statistically significant it may only represent a trend (Figure
5.11E). As the proportion of Ki67+ AHSCs is unchanged by B-catenin stabilisation (Figure

Het

5.11D), this suggests that this increase in total proliferation in Cat-ca™" mice originates from

IPCs and neuroblasts.
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Figure 5.11: AHSCs are lost from the DG 30 days after B-catenin stabilisation in AHSCs.
(A) Schematic of experimental design for the analysis of adult neurogenesis 30 days after j3-
catenin stabilisation in AHSCs. 2-month-old GlastCreERT2; Cat-ca"™!; RYFP (Control),
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GlastCreERT2; Cat-ca™!; RYFP (Cat-ca™), GlastCreERT2; Cat-ca™; RYFP (Cat-ca™™) mice
were injected once daily with tamoxifen for 5 consecutive days and analysed 30 days after the
first injection (30dpi).

(B) Immunolabelling of YFP (GFP antibody), GFAP, Sox2 and Ki67 in the dentate gyrus of
Control, Cat-ca™! and Cat-ca"°™ adult mice 30 days after tamoxifen administration. YFP is used
to identify recombined cells. Recombined AHSCs are identified as YFP+ GFAP+ Sox2+ cells
with radial morphology. Ki67 is used to label proliferating cells, which includes active AHSCs,
IPCs and neuroblasts. Scale bars represent 50um.

(C) Quantification of the total number of YFP+ GFAP+ Sox2+ AHSCs normalised to the length
of the SGZ (mm) in Control, Cat-ca™ and Cat-ca™™ mice. The total number of AHSCs
decreases in Cat-ca"™® and Cat-ca"®™ vs Control, indicating that B-catenin stabilisation induces
a loss of AHSCs from the hippocampal niche 30 days later.

(D) Quantification of the proportion of YFP+ Ki67+ AHSCs in Control, Cat-ca™® and Cat-ca™™
mice 30 days after B-catenin stabilisation. There is no significant difference in the proportion of
proliferating AHSCs in Cat-ca™! and Cat-ca™™ mice vs Control.

(E) Quantification of the total number of YFP+ Ki67+ cells normalised to SGZ length (mm) in the
dentate gyrus of Control, Cat-ca and Cat-ca™™ mice 30 days after p-catenin stabilisation. Cat-

CaHet

mice display an increase in the total number of proliferating cells compared to both Control
and Cat-ca"™™ mice 30 days after B-catenin stabilisation.

In all instances n=3 for Control, n=5 for Cat-ca™ and n=6 for Cat-ca""°™. One-way ANOVA with
Tukey’s multiple comparisons test was used for all statistical analysis, (*, p<0.05. **, p<0.01.

*kkk

, p<0.0001). Error bars represent mean with SEM.

5.3.2 AHSC Homeostasis is Unaffected by Short-Term Stabilisation of B-catenin

The data above shows that AHSCs are lost from the DG niche 30 days after stabilising B-catenin
in AHSCs. At this time point, AHSC proliferation was unchanged between Control, Cat-ca™® and
Cat-ca™™ mice, however an earlier burst in proliferation, which is normally associated with
depletion, might explain this loss of AHSCs. To investigate this, | injected 2-month-old
GlastCreERT2; Cat-ca®: RYFP (Control), GlastCreERT2; Cat-ca”™!; RYFP (Cat-ca™"),
GlastCreERT2; Cat-ca™ RYFP (Cat-ca™™) mice with tamoxifen once daily for 4 days and
collected samples 6 days after the first tamoxifen injection (Figure 5.12A). This allowed me to
investigate the immediate effects stabilising B-catenin has on AHSC homeostasis. | performed

immunolabelling for recombined AHSCs (YFP+ GFAP+ Sox2+ cells with radial morphology) and
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the proliferation marker Ki67 in brain sections from Control, Cat-ca™" and Cat-ca"°™ mice 6 days
after the first tamoxifen injection (Figure 5.12B). | found no overall differences in the gross
morphologies of YFP+ cells in the DG of Control, Cat-ca™ and Cat-ca™™ animals, however
there did appear to be fewer YFP+ cells in Cat-ca™°™ images (Figure 5.12B). Quantification of
the total number of AHSCs normalised to the SGZ length showed no difference between Control,
Cat-ca™ and Cat-ca"°™ mice, indicating that short-term stabilisation of p-catenin does not affect
AHSC survival or retention within the DG niche (Figure 5.12C). In addition, the proportion of
Ki67+ AHSCs is consistent between Control, Cat-ca™® and Cat-ca™™ mice (Figure 5.12D). This
suggests that quiescent AHSC activation and proliferation are unaffected by short-term
stabilisation of B-catenin and are not responsible for the loss of AHSCs 30 days later. | also
quantified the total number of proliferating cells in the DG of Control, Cat-ca"™ and Cat-ca™™
mice, which includes active AHSCs, IPCs and neuroblasts (Figure 5.12E). | found that the total

Het mice, and to a lesser extent in

number of proliferating cells was slightly increased in Cat-ca
Cat-ca™™ mice, compared to Control 6 days after the stabilisation of p-catenin (Figure 5.12E).
This again suggests that there could be a dose-dependent effect on IPC proliferation when
stabilising B-catenin in AHSCs in vivo. In addition, this suggests that stabilising p-catenin in
AHSCs has a larger effect on the proliferation of their progeny, rather than directly affecting the
AHSCs themselves. However, as this is preliminary data, further analysis is required to confirm

these observations.
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Figure 5.12: AHSCs are unaffected by short-term stabilisation of B-catenin.
(A) Schematic of experimental design for the analysis of AHSCs 6 days after B-catenin
stabilisation in AHSCs. 2-month-old GlastCreERT2; Cat-ca*'"; RYFP (Control), GlastCreERT2;
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Cat-ca”™; RYFP (Cat-ca™!), GlastCreERT2; Cat-ca™; RYFP (Cat-ca"™™) mice were injected
with tamoxifen for 4 consecutive days and analysis was performed 6 days after the first
tamoxifen injection.

(B) Immunolabelling of YFP (GFP antibody), GFAP, Sox2 and Ki67 in the dentate gyrus of
Control, Cat-ca™® and Cat-ca™™ mice 6 days after tamoxifen administration. YFP is used to
identify recombined cells. Recombined AHSCs are identified as YFP+ GFAP+ Sox2+ cells with
radial morphology. Ki67 is used to label proliferating cells, which includes active AHSCs, IPCs
and neuroblasts. From these images, it appears there are fewer YFP+ cells in the Cat-ca™o™
mice. Scale bars represent 50um.

(C) Quantification of the total number of GFAP+ Sox2+ AHSCs normalised to the length of the
SGZ (mm) in Control, Cat-ca™ and Cat-ca™™ 6 days after B-catenin stabilisation.

(D) Quantification of the proportion of Ki67+ AHSCs in Control, Cat-ca™' and Cat-ca""°™ mice 6
days after B-catenin stabilisation.

(E) Quantification of the total number of Ki67+ cells normalised to SGZ length (mm) in the
dentate gyrus of Control, Cat-ca"® and Cat-ca"°™ mice 6 days after B-catenin stabilisation. Cat-

Het "and to a lesser extent Cat-ca™™, mice display an increase in the total number of

ca
proliferating cells compared to both Control mice 6 days after B-catenin stabilisation.
n=2 for Control, Cat-ca"® and Cat-ca"™ mice. Statistical analysis was not performed for this

preliminary data due to insufficient biological replicates. Error bars represent mean with SEM.

One key characteristic of AHSCs is their ability to return to a quiescent state once they have
become activated (Urban et al., 2016). | next wanted to investigate whether AHSCs’ ability to
return to quiescence was affected by stabilising B-catenin. To do this, | injected 2-month-old
GlastCreERT2; Cat-ca®™: RYFP (Control), GlastCreERT2; Cat-ca”™!; RYFP (Cat-ca™"),
GlastCreERT2; Cat-ca™; RYFP (Cat-ca™™) mice with tamoxifen once daily for 4 days (Figure
5.13A). On the 5" day Control, Cat-ca™ and Cat-ca""™ mice were given 3 injections of EdU,
spaced throughout the day (Figure 5.13A). These EdU injections were performed to label the
AHSCs that are active and proliferating after -catenin stabilisation (Figure 5.13A). Mice were
then sacrificed by perfusion under terminal anaesthesia the day after the EdU injections (Figure
5.13A). | then performed immunofluorescence labelling for AHSCs (GFAP+ Sox2+ cells with
radial morphology) and two proliferation markers EdU and Ki67 (Figure 5.13B). As stated above,
EdU immunolabelling was used to label the AHSCs that were proliferating after the stabilisation
of B-catenin (Figure 5.13B). Co-staining with the pan cell-cycle marker Ki67, allowed me to
identify AHSCs that continued to proliferate (EdU+ Ki67+ AHSCs, Figure 5.13B double arrow
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heads) and the AHSCs that returned to quiescence following the stabilisation of B-catenin (EdU+
Ki67- AHSCs, Figure 5.13B single arrow heads). | then quantified the proportion of AHSCs that
returned to quiescence (EdU+ Ki67- AHSCs) as a fraction of the total number of AHSCs that
were proliferating after the stabilisation of B-catenin (EdU+ AHSCs) (Figure 5.13C). | found that

Het and

there was no difference in the proportion of AHSCs returning to quiescence in Cat-ca
Cat-ca"™®™ vs Control mice (Figure 5.13C), however further analysis is required to confirm this.
Overall, these preliminary data suggest that AHSC activation and their ability to return to

quiescence, is unaffected by the short-term stabilisation of B-catenin.
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Figure 5.13: B-catenin stabilisation does not affect AHSCs’ ability to return to quiescence.
(A) Schematic of experimental design for the analysis of AHSCs ability to return to quiescence
following B-catenin stabilisation. 2-month-old GlastCreERT2; Cat-ca"™; RYFP (Control),
GlastCreERT2; Cat-ca™!; RYFP (Cat-ca™), GlastCreERT2; Cat-ca™; RYFP (Cat-ca™™) mice
were injected with tamoxifen once daily for 4 consecutive days. The day after the final tamoxifen
injection, mice were given 3x EdU injections throughout the day to label the cells in S-phase of
the cell cycle. Analysis was performed the day after the EdU injections (1dpi).

(B) Immunolabelling of Ki67, GFAP, Sox2 and EdU in the DG of Control, Cat-ca™ and Cat-
ca™™ adult mice 1 day after the EdU injections. AHSCs are identified as GFAP+ Sox2+ cells
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with radial morphology. EdU is used to label the cells that were in S-phase of cell cycle following
the stabilisation of B-catenin in AHSCs. Ki67 is used to label proliferating cells. Single arrow
heads represent AHSCs that have returned to quiescence (EdU+ Ki67-). Double arrow heads
represent AHSCs that have continued to proliferate (EdU+ Ki67+). Scale bars represent 50um.
(C) Quantification of the proportion of AHSCs that have returned to quiescence (%EdU+ Ki67-
AHSCs/EdU+ AHSCs) 1 day after the EdU injections. n=2 for Control, Cat-ca"® and Cat-ca™™.
Statistical analysis was not performed for this preliminary data due to insufficient biological

replicates. Error bars represent mean with SEM.

5.3.3 B-catenin Stabilisation Causes the Displacement of AHSCs from the SGZ, Which

Induces Their Activation

| showed above that AHSCs are unaffected by short-term stabilisation of B-catenin, however
AHSCs are lost from the DG niche 30 days after B-catenin stabilisation. To understand how
long-term B-catenin stabilisation causes this loss of AHSCs, | analysed the DG of Control, Cat-
ca™ and Cat-ca™™ mice at an intermediate time-point of 10 days after the first tamoxifen
injection. 2-month-old GlastCreERT2; Cat-ca"™; RYFP (Control), GlastCreERT2; Cat-ca™";
RYFP (Cat-ca™), GlastCreERT2; Cat-ca”: RYFP (Cat-ca™™) mice were administered
tamoxifen by intraperitoneal injection once daily for 5 consecutive days and were transcardially
perfused 10 days after the first tamoxifen injection (10dpi) for analysis (Figure 5.14A). | then
performed immunostainings to identify recombined AHSCs (YFP+ cell with an SGZ located
Sox2+ DAPI+ cell body and GFAP+ radial morphology) and to mark proliferating cells (Ki67)
(Figure 5.14B). | found that the total number of YFP+ AHSCs was unchanged in the DG of Cat-
ca™ and Cat-ca™™ mice vs Control (Figure 5.14C), suggesting that the loss of AHSCs occurs
between 10 and 30 days after B-catenin stabilisation. However, the proportion of Ki67+ AHSCs
is slightly increased in Cat-ca® and Cat-ca™™ mice vs Control (Figure 5.14D), as is the total
number of proliferating cells (activated AHSCs, IPCs and neuroblasts) although this is not
significant and therefore only indicates a trend (Figure 5.14E). This could suggest that the
stabilisation of B-catenin in AHSCs enhances AHSC and total proliferation in the DG niche 10
days later (Figure 5.14D), which could explain the loss of AHSCs 30 days later. However, this
enhanced AHSC proliferation was not statistically significant and did not seem substantial
enough to account for the dramatic loss of AHSCs 30 days after B-catenin stabilisation. When
comparing the confocal images of YFP, GFAP, Sox2 and YFP immunolabelling in Control vs

Het

Cat-ca'™® and Cat-ca"®™ mice, | observed that the organisation of the DG niche in Cat-ca™ and
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Cat-ca"™™ mice was irregular compared to Control (Figure 5.14B). In Control, the majority of
YFP+ (recombined) cells are located within the SGZ of the DG and GFAP+ processes are
uniformly projected through the granule cell layer (GCL) towards the molecular layer (ML)
(Figure 5.14B). In the DG of Cat-ca"™ and Cat-ca""°™ mice, this uniformity is disrupted. Many
YFP+ recombined cells are no longer located in the SGZ but appear to be displaced into the
GCL, ML and even the hilus of the DG (Figure 5.14B). The same can be said about the YFP+
Ki67+ cells, which are more dispersed into the GCL, ML and hilus in the DG of Cat-ca™ and

Cat-ca™™ mice compared to Control (Figure 5.14B).
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Figure 5.14: Immunofluorescence of AHSCs and proliferation markers in the DG of

Control, Cat-ca"® and Cat-ca"'°™ mice 10 days after B-catenin stabilisation.
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(A) Schematic of experimental design for the analysis of adult neurogenesis 10 days after j3-
catenin stabilisation in AHSCs. 2-month-old GlastCreERT2; Cat-ca"'"; RYFP (Control),
GlastCreERT2; Cat-ca™!; RYFP (Cat-ca™), GlastCreERT2; Cat-ca™; RYFP (Cat-ca™™) mice
were injected with tamoxifen for 5 consecutive days and analysis was performed 10 days after
the first tamoxifen injection (10dpi).

(B) Immunolabelling of YFP (GFP antibody), GFAP, Sox2 and Ki67 in the dentate gyrus of
Control, Cat-ca™' and Cat-ca""™ mice 10 days after tamoxifen administration. YFP is used to
identify recombined cells. Recombined AHSCs are identified as YFP+ GFAP+ Sox2+ cells with
RGL morphology and a DAPI+ SGZ located cell body. Ki67 is used to label proliferating cells
which includes active AHSCs, IPCs and neuroblasts. Scale bars represent 50um.

(C) Quantification of the total number of YFP+ GFAP+ Sox2+ AHSCs normalised to the length
of the SGZ (mm) in Control, Cat-ca™" and Cat-ca""°™ mice 10 days after p-catenin stabilisation.
The total number of AHSCs is unchanged in Cat-ca"® and Cat-ca™™ mice vs Control.

(D) Quantification of the proportion of YFP+ Ki67+ AHSCs in Control, Cat-ca™® and Cat-ca™™
mice 10 days after B-catenin stabilisation. There is a modest increase in the proportion of
proliferating AHSCs in Cat-ca™' and Cat-ca™™ mice vs Control.

(E) Quantification of the total number of YFP+ Ki67+ cells normalised to SGZ length (mm) in the
dentate gyrus of Control, Cat-ca and Cat-ca™™ mice 10 days after p-catenin stabilisation. Cat-
ca™™ mice display a significant increase in the total number of proliferating cells compared to
Control mice 10 days after B-catenin stabilisation.

In all instances n=3 for Control, n=3 for Cat-ca™ and n=6 for Cat-ca""°™. One-way ANOVA with
Tukey’s multiple comparisons test was used for all statistical analysis, (ns, p>0.05). Error bars

represent mean with SEM.

Many of these displaced recombined (YFP+) cells in Cat-ca"™ and Cat-ca™°™ mice retained
AHSC characteristics and were YFP+ GFAP+ Sox2+ with a single GFAP+ radial process (Figure
5.15A). | therefore quantified the total number of displaced AHSCs and the proportion of
displaced AHSCs as a fraction of the total AHSC population (Figure 5.15B and 5.15C). |
classified a displaced AHSCs as being YFP+ GFAP+ Sox2+ with a single GFAP+ radial process,
whose cell body was located two or more cell nuclei away from the SGZ (Figure 5.15A). The
total number of displaced AHSCs is increased in Cat-ca™' and Cat-ca™™ mice (Figure 15.5B),
which approximately amounted to a 3-fold increase in the proportion of displaced AHSCs in Cat-
ca™ and Cat-ca™™ mice compared to Control, however this was not statistically significant

(Figure 5.15C). This suggests that stabilising p-catenin in AHSCs promotes their displacement
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from their correct niche location in the SGZ and could be responsible for the loss of AHSCs 30

days after the stabilisation of B-catenin.

AHSCs in the SGZ are largely maintained in a quiescent state by multiple signalling pathways
promoting quiescence, such as Notch and BMP4 signalling, in the SGZ (Bonaguidi et al., 2008;
Mira et al., 2010). | next wanted to investigate whether proliferation was enriched in displaced
AHSCs, as they have moved away from the quiescent signalling pathways enriched in the SGZ.
| could not find any Ki67+ displaced AHSCs in the DG of Control mice (Figure 5.15D). This
contrasts with the proportion of Ki67+ displaced AHSCs | observed in the DG of Cat-ca'™® and
Cat-ca™™ mice (Figure 5.15D). The proportion of proliferating AHSCs is slightly higher in
displaced AHSCs compared to AHSCs located within the SGZ of Cat-ca™! and Cat-ca™™ mice,
however this was not statistically significant (Figure 5.15D). This could indicate that proliferation
is enriched in AHSCs that are displaced from their correct SGZ location and could suggest that
AHSCs become activated as they move away from SGZ located quiescent signals. Ascl1 is
essential for the activation of quiescent AHSCs in vivo (Andersen et al., 2014), and can therefore
be used to identify active AHSCs. Ascl1 immunostaining showed a high number of displaced
Ascl1+ cells in the DG of Cat-ca™ and Cat-ca™°™ mice compared to Control 10 days after f-
catenin stabilisation (Figure 5.15E). This supports the hypothesis that the displacement of
AHSCs, induced by the stabilisation of B-catenin, promotes the activation of AHSCs possibly
due to their migration away from the quiescence signals located within the SGZ. This could be
further tested by examining readouts of quiescence signals in the displaced AHSCs of Cat-ca

mice.

211



Chapter 5. Results 3

B
YFP GFAP/Sox2 £ 15+
DAPI YFP GFAP/Sox2 GFAP/Sox2 Kit - E
§ QO =
o & 210 .
wn % Q@
T 2N
- < oo
S+ T2 59 o
IS ° 4
© O
S = 4]
N
2 < Control Cat-ca"et Cat-catom
% C
(/2]
O
n
I
<
5 o]
T (0]
[\] [&]
3] )
= Q.
@ )
(@] =)
X
Control Cat-catet Cat-catom
D

50- m %SGZ Kie7+ AHSCs
m %Displaced Ki67+ AHSCs

Cat-cafom
Displaced Ki67+ AHSC Displaced Ki67+ AHSC

Control  Cat-ca™ Cat-catom

Cat-ca™¢t Control

Cat-catom

Figure 5.15: AHSCs are displaced from the SGZ 10 days after stabilisation of B-catenin

which induces their activation.
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(A) Immunolabelling of SGZ located and displaced proliferating AHSCs (YFP+ GFAP/Sox2+
Ki67+ AHSCs) in the DG of Control, Cat-ca"™ and Cat-ca™™ mice 10 days after tamoxifen
administration. Recombined AHSCs are identified as YFP+ GFAP+ Sox2+ with radial
morphology. SGZ located AHSCs (Control) retain their correct location with their cell body
located in the SGZ and a radial process through the GCL towards the ML. Displaced AHSCs
are identified as YFP+ GFAP+ Sox2+ with radial morphology that are located more than 2 cell
nuclei away from the SGZ. Ki67 is used to label proliferating cells. Scale bars represent 50um.
(B) Quantification of the total number of displaced YFP+ GFAP+ Sox2+ AHSCs normalised to
the length of the SGZ (mm) in Control, Cat-ca™ and Cat-ca™™ mice 10 days after B-catenin
stabilisation. There is an increase in the number of displaced AHSCs in both Cat-ca"® and Cat-
ca™™ mice compared to Control.

(C) Quantification of the proportion of displaced AHSCs in Control, Cat-ca™! and Cat-ca"°™ mice
10 days after tamoxifen administration.

(D) Quantification of the proportion of SGZ located and displaced Ki67+ AHSCs. Proliferation is
enriched in displaced AHSCs.

(E) Immunolabelling of YFP (GFP antibody) and Ascl1 in the dentate gyrus of Control, Cat-ca™
and Cat-ca"™™ mice 10 days after p-catenin stabilisation. Ascl1+ cells are present in the GCL of
Cat-ca"™® and Cat-ca"®™ mice, whereas in Control they are retained in the SGZ.

In all instances n=3 for Control, n=3 for Cat-ca™ and n=6 for Cat-ca""°™. One-way ANOVA with
Tukey’s multiple comparisons test was used for statistical analysis, (ns, p>0.05). Error bars

represent mean with SEM.

5.3.4 Adult Neurogenesis is Disrupted by the Displacement of AHSCs Induced by j-

catenin Stabilisation

| showed above that stabilising p-catenin in AHSCs promotes their displacement from their SGZ
location within the DG neurogenic niche. | next wanted to investigate how this displacement of
AHSCs affects the process of adult hippocampal neurogenesis. To do this, | used
immunofluorescence techniques to label the progeny of recombined AHSCs, 10 days after the
stabilisation of B-catenin. The total number of YFP+ Tbr2+ IPCs, normalised to the SGZ length,

is slightly, but not significantly, increased in the DG of Cat-ca'™

mice 10 days after B-catenin
stabilisation (Figure 5.16B). The total number of YFP+ Tbr2+ IPCs is unchanged between
Control and Cat-ca™™ mice (Figure 5.16B). This indicates that stabilising p-catenin in AHSCs

does not affect their differentiation into Tbr2+ progenitors. However, from the confocal images
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of the Tbr2 immunofluorescence, the YFP+ Tbr2+ IPCs in Cat-ca"™® and Cat-ca™™ mice are
displaced into the GCL, ML and hilus of the DG away from their correct location near the SGZ
as in Control (Figure 5.16A). | quantified the proportion of Tbr2+ cells located within the GCL,
ML, and hilus in Control, Cat-ca™ and Cat-ca™™ mice 10 days after p-catenin stabilisation in
AHSCs. Approximately 5% of YFP+ Tbr2+ IPCs were located within the GCL in the DG of
Control mice, which was increased to 15% in Cat-ca"™® and Cat-ca™™ mice (Figure 5.16C). In
addition, | found a small proportion of YFP+ Tbr2+ IPCs located in the hilus and ML of Cat-ca'*
and Cat-ca™™ mice, which was not observed in Control (Figure 5.16B). This suggests that the
correct localisation of Tbr2+ progenitors is dependent on the correct localisation of AHSCs within
the DG niche.
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Figure 5.16: Tbr2+ progenitors are displaced in the DG of Cat-ca"®* and Cat-ca"°™ mice
compared to Control.

(A) Immunolabelling of YFP (recombined cells) and Tbr2 (IPCs) in the DG of Control, Cat-ca"
and Cat-ca™™ mice 10 days after tamoxifen administration. YFP+ Tbr2+ IPCs are displaced
within the DG of Cat-ca"® and Cat-ca"°™ mice compared to Control. Scale bars represent 50um.
(B) Quantification of the data shown in (A). The total number of YFP+ Tbr2+ IPCs is shown
normalised to the length of the SGZ (mm) in Control, Cat-ca"® and Cat-ca™™ mice 10 days after
B-catenin stabilisation. There are no significant differences between Control, Cat-ca™' and Cat-
ca™ mice.

(C) Quantification of the proportion of displaced YFP+ Tbr2+ IPCs shown according to their
displaced locations. More YFP+ Tbr2+ IPCs are displaced into the GCL, hilus and ML in Cat-
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ca"™ and Cat-ca™™ mice compared to Control, indicating that p-catenin stabilisation in AHSCs,
affects downstream adult neurogenesis.

GCL, granule cell layer. ML, molecular layer.

In all instances n=3 for Control, n=3 for Cat-ca™, and n=6 for Cat-ca™™. One-way ANOVA with
Tukey’s and Sidak’s multiple comparisons tests were used for all statistical analysis, (ns,

p>0.05). Error bars represent mean with SEM.

To investigate how the later stages of adult hippocampal neurogenesis are affected by AHSCs’
displacement, | used immunofluorescence techniques to label the DCX+ neuroblast population
in DG sections from Control, Cat-ca™® and Cat-ca™™ mice (Figure 5.17A). The total number of
YFP+ DCX+ neuroblasts is not significantly changed between Control, Cat-ca™® and Cat-ca"o™
mice 10 days after B-catenin stabilisation in AHSCs, however it is slightly, but not significantly,
reduced in Cat-ca™™ mice (Figure 5.17B). This suggests that the neurogenic output of AHSCs
is largely unaffected 10 days after the stabilisation of p-catenin in Cat-ca"® and Cat-ca"™ mice,
however this may be too short after recombination to examine the consequences in neuroblasts.
The morphologies and organisation of YFP+ DCX+ neuroblasts is slightly impaired in the DG of

Het mice and is more obviously impaired in Cat-ca™™ mice compared to Control (Figure

Cat-ca
5.17A). In Cat-ca"™ mice, the YFP+ DCX+ neuroblasts appear slightly more rounded and are
displaced deeper into the GCL and hilus (Figure 5.17A). In Cat-ca™™ mice, the YFP+ DCX+
neuroblasts present with stunted and aberrant processes and are displaced in the GCL, ML and
hilus (Figure 5.17A). | next quantified the proportion of displaced YFP+ DCX+ neuroblasts
according to their displaced location in Cat-ca™' and Cat-ca™™ mice compared to Control
(Figure 5.17C). In Control, | found less than 5% of YFP+ DCX+ neuroblasts were located deep
within the GCL (Figure 5.17C). This increased to approximately 8% in Cat-ca™! and 13% in Cat-
ca™™ mice (Figure 5.17C), highlighting their increased displacement. In addition, | found that
approximately 3-6% of YFP+ DCX+ neuroblasts were displaced in the hilus and ML in Cat-ca™!
and Cat-ca™™ mice (Figure 5.17C). This contrasts with Control where no YFP+ DCX+
neuroblasts were found in these regions (Figure 5.17C). Overall, this shows that the
displacement of AHSCs, induced by the stabilisation of B-catenin, impacts the correct niche

locations of their progeny and impairs the maturation of newborn neurons.
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Figure 5.17: DCX+ neuroblasts are disrupted in the DG of Cat-ca"®* and Cat-ca"°™ mice
compared to Control.

(A) Immunolabelling of YFP (recombined cells), DCX (neuroblasts) in the DG of Control, Cat-
ca"® and Cat-ca""°™ mice 10 days after tamoxifen administration. The morphologies of DCX+
neuroblasts is impaired and their locations are displaced within the DG of Cat-ca™ and Cat-
ca"™ mice compared to Control. Scale bars represent 50um.

(B) Quantification of the data shown in (A). The total number of YFP+ DCX+ neuroblasts is
shown normalised to the length of the SGZ (mm) in Control, Cat-ca"® and Cat-ca™™ mice 10
days after B-catenin stabilisation.

(C) Quantification of the proportion of displaced YFP+ DCX+ neuroblasts shown according to

their displaced locations. More YFP+ DCX+ neuroblasts are displaced into the GCL, hilus and
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ML in Cat-ca™ and Cat-ca™™ mice compared to Control. The %YFP+ DCX+ neuroblasts
displaced into the GCL in Cat-ca™™ mice is statistically significant compared to Control.

GCL, granule cell layer. ML, molecular layer.
In all instances n=3 for Control, n=3 for Cat-ca™ and n=6 for Cat-ca""°™. One-way ANOVA with

Tukey’s and Sidak’s multiple comparisons tests were used for all statistical analysis, (ns, p>0.05.

*, p<0.05). Error bars represent mean with SEM.
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The work presented in this thesis explores the role of canonical Wnt signalling in regulating
AHSC behaviour using both in vivo and in vitro techniques. | have shown that AHSCs express
the necessary machinery to respond to canonical Wnt signalling and that they respond in a
heterogeneous manner independent of their activation state under physiological conditions. |
also found that active and quiescent AHSPCs display different sensitivities to stimulated
canonical Wnt signalling levels despite their similar responses under physiological conditions.
In addition, | have shown that AHSCs produce their own Wnt ligands highlighting the possibility
of autocrine/paracrine Wnt signalling. Despite this, inhibiting canonical Wnt signalling does not
affect AHSPC activation and maintenance under physiological conditions, which is surprising
given the current literature indicating a role for canonical Wnt signalling in regulating AHSC
behaviour (Qu et al., 2013; Wexler et al., 2009; Jang et al., 2013). However, | found that inhibiting
canonical Wnt signalling in AHSCs impairs their correct differentiation along the neurogenic
lineage, highlighting the context dependency of canonical Wnt signalling during adult
hippocampal neurogenesis. Over-stimulating canonical Wnt signalling in active and quiescent
AHSPC cultures initiates neuronal differentiation, however a lower stimulation of canonical Wnt
signalling in quiescent AHSPCs promotes their activation. This indicates a dose-dependent role
for stimulating canonical Wnt signalling in quiescent AHSPCs, which could reconcile some of
the contradictions in the current literature as to the role of canonical Wnt signalling in AHSCs.
Finally, | found that stabilising -catenin in AHSCs in vivo promotes their displacement from their
correct niche location and impairs correct adult hippocampal neurogenesis. This displacement
could be due to the role of B-catenin in cell-cell adhesion rather than canonical Wnt signalling
and highlights the importance of maintaining niche organisation and integrity to ensure correct
adult hippocampal neurogenesis. A summary of all results evaluating the effects of modulating
canonical Wnt signalling levels on various aspects of AHSC behaviour and adult hippocampal

neurogenesis is presented in Table 3.

In this chapter, | will discuss the implications of my findings into the role of canonical Wnt
signalling in AHSCs framed within the context of the adult neurogenesis field. | will comment on
strategies to improve this body of work and propose further experiments to address the

questions raised by the data | have presented.
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AHSC AHSC
Experiment Proliferation | Neurogenesis | Niche
Maintenance | Activation
LOF in active
No Effect N/A No Effect No Effect N/A
AHSPCs
LOF in quiescent
No Effect No Effect No Effect N/A N/A
AHSPCs
No
LOF in AHSCs No Effect No Effect No Effect N.C.
Effect
GOF in active
- N/A - + N/A
AHSPCs
GOF in quiescent
- + + + N/A
AHSPCs
GOF in AHSCs - N.C. N.C. N.C. -

Table 3: Summary Evaluation of Results

LOF, Loss of Function. GOF, Gain of Function. Blue indicates experiments performed in vitro.
Orange indicates experiments performed in vivo. “-” indicates a negative effect. “+” indicates a
positive effect. “N.C.” indicates a possible effect that was Not Confirmed with these experiments.
“N/A” indicates Not Applicable.

Wnt LOF in active AHSPCs in vitro has no effect on AHSC maintenance or proliferation. It also
has no effect on neurogenesis but may bias differentiation towards a glial fate.

Wnt LOF in quiescent AHSPCs in vitro has no effect on AHSC maintenance, activation or
proliferation.

Wnt LOF in AHSCs in vivo has no effect on AHSC maintenance, activation, proliferation or niche
organisation but may impair neurogenesis.

Wnt GOF in active AHSPCs in vitro impairs AHSC maintenance and decreases AHSC
proliferation as neurogenesis is promoted.

Wnt GOF in quiescent AHSPCs in vitro promotes their activation and proliferation from
quiescence. At higher stimulation levels, Wnt GOF decreases AHSC maintenance and initiates
neurogenesis.

Wnt GOF in AHSCs in vivo severely disrupts the niche organisation by displacing AHSCs from
their correct niche location resulting in their loss from the neurogenic niche, which impairs AHSC
maintenance. This displacement could increase AHSC activation and proliferation as they lose

contact with SGZ located quiescent signals. It could also negatively influence neurogenesis.
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6.1 AHSCs Respond Heterogeneously to Canonical Wnt Signalling

Independent of their Activation State

Using single cell RNA sequencing data from Nestin-GFP+ FAC Sorted dentate gyri, | established
that AHSCs in vivo express components of the canonical Wnt signalling pathway (Figures 3.1,
3.2 and 3.3). Whilst they don’t express all 19 Wnt ligands, all 10 Fzd cell surface receptors, R-
spondins, all LGR family members or all Wnt inhibitors, they do express the necessary Wnt
pathway transducer molecules to enable their response to canonical Wnt signalling. Similarly,
bulk RNA sequencing data generated from active and quiescent AHSPC cultures, showed that
the AHSPCs in vitro also express components of the canonical Wnt signalling pathway (Figure
3.5). For example, AHSCs in vivo and AHSPCs in vitro express an array of Fzd Wnt receptors
and downstream pathway components such as f-catenin and GSK34 (Figures 3.1, 3.2 and 3.5).
However, AHSPCs in vitro do not seem to express Wnt inhibitors, such as Dkk3 and sFRP1
(data not shown) as AHSCs do in vivo, indicating that there are differences between the in vivo
and in vitro systems. Nevertheless, the in vitro bulk RNA sequencing dataset largely
recapitulates the in vivo observations and further validates using this in vitro model as a tool for
examining the role of canonical Wnt signalling in AHSCs. Fzd Wnt receptors are differentially
expressed between active and quiescent AHSPCs in vitro indicating different demands for Wnt
signalling between AHSPC activation states (Figure 3.5A). Using these RNA sequencing
datasets, | also showed that AHSCs and AHSPCs express Wnt ligands at the mRNA level in
vivo and in vitro and that this is translated into protein in quiescent AHSPC cultures (Figure 3.3,
3.5C and 3.5D). This highlights the possibility of autocrine/paracrine Wnt signalling in AHSPCs

cultures and their ability to self-regulate their own behaviour.

To confirm that AHSCs in vivo respond to canonical Wnt signalling, | used the BATGAL Wnt
reporter mice. Co-immunolabelling for the p-galactosidase Wnt reporter and AHSC markers
showed that 30% of AHSCs in young 2-month-old BATGAL mice were BATGAL+ and
responding to canonical Wnt signalling (Figure 3.6C). The proportion of canonical Wnt
responding AHSCs decreases in older 7-month-old BATGAL mice, which could be due changes
in the niche microenvironment that occur with age (Figure 3.6C). For example, levels of the Wnt
inhibitor Dkk1 have been shown to increase in the DG niche with age (Seib et al., 2013), which
could explain the global decrease in Wnt responding cells in the DG of 7-month-old mice (Figure
3.6B). Likewise, the B-galactosidase signal intensity in BATGAL+ AHSCs varies substantially,
indicating a heterogeneous response to canonical Wnt signalling, which could be due to

fluctuations in the levels of Wnt inhibitors or Wnt ligands across different niche locations (Figure
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3.6D). Indeed, sFRP3 is expressed in a gradient across the septo-temporal axis of the DG (Sun
et al., 2015b) suggesting changing Wnt signalling levels. However, | did not observe a gradient
response to canonical Wnt signalling in AHSCs across the septo-temporal axis, which could be
because this axis is difficult to define in coronal sections (Sun et al., 2015b) or could be due to
the expression of other Wnt ligands and Wnt inhibitors across this axis. | observed that AHSCs
respond heterogeneously to canonical Wnt signalling throughout the entire DG irrespective of
their location (Figure 3.6A). This highlights the context dependency of canonical Wnt signalling
in AHSCs and could reflect a level of heterogeneity within the AHSC pool in their ability to
respond to canonical Wnt signalling. It is possible that this observed heterogeneous response
is due to oscillating Wnt signalling levels caused by the negative feedback loop (Lustig et al.,
2002). Therefore, all AHSCs could respond uniformly to canonical Wnt signalling and the
variability in reporter intensities could be due to the timing of their response upon analysis. To
determine whether all AHSCs eventually respond to canonical Wnt signalling, or whether only a
subset do, it could be interesting to perform long-term conditional labelling of Wnt responding
AHSCs using an inducible fluorescent Wnt reporter line such as Axin2-CreERT2; RYFP
(Bowman et al., 2013). Long-term tamoxifen administration would allow for more cells to be
labelled and allow us to determine whether all AHSCs or only a subset responded to Wnt during
the tamoxifen period. The cells across the neurogenic lineage differentially respond to canonical
Whnt signalling further highlighting the context dependency of this signalling pathway. AHSCs
and granule neurons respond variably to canonical Wnt signalling whereas intermediate
progenitor cells (IPCs), neuroblasts and astrocytes are less responsive (Figure 3.7). This
indicates a role for canonical Wnt signalling in regulating both early and late stages of adult

hippocampal neurogenesis.

To investigate whether AHSPCs in vitro respond to canonical Wnt signalling, | nucleofected
active and quiescent AHSPCs with the 7TGC canonical Wnt reporter plasmid and found that
AHSPCs in both states respond heterogeneously to canonical Wnt signalling (Figure 3.10). As
no Wnt agonists were added to these cultures, this supports the presence of autocrine/paracrine
canonical Wnt signalling, which was hypothesised based on the RNA sequencing data showing
the expression of Wnt ligands and receptors in cultured AHSPCs (Figure 3.5A, 3.5C and 3.5D).
The average Wnt reporter activity and Axin2 expression levels are similar between active and
quiescent culture conditions, suggesting that active and quiescent AHSPCs respond similarly to
canonical Wnt signalling despite differential expression of cell surface receptors (Figure 3.5A
and 3.5B). As Wnt reporter activity and Axin2 expression was found in both active and quiescent

AHSPCs, this suggests that their response to canonical Wnt signalling is independent of their
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activation state (Figure 3.5B, 3.10F and 3.10G). This was also observed in vivo where AHSC
proliferation did not correlate with a response to canonical Wnt signalling (Figure 3.8). Overall,
the in vitro data recapitulates the in vivo observations and validates the in vitro model for further

investigations.

6.2 Limitations of Canonical Wnt Reporters

Many Wnt reporter models exploit multimerised TCF/LEF response elements to drive reporter
gene expression and provide a read-out of canonical Wnt signalling levels in cells (Maretto et
al., 2003; DasGupta et al., 1999; Ferrer-Vaquer et al., 2010). However, the current literature
cautions against using these models as the sole evidence for identifying novel sites of canonical
Whnt signalling (Al Alam et al., 2011; Barolo. 2006). Comparisons between different Wnt reporter
models highlights discrepancies in their reporter patterns, which could be due to different
integration sites or the use of different minimal promoters (Barolo. 2006). In addition,
multimerised TCF/LEF Wnt reporters could falsely represent certain modes of canonical Wnt
signalling. For example, B-catenin has been shown to activate gene transcription independent
of TCF (Filali et al., 2002), which could lead to some Wnt responding cells being missed by
multimerised TCF/LEF Wnt reporters. Also, TCF/LEF can activate gene transcription of Wnt
target genes in the absence of a Wnt signal (Hsu et al., 1998; Labbé et al., 2000), which would
generate false positives in multimerised TCF/LEF Wnt reporters. Therefore, it is important to
validate results obtained using multimerised TCF/LEF Wnt reporter models, with reporters
designed to provide a read out of expression levels of known canonical Wnt target genes, such
as Axin2 (Al Alam et al., 2011). Using the single cell RNA sequencing dataset, | found that Axin2
is expressed in relatively few AHSCs in vivo (Figure 3.2G), which is likely due to the limitations
of single cell RNA sequencing in detecting lowly expressed genes (Haque et al.,, 2017).
Nevertheless, the presence of some detectable levels of Axin2 transcripts in AHSCs confirms

their potential to respond to canonical Wnt signalling.

Given the limitations of multimerised TCF/LEF Wnt reporter models, it would be beneficial to
further validate these results using another Wnt reporter mouse line that reports on the
expression levels of a native Wnt target gene. To do this, | started using the Axin2-mTurQ mouse
model, however the mTurQ reporter activity was difficult to detect due to the high level of
background observed with GFP immunolabelling (Figure 3.9B). More work is needed, either to

optimise the immunostaining in the Axin2-mTurQ Wnt reporter mouse line, or to use another
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Axin2 Wnt reporter model to fully validate these results. However, in spite of these described
difficulties, | did observe some Axin2-mTurQ+ AHSCs (Figure 3.9B), which supports the
BATGAL data that some AHSCs respond to canonical Wnt signalling in vivo.

6.3 Baseline Canonical Wnt Signalling Persists in AHSCs Despite
Various Attempts to Inhibit Canonical Wnt Signalling

To understand the role of endogenous canonical Wnt signalling in AHSCs, | designed
experiments to inhibit AHSCs’ response to canonical Wnt signalling both in vitro and in vivo
(Chapter 4). To inhibit canonical Wnt signalling in AHSPCs cultures, | used a variety of different
small molecule Wnt antagonists that targeted different points along the pathway (Figure 4.1A).
This was to ensure that any observed phenotypes were due to inhibiting canonical Wnt signalling
and not off target effects. However, | failed to observe a decrease in the expression level of the
Whnt target gene Axin2, across all experimental conditions used (Figure 4.1). This suggests that
treatments with these small molecule Wnt antagonists was insufficient to inhibit baseline
canonical Wnt signalling in active AHSPC cultures. It also raises the possibility that Axin2 is not
a reliable read out of decreased canonical Wnt signalling levels in this system. For these
experiments, | treated active AHSPCs with one Wnt antagonist at a time. It is possible that using
a combination of Wnt antagonists may inhibit baseline canonical Wnt signalling levels, however

this approach could also prove to be toxic to AHSPCs (reviewed by (Tran et al., 2017)).

As small molecule Wnt inhibitors were ineffective, | used an AHSPC line derived from a mouse
model designed to inhibit canonical Wnt signalling by conditionally deleting p-catenin in the
AHSCs in vivo. B-catenin is the key mediator of the canonical Wnt signalling pathway, therefore
deleting B-catenin in AHSPC cultures should inhibit their response to canonical Wnt signalling
(Papkoff et al., 1996; Peifer et al., 1994b). | showed that p-catenin is robustly deleted in p-cat®
&36 AHSPCs, following Cre adenovirus mediated recombination (Figure 4.2), and in p-cat®! &2
® mice following tamoxifen administration (Figure 4.13D and 4.14B). However, deletion of B-
catenin did not downregulate Axin2 expression levels (Figure 4.2G and 4.13E). This suggests
that baseline levels of canonical Wnt signalling in AHSCs are not affected by the deletion of the
key canonical Wnt signalling mediator, B-catenin, or that Axin2 is not a reliable read-out of
decreased Wnt signalling levels in these cells. However, B-cat®™ ®3¢ AHSPCs are unable to
respond to a canonical Wnt agonist (Figure 4.2H), indicating that their response to a canonical

Whnt stimulus is impaired by the loss of B-catenin.
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It has been reported that the difficulty in detecting autocrine/paracrine Wnt signalling in AHSPC
cultures, is due to low levels of canonical Wnt signalling (Wexler et al., 2009). Therefore, the
failure to detect the downregulation Axin2, could be because the levels of endogenous canonical
Whnt signalling are overall quite low across these culture conditions. The results with the 7TGC
Whnt reporter plasmid showed that AHSPCs responded variably to endogenous canonical Wnt
signalling levels, with only a few cells responding highly (Figure 3.10G). Therefore, it is possible
that the vast majority of AHSPCs in these culture conditions are lowly responsive to canonical
Whnt signalling, making it difficult to detect gene expression changes induced by further inhibition

of canonical Wnt signalling.

The lack of Axin2 downregulation following deletion of B-catenin and application of Wnt
inhibitors, could also suggest that Axin2 is not a reliable read out of decreased canonical Wnt
signalling levels in these cells. Axin2 is a direct transcriptional target of canonical Wnt signalling
and its expression is restricted to selective tissues in a canonical Wnt dependent manner
(Behrens et al., 1998; Lustig et al., 2002; Jho et al., 2002). This contrasts with the expression
its ortholog Axin, which is ubiquitously expressed throughout mouse development (Zeng et al.,
1997; Yan et al., 2001a). The promoter region of Axin2 contains a series of eight TCF/LEF
binding sites indicating that its expression is directly regulated TCF/LEF transcription factors,
which are downstream of canonical Wnt signalling (Jho et al., 2002). However, TCF/LEF
transcription factors have been shown to activate transcription in the absence of a Wnt signal
suggesting that the persistence of Axin2 expression following inhibition of canonical Wnt
signalling could be due to B-catenin or Wnt independent TCF/LEF signalling (Hsu et al., 1998;
Labbé et al., 2000). Indeed, TGFp signalling has been shown to regulate TCF/LEF target genes
independently of canonical Wnt signalling (Labbé et al., 2000). This highlights the possibility that
Axin2 expression could be regulated by other signalling pathways in a canonical Wnt/B-catenin-
independent manner, which may explain the persistence of Axin2 expression upon inhibition of

canonical Wnt signalling.

6.4 Different Efficiencies of Deleting p-catenin in AHSCs in vitro and in

vivo

As previously stated, | confirmed that p-cat"" 3¢ AHSPCs in vitro undergo successful

recombination of the s-cat”" 3% allele resulting in the robust deletion of B-catenin protein (Figure
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4.2). However, the same p-cat”" ®3® allele failed to recombine in vivo following tamoxifen
administration in 2-month-old GlastCreERT2; p-cat"" 3¢, RYFP mice (Figure 4.9, 4.10 and
4.11). This discrepancy between in vitro and in vivo, could be due to the different methods used
to induce recombination of the S-cat” 3¢ allele. In vitro recombination is induced via the
application of a Cre adenovirus to p-cat™" ®36 AHSPC cultures, whereas in vivo recombination
is induced by the administration of tamoxifen, which facilitates the translocation of Cre
recombinase to the nucleus of Glast+ cells. Tamoxifen inducible Cre could be less active than
the non-inducible Cre adenovirus. Also, recombination of the g-cat”” ®**® allele in vitro may be
more effective as the Cre adenovirus is applied to p-cat™"®3® AHSPCs in excess indicating that
successful recombination in vitro is due to higher levels of Cre. Using a higher concentration of
tamoxifen also failed to induce recombination of the s-cat”" ¢ allele in vivo (data not shown).
gPCR analysis of the floxed region of B-catenin in FAC Sorted YFP+ cells from S-cat® ®** mice
showed that recombination between these LoxP sites in vivo is inefficient (Figure 4.11D). This
inefficiency could be due to the local chromatin landscape and flanking sequences affecting the

accessibility of these LoxP sites in Glast+ cells in vivo.

The second conditional B-catenin floxed mouse model, GlastCreERTZ2; p-cat”™®*2®; RYFP mice,
was more successful in deleting p-catenin in Glast+ cells in vivo (Figure 4.13). These mice

contained the Ig_catﬂ/ﬂ ex2-6

allele, where the LoxP sites flank exons 2-6 (Figure 4.13A). The
previous mouse model, that failed to delete B-catenin, contained the p-cat” %3¢ allele, where
the LoxP sites flank exons 3-6 (Figure 4.11B). It is possible that the LoxP site located before
exon2 in p-cat™ 2% mice, is more accessible than the one located before exon3 in B-cat’ ©35
mice. This increased accessibility could explain why p-catenin is deleted in p-cat™"®*2® mice and

not B-cat™ ©3® mice.

6.5 AHSC Homeostasis is Unaffected by Inhibition of Canonical Wnt
Signalling

Using p-cat®® ®2® mice and p-cat® ®*3® AHSPCs, | found that AHSCs are unaffected by the loss
of B-catenin signalling in vivo and in vitro (Section 4.2 and Figure 4.15). This could be because
other signals within the niche or the culture microenvironment could compensate for the lack of
intact canonical Wnt signalling in AHSCs. For example, the AHSPCs in vitro are exposed to high

concentrations of mitogens such as FGF2, and in some cases EGF, which could override the
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need for canonical Wnt signalling to maintain active AHSPC proliferation or promote quiescent
AHSPC activation (Sun et al., 2011; Palmer et al., 1995). Alternatively, the fact that AHSC
behaviour is unaffected by loss of B-catenin in vivo and in vitro could suggest that intact
canonical Wnt/B-catenin signalling is not required to maintain their homeostasis, which is
surprising given the current literature. Indeed, inhibiting canonical Wnt signalling in adult rat
hippocampal progenitors in vitro has been shown to impair proliferation and induce a loss of
multipotent precursors (Wexler et al., 2009). Similarly, neural progenitors isolated from adult
Wnt7a knock out mouse brains exhibited decreased proliferation and self-renewal capacity
compared to wild type (Qu et al., 2013). In addition, Qu and colleagues show that Wnt7a knock
out mice have a reduced hippocampal neural stem and progenitor cell population compared to
wild type (Qu et al., 2013). However, this phenotype could be due to the loss of Wnt7a
expression throughout development and therefore the reduced size of the adult hippocampal
progenitor pool could be due to theirimpaired development rather than their dysregulation during
adulthood (Qu et al., 2013). In addition, these papers do not clearly make the distinction between
AHSCs with radial morphology and IPCs in the hippocampus, therefore it is difficult to establish
which cell type is directly responsible for this impaired proliferation phenotype caused by
decreased Wnt signalling levels. It is also possible that other niche cells are affected in these
models due to the global decrease of Wnt signalling levels. Conditionally deleting B-catenin in
Glast+ cells during adulthood restricts the inhibition of canonical Wnt signalling to AHSCs and
astrocytes making it a cleaner approach to investigate the role of canonical Wnt signalling in the
AHSC population.

6.6 Neurogenic Lineage Progression is Affected by Loss of -catenin

signalling in vivo

Even though deleting B-catenin did not have an effect in AHSCs in vivo, | found that it affected
their progeny further along the neurogenic lineage (Figure 4.16). | found that the number of
proliferating Sox2+ IPCs was increased in B-cat® 2® mice (Figure 4.15D) and that there are
fewer Tbr2+ IPCs and DCX+ neuroblasts in the DG of p-cat® ®2® mice (Figure 4.16). This
suggests that the loss of B-catenin signalling increases the number of proliferating progenitors
whilst also impairing the differentiation of newborn neurons in vivo. Canonical Wnt signalling has
been shown to play a role in promoting neuronal lineage commitment and differentiation (Lie et
al., 2005; Jang et al., 2013; Seib et al., 2013). By deleting B-catenin in AHSCs, their progeny

will also lack B-catenin and will therefore be unable to respond to a canonical Wnt stimulus. This
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could mean that the progeny of p-cat®® %26 AHSCs are unable to differentiate correctly, in
response to a canonical Wnt stimulus, resulting in the impaired neuronal differentiation observed
in B-cat®® ®2® mice (Figure 4.16). The increased number of proliferating Sox2+ IPCs in of B-
cat® ®2€ mjce (Figure 4.15D), could result from their inability to differentiate along the
neurogenic lineage in response to a canonical Wnt stimulus promoting neuronal differentiation.
A possible mechanism driving this phenotype could be the dual regulation of the pro-neuronal
transcription factor NeuroD1 by Sox2 and canonical Wnt signalling (Kuwabara et al., 2009).
Sox2 represses the expression of NeuroD1 in progenitors, whereas canonical Wnt signalling
induces NeuroD1 expression to promote neuronal differentiation (Kuwabara et al., 2009). By
deleting B-catenin, cells are unable to respond to canonical Wnt signalling, therefore the Sox2
mediated repression of NeuroD1 is maintained resulting in more Sox2+ progenitors and
impaired neuronal differentiation. Conversely, p-cat® ®36 AHSPC cultures were still able to
differentiate into both neurons and glia when growth factors were withdrawn and media
supplemented with B27 or FBS to promote neuronal or astrocytic differentiation respectively
(Figure 4.8). This difference in the ability of AHSCs to differentiate upon loss of canonical Wnt/p-
catenin signalling could reflect the differences between in vitro and in vivo experimental
conditions, as in vitro treatments could stimulate cells more compared to the local signals they
are exposed to in vivo. This highlights the importance of verifying results from in vitro model

systems in an in vivo context.

6.7 Levels of Stimulating Canonical Wnt Signalling Are Important for
Determining a Proliferative vs Neuronal Differentiation Response in
Quiescent AHSPCs

6.7.1 Active and Quiescent AHSPCs Display Different Sensitivities to Levels of

Canonical Wnt Stimulation

Stimulating Canonical Wnt signalling in active AHSPCs, using 5uM CHIR9921, initiated
neuronal differentiation (Figure 5.1). Neuronal differentiation was also promoted by stimulating
canonical Wnt signalling in quiescent AHSPCs, however a higher concentration of CHIR99021
(10uM) was required to achieve this (Figure 5.2). 10uM CHIR99021 treatment in active AHSPCs
caused robust cell death, which could be caused by active AHSPCs displaying a higher
sensitivity to global inhibition of GSK3p. To determine whether this cell death was caused by

stimulation of the canonical Wnt pathway, | could treat active p-cat®® ®*® AHSPCs with 10uM
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CHIR99021 to investigate whether these cells undergo cell death in the absence of intact
canonical Wnt signalling. The cell death observed in active AHSPCs treated with 10uM
CHIR99021 could also suggest that they are more sensitive to levels of canonical Wnt
stimulation than quiescent AHSPCs. This difference in sensitivity to canonical Wnt signalling
levels could be mediated at the level of the Frizzled receptors, as bulk RNA sequencing data
shows that Frizzled receptors are differentially expressed in active and quiescent AHSPCs
(Figure 3.5A). This could suggest that active and quiescent AHSPCs have different

requirements for the levels of canonical Wnt signalling.

6.7.2 Potential Mechanisms Responsible for Inducing the Dose-Dependent Effects of

Canonical Wnt Signalling in Quiescent AHSPCs

A low level of canonical Wnt stimulation in quiescent AHSPCs promotes proliferation (Figure
5.3). This suggests that stimulating canonical Wnt signalling is able to override BMP4 induced
quiescence (Blomfield et al., 2019) to promote quiescent AHSPC activation. Crosstalk between
these two pathways has been shown to regulate various biological processes in a context
dependent manner (reviewed by (ltasaki et al., 2010). For example, in the developing neural
tube Wnt and BMP signalling have been shown to work antagonistically to balance proliferation
and neuronal differentiation along the dorsal-ventral axis (llle et al., 2007). However, in
embryonic stem cells Wnt and BMP signalling work synergistically to maintain pluripotency and
prevent neuronal differentiation (Ying et al., 2003; Sato et al., 2004). Caution must be applied
when looking to other biological systems to delineate the crosstalk between Wnt and BMP
signalling in the context of quiescent AHSPC activation. However, it would be interesting in
future work to investigate how AHSPCs co-ordinate these two signalling pathways to regulate
their behaviour. This could initially be achieved by examining the expression of BMP4 target
genes, such as Id7-4, in quiescent AHSPCs treated with a Wnt agonist to explore whether

canonical Wnt signalling directly antagonises BMP4 signalling in this context.

Work from the Guillemot lab has shown that BMP4 treatment in AHSPC cultures induces
quiescence, in part through the upregulation of Id4 (Blomfield et al., 2019). |d4 sequesters the
Ascl1 heterodimerisation partner E47, which promotes Ascl1 degradation and induces a
quiescent state (Blomfield et al., 2019). Ascl1 was shown to be essential for the activation of
quiescent AHSCs in vivo (Andersen et al., 2014). However, rWnt3a treatment induced the
activation of quiescent AHSPCs alongside a slight decrease in Ascl1 expression (Figure 5.10H).

This could suggest that canonical Wnt signalling promotes quiescent AHSPC activation
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independently of Ascl1. CyclinD1 is an important regulator of G1 to S phase progression of the
cell cycle and is a direct transcriptional target of both Ascl1 and canonical Wnt signalling
(Andersen et al., 2014; Shtutman et al., 1999). Therefore, it is possible that stimulated canonical
Whnt signalling promotes quiescent AHSPC activation by directly inducing the expression of
CyclinD1, and bypassing the need for Ascl1. This could suggest that quiescent AHSPC
activation is independently regulated by both canonical Wnt signalling and Ascl1, perhaps in
response to different extrinsic factors. It will be interesting in future studies to decipher the
molecular mechanisms driving this canonical Wnt induced activation of quiescent AHSPCs,
perhaps in the context of an Ascl1 knock out to determine the presence of independent
regulatory mechanisms. This could initially be done by first characterising whether quiescent
Ascl1-knock-out AHPSCs activate in response to stimulating canonical Wnt signalling. It would
then be possible to examine the gene expression changes that occur to determine whether

canonical Wnt signalling promotes quiescent AHSPC activation independently of Ascl1.

The homeodomain-only protein HopX is highly expressed in quiescent AHSPCs and is
downregulated upon their activation, therefore it is considered to be a quiescent AHSPC marker
(Li et al., 2015; Shin et al., 2015). However, | found that Wnt stimulation in quiescent AHSPCs
promotes the upregulation of HopX alongside an activation phenotype (Figures 5.4D and 5.10E).
The close correlation between canonical Wnt stimulation and HopX upregulation could indicate
that HopXis a direct transcriptional target of canonical Wnt signalling, however | did not find any
TCF/LEF binding sites within the HopX sequence (not shown). This does not exclude the
possibility that HopX is regulated by secondary effects of stimulating canonical Wnt signalling.
HopX is involved in the repression of gene transcription and has been shown to repress the
expression of Wnt ligands in cardiomyoblasts during cardiogenesis in cooperation with BMP
signalling (Jain et al., 2015). As such the upregulation of HopX expression in quiescent AHSPCs
upon Wnt stimulation could be a negative feedback mechanism designed to repress canonical
Whnt signalling levels. Therefore, it may not be appropriate to use HopX as a quiescence marker
in this context and other quiescence associated genes, such as the tumour suppressor genes
p53 and p57 (Meletis et al., 2006; Liu et al., 2009; Furutachi et al., 2013), should be examined
in future investigations. It could be interesting to examine the gene expression levels of Wnt
ligands in quiescent AHSPCs following Wnt agonist treatment to understand whether they are

downregulated by increased HopX expression.

Over-stimulating canonical Wnt signalling in active and quiescent AHSPCs promotes neuronal

differentiation even in the presence of FGF2 (Figures 5.1 and 5.2). Canonical Wnt signalling has
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previously been shown to play a role in promoting neuronal differentiation and neuronal lineage
specification in adult hippocampal progenitors but these experiments were performed under
differentiating conditions in vitro following the transduction of growth factors (Lie et al., 2005).
The results presented here suggest that canonical Wnt signalling can override the pro-
proliferative effects of FGF2 signalling to directly induce neuronal differentiation of active and
quiescent AHSPCs. Canonical Wnt signalling has previously been shown to instruct
neurogenesis over astrogliogenesis (Lie et al., 2005; Seib et al., 2013), which is corroborated
by the results presented here of over-stimulating canonical Wnt signalling in quiescent AHSPCs
(Figure 5.6). However, | did not investigate astrocytic differentiation in active AHSPCs following
Whnt stimulation, which should be explored further given the contradictory evidence in the
literature showing that the loss of sSFPR3 promotes both astrocytic and neurogenic differentiation
(Jang et al., 2013).

Over-stimulating canonical Wnt signalling in quiescent AHSPCs directly promotes neuronal
differentiation, whereas a lower canonical Wnt stimulation induces proliferation (Section 5.2).
This suggests that the level of canonical Wnt stimulation is important in determining the
activation or neuronal differentiation of quiescent AHSPCs. Wnt induced quiescent AHSPC
proliferation and activation occurs alongside a loss of stemness and progression towards a
progenitor fate. Key characteristics of AHSCs include their ability to return to quiescence and
their ability to self-renew. Therefore, it would be interesting to investigate whether canonical Wnt
activated quiescent AHSPCs retain the ability to return to quiescence and whether they divide
through self-renewing or consuming divisions. It would also be interesting to determine how
AHSPCs measure different canonical Wnt signalling levels and how this is transduced to
promote these different canonical Wnt induced responses in quiescent AHSPCs. One possible
mechanism mediating these dose-dependent effects could be via the dual regulation of NeuroD1
by both Sox2 and canonical Wnt signalling (Kuwabara et al., 2009). A higher level of canonical
Whnt stimulation could override the Sox2 dependent repression of NeuroD1 (Kuwabara et al.,
2009) to directly induce neuronal differentiation, whereas a lower level of Wnt stimulation may
not be sufficient. This could be examined by qPCR analysis of NeuroD1 expression levels in
quiescent AHSPCs treated with different concentrations of Wnt agonist (Figure 5.2A). Canonical
Wnt signalling has been shown to have dose-dependent effects during nervous system
development (Machon et al., 2007) and in other adult somatic stem cells (Hirata et al., 2013;
Luis et al., 2011). For example, over-activating canonical Wnt signalling in intestinal stem cells
promotes their differentiation but a lower dose of canonical Wnt stimulation promotes their

proliferation in cooperation with Notch signalling (Hirata et al., 2013). Notch signalling is active
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in quiescent AHSPCs and has been shown to be important in maintaining their quiescent state
(Lavado et al., 2014; Ables et al., 2010; Lugert et al., 2010; Breunig et al., 2007; Ehm et al.,
2010; Imayoshi et al., 2010). The interplay between canonical Wnt and Notch signalling in
quiescent AHSPCs could play a role in regulating the dose-dependent effects of stimulating
canonical Wnt signalling in quiescent AHSPCs. These two signalling pathways have been
shown to cooperatively regulate many developmental processes (Mufioz Descalzo et al., 2012)
and it would be interesting in future studies to investigate how these pathways interact to
regulate AHSPC behaviour. To further investigate the mechanisms behind these dose-
dependent effects of stimulating canonical Wnt signalling, it could be interesting to perform RNA
sequencing, ChlP-Seq and assay for transposase-accessible chromatin sequencing (ATAC-
Seq) in quiescent AHSPCs stimulated with different concentrations of Wnt agonists. This would
allow us to determine whether the dose-dependent effects of stimulating canonical Wnt
signalling are driven by the same or independent molecular mechanisms. If they are driven by
independent molecular mechanisms one could expect to see distinct transcriptional profiles
determined by the level of canonical Wnt stimulation rather than a gradient response if the dose-
dependent effects regulate the same molecular mechanisms. Overall, the dose-dependent
effect of stimulating canonical Wnt signalling in quiescent AHSPCs, could explain how canonical
Whnt signalling is able to induce both proliferation and neuronal differentiation of neural

progenitors

6.8 Dose-Dependent Effects of Stimulating Canonical Wnt Signalling in

AHSPCs Could Reconcile Current Contradictions in the Literature

In the current literature, stimulating canonical Wnt signalling in neural progenitors during adult
hippocampal neurogenesis has been shown to promote proliferation and instruct a neuronal fate
(Lie et al., 2005; Seib et al., 2013; Jang et al., 2013; Wexler et al., 2009; Qu et al., 2010; Shi et
al., 2004). However, not much is known about how canonical Wnt signalling is able to induce
both of these outcomes. The results presented here highlight that the levels of canonical Wnt
stimulation are important in determining a proliferation or neuronal differentiation phenotype in
quiescent AHSPCs. Different techniques have been used to stimulate canonical Wnt signalling
in vitro and in vivo to investigate the role of canonical Wnt signalling in neural progenitors in the
adult hippocampus (Lie et al., 2005; Seib et al., 2013; Jang et al., 2013). The differences in the
methodologies used across these studies could stimulate canonical Wnt signalling levels to

varying degrees. For example, Lie and colleagues stimulate canonical Wnt signalling in cultured
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neural progenitors by overexpressing Wnt3a and observe increased neuronal differentiation (Lie
et al., 2005). In contrast, Seib and colleagues saw increased self-renewal in neural progenitors
derived from Nestin-Dkk1 knock-out mice (Seib et al., 2013). It can be argued that stimulating
canonical Wnt signalling by overexpression a Wnt ligand could produce a higher level of Wnt
stimulation compared to knocking out a Wnt inhibitor, however these two scenarios have not
been directly compared in this context. As such, the contradictions in the current literature, as
to the role of stimulating canonical Wnt signalling in hippocampal neural progenitors, are
compatible with the dose-dependent effects of stimulating canonical Wnt signalling in quiescent

AHSCs presented here.

6.9 Adult Hippocampal Neurogenesis is Impaired by AHSC

Displacement Induced by Stabilised p-catenin

6.9.1 Displacement of AHSCs Promotes their Loss from the Hippocampal Neurogenic
Niche

To investigate the effect of stimulating canonical Wnt signalling in AHSCs in vivo, | generated
an inducible transgenic mouse line to stabilise B-catenin and activate canonical Wnt signalling
in AHSCs (Section 5.3). | used mice that were heterozygous (Cat-ca'®") and homozygous (Cat-
ca™™m) for the Cat-ca allele with the hope to investigate the in vitro observed dose-dependent
effects of stimulating canonical Wnt signalling in AHSCs in vivo. | observed proliferation
differences between Cat-ca™® and Cat-ca™™ mice (Figure 5.11E), however this could be due to
the lack of WT B-catenin protein in Cat-ca™™ mice rather than a dose-dependent effect of
stimulating canonical Wnt signalling. To show that Cat-cat™® and Cat-ca"™™ mice stimulate
canonical Wnt signalling to different levels, | have crossed them to the BATGAL Wnt reporter
mice. | will use these mice to compare the intensities of the B-galactosidase Wnt reporter

Het ys Cat-ca®™ mice to provide a read out of stimulated

immunostaining in YFP+ cells of Cat-ca
canonical Wnt signalling levels. Another more quantitative way of measuring the level of Wnt
stimulation in Cat-ca"® and Cat-ca"°™ mice would be to FAC Sort the YFP+ cells from dissected
dentate gyri of Cat-ca"™ and Cat-ca™™ mice and perform gPCR analysis for the Wnt target gene

Axin?2.

| found that AHSCs are lost from the DG niche 30 days after inducing the stabilisation of 3-

catenin (Figure 5.11C). This loss of AHSCs could be a direct consequence of the displacement
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of AHSCs observed 10 days after p-catenin stabilisation (Figure 5.15). | found that
approximately 13% of AHSCs are displaced in Cat-ca"® and Cat-ca"™ mice 10 days after the
stabilisation of B-catenin (Figure 5.15B). This displacement promotes AHSC activation (Figure
5.15C and 5.15D), which is possibly due to displaced AHSCs losing exposure to SGZ-located
quiescent signals, such as Notch and BMP4 (Ables et al., 2010; Mira et al., 2010). This could
be tested by examining readouts of quiescent signal activity in displaced AHSCs in vivo such as
the presence of the Notch intracellular domain (NICD) or genetic reporters of Hes1 and Hes5 to
examine Notch signalling levels (Breunig et al., 2007; Ehm et al., 2010; Imayoshi et al., 2010;
Lugert et al., 2010) or testing for phospho-SMAD1 immunoreactivity to investigate the levels of
BMP signalling (Mira et al., 2010). However, the small proportion of displaced AHSCs in the DG
of Cat-ca"™ and Cat-ca™™ (Figure 5.15B), may not account for the 50-60% loss of AHSCs 30
days after B-catenin stabilisation (Figure 5.11C). Recombination of the Cat-ca allele excises
exon 3 of B-catenin, which encodes the N-terminal domain and houses the GSK3p
phosphorylation sites, thus preventing p-catenin being phosphorylated for degradation (Harada
et al., 1999). The accumulation of stabilised -catenin protein could be toxic to recombined cells
and could promote cell death (Bence et al., 2001). The contribution of cell death towards the
loss of AHSCs, could be investigated by performing immunolabelling of the apoptosis marker
cleaved caspase-3 or counting pyknotic nuclei (reviewed by (EImore. 2007)) in brain sections of

Control, Cat-ca™! and Cat-ca"™ mice 10 days after tamoxifen administration.

6.9.2 Correct Niche organisation Influences Adult Hippocampal Neurogenesis

The displacement of AHSCs, induced by the stabilisation of B-catenin, also affects the
generation of newborn neurons. Whilst the total number of Tbr2+ IPCs and DCX+ neuroblasts
was similar between Control, Cat-ca"® and Cat-ca™™ mice (Figures 5.16B and 5.17B), their
organisation, niche locations and morphologies were impaired (Figures 5.16 and 5.17). The
displacement of AHSCs would result in their progeny also being displaced within the DG niche.
This would account for the increased proportion of Tbr2+ IPCs and DCX+ neuroblasts located
outside their normal niche location in Cat-ca™ and Cat-ca™™ mice (Figures 5.16C and 5.17C).
The adult hippocampal neurogenic niche is a highly organised structure and signals from this
microenvironment impact on the correct progression of the adult hippocampal neurogenic
lineage (reviewed by (Ming et al., 2011; Urban et al., 2014)). It is therefore possible that the
displaced progeny of Cat-ca AHSCs receive inappropriate signals for their differentiation stage

because they are mis-located within the hippocampal neurogenic niche. Indeed, using the
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BATGAL Wnt reporter mice | showed that the response to canonical Wnt signalling decreased
in IPCs and neuroblasts compared to AHSCs and granule neurons (Figure 3.7). This suggests
that the context dependency and temporal response to canonical Wnt signalling across the cells
of the neurogenic lineage, is important for regulating the maturation of newborn neurons.
Progenitors and neuroblasts generated from recombined AHSCs would not be able to stop
responding to canonical Wnt signalling due to the stabilisation of -catenin (Harada et al., 1999).
Therefore, the aberrant neuronal differentiation observed in Cat-ca™! and Cat-ca™™ mice could
be due to the dysregulated timing of canonical Wnt signalling in the progeny of recombined
AHSCs.

Not all of the displaced Tbr2+ IPCs and DCX+ neuroblasts were YFP+ indicating that they were
either derived from Cat-ca recombined AHSCs that failed to recombine the RYFP locus (Dause
et al., 2020) or that they were derived from non-recombined AHSCs (Figures 5.16A and 5.17A).
This could suggest that the displacement of AHSCs not only directly affects their progeny, but
also affects the maturation of other lineage cells derived from non-recombined AHSCs, in a non-
cell autonomous fashion. This could be due to the severity of the niche disorganisation in Cat-
ca mice. Given the level of dysregulated adult neurogenesis in Cat-ca mice, it would be
interesting to investigate how they respond to hippocampal dependent behavioural tests such
as the Morris Water Maze, that assesses spatial learning and memory (Vorhees et al., 2006).
This could highlight the importance of the niche organisation in regulating adult hippocampal
neurogenesis and its associated cognitive functions, which could have implications for

neurodegenerative disease.

6.9.3 Role of B-catenin at Adherens Junctions Could Mediate the Displacement

Phenotype

B-catenin plays a role in cell adhesion at cell-cell junctions by forming a complex with cadherin
and the actin cytoskeleton (Bienz. 2005). B-catenin binds to cadherins via its Armadillo repeats
(Huber et al., 1997) and binds to a-catenin via its N-terminal domain, which then facilitates the
binding to the actin cytoskeleton (Figure 1.9) (Hur et al., 2013). In Cat-ca mice, exon 3 of j-
catenin is deleted, which encodes the N-terminal domain containing the GSK3p phosphorylation
sites, thus generating stabilised B-catenin (Yost et al., 1996; Harada et al., 1999). As the N-
terminal domain of B-catenin also houses the a-catenin binding site (Figure 1.9) (Huber et al.,

2001), the interaction between o~ and B-catenin could be disrupted in recombined cells (Dar et
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al., 2016). In the original paper where these mice are first described, the authors state that the
Cat-ca allele does not affect adherence junctions in the intestine, however they do acknowledge
that changes in cell adhesion could contribute to their observed phenotype (Harada et al., 1999).
This suggests that loss of exon 3 of -catenin could disrupt AHSC adhesion properties, which
could be responsible for the displacement of AHSCs observed in Cat-ca mice (Figure 5.15A and
5.15B). Indeed, conditional deletion of N-cadherin in the developing cortex, causes severe
disorganisation of intra-cortical structures due to the disruption of adherens junctions located at
the apical end of neuroepithelial cells (Kadowaki et al., 2007). Downregulation of E-cadherin
and loss of cell-cell contacts is also associated with increased proliferation and invasiveness of
epithelial derived tumours (Berx et al., 2001; Conacci-Sorrell et al., 2002). Furthermore, cadherin
signalling has been shown to play a role in regulating the migration of pre-cerebellar neurons in
the hindbrain (Taniguchi et al., 2006) as well as enhancing the migration of SVZ neural
precursors in response to injury (Klingener et al., 2014). This highlights the importance of
cadherin signalling and cell-cell adhesion in regulating tissue organisation and cell migration in
a variety of contexts and suggests that changes in these processes could influence the
displacement of AHSCs in Cat-ca mice, rather than the direct activation of canonical Wnt
signalling. Future work is needed to investigate how stabilising B-catenin in AHSCs affects

cadherin signalling and cell adhesion.

Interestingly the displacement of AHSCs was not observed in p-cat®?® % mice (Figure 4.15),
where the entire p-catenin protein is lost. This could indicate a dominant negative effect of the
stabilised form, as it is still able to bind to cadherins despite its disrupted interaction with the
actin cytoskeleton, which could have consequences on cadherin signalling. It could also suggest
that the loss of cell adhesion could work synergistically with the activation of canonical Wnt
signalling in Cat-ca mice to induce AHSC displacement. Indeed, Machon and colleagues show
that the organisation of the developing cortex is disrupted at E13.5 onwards in D6-Cre; Cat-ca
mice due to the synergistic activation of canonical Wnt signalling and disruption of adherens
junctions (Machon et al., 2007).Canonical Wnt signalling has been shown to activate the
transcription of genes that promote migration and motility in various cancers and during
development (Qi et al.,, 2016). For example, canonical Wnt signalling has been shown to
upregulate a variety of matrix metalloproteinases (MMPs) which are required to remodel the
extracellular matrix to facilitate cell migration in both development and cancer (Wu et al., 2007;
Ingraham et al., 2011; Lyu et al., 2005; Kamino et al., 2011; Lee et al., 2014; Takahashi et al.,
2002; Lowy et al., 2006). This could suggest that the activation of canonical Wnt signalling

alongside the disrupted of cell adhesion in Cat-ca recombined cells, could be responsible for
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driving the displacement of AHSCs from their correct niche location. It would be interesting to
investigate how canonical Wnt signalling and/or cell adhesion contribute to this AHSC
displacement phenotype. To do this | could examine the transcriptional profile of Cat-ca cells for
the upregulation of Wnt target genes associated with cell migration. Also, immunofluorescence
techniques could be employed to examine any changes in the organisation of adherens
junctions and the cytoskeleton. Not much is known about the role of cell adhesion in regulating
adult hippocampal neurogenesis, however it has been shown to play an important role in
maintaining the niche location and quiescent state of SVZ NSCs (Kokovay et al., 2012; Shen et
al., 2008; Porlan et al., 2014). The level of hippocampal niche disorganisation and impaired
neurogenesis in Cat-ca mice, suggests that the maintenance of cell adhesion properties is
integral to ensure the correct progression of adult hippocampal neurogenesis and warrants

further investigation.

6.9.4 Different Models are Required to Fine Tune the Activation of Canonical Wnt

Signalling in AHSCs in vivo

Due to B-catenin’s dual role in both canonical Wnt signalling and cell adhesion, it is difficult to
determine whether the phenotypes observed by stabilising -catenin are caused by activating
canonical Wnt signalling or off target effects on cell adhesion. In addition, deleting exon 3 of -
catenin generates stabilised p-catenin which could act in a dominant negative fashion making it
difficult to adjust the level of canonical Wnt stimulation. Therefore, alternative models and
approaches are needed to fine tune the level of canonical Wnt stimulation in AHSCs in vivo to
investigate the dose-dependent effects | observed when stimulating Wnt to different levels in
vitro (Section 5.2). Adenomatous polyposis coli (APC) is a component of the p-catenin
destruction complex and negatively regulates canonical Wnt signalling (Rubinfeld et al., 1993;
Behrens et al., 1998). Mutations within the APC gene result in the upregulation of canonical Wnt
signalling levels and is a major cause of colon cancer (reviewed by (Zhang et al., 2017). Different
mutations within the APC gene have been shown to activate canonical Wnt signalling to different
levels in vivo (Luis et al., 2011). These APC mutations have been used to create a gradient of
stimulated Wnt signalling levels in the hematopoietic lineage to show that different doses of Wnt
signalling regulate various stages of haematopoiesis (Luis et al., 2011). A similar approach could
be applied to create a gradient of stimulated canonical Wnt signalling levels in AHSCs in vivo to

investigate the dose-dependent effects of canonical Wnt signalling. However, this approach
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would require five different mouse lines and would not be clean as the APC mutations are not

conditional meaning they could not be restricted to AHSCs.

An alternative approach would be to treat wild type mice with a Wnt agonist such as lithium
chloride (Clément-Lacroix et al., 2005). Lithium chloride is a potent mood stabiliser that
promotes neurogenesis and activates canonical Wnt signalling by inhibiting the activity of
GSK3p (Clément-Lacroix et al., 2005; Wexler et al., 2007; Zanni et al., 2017; Chen et al., 2000).
This treatment can be administered to mice in their chow or via intraperitoneal injections to
examine the chronic and acute effects of stimulating canonical Wnt signalling (Chen et al., 2000;
Can et al., 2011). However, this approach would lead to the systemic activation of canonical
Whnt signalling, which would make it difficult to determine the direct effects of stimulating

canonical Wnt signalling specifically in the AHSCs.

6.10 Canonical Wnt Signalling in AHSCs Could be Required to Facilitate

their Response to External Stimuli

| found that inhibiting AHSCs’ response to canonical Wnt signalling does not affect their
behaviour or homeostasis in vitro or in vivo (Section 4.2 and Figure 4.15). This suggests that
canonical Wnt signalling does not play a role in regulating AHSC behaviour under homeostasis.
However, | also found that deleting B-catenin impaired AHSPCs’ response to a Wnt agonist
(Figure 4.2H), meaning they are unable to respond to increased canonical Wnt signalling levels.
Whnt signalling levels have been shown increase in the DG following exercise and direct
stimulation of granule neurons, by upregulation of Wnt ligands and downregulation of Wnt
inhibitors (Okamoto et al., 2011; Jang et al., 2013). The upregulation of canonical Wnt signalling
levels, following exercise and electroconvulsive stimulation, promotes adult hippocampal
neurogenesis and this positive effect is abrogated by the direct infusion of sFRP3 into the DG
(Jang et al., 2013). This suggests that the pro-neurogenic effects of external stimuli are mediated
by increased canonical Wnt signalling levels in the DG. Therefore, canonical Wnt signalling in
the DG may not be essential for baseline adult hippocampal neurogenesis, but may be required
to regulate adult hippocampal neurogenesis in response to an external stimulus. To investigate
this hypothesis, it would be interesting to compare the levels of adult hippocampal neurogenesis,
by quantifying total proliferation or number of neuroblasts/ newborn neurons, between B-cat®™?®
! and Control mice following exposure to an enriched environment or voluntary running, which

both positively effect adult hippocampal neurogenesis (Kempermann et al., 1997; Aimone et al.,
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2014; Kronenberg et al., 2003; van Praag et al., 1999). This could be followed up with
hippocampal dependent behavioural assays to determine the functional consequences of

activity induced canonical Wnt dependent adult hippocampal neurogenesis.

6.11 Conclusions and Future Perspectives

Adult hippocampal neurogenesis progresses along a distinct neurogenic lineage, which is tightly
regulated at each stage by a variety of niche-derived factors. The first key regulatory step of
adult neurogenesis begins with the decision of quiescent AHSCs to activate, which must balance
the neurogenic demands of the hippocampus whilst also ensuring the long-term maintenance
of the AHSC pool. Indeed, the rate of quiescent AHSC activation declines with age, stress and
depression (Encinas et al., 2011; Seib et al.,, 2013; Kempermann. 2011a), therefore
understanding how this process is regulated could provide insights into the development of
potential therapeutic strategies. Canonical Wnt signalling represents a niche-derived signalling
pathway that has been shown to regulate various stages of adult hippocampal neurogenesis
(Lie et al., 2005; Seib et al., 2013; Jang et al., 2013; Wexler et al., 2009; Qu et al., 2013).
However, the contradictory reports in the current literature do not reconcile how canonical Wnt
signalling can play a role in promoting progenitor proliferation whilst also instructing neuronal
differentiation. The work presented in this thesis partly explains this dual role by finding that
quiescent AHSPCs respond to canonical Wnt signalling in a dose-dependent manner. Over-
activation of canonical Wnt signalling promotes neuronal differentiation, whereas a lower Wnt
stimulation promotes quiescent AHSPC activation, thus reconciling how one signalling pathway
can regulate different cellular responses. More work is needed to understand how AHSCs
measure the levels of canonical Wnt signalling within the hippocampal neurogenic niche and to

interrogate the downstream mechanisms that mediate these two different responses.

Canonical Wnt signalling levels have been shown to decrease in the dentate gyrus with age and
this has been implicated to play a role in mediating the age-associated decline in the levels of
adult hippocampal neurogenesis (Seib et al., 2013; Okamoto et al., 2011; Miranda et al., 2012;
Jessberger et al., 2009). The work presented here shows that AHSC homeostasis and
behaviour is unaffected by inhibition of canonical Wnt signalling under physiological conditions,
however progression along the neurogenic lineage is impaired. This suggests that under
physiological conditions canonical Wnt signalling regulates the later stages of adult hippocampal

neurogenesis and could provide a therapeutic target for ameliorating age-associated cognitive

239



Chapter 6. Discussion

decline by promoting the maturation of newborn neurons. Conversely, the levels of canonical
Wnt signalling increase in the hippocampal neurogenic niche following environmental
stimulation or exercise, which promotes adult hippocampal neurogenesis (Okamoto et al., 2011;
Kronenberg et al., 2003; Kempermann et al., 1997; van Praag et al., 1999). This suggests that
changing canonical Wnt signalling levels within the niche could mediate the pro-neurogenic
effects of external stimuli. Quiescent AHSPCs respond differentially to the level of canonical Wnt
stimulation but are unaffected by inhibition of canonical Wnt signalling under physiological
conditions. This could imply a role for canonical Wnt signalling in regulating AHSC behaviour in
response to an external stimulus. Canonical Wnt signalling could promote quiescent AHSPC
activation independently of the key activation transcription factor Ascl1, suggesting that
quiescent AHSPC activation could be regulated by different mechanisms under baseline
conditions and following external stimulation. More work is needed to determine whether
canonical Wnt signalling could act as a sensor of external factors to modulate adult hippocampal

neurogenesis independently of Ascl1.

Understanding the regulatory mechanisms mediating AHSC behaviour has vast implications for
human health and disease in developing therapies to combat hippocampal dependent age-
associated cognitive decline and other neuropsychiatric disorders. Changing canonical Wnt
signalling levels has been shown to both promote and impair adult neurogenesis in response to
external stimulation and ageing. Further understanding the mechanisms behind the dose-
dependent effects of canonical Wnt signalling in AHSCs could allow for the development of
targeted therapies to promote quiescent AHSC activation or neuronal differentiation to

ameliorate the progression of neuropsychiatric and neurodegenerative disease.
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