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Abstract

This study investigates the functional role of Pumilio2 (Pumz2) in adult neurogenesis,
revealing novel insights into its impact on cell fate determination and as a
consequence, the emergence of a previously undescribed cell type in the neurogenic
lineage: “transient state cells” (TSCs). Adult neurogenesis takes place both in the
dentate gyrus (DG) and the subventricular zone of the lateral ventricle of the adult
mouse brain. It is a highly regulated process orchestrated by sequentially active
transcription factors controlling neural stem cell (NSC) differentiation into neurons and
astrocytes. The transcriptional control of this differentiation process is well
characterised, the post-transcriptional regulatory mechanisms, however, are
understood to a lesser extent. Pilot experiments suggested that Pum2 among other
RNA-binding proteins (RBPs) participates in this regulation. Therefore, this PhD project
investigated the role of Pumz2 in adult neurogenesis in the DG of Pum2 deficient mice.
In these mice, a decreased rate in adult neurogenesis and NSC self-renewal was
found, coupled with increased astrogenesis. Notably, voluntary physical activity
rescued these defects in the adult neurogenic lineage, suggesting compensatory
mechanisms in NSCs. We performed single-cell RNA sequencing (scRNA-seq)
analysis to understand the reason for the decreased rate in neurogenesis. In line with
the histological analysis, we observed a reduction of the neuronal linage upon Pum?2
depletion. Strikingly, we identified a highly abundant cell cluster with mixed identity,
expressing both neuronal and astrocytic markers. These transient state cells, with low
abundancy in wild type (WT) animals, appeared abundant in Pum2-deficient mice. It is
probable that these cells originate from NSCs, yet they appear to be unable to develop
into mature granule cells. Histological analysis confirmed increased TSCs numbers
upon Pum2 depletion. Additionally, in vivo downregulation of Pum2 by a retroviral
approach in WT mice led to altered neuronal morphology combined with astrocytic
features in differentiated cells. In the absence of Pum2, NSCs fail to commit to either
a neuronal or astrocytic lineage, resulting in the accumulation of TSCs with mixed
identity. Collectively, these results underscore the essential post-transcriptional
regulatory role of Pumz2 in the maintenance, differentiation, and cell fate determination
of adult DG NSCs as well as the general importance of post-transcriptional regulation

in NSC lineage commitment.
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1 Introduction

1.1 The complexity and plasticity of the brain

It is a general accepted view that the human brain is the most complex organ in the
body, consisting of an extensive neural network, including approximately 86 billion
neurons and over 100 trillion synapses (Azevedo et al., 2009; Gebicke-Haerter, 2023).
This provides the basis for our cognitive processes, emotional responses, and self-
awareness (Azevedo et al.,, 2009). The brain's structure is characterized by a
hierarchical organization, spanning individual neurons, functionally specialised
regions, and integrated large-scale networks (Bullmore & Sporns, 2009). The
enormous scale of the brain and its capacity for change and plasticity, highlights the
immense challenge of deciphering and understanding its complex roles in cognition,
behaviour, and overall experience (Marblestone et al., 2016). A detailed examination
of the central units of this system, namely the neurons and glia cells, such as
astrocytes, revealed that even single cells hold a high degree of complexity and
intricate properties. Neurons come in diverse shapes, connectivity patterns, and
neurotransmitter profiles, enabling them to perform many different functions and
contribute to the brain's remarkable capabilities (Scala et al., 2021; Zeng & Sanes,
2017). Neurons transmit signals through electrical impulses (action potentials) and
chemical messengers/neurotransmitters, forming complex communication networks
(Sudhof, 2013). However, neurons do not function independently; glial cells play a vital
role in supporting, nourishing and protecting neurons (Khakh & Deneen, 2019).
Astrocytes, for example, assist in regulating the blood flow and neurotransmitter levels
(Adermark et al., 2022; Marina et al., 2020). Oligodendrocytes are providing the myelin
sheath, which insulates and supports axons (Bradl & Lassmann, 2010; Simons & Nave,
2015). Microglia represent the brain's resident immune cells (Clarke & Barres, 2013;
Wolf et al., 2017). Importantly, this system is highly dynamic. Neuroplasticity allows the
brain to remodel its connections throughout the lifespan and to change in response to
experiences (Draganski et al., 2004). Environmental experiences greatly shape the
brain, driving the formation and refinement of neural connections, primarily at the
synapse level, and allowing structural changes through the addition of newborn
neurons throughout the lifespan (Holtmaat & Svoboda, 2009; Zatorre et al., 2012). This
ongoing development includes adult neurogenesis, the birth of new neurons, which

can be significantly influenced in a positive or negative way by factors such as learning,




exercise, and stress (McEwen & Gianaros, 2011; van Praag et al., 1999). The
regulation of gene expression by transcription factors is highly important in these
processes, whereas RNA-binding proteins (RBPs) are essential in controlling the
translation of genetic information into the proteins that build and modify neurons
(Darnell, 2013; Pilaz & Silver, 2015). The understanding of the complex interplay
between environmental experiences and the molecular mechanisms regulated by
RBPs is crucial for explaining the mechanisms by which our brains undergo continuous

adaption and change (Leslie & Nedivi, 2011).

1.1.1 The mouse brain

Mice share several fundamental similarities with humans with respect to their brains,
including structures, functions, genetics and cellular processes (Beauchamp et al.,
2022; Wong et al., 2023). The genetic composition of mice is well-characterised and
can be modified, thereby allowing investigations into the role of specific genes on brain
development, function and disease (Nestler & Hyman, 2010; Svenson et al., 2012).
Furthermore, their shorter lifespan allows to observe the effects of ageing and
pharmacological treatments across generations (Allen et al., 2023; Finch & Tanzi,
1997; Miller, 2001). Mouse models are of great value in the study of neurological
disorders, as they help to understand disease mechanisms and allow the development
of potential treatments (Dawson et al., 2018; Miller et al., 2010). This is possible
through the availability of well-established experimental tools and techniques. Despite
the fundamental similarities, the human and the mouse brain exhibit striking
differences. A key distinction between the mouse and human brains is their sheer size.
However, the ratio to their body size is similar with approximately 1:40 (Herculano-
Houzel, 2009; Jerison & Count, 1955). In addition, the human brain is far more complex
with a significant larger volume and more complex cortical surface which enables
enhanced cognitive capacities (Azevedo et al., 2009). This evolves by early signals
from the dorsomedial tissue in the developing brain that play a crucial role in
determining the folding patterns (gyrification) of distant regions of the neocortex
(Chizhikov et al., 2019). At the cellular level, human neurons show an increased
dendritic complexity, which may allow more complex information processing (Jacobs
et al., 1997; Masoli et al., 2024). The overall structure of the brain is similar between
humans and mice, however, the proportions of its regions and the specific structures

within them differ (Hofman, 1989). The human prefrontal cortex, which is critical for




higher-order functions such as planning and decision-making, is more developed than
the one from rodents (Miller & Cohen, 2001). These structural and cellular differences
have broad influence for how these brains process information and regulates species-
specific behaviours (Geschwind & Rakic, 2013). Despite these differences, studying
the mouse brain provides valuable insights into fundamental processes that allow us

to understand the human brain.

1.1.2 Embryonic neurogenesis

Embryonic neurogenesis is a tightly orchestrated developmental process that forms
the central nervous system (CNS) (Berninger et al., 2006; Bystron et al., 2008). In
mice, this process is well characterised, however, key aspects are still not fully
understood (Florio & Huttner, 2014; Gotz & Huttner, 2005). The process begins with
the development of the neural plate, a thickened region of the ectoderm (Tam &
Behringer, 1997). The neural plate subsequently folds to create the neural tube, which
serves as the origin to the CNS (Copp et al., 2003). Within the neural tube, neural stem
cells (NSCs), initially termed neuroepithelial cells, reside within the ventricular zone
(VZ) (Gotz & Huttner, 2005). These NSCs undergo symmetric proliferative divisions to
expand their pool (Noctor et al., 2001). A key transition point marks the emergence of
radial glial cells (RGCs), a specialized NSC type that originates from neuroendocrine
cells after embryonic day 13 in mice (Kriegstein & Gotz, 2003). RGCs evolve a long
basal process that extends towards the pial surface, representing the outermost
boundary of the brain. These processes serve as a scaffold for the migration of neurons
(Rakic, 1972; Sidman & Rakic, 1973; Stiles & Jernigan, 2010). RGCs primarily divide
asymmetrically in a self-renewing way, while at the same time giving rise to either
neurons directly or intermediate progenitor cells (IPCs) (Huttner & Kosodo, 2005). IPCs
in the subventricular zone (SVZ) undergo further divisions to generate the vast number
of neurons required for brain development (Haubensak et al., 2004). The process of
neuronal differentiation is complex, following the inside-out principle in which deep
cortical layers are generated first, followed by increasingly more superficial layers
(Angevine & Sidman, 1961, Stiles & Jernigan, 2010). Crucially, neurogenesis happens
in a spatiotemporal manner, orchestrated by complex signalling cascades and
transcriptional networks. Morphogens like Sonic Hedgehog (Shh), Bone
Morphogenetic Proteins (BMPs), Wnts, and Fibroblast Growth Factors (FGFs) play

important roles in shaping the developing nervous system along the dorsal-ventral and




anterior-posterior axes (Bertrand & Dahmane, 2006; Jessell, 2000). These signals act
on transcription factors within NSCs, such as those of the paired box protein (Pax),
SRY-Box transcription factor (Sox), and basic helix-loop-helix (bHLH) families,
regulating their proliferative capacity, cell fate determination, and differentiation
(Guillemot, 2007). Newly born neurons detach from the VZ and begin to migrate, often
guided by the supportive scaffolds of RGC processes (Noctor et al.,, 2001; Rakic,
1972). There are diverse modes of neuronal migration, including soma translocation
where the cell body moves directly along the radial glial fibre, and locomotion, where
the neuron extends a leading process for dynamic movement (Marin et al., 2006).
During migration, neurons begin to differentiate, extending axons and dendrites to form
early connections (McAllister, 2000). Factors like Reelin, secreted by Cajal-Retzius
cells, are essential for ensuring neurons migrate to their correct positions within the
developing cortex's layered structure (D'Arcangelo et al., 1995). When reaching their
target destinations, neurons start to mature by undergoing wide synaptogenesis and
refining their connections (McAllister, 2000). This process is a balance between
integration into functional circuits and apoptosis (programmed cell death), a
mechanism that eliminates excess or improperly connected neurons (Kuan et al.,
2000). While the main processes of neurogenesis are conserved, mouse models
reveal species-specific features. The mouse cortex has a comparable larger SVZ with
outer RGCs, a specialised subtype with enhanced proliferative capacity, which most
likely contributing to the enlarged cortical size of higher mammals (Hansen et al.,
2010). Disruptions in the proper development can lead to severe neurodevelopmental
disorders (Barkovich et al., 2012).

1.1.3 Adult hippocampal neurogenesis and its contributor to memory, pattern
separation, and mood

Adult neurogenesis, the generation of new neurons in the mature brain, contrasts with
the long-held dogma of a static CNS. In mice, two neurogenic niches are present in
the adulthood, the SVZ at the lateral ventricles, and the subgranular zone (SGZ), a
part of the dentate gyrus (DG), which is a subregion within the hippocampus (Altman
& Das, 1965; Gage, 2000; Lim & Alvarez-Buylla, 2014). Adult neurogenesis is a
dynamic process, which is controlled by intrinsic and extrinsic factors. Transcription
factors such as Sox2, nuclear receptor subfamily 2 group E member 1 (Nr2el) and

Achaete-scute homolog 1 (Ascll) are essential for maintaining the stem cell identity




and the regulation of cell fate progression (Knobloch & Jessberger, 2017).
Neurotrophic factors, including the brain-derived neurotrophic factor (BDNF), play a
pivotal role in promoting neuronal differentiation, survival and synaptic integration (Lu
et al., 2014). Physical exercise, environmental enrichment, and specific cognitive tasks
enhance hippocampal neurogenesis, thereby demonstrating the plasticity of the adult
brain (Sahay et al., 2011). Conversely, stress, the process of ageing, and various
pathological conditions have been shown to have a negative impact on adult
neurogenesis (Dranovsky & Hen, 2006). Within the SVZ, quiescent NSCs possess
astrocytic characteristics comparable to RGCs (Doetsch et al., 1999). Upon activation,
guiescent NSCs give rise to rapidly proliferating transit-amplifying progenitors (Doetsch
et al., 1997). These transit-amplifying progenitors undergo further differentiation into
neuroblasts, which migrate along the rostral migratory stream (RMS) towards the
olfactory bulb, where they integrate as interneurons (Lois & Alvarez-Buylla, 1994; Zhao
et al., 2008). The hippocampal SGZ has a similar hierarchical organization. In brief,
RGCs generate IPCs, which subsequently undergo division and transition into
neuroblasts that differentiate into neurons (Kempermann et al., 2004). The RGCs,
which express the homeodomain-only protein (Hopx), are in the SGZ (Berg et al., 2019;
Pilz et al., 2018; Seri et al., 2001). Upon activation through Notch or Wnt signalling or
GABA neurotransmitter release, RGCs differentiate into proliferative IPCs that express
T-box brain protein 2 (Tbr2) (Bonaguidi et al., 2011; Kempermann et al., 2004; Lugert
et al., 2010). IPCs undergo further divisions and differentiate into neuroblasts, which
begin to express markers of neuronal differentiation, such as doublecortin (Dcx)
(Hodge et al., 2012; Urban & Guillemot, 2014; Zhao et al., 2008). Newborn neurons
migrate a short distance into the granule cell layer, where they start to express
Hexaribonucleotide Binding Protein-3 (Rbfox3, also known as NeuN, named due to the
protein Rbfox3 which is found in neuronal nuclei). These newborn neurons initially
develop the dendrites into the molecular layer (ML) and subsequently project their
axons through the hilus towards their targets in the Cornu Ammonis 3 (CA3) region of
the hippocampus, where they integrate into the existing circuitry, playing a crucial role
in learning and memory formation (Sahay et al., 2011; Toni et al., 2007; van Praag et
al., 1999; Zhao et al., 2006) (Figure 1). The newborn neurons undergo a competitive
selection process during their early development. This holds true for newborn granule

cells in the hippocampus, where the newborn neurons compete for limited resources,
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Figure 1: Differentiation pathways of RGCs in the DG. RGCs within the subgranular
zone (SGZ) can follow neurogenic or astrogenic lineages, respectively. Neurogenesis:
RGCs differentiate into Tbr2+ intermediate progenitor cells (IPCs), which further
develop into Dcx+ immature neurons (INs). INs mature into NeuN+ neurons, which
extend extending dendrites into the molecular layer (ML) and projects their axons into
the CA3 region. Astrogenesis: RGCs transition into immature astrocytes (IAs) before
maturing into Sox9+ mature astrocytes (MAs). Adapted with the help of Dr. Barbara
Nitz from (Berg et al., 2018).

including neurotrophic factors and GABAergic depolarising inhibition as well as activity-
dependent selection. This competition results in the elimination of a significant number
of GCs. Only a small percentage is successfully integrated into the existing brain
circuitry (Bergami & Berninger, 2012). Adult neurogenesis is an important process that
has been shown to do more than simply replace lost neurons. It is crucial for the brain's
lifelong capacity for change and adaptation to novel or changing environments (Deng
et al., 2010). Itintroduces young, highly plastic neurons into existing neuronal circuits,
which may allow the formation of new connections and the modification of existing
ones (Christian et al., 2014; Schmidt-Hieber et al., 2004). This ongoing rewiring may
be responsible for the brain's remarkable capacity to adapt to novel experiences, learn
new skills, and potentially recover from certain injuries (Goncalves et al., 2016;
Kempermann et al., 2018). An important characteristic of newly born neurons in the
DG is their enhanced excitability and plasticity during maturation, indicating the

potential for their unique contribution to specific cognitive functions (Ge et al., 2007;




Schmidt-Hieber et al., 2004). This is consistent with the long-standing hypothesis that
hippocampal neurogenesis is involved in pattern separation, the process of
discriminating between similar experiences or storing distinct memories in the face of
overlapping inputs (Aimone et al., 2009; Clelland et al., 2009). Selective disruption of
adult neurogenesis, often through targeted irradiation or viral injection, has provided
evidence for its involvement in hippocampal-dependent learning (Jessberger et al.,
2009). The performance of animals with depleted neurogenesis is impaired in tasks
that require spatial memory and the ability to differentiate between similar contexts,
such as contextual fear conditioning (Jessberger et al., 2009; Sahay et al., 2011).
These findings demonstrate the important role of new neurons in the formation and
refinement of memory within the hippocampus. In addition to its role in learning and
memory, an aberrant adult hippocampal neurogenesis may also contribute to the
development of mood disorders, including depression and anxiety (Snyder et al.,
2011). A major risk factor for these kinds of disorders is stress, which can suppress
neurogenesis (Mirescu & Gould, 2006). The artificial increase in the birth of new
neurons often act in an antidepressant-like way (Malberg et al., 2000; Sahay & Hen,
2007). Studies also hint that increased neurogenesis may be important to protect
against age-related cognitive decline, which allow to explore future treatments that aim
to preserve brain function in aged humans (Drapeau et al., 2003; Kuhn et al., 1996).
This indicates that maintaining a healthy rate of hippocampal neurogenesis may be
crucial for emotional well-being, resilience in the context of life's challenges and age-
related decline. In addition to neurogenesis, the adult brain is also capable of
astrogenesis, the formation of new astrocytes (Ge et al., 2012). In contrast with the
long-held view of astrocytes as only supportive cells, recent research has
demonstrated that they actively modulate synaptic activity, regulating neurotransmitter
release and reuptake (Allen & Eroglu, 2017; Bazargani & Attwell, 2016; Chalmers et
al., 2024). New research suggests that adult-born astrocytes may promote synaptic
plasticity and therefore influencing learning and memory processes (Chalmers et al.,
2024; Santello et al.,, 2019). Furthermore, astrocytes assist in maintaining brain
homeostasis, indicating that astrogenesis may be a crucial factor in the brain's

resilience to disease and ageing (Khakh & Deneen, 2019).




1.1.4 Evidence on human adult neurogenesis

Although adult neurogenesis has been well-documented in rodents, it is more often
recognised as a dynamic process that may also occur in humans. The retrospective
birth dating of cells by carbon birth dating in humans indicate that minimal
neurogenesis occurs in the adult human cortex and dynamics of neurogenesis in the
adult human hippocampus provided evidence for the existence in these regions
(Spalding et al., 2013; Spalding et al., 2005). In early studies, suggested markers for
neurogenesis, including doublecortin (Dcx), polysialylated neural cell adhesion
molecule (PSA-NCAM) and Ki67, were identified in the adult human hippocampus
(Eriksson et al., 1998; Knoth et al., 2010; Sanai et al., 2011). However, research
indicates a decline in neurogenesis during childhood until the levels of neurogenesis
potentially becoming very low or being undetectable in adulthood (Sorrells et al., 2018).
This contrasts with findings in mice, where hippocampal neurogenesis is observed
throughout lifespan, with a significant decline after three months of age (Altman & Das,
1965; Kempermann et al., 2004; Knoth et al., 2010). Furthermore, the role of the SVZ
as a neurogenic niche may differ between species, with a potentially lower olfactory
bulb contribution in humans (Sanai et al., 2004). Therefore, additional research will be
essential to elucidate whether the neurogenic capacity observed in mice is applicable

to the adult human brain (Kempermann et al., 2015).

1.2 RBPs act as master regulator of gene expression

Hippocampal neurogenesis is not only driven by transcription factors, as it was long
believed. Recent research demonstrated the crucial role of RBPs in regulating gene
expression and localization at the post-transcriptional level (Fernandez-Moya et al.,
2014; Gebauer et al., 2021; Hentze et al., 2018). Understanding RBP function offers
new avenues for unravelling the complexities of this important process. RNA
undergoes a series of transformations that impact its stability from transcription over
localization and translation into functional proteins (Hentze et al., 2018). RBPs bind
with RNAs to control diverse cellular processes (Gerstberger et al., 2014). They act as
master regulator at every step of this lifecycle, controlling RNA processing and
recognizing specific codes within RNA transcripts (Fernandez-Moya et al., 2021,
Gebauer et al., 2021). By recognizing cis-acting factors like mMRNA sequences and/or
structural elements, they form complex complexes called ribonucleoprotein particles

(RNP) or RNA granules, which vary in size and makeup (Bauer et al., 2022; Doyle &




Kiebler, 2011; Fritzsche et al., 2013; Kiebler & Bassell, 2006). RNPs are shaping
numerous facets of RNA metabolism (Doyle & Kiebler, 2011). They are forming to
regulate RNA from early on within the nucleus. Transcription produces a precursor
MRNA (pre-mRNA) molecule. RBPs play a crucial role in shaping pre-mRNAs through
splicing, 5'-capping, 3'-polyadenylation and directing their exit from the nucleus (Doyle
& Kiebler, 2011; Dreyfuss et al., 2002; Macchi et al., 2004). They influence alternative
splicing events, mature mRNA and the polyadenylation (Gerstberger et al., 2014;
Vuong et al., 2016). These events imprint a distinctive "RNA signature" onto each
transcript, which consists of specific sequences and structures. This functions like a
blueprint for specific RBPs that direct the mRNAs within the cytoplasm (Doyle &
Kiebler, 2011). Following this, RBPs facilitate nuclear export of the mRNA into the
cytoplasm (Kohler & Hurt, 2007). Within the cytoplasm, RNPs are dynamically
remodeled allowing precise control over mRNA stability, localisation to subcellular
destinations, and localised protein synthesis where it is required (Buxbaum et al., 2015;
Doyle & Kiebler, 2011; Medioni et al., 2012; Schieweck, Riedemann, et al., 2021). The
localized protein synthesis is achieved by the transport of RNPs along the cytoskeleton
via the direct or indirect interaction of RBPs with molecular motors (Buxbaum et al.,
2015; Gumy et al.,, 2014; Kiebler & Bassell, 2006; Mofatteh & Bullock, 2017).
Therefore, RBPs play a critical role in mRNA localization, ensuring it reaches the
correct subcellular destination for translation (Martin & Ephrussi, 2009). Furthermore,
RBPs directly control translation by influencing initiation, elongation, and termination
(Licatalosi & Darnell, 2010). Finally, RBPs regulate mRNA stability, determining its
lifespan and the amount of protein being produced (Schoenberg & Maquat, 2012).
RBPs apply their effects by recognizing specific RNA sequences and/or structural
motifs (Schieweck, Ninkovic, & Kiebler, 2021). They act in all cell types, demonstrating
critical roles in development, cell differentiation and stress response (Gerstberger et
al., 2014; Hentze et al., 2018). Aberrant RBP function has been linked to numerous
diseases, such as cancer, neurodegenerative, neuropsychiatric and neurological
disorders, as well as viral infections (Lukong et al., 2008; Pereira et al., 2017).
Therefore, RBPs are essential regulators of gene expression at a post-transcriptional
level (Mitchell & Parker, 2014). Their significance, together with recent technological

advances in identifying RNA-protein interactions, makes RBP biology an important




area of research with far-reaching implications for understanding fundamental biology

together with disease pathogenesis.

1.2.1 RBPs act as key players in neuronal development, plasticity, and disease
The CNS, including the brain with its labyrinth of connections, relies on precisely
controlled gene expression for optimal development and function (Holt & Schuman,
2013; Schieweck, Ninkovic, & Kiebler, 2021). Neurons, with their incredibly long
extensions, complex architecture and specialized roles, need to quickly modify protein
levels in specific subcellular compartments by mRNA localization to respond to signals
(Holt & Schuman, 2013). As previously stated, RBPs are actively shaping the fate of
MRNAs and influencing the subsequential protein expression (Hentze et al., 2018;
Schieweck, Ninkovic, & Kiebler, 2021). This is of high importance in neurons for several
cellular processes including axonal outgrowth, shaping dendritic branches,
strengthening or weakening synapses long-term and is therefore, also important for
memory formation and learning (Doyle & Kiebler, 2011; Holt & Schuman, 2013; Klann
& Dever, 2004; Sahoo et al., 2018; Yoon et al., 2016). The delivery of RNPs to
synapses marks a remarkable degree of precision but the transport is not unidirectional
(Doyle & Kiebler, 2011). However, the delivery of mRNAs and subsequently the
translation is influenced by the synapse's activity level (Doyle & Kiebler, 2011).
Translation-suppressing RBPs in dendritic transport might indicate that mMRNAs may
be transported to their synaptic destinations in a state of translational inactivity (Dahm
& Kiebler, 2005; Fritzsche et al., 2013). The "sushi belt model" provides a possible
explanation for dendritic mRNA trafficking in which RNPs continuously circulate in both
directions within dendrites, ready to supply activated synapses with the right mRNA.
This may involve activity-dependent 'tags’, such as a prion-like switch protein in
synapses, which attract dynamic microtubules that extend into dendritic spines and
allow the precise delivery, anchoring and disassemble of individual RNPs followed by
local translation of mMRNAs (Doyle & Kiebler, 2011). The newly synthesized protein
then participates in the remodelling and strengthening of the synapse (Bauer et al.,
2019; Buxbaum et al., 2014; Doyle & Kiebler, 2011; Park et al., 2014). An investigation
regarding the transport of regulator of G-protein signalling 4 (Rgs4) mRNA
underscored the reasonability of the "sushi-belt model" (Bauer et al., 2019). The
synaptic transport depends on signals within its 3'-untranslated region (Bauer et al.,

2019). After serving its purpose at the synapse, an mRNA can be broken down or
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potentially repackaged into an RNP for further transport and/or translation (Bauer et
al., 2019). Dysfunction of post-transcriptional regulators can lead to a disrupted protein
localization (Lecuyer et al., 2007). This has been linked with the onset of a range of
neurological, neurodevelopmental and neurodegenerative conditions and is therefore
underscoring their significance within the CNS (Boczonadi et al., 2014; De Conti et al.,
2017; Sartor et al., 2015; Wan et al., 2012).

1.2.2 The role of Pumilio2 from translation regulation to adult neurogenesis

RBPs have been shown to be important regulators for neurogenesis. The mammalian
Pumilio2 (Pum2) protein, a member of the highly conserved PUF protein family of
RBPs, might represent a potential key regulator in neurogenesis (Goldstrohm et al.,
2018; Wang et al., 2018; Zhang et al., 2017). Pumz2, with its specific recognition motive
(UGUANAUA) in the 3-UTR of mRNAs, has remarkable control over protein
expression, influencing MRNA translation, stability, and even transport (Goldstrohm et
al., 2018; Hotz & Nelson, 2017; Martinez et al., 2019; Van Etten et al., 2012; White et
al., 2001; Zhang et al., 2017). Their role in repressing translation was observed across
yeast, flies, and frogs (Nakahata et al., 2003; Parisi & Lin, 2000; Wickens et al., 2002).
One key mechanism involves the shortening of the mRNA's poly-A tail. Pum proteins
can recruit the CCR4-NOT deadenylase complex, leading to mRNA instability and
preventing translation (Goldstrohm et al., 2007; Van Etten et al., 2012). Additionally,
Pum2 can directly prevent translation initiation by binding to the 5' cap of mMRNAs,
competing with the essential translation factor elF4E (Cao et al.,, 2010). Pum2's
influence on protein expression extends beyond initiation. It can interfere with
translation elongation process in combination with Argonaute (Ago) proteins and
elongation factor 1A (eEF1A) to form an inhibitory complex (Friend et al., 2012). Recent
findings revealed, Pum2 can also activate translation, specifically boosting the
expression of GABAergic synapse components like Gephyrin (Schieweck, Riedemann,
et al., 2021). Yet, the precise way Pumz2 influences localized protein synthesis and its
role in global protein expression remains unknown. Given Pumz2's effects on translation
and its diverse RNA targets, it is a critical regulator of cell function. Beyond direct
translation control, Pum2 also influences mRNA localization, essential for processes
like cellular migration (Hotz & Nelson, 2017). Pum2 is also influencing the process of
neuronal development and synaptic function (Dong et al., 2018; Siemen et al., 2011,

Vessey et al., 2010). While a significant amount of research exists, its full role within
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neurons remains enigmatic. In developing neurons, Pum2 actively prevent the
localization of certain mRNAs into axons, thereby shaping axonal protein production
(Martinez et al., 2019). Studies in Drosophila revealed Pum's impact on dendritic
development, synaptic function, and neuronal excitability through its regulation of key
proteins (Mee et al., 2004; Menon et al., 2009; Menon et al., 2004; Schweers et al.,
2002; Ye et al., 2004). Pum2 has been shown to be a crucial regulator of the precise
timing of diverse neuronal subtypes and cell fate decisions during embryonic
corticogenesis (Parra & Johnston, 2022; Pilaz & Silver, 2015; Vessey et al., 2012; Zahr
et al., 2018). Normally, mRNAs encoding various neuronal specification proteins are
co-expressed within neural progenitors. Pum2 influences this by forming a complex
with 4E-T to repress the translation of these mRNAs of which a vast number is
essential for transcriptional control and neuronal development, such as the
transcription factors Pou3f3/Brnl, Tle4 and members of the proneurogenic bHLH
family, such as Neurogl, Neurog2 and Ascll (Zahr et al., 2018). Disrupting either
Pum2 or 4E-T results in the aberrant expression of proteins and the disruption of
neuronal layer development (Zahr et al., 2018). The mechanism by which elFA4E/4E-T
controls neurogenesis by regulating proneurogenic proteins, has been previously
observed (Yang et al., 2014). Pum2 plays a key role in the asymmetric division of
neural progenitors, such as RGCs, where it represses the translation of these mRNAs
during RGC division (Gotz & Huttner, 2005; Vessey et al., 2012). There it forms RNP
complexes with  mRNA targets, encoding cell fate determinants to promote
differentiation and supress stem cell characteristics, which are segregated into
differentiating daughter cells, such as the IPCs (Vessey et al., 2012). Disrupting Pum?2
function leads to a depletion of the progenitor pool (Vessey et al., 2012). This highlights
the importance of Pum2-mediated RNA regulation in maintaining the balance between
stem cell maintenance and neuronal differentiation and maturation during brain
development (Figure 2A). Pum2 plays a dynamic role in hippocampal neurons,
forming RNA granules with key RBPs like FMRP and potentially Stau2 within the
somatodendritic region (Fritzsche et al., 2013; Vessey et al., 2006; Zhang et al., 2017).
Furthermore, the interaction with Stau2 has been demonstrated to be indispensable
for synaptic plasticity and long-term memory formation (Dubnau et al., 2003). Notably,
Pum2 and Stau2 seem to regulate a shared pool of mMRNA targets, indicating Pum2's

role in activity-dependent control of local translation (Heraud-Farlow & Kiebler, 2014;
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Figure 2: Known roles of Pum2 in neurons and the brain. (A) Pum2 as important
regulator of different processes in neurons and the brain. (B) The cartoon shows the
effect of the double depletion of Pum1 & 2 in the same mouse. The results of the double
depletion are adapted from M. Zhang et al. (Zhang et al., 2017).

Schieweck, Riedemann, et al., 2021; Zahr et al., 2018; Zhang et al., 2017). Pum2
together with Pum1 potentially also plays a crucial role in the development of the
hippocampus. This aligns with the observation of Pum2 and Pum1l depletion, which
enhances the protein levels of its MRNA targets, thereby providing further evidence for
its function as a translational repressor in neurogenesis (Zhang et al., 2017). Depletion
of Puml and Pum2 disrupts hippocampal neurogenesis and increases cell death,
reduces DG size and increases IPC density, highlighting their important role in
neuronal survival and differentiation (Zhang et al., 2017) (Figure 2B). Furthermore, the
depletion of Pum2 in mice is related to spontaneous epileptic seizures (Follwaczny et
al., 2017; Siemen et al., 2011). Pum2's mRNA targets during development overlap with
those found in mature neurons, indicating that, Pumz2 is likely to act within a complex
network of RBPs to regulate gene expression and cell fate decisions during brain
development and mature brain with great precision (Fritzsche et al., 2013). In immature

neurons (INs), Pum2 controls dendritic outgrowth, whereas in mature neurons (MNSs),
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loss of Pum2 leads to a reduction in dendritic spines, an increase in elongated
filopodia, and to a boost in excitatory signalling. Pum2 appears to reduce neuronal
excitation by repressing the translation of key molecules like sodium channels (Scnla,
Scn8a) and the AMPA receptor subunit Gria2 (Dong et al., 2018; Driscoll et al., 2013;
Vessey et al., 2010). Notably, mutations in the sodium channel Scn8a are also linked
to epilepsy (Blanchard et al., 2015; Martin et al., 2007). This is important for the precise
temporal expression of neuronal characteristics. Interestingly, Pum2's role in
maintaining stem cell populations extends beyond the brain. It acts as a translational
regulator in germ cell development (Fox et al., 2005; Moore et al.,, 2003). This

underscores Pum2's broader significance in cell fate regulation.

1.3 Aim of the project

The aim of the thesis is to elucidate the specific role of the RBP Pum2 in modulating
adult neurogenesis within the mammalian brain. As previously stated, adult
neurogenesis underpins critical brain processes like learning, memory formation, and
adaptation to environmental changes in which Pum2 has been implicated to play an
important role. Dysregulation of adult neurogenesis is implicated in a range of
neurodevelopmental and neurodegenerative disorders, making it a potential
therapeutic target. Yet, despite the importance of lifelong ongoing neurogenesis and
the known important contribution of RBPs in this process, the specific role of Pum2 in
the adult neurogenesis is not sufficiently explored. Understanding the precise role by
which Pum2 shapes the birth and integration of new neurons is likely to provide insights
into the fundamental biology of the brain and to potentially open new avenues for

therapeutic interventions in neurological disorders where neurogenesis is impaired.

For this doctoral thesis, | utilised a Pum2 deficient mouse line (Siemen et al., 2011).
These animals display a downregulation of Pum2 in the whole brain and the

hippocampus of 90% (Follwaczny et al., 2017).
Specifically, this work sought to address the following research questions:

) At which level does Pum2 contribute to adult neurogenesis?

1)} Do the newly born neurons develop normally in Pum2 deficiency?

1)} Is the Pum2 deficient brain capable to overcome the reduced neurogenesis?
IV)  Does the downregulation of Pum2, specifically in the adult brain, affect

neurogenesis?
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2 Material and Methods

2.1 Materials

Table 1: List of primary antibodies

Antibody Species Company Dilution
a-BrdU rat (monoclonal) Abcam 1:300
a-Ckb rabbit (polyclonal) Sigma Aldrich 1:1000
a-Dex guinea pig (polyclonal) | Merck Millipore 1:1000
a-Dcx rabbit (polyclonal) Abcam 1:1000
a-GFP chicken (polyclonal) Aves Labs 1:1000
a-Hopx rabbit (polyclonal) Sigma Aldrich 1:1000
a-Ki67 rabbit (polyclonal) Thermo Fisher 1:1000
Scientific™
a-NeuN rabbit (monoclonal) Abcam 1:500
a-Sox9 rabbit (polyclonal) Sigma Aldrich 1:2000
a-Tbr2 rabbit (monoclonal) Abcam 1:1000
a-Tmsb4x mouse (polyclonal) Abcam 1:1000
Table 2: List of secondary antibodies
Antibody Species Company Dilution
a-chicken-A488 donkey Jackson Immuno Research; | 1:1000
Thermo Fisher Scientific™
a-guinea pig-Cy3 | goat Jackson Immuno Research; | 1:1000
Thermo Fisher Scientific™
a-mouse-A555 donkey Molecular Probes 1:1000
(LifeTechnologies)
a-rabbit-A647 donkey Molecular Probes 1:500
(LifeTechnologies); Thermo
Fisher Scientific™
a-rat-A488 goat Molecular Probes 1:1000
(LifeTechnologies); Thermo
Fisher Scientific™
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Table 3: List of buffers, media, and solutions

Buffer/Medium/Solution

Components

0-medium (HEK 293GPG

cells)

DMEM (1x) + GlutaMAX™ + 25 mM HEPES;
10% (v/v) FBS;

10% Sucrose solution

10% sucrose in 1x PBS;

1x PBS (11L)

1.44 g Na2HPO4; 8 g NaCl; 0.2 g KH2PO4; 0.2 g
KCI;

1x TAE buffer

1 mM EDTA disodium salt; 40 mM Tris base; 20

mM acetic acid;

30% Sucrose solution

30% (m/v) sucrose in 1x PBS;

3x SDS sample buffer

188 mM Tris-Cl (pH 6.8); 3% (m/v) SDS; 30%

(v/v) glycerol; 15% (v/v) B-mercaptoethanol;

4% PFA

4% (m/v) PFA in 1x PBS;

70% Ethanol

70 mL EtOH in 33.31 mL ultra-pure water;

Ampicillin-LB media

100 mg/L ampicillin in LB media;

Blocking solution

(Immunostaining)

1x PBS with 0.5% (v/v) Tween20 and 5% (m/v)
BSA; pH 7.1;

Blocking solution (Western
Blot)

1x PBS with 0.5% (v/v) Tween20 and 2% (m/v)
BSA; pH 7.1,

Blotting buffer

25 mM Tris-HCI; 192 mM glycine; 20% (v/v)
methanol; 0.02% (m/v) SDS;

Borate buffer (0.1M, pH 8.5)

0.1 M boric acid; 25 mM NaOH;

Cryoprotection solution (500
mL)

150 g sucrose; 40 mM phosphate buffer; 150 mL
ethylene glycol;

DAPI solution

2 ug/mL DAPI in ultra-pure water;

Elution buffer

0.5 M glycine; 3 M Urea; 3M guanidinium
hydrochloride; 70 mM TCEP-HCI; pH 2.5;

Ethanol (50%, RNase free)

50 mL EtOH in 53.31 mL ultra-pure water;

Ethanol (70%, RNase free)

70 mL EtOH in 33.31 mL ultra-pure water;

Growth medium (HEK
293GPG cells)

DMEM (1X) + GlutaMAX™ + 25 mM HEPES;
10% (v/v) FBS; Geneticin (50 mg/ml);
Tetracycline (1mg/ml); Puromycin (10 mg/ml);
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HCI (4M)

33.3% (v/v) 12 M HCl in ultra-pure water;

Imaging buffer

0.7 M N-acetyl-cysteine in PBS; pH 7.4;

Kanamycin-LB media

50 mg/L Kanamycin in LB media;

LB media (1 L)

10 g peptone; 5 g yeast extract; 10 g NaCl;

Lower buffer

1.5 M Tris-HCI; 0.4% (m/v) SDS; pH 8.8;

NaOH (10M) 0.39 g/L NaOH in ultra-pure water;

NaOH (50mM) 1.97 g/L NaOH in ultra-pure water;

P19 medium DMEM (1X) + GlutaMAX™ + 25 mM HEPES;
10% (v/v) FBS; 1% (v/v) penicillin/streptomycin;
1% (v/v) non-essential amino acids;

PBS-T 1x PBS with 0.5% (v/v) Tween20;

PDL solution 1 mg/mL PDL in ultra-pure water;

RIPA buffer 10 mM Tris-HCI, pH 8.0; 1 mM EDTA; 0.5 mM

EGTA; 1% (v/v) Triton-X; 0.1% sodium
deoxycholate; 0.1% (m/v) SDS; 140 mM NaCl;

SDS running buffer

25 mM Tris-HCI; 192 mM glycine; 1% SDS;

SOC media

2.5 mM KCI; 10 mM MgClz; 20 mM glucose; in LB

media;

Sodium citrate buffer

10 mM sodium citrate; 0.05% (v/v) Tween 20; pH
6.0;

Streptomycin-LB media

33 mg/L Streptomycinsulfat in LB media;

TBS5 buffer

Tris-HCI, pH 7.8; 5 M NaCl; 1 M KCI; 1 M MgClz;

TE buffer

1 mM EDTA, pH 8.0; 10 mM Tris-HCI, pH 8.0;

Transfection medium (HEK
293GPG cells)

DMEM (1x); GlutaMAX™; 25 mM HEPES;

Tris-HCI (40mM) pH 5.5

4.84 g/L Tris-base in ultra-pure water;

Triton-X (0.01%)

1x PBS; 0.01% (v/v) Triton-X100; pH 7.1;

Upper buffer

Table 4: List of chemicals

Chemical

0.5 M Tris-HCI; 0.4% (m/v) SDS; pH 6.8;

‘ Company

Acetic acid

‘ Carl Roth®
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Agarose powder Biomol
Albumin bovine fraction Serva
Cycloheximide Carl Roth®

DMEM (1X) + GlutaMAX™ (4,5 g/L D-
glucose) + 25mM HEPES; Gibco™

Thermo Fisher Scientific™

EDTA disodium salt Carl Roth®
Ethanol Sigma-Aldrich®
Ethylene Glycol Carl Roth®

Geneticin

Thermo Fisher Scientific™

GenJet™ Plus DNA transfection reagent

SignaGen Laboratories

Glycine

Carl Roth®

Guanidinium hydrochloride

Merck KGaA/Sigma Aldrich

HCI (37%; 12M)

Carl Roth®

KCI Carl Roth®

KH2PO4 Carl Roth®

MgCl2 Carl Roth®

NazHPO4 Carl Roth®
N-acetyl-cysteine Sigma-Aldrich®

NaCl Carl Roth®

NaOH Carl Roth®

PDL Sigma-Aldrich®
Puromycin; Gibco™ Thermo Fisher Scientific™
SDS Carl Roth®

Sodium deoxycholate Carl Roth®

Sucrose Merck KGaA/Sigma Aldrich
Tetracycline Sigma-Aldrich®

Tris base Carl Roth®
Tris(2-chlorehyl)phosphat (TCEP)-HCI Sigma-Aldrich®
Tri-sodium citrate dihydrate Carl Roth®

Triton-X Carl Roth®

Tween 20 Sigma-Aldrich®

Urea Carl Roth®
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Water (RNase free)

‘ Sigma-Aldrich®

B-mercaptoethanol

Table 5: List of expendable materials

Expendable material

‘ Sigma-Aldrich®

Company

1,5 mL tube Starlab international GmbH

100/20 mm cell culture dish CELLSTAR® Greiner Bio One
15 mL tube CELLSTAR® Greiner Bio One
24 well plate CELLSTAR® Greiner Bio One

24 well plate (glass bottom)

CELLSTAR® Greiner Bio One

35/10 mm cell culture dish

CELLSTAR® Greiner Bio One

50 mL tube

CELLSTAR® Greiner Bio One

Cover glass

Marienfeld Superior

FastPrep 24 tubes (Lysis Matrix D)

MP Biomedicals™

Glass Replacement 1.14MM 3.5"

World Precision Instruments

Immerge pen

Vector Laboratories

Injection syringe

Omnican® Carl Roth®

Microscopy slides

Thermo Fisher Scientific™ / Epredia

Mould

Polysciences Inc.

Nanoliter2020 Injector

World Precision Instruments

Needle (blue)

Sterican® Carl Roth®

Needle (brown)

Sterican® Carl Roth®

Nitrocellulose membrane

Amersham™

Nunc EasYFlaskTM 175 cm?

Thermo Fisher Scientific™

PCR tubes

Starlab international GmbH

Polypropylene centrifuge tubes

Beckman Coulter

PVDF syringe filter 0.45 pym

Starlab international GmbH

Syringe

Sterican® Carl Roth®

Ultracentrifuge tube

Beckman Coulter
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Table 6: List of kits and consumables

Kit and Consumable

Company

0.5% Trypsin/EDTA solution (10X);

Gibco™

Thermo Fisher Scientific™

1kb DNA ladder

Serva

ACD-RNAscope Kit

Bio-Techne®

Aqua-Poli-Mount

Polysciences Inc.

BLOCK-iT™ Pol Il miR RNAi Expression

Vector Kit with EmGFP

Thermo Fisher Scientific™

DPBS (1X) [-] Calcium, [-] Magnesium;

Gibco™

Thermo Fisher Scientific™

Extract-N-Amp™ PCR ReadyMix™

Sigma-Aldrich®

FBS

Thermo Fisher Scientific™

Gateway™ BP Clonase™ Il Enzyme-
Mix

Thermo Fisher Scientific™

Gateway™ LR Clonase™ Il Enzyme-
Mix

Thermo Fisher Scientific™

Gel Loading Dye Purple (6x)

New England BioLabs®

Tissue-PCR-Kit Extract-N-Amp™

Sigma-Aldrich®

HEPES Buffer Solution (1M); Gibco™

Thermo Fisher Scientific™

LB-ampicillin plates Self-made
LB-kanamycin plates Self-made
LB-streptomycin plates Self-made
Miniprep Kit Qiagen

Non-Essential Amino Acids; Gibco™

Thermo Fisher Scientific™

OCT mounting medium

Tissue-Tek®

Penicillin/Streptomycin; Gibco™

Thermo Fisher Scientific™

Triple Color Protein-Standard Il

Serva
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Table 7: List of instruments and equipment

Instrument/Equipment Company
300 Volt Power Supply Peqlab
4-channel peristaltic pump Gilson

5417 R centrifuge Eppendorf™
Axio Observer.Z1 inverted microscope Carl Zeiss

Epredia™ CryoStar™ NX70 Kryostat

Thermo Fisher Scientific™

FastPrep-24 5G Instrument

MP Biomedicals™

Galaxy 170S CO2 Incubator

New Brunswick/Eppendorf™

Gel Doc System Peqlab
GFL 1003 Wasserbad Gemini Lab
Horizontal Midi Gel Systems Peqlab

HybEZ Hybridization Oven

Advanced Cell Diagnostics

Innova®44 Incubator Shaker Series

Orbital Shakers

Innova™ 44 Incubator

New Brunswick/Eppendorf™

KS 260 basic (orbital shaker)

IKA

Mini-PROTEAN® Tetra System

Bio-Rad

Nanodrop 2000c

Thermo Fisher Scientific™

Odyssey CLx Li-Cor

Optima ™ XPN-80 ultracentrifuge Beckman Coulter
Piston Gradient Fractionator BIOCOMP
PowerPac Basic Bio-Rad

S1000 Thermo Cycler Bio-Rad

Steam Device Braun
Stereotaxic Instrument Kopf®

TCS SP8 confocal microscope Leica
ThermoMixer® C Eppendorf™
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Table 8: List of mouse strains

Strain Background Nomenclature
Pum2 GT C57BL6/J B6;129P2-Pum2Gt(XE772)Byg
WT C57BL6/J -

Table 9: List of plasmids

Construct Vector miRNA Sequence

attB1-EmGFP- pcDNA™ 6.2- -

miRNA(empty)- GW/EmGFP-miR

attB2

attP1-ccdB-CMR- Gateway™pDONR™221 | -

attP2

CAG-attR1-CmR- RV-CAG-Dest. -

ccdB-attR2

CAG-GFP- CAG-GFP 5’-

miRNA(Pumz2) — AGAAGGAGGAAAGAGCTGGCT-

Oligo1 3

CAG-GFP- CAG-GFP 5'-

miRNA(Pum2) — TTAACTGGATGGAAGTGCCAC-

Oligo3 3

CAG-GFP- CAG-GFP 5'-

miRNA(Scrambled) AAATGTACTGCGCGTGGAGAC-
3

Table 10: List of Oligonucleotides

Oligonucleotide

Oligonucleotide sequence

miRNA forward 1

5-GCTGAGAAGGAGGAAAGAGCTGGCTGTTTTGGCCACTG
ACTGACAGCCAGCTTTCCTCCTTCT-3

miRNA forward 2

5-TGCTGTTAACTGGATGGAAGTGCCACGTTTTGGCCACT
GACTGACGTGGCACTCATCCAGTTAA-3’

miRNA reverse 1

5’-CCTGAGAAGGAGGAAAGCTGGCTGTCAGTCAGTGGCC
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AAAACAGCCAGCTCTTTCCTCCTTCTC-3

miRNA reverse 2

5-CCTGTTAACTGGATGAGTGCCACGTCAGTCAGTGGCCA
AAACGTGGCACTTCCATCCAGTTAAC-3

Pum2 forward

primer

5-AAATGGCACCCATCATTGTT-3

Pum2 reverse
primer 1 (WT)

5-CCGTTGTCTGCAGTGTCTGT-3’

Pum?2 reverse
primer 2 (GT)

5-ACCAGCGTTTCTGGGTGA-3’

Table 10: List of RNAscope probes

Probe Channel Catalogue Number Company

Aldoc C3 429531-C3 Bio-Techne®
Nrgn C1 499441 Bio-Techne®
Tmsb4x C2 472851-C2 Bio-Techne®
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2.2 Methods
2.2.1 Genotyping of Pum2 mice

Pum2CTCT and Pum2W™T mice were genotyped via PCR to confirm their genetic
modification status. The DNA from ear biopsies, obtained by animal caretakers, was
extracted by adding a mix of 60uL Extract-N-Amp Tissue mix and 20uL of Tissue Prep
solution from the Tissue-PCR-Kit Extract-N-Amp™. The samples were incubated for
4h at 55°C. The reaction was stopped at 95°C for 4min. 60uL of neutralization solution
was added. A PCR master mix was prepared containing 10 pL Extract-N-Amp™ PCR
ReadyMix™, 1 uL of each Pum2 primer (Pum2 forward primer, Pum2 reverse primer
1, Pumz2 reverse primer 2), and 3 pL of RNase-free water. 16 pL of master mix was
dispensed into individual PCR tubes for each biopsy, along with positive
(heterozygous) and negative (water) controls. 4 pL of neutralised biopsy lysate was
added to each corresponding tube and mixed briefly by vortexing. PCR amplification

was performed in a thermocycler using the following program:

Step Temperature Time Repeat

1 94°C 180s

2 94°C 30s

3 60°C 30s 30 cycles
4 72°C 80s

5 72°C 120s

6 4°C oo

Following PCR amplification, 4 pL of 6x gel loading dye was added to each sample
and mixed by gentle vortexing. 10 puL of each prepared sample was loaded into
individual wells of a 1.5% agarose gel; a 1kb DNA ladder was loaded into the first well
for size comparison. Electrophoresis was performed in 1x TAE buffer at 150V for 30
min. The gel was then imaged using the gel doc system. Successful amplification was
indicated by the following band patterns: Pum2W™WT mice exhibited a band at 460 bp,
Pum2CTCT mice exhibited a band at 280 bp, and Pum2W™CT mice exhibited both bands

(460 bp and 280 bp).

2.2.2 Production of miRNA plasmids

Oligonucleotides encoding the desired miRNA were hybridised. Each dimerization
reaction contained 5 puL of each corresponding oligonucleotide (200 uM), 2 L 10x
annealing buffer (BLOCK-iT™ Pol Il miR RNAI Expression Vector Kit with EmGFP),
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and 8 pL RNase-free water. The mixture was heated up to 95°C for 4 min, cooled down
to room temperature (RT) for 10 min, then briefly vortexed and centrifuged. Hybridised
oligonucleotides were diluted to 500 nM and subsequently to 10 nM in annealing buffer
and RNase-free water. 10 nM hybridised oligonucleotides were ligated into linearised
pcDNA™ 6.2-GW/EmGFP-mIR vector (5 ng/pL) using a mixture of 4 pL 5x ligation
buffer, 9 uL RNase-free water, and 1 uL T4 DNA ligase (BLOCK-iT™ Pol Il miR RNAI
Expression Vector Kit with EmMGFP). Ligation proceeded for 1 h at RT. 2 uL of the
ligation product was transformed into XL1-Blue competent cells via heat shock.
Transformed cells were cultured overnight at 37°C on LB-streptomycin plates, and
three colonies were selected per plate. The plasmids were isolated from overnight
bacterial cultures using a miniprep kit from Qiagen and quantified using a NanoDrop
spectrometer. Sanger sequencing by Eurofins Genomics confirmed successful miRNA
integration. A Gateway™ BP Clonase™ Il Enzyme Mix was used to clone the GFP-
mMiRNA sequence from the pcDNA™ 6.2-GW/EmGFP-miR vector into the
Gateway ™pDONR™221 vector. The reaction contained 75 ng of each vector, 1 uL TE
buffer, and 1 pL BP clonase, incubated for 1 h at 25°C. Proteinase K treatment
inactivated the clonase. The plasmids were transformed into Top10 bacteria via heat
shock, selected on LB-kanamycin plates, isolated using the miniprep kit, quantified by
NanoDrop, and sequence-verified by Eurofins Genomics. The GFP-miRNA sequence
was transferred from Gateway ™pDONR™221 to the RV-CAG-Dest vector using
Gateway™ LR Clonase™ Il Enzyme Mix. The reaction setup was identical to the
Gateway™pDONRTM221 cloning step as described above. Plasmids were
transformed into ToplO bacteria via heat shock, selected on LB-ampicillin plates,
isolated using the miniprep kit, quantified with NanoDrop, and sequence-verified by

Eurofins Genomics.

2.2.3 Retrovirus production

Retroviral particles encoding miRNAs targeting Pum2 and a control miRNA were
produced in HEK 293GPG cells (obtained from the Magdalena Go6tz laboratory at the
BMC). Cells were seeded in 10cm plates at 6x10° cells/plate and cultured in selective
growth medium. After two days, the medium was replaced with prewarmed 0-medium,
and cells were incubated at 37°C with 5% CO:2 for 2 h. Transfection was performed
using the GenJet™ Plus DNA Transfection Reagent. Briefly, in separate 9 mL volumes

of transfection medium, 180 pL GenJet™ and 120 g of the respective plasmid were
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added and gently mixed. After incubation at RT for 15 min, the transfection mixture
was added dropwise to HEK 293GPG cells. Medium changes with fresh 0-medium
were performed at one- and four days post-transfection (DPT). Virus-containing
medium was collected at six, eight, and eleven DPT, filtered (0.45 um PVDF filter), and
concentrated by ultracentrifugation (27,000 rpm, 2 h, 4°C). The virus pellet was
resuspended overnight in TBS5 buffer at 4°C and then stored at -80°C. The viral titre
was determined in collaboration with Paulina Chlebik and Martina Burkle (Magdalena

Go6tz laboratory) using a P6 mouse astrocyte culture.

2.2.4 Stereotactic injection

Stereotactic injections were performed together with Dr. Gregor Pilz. Mice were
anesthetised with MMF (0.05mg/kg Medetomin, 5mg/kg Midazolam, 0.05mg/kg
Fentanyl) through intraperitoneal injection and kept on a heating pad under aseptic
conditions. Reflexes were monitored to check the anaesthesia depth. An eye gel was
applied on the eyes to prevent the drying-out. Once anesthetised, mice were secured
in a stereotactic apparatus. An incision exposed the skull, which was washed with
saline. A small cranial window was created via trepanation over the DG (coordinates:
2mm posterior to bregma, 1.6mm lateral to midline). A fine glass capillary loaded with
retroviral suspension (500 nL retrovirus, 4 ng/mL Fast Green FCF) was slowly inserted
2mm into the brain. The suspension was injected at a rate of 50 nL/min. Following
injection, the capillary was removed, and the incision was sutured. Anaesthesia was
antagonised with a subcutaneous injection of Atipamezole (2.5mg/kg), Flumazenil
(0.5mg/kg), and Buprenorphine (0.1mg/kg). Post-operative analgesia included oral
application of Meloxicam (5mg/kg) two times a day for three consecutive days. Mice
were housed in groups of four based on viral treatment and perfused three weeks post-

injection.

2.2.5 BrdU treatment of mice

This experiment was primarily conducted by Christin Illig. Mice at the age of 8 weeks,
including both Pum2W™T and Pum2C7CT genotypes, were given BrdU (50 mg/mL) with
5% sucrose in their drinking water for two weeks to label proliferating cells during early
stages of the neurogenesis lineage. To examine later stages of the lineage, BrdU-
supplemented water was replaced with normal drinking water for an additional two
weeks. At the end of the two-week period for early stage and four week period for late

stage, mice were sacrificed and perfused.
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2.2.6 BrdU treatment of mice with voluntary physical activity

This experiment was primarily conducted by Christin lllig. Mice at the age of 8 weeks,
including both Pum2WT/WT and Pum2GT/GT genotypes, were used in this study. To
label proliferating cells during early stages of the neurogenesis lineage, drinking water
was supplemented with BrdU (50 mg/mL) and 5% sucrose for two weeks. During this
period, mice were also provided with voluntary access to a running wheel to explore
the effects of physical activity. To examine later stages of the lineage, BrdU-
supplemented water was replaced with normal drinking water, and the running wheels
were removed for additional two weeks. At the end of the two-week period for early

stage and four-week period for late stage, mice were sacrificed and perfused.

2.2.7 Transcardial perfusion of mice

Mice were deeply anesthetised via an intraperitoneal injection of MMF (0.05mg/kg
Medetomin, 5mg/kg Midazolam, 0.05mg/kg Fentanyl) and monitored for the absence
of reflexes before proceeding. Following fixation to a dissection board, transcranial
perfusion was initiated by inserting a needle into the left ventricle. Mice were
transcardial perfused first with 1x PBS for 20 min, followed by 4% PFA solution for an
additional 20 min. After perfusion, brains were carefully extracted and post-fixed in 4%
PFA overnight at 4°C. Brains were then cryoprotected by sequential overnight
incubations in 10% sucrose followed by 30% sucrose until tissue sank. Sucrose-
infiltrated brains were embedded in OCT mounting medium, frozen using a dry

ice/ethanol bath, and stored at -80°C until ready for cryosectioning.

2.2.8 Cryosectioning of mouse brains

Brains embedded in OCT mounting medium were trimmed, attached to cryostat
specimen plates using additional OCT, and positioned within the cryostat chamber.
Brains were sectioned coronally through the entire hippocampus. Sections were
collected at either 40 pum thickness for immunostaining or 10 pm thickness for
RNAscope. During sectioning, slices were either directly mounted onto microscopy
slides and stored at -80°C or collected in 1x PBS and subsequently transferred to a

cryoprotection solution for storage at -20°C.

2.2.9 Immunostaining of mouse brain sections
Free-floating brain sections were washed 3 times for 10 min with 1x PBS at RT. For

antigen retrieval, sections were treated with 4M HCI for 15 min, followed by three 10-
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min washes with 0.1M borate buffer at RT. Sections were then washed twice with 1x
PBS for 10 min each at RT and blocked with immunostaining blocking solution for 2 h
at RT to minimize non-specific antibody binding. Sections were incubated overnight at
4°C with diluted primary antibodies in blocking solution. The following day, sections
were washed three washes with 1x PBS at RT and were incubated for 2 h at RT with
secondary antibodies diluted in blocking solution. After a 5 min DAPI incubation,
sections were washed three times with 1x PBS for 10 min each at RT. Finally, sections
were mounted onto microscopy slides with Aqua-Poly-Mount and stored at RT until

imaging.

2.2.10 Consecutive immunostaining of mouse brain sections

Free-floating brain sections were washed 3x in 1x PBS for 10 min each at RT followed
by antigen retrieval in citrate buffer for 1 h at 299°C in a humidified chamber. Sections
were then adhered to PDL-coated glass-bottom 24-well plates and dried (until
transparent) for approximately 20 min. After 3x washes with 1x PBS, sections were
blocked for 2 h with an immunostaining blocking solution at RT. Sections were
incubated for 5 days in blocking solution containing primary antibodies at 4°C.
Following three PBS washes at RT, sections were incubated with blocking solution and
secondary antibodies for 2 days at 4°C. After three short washes with 1xPBS, sections
were incubated with DAPI for 5 min, washed again 3x with 1xPBS, and imaged in
imaging buffer. Post-imaging, antibodies were eluted with a 1:1 mixture of elution buffer
and ultra-pure water for 3x 5 min washes at RT. Sections were washed again 3x with
1x PBS at RT, and the immunostaining procedure was repeated using the indicated

set of primary/secondary antibodies.

2.2.11 RNA detection on mouse brain slices using RNAscope

Frozen brain sections mounted on slides were thawed and air-dried for 45 min at RT,
followed by brief PBS washes. Slides were baked at 60°C for 30 min and post-fixed
with 4% PFA for 15 min at 4°C. Sections were dehydrated with an ethanol series from
50%, 70% and 2x 100% for 5 min each at RT, air-dried, and treated with hydrogen
peroxide for 10 min at RT. After PBS washes, sections underwent antigen retrieval in
preheated retrieval buffer at 299°C for 5 min and were immediately washed with ultra-
pure water. Slides were dehydrated with 100% ethanol and air-dried for 20 min at RT.
A hydrophobic barrier was created around each section using the immerge pen.

Sections were treated with Protease lll at 40°C for 20 min in a humidified chamber and
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washed with ultra-pure water. Probes against Nrgn/Tmsb4x and Aldoc (ACD-BIO)
were mixed and hybridised at 40°C for 2 h in a humidified chamber. Slides underwent
multiple washes with preheated wash buffer before sequential signal amplification
using AMP1, AMP2, and AMP3 at 40°C for 30 min each in a humidified chamber with
washes between amplification steps. HRP-C1 was applied at 40°C for 15 min in a
humidified chamber followed by Vivid 520 fluorophore development (1:1500 in TSA
buffer) at 40°C for 30 min in a humidified chamber. HRP-C1 was inactivated with HRP
blocker at 40°C for 15 min in a humidified chamber. This process was repeated with
HRP-C2 (Vivid 570) and HRP-C3 (Vivid 650). Slides were washed in PBS and
counterstained with DAPI for 1 min at RT. Sections were mounted with Aqua-Poly-

Mount and stored overnight at 4°C before imaging.

2.2.12 P19 mouse cell line culture

P19 cells, obtained from the laboratory of Magdalena Goétz, were thawed at 37°C and
seeded in 10 mL prewarmed P19 medium in a 10 cm plate. Cells were incubated at
37°C with 5% CO:2 for one day. For routine passaging, cells were washed with
prewarmed DPBS, briefly treated with 3 mL trypsin at 37°C for 3 min, followed by
resuspended in P19 medium. Cells were split 1:1 after one day and 1:10 after
additional two days in culture. For experiments, P19 cells were seeded at a 1:50
dilution in 2 mL prewarmed P19 medium in a live-cell imaging plate and incubated for
half a day at 37°C with 5% COz2. Cells were then either transiently transfected using
the calcium phosphate method (Goetze et al.,, 2004) or transduced with 10 pL
retrovirus that was added to the P19 medium. Following a one day incubation, the
medium was replaced with fresh prewarmed P19 medium. Cells were cultured for an
additional two days, with a medium change after one day. On the final day, cells were
washed with prewarmed DPBS and fixed with 4% PFA for 15 min at RT.

2.2.13 Immunostaining of P19 mouse cell line

Fixed P19 cells were washed three times with 1x DPBS and permeabilised with 0.1%
Triton-X in DPBS for 5 min at RT. After further washes 3x for 10 min in 1x DPBS, cells
were blocked with an appropriate blocking serum for 2 h at RT. Primary antibody
incubation was performed overnight at 4°C in blocking serum. The following day, cells
were quickly washed three times with 1x DPBS and incubated with secondary
antibodies diluted in blocking serum for 2 h at RT. Cells were counterstained with DAPI

for 5 min, washed 3x for 10 min with 1x DPBS, and stored in 1x DPBS until imaging.
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2.2.14 Fluorescence microscopy and image processing
Fluorescence imaging of immunostained P19 cell cultures was performed using a
Zeiss Axio Observer.Z1 inverted phase-contrast fluorescence microscope. Stained

mouse brain sections were imaged using a Leica TCS SP8 confocal microscope.

2.2.14.1 Widefield fluorescence microscopy

Fluorescence images of fixed P19 cells were acquired using a Zeiss Axio Observer.Z1
inverted microscope equipped with a Plan-Apochromat 63x/1.40 Ph3 M27 oil
immersion objective, COLIBRI.2 LED light source, and Axiocam 506 mono camera.
Image acquisition was controlled using ZEN 2.6 pro (blue edition, Zeiss) software.
GFP-positive cells were imaged using excitation wavelengths of 385nm, 470nm, and
625nm, with exposure times ranging from 50ms to 300ms depending on laser intensity.
Raw images were analysed using ZEN 3.2 (blue edition, Zeiss). For presentation
purposes, images were minimally adjusted for intensity, brightness, contrast, and

magnification. No other image processing was applied.

2.2.14.2 Confocal fluorescence microscopy

Confocal images of fixed mouse brain sections were acquired using a Leica TCS SP8
microscope, focusing on the DG subregion of the hippocampus. Excitation
wavelengths included 405nm, 488nm, 552nm, and 638nm. Acquisition gain was set at
800V for the 405nm laser and 50V for the remaining lasers. Scan speed ranged from
200Hz to 600Hz with a 63x objective. Raw images were analysed using Arivis Vision
4D (Version 3.5) or ImageJ (Version 1.53f51). Images used for presentation were
minimally adjusted for intensity, brightness, contrast, magnification, and Z-projection.
Scale bars are included in the figures.

2.2.15 Analysis of imaging data

2.2.15.1 Endogenous expression and knockdown of Pum2 in P19 cell line
Widefield fluorescence microscopy images were acquired to assess Pum2 knockdown
efficiency in the P19 cell line expressing miRNA targeting Pum2. Images included
phase contrast and channels corresponding to DAPI, EGFP, and Alexa647 spectra.
Analysis was performed using Zeiss Zen 3.5 (blue edition) software, focusing
exclusively on EGFP-positive cells. The soma of each EGFP-positive cell was

manually outlined (excluding the nucleus). For background correction, a nearby cell-
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free region was selected for each measured cell. Cells with overlapping fluorescence

signals were excluded from the analysis.

2.2.15.2 Analysis of the proliferation rate in the DG

To assess hippocampal proliferation rates in mice with and without physical activity,
BrdU labelling was employed. Confocal fluorescence microscopy was used to acquire
tiled images using emission spectra corresponding to DAPI, Alexa555/Cy3, and
Alexa647/Cy5. Tiles were stitched together to generate complete images. Image
analysis was performed using Arivis Vision 4D (Version 3.5). A 3D model of the DG
was generated based on the DAPI signal and used to mask out surrounding regions.
BrdU-positive signals were quantified and analysed in relation to DG volume or

localization within the DG. Results were subjected to statistical analysis.

2.2.15.3 Analysis of the proliferating, cycling, neurons and glia cells
To investigate the cellular composition of proliferating cells in both normal and
physically active mice, BrdU labelling was combined with immunostaining for the

following cell type-specific markers:

- Ki67: marker for actively cycling cells

- NeuN: marker for mature neurons (MNs)

- Dcx:  marker for immature neurons (INSs)

- Tbr2: marker for intermediate progenitor cells (IPCs)
- Hopx: marker for radial glia cells (RGCs)

- Sox9: marker for (mature) astrocytes (MAS)

Following the previously described procedures, images were analysed with a focus on
guantifying not only BrdU-positive cells but also cells co-labelled with BrdU and specific
cell type markers. The ratio of BrdU-positive cells expressing a given marker to the

absolute number of BrdU-positive cells was calculated, followed by statistical analysis.

2.2.15.4 Transient state cell on RNA level

Confocal fluorescence microscopy images were acquired for RNAscope analysis.
Using a HC PL APO 63x objective, a single tile image was captured within the inner
region of the DG, just before the two blades converge. Image acquisition included
emission spectra corresponding to DAPI, Vivid 520, Vivid 570, and Vivid 650 dyes.
RNAscope targets included:
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- Nrgn: Developing neuronal gene
- Tmsb4x: Progenitor/lmmature neuronal gene

- Aldoc: Glia gene

Nuclei within a single image plane were used as reference points to identify individual
cells. Cells exhibiting co-localization of all three target genes, detected by RNAscope,
within their immediate surrounding of the DAPI staining were classified as transient
state cells (TSC). Additionally, the location of TSCs was categorised as either the
subgranular zone (first two cell layers) or the granular cell layer (remaining cell layers).
The ratio of transient state cells to total nuclei was calculated, followed by statistical

analysis.

2.2.15.5 Number and morphological analysis of transient state cells
To investigate transient state cells in the DG of Pum2W™™T and Pum2CTCT mice,
immunostaining, and confocal fluorescence microscopy (as previously described) were

employed. The analysis focused on the following aspects:

- Cell Count: Transient state cells co-expressing Ckb and Tmsb4x were
guantified, providing a comparative measure of population density between the
two mouse genotypes.

- Dendrite Length: The length of dendrites exhibiting co-localization of Ckb and
Tmsb4x signals was measured.

- Dendritic Extension: The proportion of dendrites extending into the molecular
layer was determined.

- Cell Body Morphology: Cell body shapes were carefully observed for insight

into overall cell morphology.

2.2.16 Dissection and protein sample preparation of the hippocampus

Pum2WT™T and Pum2CT/CT genotypes were sacrificed via cervical dislocation. The
skull was carefully opened, and the brain was removed and immediately placed in cold
HBSS. Hemispheres were separated, and the brain stem, cerebellum, diencephalon,
and meninges were removed. The hippocampus was carefully dissected using a fine
needle (blue), avoiding the white matter according to established protocol (Hagihara
et al., 2009). Hippocampi from a single mouse were pooled in an ultra-vortexing tube

containing 200uL RIPA buffer. Samples were ultra-vortexed (6m/s, 60s) and
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transferred to a 1.5 mL tube. 100uL of 6x SDS buffer was added, and samples were

boiled for 5 min at 95°C. Lysates were stored at 4°C.

2.2.17 SDS-Page and Western Blot

Prior to loading, protein samples (in 6x SDS buffer) were boiled for 5 min at 95°C. 10
pL of each sample and 5 pL of protein ladder were loaded onto a 12% SDS gel and
run at 100V for 90 min in SDS running buffer. Proteins were transferred to a
nitrocellulose membrane using blotting buffer and constant current (100mA) for 90 min.
The membrane was blocked with blocking solution (2 h, RT, 100 rpm) and incubated
overnight at 4°C (100 rpm) with primary antibodies diluted in blocking solution. The
following day, membranes were washed 3x with PBS-T for 10 min and incubated with
secondary antibodies in blocking solution (1 h, RT, 100 rpm). After another 3x of 10

min PBS-T washes, membranes were imaged using a Li-Cor imager.

2.2.18 Polysome Profiling

Pum2WTWT and Pum2C™CT were perfused with PBS containing cycloheximide (2mg/mL
cycloheximide in DMSO diluted 1:500 in PBS) to stall translation. Following PBS
perfusion, brains were extracted, and the hippocampus was dissected as previously
described, snap-frozen in liquid nitrogen, and stored at -80°C. Hippocampal tissue was
lysed in 350 pL polysome lysis buffer and carefully pipetted up and down three times.
Samples were homogenised using an injection needle and centrifuged (13,000 rpm, 5
min, 4°C). The supernatant was carefully layered onto a sucrose gradient (18-50%)
within an ultracentrifuge tube. Samples were ultracentrifuged at 35,000 rpm for 1.5 h
(4°C) with an SW55Ti rotor. Following centrifugation, samples were analysed using a
polysome profiler. Analysis was performed in GraphPad. Monosome and polysome
peaks were separated, the area under the curve was determined for each, and the

ratio was calculated. Results were subjected to statistical analysis.

2.2.19 Statistical analysis

Data processing, visualisation, and statistical analysis were performed using the
following software. Microsoft Excel was used for general data management, while
GraphPad Prism 8 was used as tool for creating graphs and conducting statistical tests.
Additionally, RStudio 4.2.0 was utilised for specific data processing tasks and
comparing our gene lists to previously published data. The Shapiro-Wilk normality test

was used to determine data distribution. For data analysis (excluding RNAscope and
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transient state cell immunohistochemistry), results represent the average of three
technical replicates per biological replicate (mouse). Statistical significance of
differences between conditions was determined using the following tests, as

appropriate:

- Student's t-test: Normal distributed data with similar standard deviation
- Welch’s t-test: Normal distributed data with unequal standard deviation

- Mann-Whitney test: Non-normal distributed data with similar standard deviation

Results with p-values <0.05 were considered statistically significant (*p < 0.05, **p <
0.01, **p < 0.001, n.s. =2 0.05).

2.2.20 10x lllumina single-cell RNA sequencing

Single-cell RNA sequencing (scRNA-seq) was principally carried out by Dr. Christina
Koupourtidou, assisted by Dr. Stefanie Ohlig, Sabine Thomas and myself. Pum2WTWT
and Pum2CT/CT mice were sacrificed via cervical dislocation. Following brain extraction,
non-hippocampal regions (including the brain stem, diencephalon, and meninges)
were removed. Hippocampal dissection, focusing on the DG, was performed according
to established protocols (Hagihara et al., 2009). A single-cell suspension was
generated from the dissected tissue. Cells were encapsulated in droplets and
processed with a 10x sequencing chip for lllumina RNA sequencing. Raw sequencing

results were formatted as matrices suitable for downstream analysis.

2.2.21 scRNA-seq data processing

Dr. Christina Koupourtidou performed initial scRNA-seq data preprocessing and
established the Scanpy workflow. | conducted subsequent downstream analysis and
bioinformatics. This preprocessing and downstream analysis was carried out in Python
using JupyterLab and utilised the Scanpy toolkit (Wolf et al., 2018). The workflow was
designed in accordance with the guidelines outlined by the Theis Lab (https://www.sc-

best-practices.org/preamble.html).

2.2.22 Using text-based Al for language precision

In my dissertation | employed text-based Al programs, DeepL (DeepL Write, 2024) and
Google Gemini (Google Gemini, 2024), to enhance the language presentation. The
programs provided support with sentence restructuring, grammar correction, and

suggestions for alternative wording. Importantly, it did so without generating de novo
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text, altering the core content of the provided text or introducing its own conceptual
ideas. | carefully reviewed and edited all generated suggestions to ensure they
accurately reflected the intended arguments and were consistent with the existing
research in the field and my findings.

35



3 Results

3.1 Shift towards astrogenic cell generation in the DG of Pum2 deficient mice

3.1.1 Ongoing proliferation of new cells with a decrease in the size of the DG
in Pum2 deficiency

To begin exploring the role of Pum2 in adult neurogenesis, we were aiming to
investigate the effect of the Pum2 deficiency on the proliferation rate in the DG. To
investigate this, we employed a well-established BrdU labelling technique to track the
proliferation and differentiation of RGCs and IPCs in the DG (Gratzner, 1982;
Nowakowski et al., 1989). This approach allows for the identification of newly
generated cells and their subsequent maturation into neurons or astrocytes. The role
of Pum2 in adult neurogenesis was studied in young adult mice of 8 weeks as they
have transitioned out of adolescence into adulthood with a relatively high neurogenesis
rate in the DG. Mice were given the thymidine base analogue BrdU to drink for two
weeks, allowing us to trace newly generated cells within the neurogenic niche up to
the stage of INs. This experiment was performed by technical assistant Christin.
Following perfusion and brain preparation for immunostaining (Figure 3A).
Immunostaining for BrdU and cell nuclei with DAPI confirmed active cell division within
the DG (Figure 3B). | evaluated the overall size of the DG by measuring its size and
normalizing it against Pum2W™WT mice. Surprisingly, my analysis revealed a
statistically significant decrease in the size of the DG in Pum2C¢™CT mice (Figure 3C).
However, the density of BrdU-positive cells in the DG, as well as the per-section count
(40um), showed no statistically significant difference (Figure 3D, E). Even though this
could vary between sections of the same brain. These results demonstrate that the
experimental approach can effectively trace proliferation within the DG under both WT
and Pumz2-deficient conditions. Furthermore, the reduction in DG size suggests a
potential role of Pum2 in controlling the cell number within the DG for example by

controlling the cell cycle activity.
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Figure 3: Pum2 deficiency reduces DG size despite stable cell proliferation. (A)
Experimental outline of BrdU labelling of Pum2W™™T and Pum2CTCT mice over 2
weeks. Created with BioRender.com. Agreement number: WC2759Y4P4 (B)
Representative Z-stack images of BrdU and DAPI immunostaining on sagittal DG
sections (40um thick) of Pum2WTWT and Pum2€T/CT mice. Scale bars: 200um. (C) Dot
plot displaying the normalised DG size of Pum2VWTWT and Pum2CTCT mice defined by
the shape of the DAPI signal. (D) Dot plot displaying the number of BrdU-labelled cells
relative to 1mm3. (E) Dot plot displaying the number of BrdU-positive cells in sagittal
DG sections (40um thick). Mean and standard deviation are shown. Circles indicate
independent biological replicates (n = 8, 9). Asterisks represent p-values obtained by
(C) unpaired Welch'’s t-test and (D, E) unpaired Student’s t-test (*p < 0.05, n.s. 2 0.05).

37



3.1.2 Pum2 deficiency leads to an increase of actively cycling cells

The initial results demonstrated a reduction in the size of the DG but no difference in
newly proliferated cells that might be due to a role of Pumz2 in controlling the cell cycle
activity. To investigate deeper the potential role of Pum2 in cell cycle activity, we
examined its impact on the cell cycle directly, using immunostaining techniques. We
utilised sections obtained from the previously described experiment (Figure 3A) to
perform a combined staining for Ki67 and BrdU, allowing us to compare Pum2WTWT
and Pum2CTCT mice (Figure 4A). The combination of Ki67 and BrdU allows to address
the newly proliferated cells that are in an active cell cycle. Importantly, Ki67 is a reliable
marker that specifically identifies cells actively engaged in the cell cycle (Sun &
Kaufman, 2018). My analysis revealed a statistically significant increase in the density
of cells that were within the active cell cycle in Pum2CGTCT mice compared to their
Pum2WTWT counterparts (Figure 4B). This intriguing finding was further reinforced,
when we specifically analysed those cells that were both actively cycling (Ki67 positive)
and had incorporated BrdU compared to all BrdU incorporated cells. This approach
allows us to focus on cells that are undergoing potentially multiple rounds of division
during the BrdU uptake period. Again, a similar pattern emerged — a notable increase
was observed in Pum2CTCT mice (Figure 4C). These results, coupled with our earlier
observation that Pum2 deficiency affects the size of the DG, strongly suggest that
Pum2 might play an important role in regulating cell cycle dynamics. It appears that
the absence of Pum2 leads to a higher proportion of cells actively engaged in cell cycle.
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Figure 4: Pum2 deficiency increases the number of cycling cells. (A)
Representative Z-stack images of Ki67, BrdU and DAPI immunostaining on sagittal DG
sections (40um thick) of Pum2WTWT and Pum2€7€T mice. Scale bars: 200um. (B) Dot
plot displaying the number of Ki67-labelled cells relative to 1mm3. (C) Dot plot
displaying the ratio of Ki67- and BrdU-labelled cells relative to all BrdU-labelled cells.
Mean and standard deviation are shown. Circles indicate independent biological
replicates (n = 8). Asterisks represent p-values obtained by (B, C) unpaired Welch’s t-
test (**p < 0.01, *p < 0.05).
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3.1.3 Pum?2 deficiency leads to a decrease of newly generated INs

The initial findings of our study successfully validated the robustness and reliability of
our experimental approach, paving the way for a more in-depth investigation into the
proliferative capacity of cells within the DG. Having established this foundation, we
turned our attention to elucidating the specific role of Pumz2 in the intricate process of
adult neurogenesis, focusing our analysis on the neuronal lineage within the DG. To
begin to investigate the precise timepoint, when Pum2 acts in the process of adult
neurogenesis, we carefully selected the cellular marker indicative for INs. INs were
specifically stained with a microtubule-associated protein, Dcx, a protein whose
expression is uniquely limited to this stage of neuronal development (Zhao et al., 2008).
To visualise the marker, we utilised sections obtained from the previously described
experiment for immunostaining (Figure 3A). The immunostaining incorporated the
aforementioned marker together with BrdU, allowing us to assess any potential
changes within the neurogenic lineage on the stage of INs (Figure 5A). Surprisingly,
my analysis revealed no statistically significant changes in the cell density for Dcx-
positive INs (Figure 5B). To further investigate the differentiation of newly proliferated
cells into INs, we performed a quantitative analysis comparing the number of cells co-
expressing the IN marker Dcx and the proliferation marker BrdU with the total number
of BrdU-positive cells. This ratio provides a valuable metric for assessing the proportion
of recently divided cells that have embarked on a neuronal differentiation pathway. A
statistically significant decrease was observed in the proportion of newly proliferated
INs relative to the overall population of newly generated cells (Figure 5C). These
results strongly implicate a role of Pum2 in the regulation of neurogenesis at the stage
of IN development or potentially even earlier. Notably, while Pum2 appears to be
important for the rate of IN production, it does not seem to play a role in density of INs
within the DG.
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Figure 5: Pum2 deficiency decreases the generation of new immature neurons
(INs). (A) Representative Z-stack images of Dcx, BrdU and DAPI immunostaining on
sagittal DG sections (40um thick) of Pum2WTWT and Pum2€7CT mice. Scale bars:
200um. (B) Dot plot displaying the number of Dcx-labelled cells relative to 1mm3. (C)
Dot plot displaying the ratio of Dcx- and BrdU-labelled cells relative to all BrdU-labelled
cells. Mean and standard deviation are shown. Circles indicate independent biological
replicates (n = 8). Asterisks represent p-values obtained by (B, C) unpaired Student’s
t-test (****p < 0.0001, n.s. =2 0.05).
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3.1.4 Pum?2 deficiency leads to a decrease of newly generated intermediate
progenitor cells

The previous findings align with our initial hypothesis, solidifying the notion that Pum?2
plays a pivotal role in adult neurogenesis. To further refine our understanding, we next
sought to pinpoint the precise stage at which Pum2 exerts its influence in this complex
process. To delineate the specific stage within adult neurogenesis where Pum2 exerts
its effect, we rigorously investigated cellular markers characteristic of IPCs. We
focused on Thr2 staining, as this transcription factor serves as a critical regulator in
early brain development and adult hippocampal lineage progression of IPCs (Hodge
et al.,, 2012; Lv et al., 2019). Immunostaining of sections from our prior experiment
(Figure 3A) was performed to visualise these markers. Specifically, we combined Tbr2
with BrdU, facilitating an assessment of potential alterations within the neurogenic
lineage at the IPC stage (Figure 6A). Our analysis demonstrated no statistically
significant difference in the overall density of Tbr2-positive IPCs (Figure 6B). However,
by a similar analysis as previously described for INs, we observed a notable decrease
in the proportion of newly proliferated IPCs relative to the total population of newly
generated cells (Figure 6C). These findings strongly suggest that Pum2 plays a crucial
role in the early stages of neurogenesis, potentially as early as the IPC stage. While
Pumz2 appears to be essential for the rate of IPC production, it does not seem to affect
the overall density of IPCs within the DG. Taken together with our previous results, this
evidence points to a potential disruption in the proliferation of cells within the neuronal

lineage, rather than a change in the overall cellular composition of the DG.
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Figure 6: Pum2 deficiency reduces IPC generation. (A) Representative Z-stack
images of Tbr2, BrdU and DAPI immunostaining on sagittal DG sections (40um thick)
of Pum2WT™WT and Pum2CTCT mice. Scale bars: 200um. (B) Dot plot displaying the
number of Tbr2- labelled cells relative to 1mm?. (C) Dot plot displaying the ratio of Tbr2-
and BrdU-labelled cells relative to all BrdU-labelled cells. Mean and standard deviation
are shown. Circles indicate independent biological replicates (n = 7, 8). Asterisks
represent p-values obtained by (B, C) unpaired Student’s t-test (**p <0.01, n.s. = 0.05).
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3.1.5 The self-renewal of radial glia cell is affected by Pum2 deficiency

Our previous findings strongly indicated a disruption in neuronal lineage proliferation
under Pum2 deficiency. This observation led us to investigate the origin of the neuronal
lineage within the adult DG. Specifically, we sought to determine whether RGC
populations, the primary source of new neurons in the DG, were similarly affected. To
explore this, we targeted a specific cellular marker for RGCs. We stained for Hopx, a
protein expressed in RGCs with a putative role in their development (Berg et al., 2018).
While Hopx's precise function remains under investigation, its expression pattern
renders it a valuable tool for identifying this cell type. Utilizing sections from our prior
experiment for immunostaining (Figure 3A), we combined Hopx with BrdU to evaluate
potential alterations in the RGC population (Figure 7A). Our analysis revealed a trend
towards a reduction in the overall density of Hopx-positive RGCs, although this did not
reach statistical significance (Figure 7B). In contrast to the overall density of RGCs, a
similar analysis to that described previously, revealed a statistically significant
decrease in the proportion of newly proliferated RGCs relative to the total population
of newly generated cells. This decrease mirrored the trend observed in previous cell
types (Figure 7C). This striking finding implies that Pum2 acts on the level of RGCs by
modulating their proliferation and potentially balancing their differentiation. Consistent
with our observations in other cell types, the overall density of RGCs remains
unaffected in the short term and seems not to change the DG composition. However,
Pum2 deficiency appears to selectively hinder the ability of RGCs to replenish

themselves, raising the possibility of long-term RGC depletion.
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Figure 7: Pum2 deficiency reduces the generation of new RGCs. (A)
Representative Z-stack images of Hopx, BrdU and DAPI immunostaining on sagittal
DG sections (40um thick) of Pum2WTWT and Pum2C7CT mice. Scale bars: 200um. (B)
Dot plot displaying the number of Hopx-labelled cells relative to 1mm3. (C) Dot plot
displaying the ratio of Hopx- and BrdU-labelled cells relative to all BrdU-labelled cells.
Mean and standard deviation are shown. Circles indicate independent biological
replicates (n = 8). Asterisks represent p-values obtained by (B) unpaired Student’s t-
test and (C) Mann-Whitney U test (**p < 0.01, n.s. 2 0.05).
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3.1.6 Newly generated mature astrocyte population is increased upon Pum2
deficiency

Our previous results demonstrated disruptions in both neuronal lineage proliferation
and RGC self-renewal under Pum2 deficiency, suggesting a role for Pum2 on the level
of RGCs and potentially in balancing RGC cell fate decisions. To further investigate
this hypothesis, and to assess potential effects on the broader glial cell population, 1
shifted my focus to astrocytes, utilizing Sox9 as a well-established marker. Sox9 is a
protein essential for astrocyte development and function (Ge et al., 2012; Klum et al.,
2018). | employed immunostaining on sections from the previous experiment (Figure
3A), combining Sox9 with BrdU to evaluate changes within the astrocyte population
(Figure 8A). My analysis revealed a statistically significant increase in the density of
Sox9-positive astrocytes within the DG (Figure 8B). Concurrently, a similar analysis to
that described previously, the proportion of newly proliferated astrocytes relative to the
total population of newly generated cells also exhibited a statistically significant
increase (Figure 8C). These findings suggest that Pum2 deficiency has a dual effect
on astrocytes within the DG. There is a concurrent increase in the proportion of newly
proliferated cells that differentiate into astrocytes. This suggests that Pum2 plays a role
in regulating the cell fate decision of RGCs, with Pum2 depletion shifting the balance
from neurogenesis towards astrogenesis. Interestingly, despite the increase in newly
proliferated astrocytes, we did not observe a corresponding increase in astrocyte
density within the DG. This could be attributed to the migration of these newly formed
astrocytes out of the DG or potentially a yet unidentified cell fate commitment for these

cells that express Sox9 as an intermediate marker.
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Figure 8: Pum2 deficiency disrupts astrocyte generation and density. (A)
Representative Z-stack images of Sox9, BrdU and DAPI immunostaining on sagittal DG
sections (40um thick) of Pum2WTWT and Pum2€7/CT mice. Scale bars: 200um. (B) Dot plot
displaying the number of Sox9-labelled cells per 1mm?3. (C) Dot plot displaying the ratio of
Sox9- and BrdU-labelled cells relative to all BrdU-labelled cells. Mean and standard
deviation are shown. Circles indicate independent biological replicates (n = 8). Asterisks
represent p-values obtained by (B, C) unpaired Student’s t-test (***p < 0.001, *p < 0.05).
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3.1.7 Changes of absolute cell number of specific cell types

Our previous analyses focused on cell densities, revealing changes specifically in
Sox9-positive astrocytes under Pum2 deficiency. However, these results reflect the
relative composition of the DG rather than absolute cell numbers. To address this, |
next analysed the absolute cell numbers of the previously described cell types,
independent of DG size. | focused on Ki67-positive cycling cells, Dcx-positive INs,
Tbr2-positive IPCs, Hopx-positive RGCs, and Sox9-positive astrocytes. These cell
types represent critical components of the DG, providing a comprehensive overview.
The analysis revealed no statistically significant reduction in the number of actively
cycling cells (Ki67+) in Pum2CTCT mice (Figure 9A). While the IPC population (Tbr2+)
did not exhibit a statistically significant decrease, it displayed a notable downward trend
in Pum2C7CT mice (Figure 9B). | confirmed a statistically significant decrease in the IN
population (Dcx+) in Pum2€TCT mice (Figure 9C). Similarly, the RGC population
(Hopx+) was statistically significant reduced in Pum2CTCT mice (Figure 9D). In line
with the previous findings on astrocytes, a statistically significant decrease in the total
astrocyte population (Sox9+) was observed in Pum2CTCT mice (Figure 9E).
Collectively, the findings indicate that Pum2 plays a critical role in maintaining cell
numbers within the DG, as its deficiency leads to a statistically significant reduction
across various cell types, potentially explaining the observed decrease in DG size.
While our analysis of cell densities suggests that Pum2 plays a relatively minor role in
directly shaping the overall cellular composition of the DG. This finding raises the
possibility that Pum2 may play a critical role in cell survival, particularly during early
developmental stages as no increase of cell death could be observed in the adult DG

(data not shown).
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Figure 9: Pum2 deficiency leads to loss of cell identity in the DG. (A) Dot plot
displaying the number of Ki67-positive cells in the DG per sagittal sections (40um
thick). (B) Dot plot displaying the number of Dcx-positive cells in sagittal DG sections
(40um thick). (C) Dot plot displaying the number of Tbr2-positive cells in sagittal DG
sections (40um thick). (D) Dot plot displaying the number of Hopx-positive cells in
sagittal DG sections (40um thick). (E) Dot plot displaying the number of Sox9-positive
cells in sagittal DG sections (40um thick). Mean and standard deviation are shown.
Circles indicate independent biological replicates (n = 8). Asterisks represent p-values
obtained by (A) unpaired Welch’s t-test, (B, C, E) unpaired Student’s t-test and (D)
Mann-Whitney U test (**p < 0.01, *p < 0.05, n.s. = 0.05).
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3.1.8 Decrease of newly generated mature neurons

Our previous experiments focused on Pum2's role in adult neurogenesis within young
adult mice. While valuable, this approach did not address the maturation potential of
these newly generated neurons and the effect of Pum2 deficiency on those neurons.
To investigate this aspect, we adopted a protocol allowing for a four-week maturation
period, as established for studying mature neurons in vivo (Cheng et al., 2011). This
extended timeframe provides newly generated neurons sufficient time to differentiate,
migrate, and integrate into the DG. Christin Illig performed this experiment with mice
treated as follows: eight weeks-old mice received BrdU over two weeks, followed by a
two-week BrdU-free period before perfusion at 12 weeks of age (Figure 10A). To
assess the population of newly generated mature neurons, we used immunostaining
for NeuN in combination with BrdU (Figure 10B). This analysis revealed a reduction
in the newly generated mature neuron population under Pum2 deficiency (Figure
11A). Additionally, this approach allowed me to compare the localization of BrdU-
positive cells within the DG after two and four weeks of maturation. | divided the DG
into the granular cell layer (GCL) and the subgranular zone (SGZ), with the SGZ
defined as the first two cell layers bordering the hilus. This analysis demonstrated a
time-dependent shift of BrdU-positive cells towards the GCL between the two weeks
and four weeks maturation timepoints. Interestingly, no statistically significant
localization difference was observed between Pum2¢7CT and Pum2WT™T mice (Figure
11B). In summary, these results consistently support our previous findings of reduced
neurogenesis upon Pum2 depletion. However, my analysis indicates that the
localization of newly generated cells within the DG remains unaltered over the
maturation period. The decrease in newly generated MNs, coupled with the unaffected
migration of new cells, suggests that Pum2 is not essential for cell migration within the
DG. This implies that other factors may be responsible for guiding the movement of

newly generated cells, regardless of their fate.
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Figure 10 Detection of MNs in the DG. (A) Experimental outline of the BrdU-labelling
of Pum2WTWT and Pum2C€7/CT mice with additional 2 weeks of maturation time. Created
with BioRender.com. Agreement number: CY2759YDDI (B) Representative Z-stack
images of NeuN, BrdU and DAPI immunostaining on sagittal DG sections (40um thick)
of Pum2WT™WT and Pum2CT/CT mice. Scale bars: 200um.
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Figure 11: Pum2 deficiency reduces the generation of new MNs in the DG. (A)
Dot plot displaying the ratio of NeuN and BrdU-labelled cells relative to all BrdU
labelled cells. (B) Dot plot displaying the ratio of BrdU-labelled cells in the granular cell
layer relative to all BrdU labelled cells after two and four weeks. Mean and Standard
Deviation are shown. Mean and standard deviation are shown. Circles indicate
independent biological replicates (n = 4, 5, 8, 9, 12). Asterisks represent p-values
obtained by (A) unpaired Student’s t-test and (B) Mann-Whitney U test (**p < 0.01, *p
<0.05, n.s. 20.05).
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3.2 DG neurogenic nice plasticity sufficient to counteract Pumz2 deficiency

3.2.1 Recovery of proliferating cells through voluntary physical activity

To investigate whether Pum2-deficient brains retain sufficient plasticity to potentially
overcome the previously described phenotypes, Christin lllig repeated the initial
proliferation tracing experiment with the addition of freely accessible running wheels
within the cages (Figure 12A). Immunostaining of BrdU confirmed ongoing cell division
within the DG (Figure 12B). | assessed the overall DG size by measuring its perimeter
and normalizing these measurements to those obtained from Pum2WT™WT mice in our
previous analysis. This analysis revealed a statistically significant increase in the size
of the DG in Pum2W™ T mice exposed to the running wheel (Figure 13A). Remarkably,
the DG size in Pum2€TC€T mice not only recover to the Pum2WT™T condition without
running wheel but reached a size comparable to that of Pum2WTWT mice with running
wheel access (Figure 13A). The analysis of BrdU-positive cell density in the DG of
Pum2WT™T mice with running wheels did not show a statistically significant increase
(Figure 13B). However, when considering the total number of BrdU-positive cells per
40um section, a statistically significant increase was observed in Pum2W™WT mice
exposed to running wheels compared to their control counterparts (Figure 13C).
Conversely, in Pum2CTCT mice exposed to running wheels, the density of BrdU-
positive cells was statistically significant reduced compared to Pum2¢7CT mice without
running wheels. Additionally, a downward trend was noted when compared to control
Pum2WT™T mice (Figure 13B). Surprisingly, the total number of BrdU-positive cells per
40 um section remained unchanged across Pum2C¢7CT mice with running wheels,
control Pum2W™T mice, and Pum2C¢7CT mice without running wheel access (Figure
13C). These results indicate that physical activity can partially rescue the proliferative
capacity of cells within the DG under Pum2 deficiency. Notably, we observed an
unexpected increase in DG size, suggesting a potential compensatory mechanism that

could counteract the neurogenesis deficit associated with Pum2 loss.

53



BrdU in water | U .
— ey,
8W 10 W IHC-Staining + Analysis
B Pum2"W™T running I Pum2C7ST running

| DAPI I BrdU

Combined

Figure 12: Detection of proliferating cells in the DG. (A) Experimental outline of the
BrdU-labelling of Pum2WTWT and Pum2€7/CT mice over 2 weeks with voluntary access
to a running wheel. Created with BioRender.com. Agreement number: OG2759Y842
(B) Representative Z-stack images of BrdU and DAPI immunostaining on sagittal DG
sections (40um thick) of Pum2W™T and Pum2C¢7CT mice. Scale bars: 200um.
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Figure 13: Voluntary physical activity
boosts cell proliferation in the DG. (A) Dot
plot displaying the normalised DG size of
Pum2WTWT and Pum2C®7CT mice defined by
the shape of the DAPI signal. (B) Dot plot
displaying the number of BrdU-labelled cells
relative to 1mm3. (C) Dot plot displaying the
number of BrdU-positive cells in sagittal DG
sections (40um thick). Mean and Standard
Deviation are shown. Mean and standard
deviation are shown. Circles indicate
independent biological replicates (n = 6, 8,
9). Asterisks represent p-values obtained by
(A) unpaired Welch’'s t-test and (B, C)
unpaired Student’s t-test (****p < 0.0001,
***p < 0.001, *p < 0.05, n.s. 20.05).
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3.2.2 Increase of cycling cells through voluntary physical activity

The initial results from the physically active mice prompted us to investigate whether
Pumz2 deficient mice exposed to running wheels exhibit a higher retention of cells within
the active cell cycle compared to their sedentary counterparts. Therefore, we
performed immunostaining for Ki67 in combination with BrdU of the sections obtained
from the previous described experiment (Figure 14). Compared to control Pum2WTWr
mice, we observed a statistically significant increase in the density of Ki67-positive
cells within the DG of Pum2W™T mice exposed to running wheels (Figure 15A). A
similar increase was observed in Pum2W™T mice exposed to running wheels when
analysing cells positive for both the active cell cycle marker (Ki67) and BrdU (Figure
15B). Interestingly, Pum2C¢TCT mice exposed to running wheels also exhibited a
statistically significant increase in the density of Ki67-positive cells compared to control
Pum2WTWT control mice, showing an increase in cells actively in cell cycle (Figure
15A). However, no increase was observed compared to mice without running wheel.
At most a downward trend was noted (Figure 15A). Unexpectedly, physical activity in
Pum2C€TCT mice further elevated the density of cells positive for both Ki67 and BrdU.
This increase reached a level comparable to that observed in Pum2WT™T mice exposed
to running wheels (Figure 15B). These results highlight a degree of plasticity in the
actively cycling cell population within the DG under Pum2 deficiency. The observed
increase in actively cycling cells caused by physical activity suggests that exercise may
partially compensate for the effects of Pumz2 loss in this context.
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Figure 14: Detection of actively dividing cells in the DG. Representative Z-stack
images of Ki67, BrdU and immunostaining on sagittal DG sections (40um thick) of
Pum2WTWT and Pum2€7CT mice with voluntary access to a running wheel. Scale bars:
200um.
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Figure 15: Voluntary physical activity accelerates cell cycle progression. (A) Dot plot
displaying the number of Ki67-labelled cells relative to 1mm3. (B) Dot plot displaying the
ratio of Ki67- and BrdU-labelled cells relative to all BrdU-labelled cells. Mean and standard
deviation are shown. Circles indicate independent biological replicates (n = 6, 8). Asterisks
represent p-values obtained by (A, B) unpaired Welch’s t-test (****p < 0.0001, **p < 0.01,
*p <0.05, n.s. 20.05).
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3.2.3 Recovery of newly generated INs through voluntary physical activity
under Pum2 deficiency

To gain a better understanding of the previously observed plasticity within the context
of adult neurogenesis under Pum2 deficiency, we focused on the cellular marker Dcx,
which identifies INs. We utilised immunostaining on sections from our previously
described experiment with running wheel exposure (Figure 12A). This immunostaining
combined the Dcx marker with BrdU, enabling a detailed analysis of changes within
the neurogenic lineage induced by voluntary physical activity (Figure 16). Intriguingly,
my analysis revealed a trend towards an increased cell density of Dcx-positive INS in
Pum2WT™T mice exposed to running wheels compared to control Pum2W™WT mice
(Figure 17A). Although not statistically significant, this trend may be influenced by an
outlier within the Pum2WTWT control group. Conversely, Pum2CTCT mice exposed to
running wheels showed no statistically significant change in IN density compared to
both control Pum2W™T mice and Pum2CTCT mice without running wheel access
(Figure 17A). Showing, physical activity has no statistically significant effect on the
density of INs in the DG of Pum2-deficient mice. Therefore, we then investigated the
proportion of newly proliferated INs. Pum2WT™™T mice exposed to running wheels
exhibited a statistically significant increase in this proportion relative to the broader
population of newly generated cells, compared to control Pum2W™WT mice (Figure
17B). This finding aligns with the well-documented enhancement of neurogenesis
following voluntary physical activity (van Praag et al., 1999). Surprisingly, while
Pum2CTCT mice exposed to running wheels displayed a similar proportion of newly
proliferated INs compared to control Pum2W™WT mice, this proportion did not increase
to the same extent observed in Pum2W™T mice exposed to running wheels (Figure
17B). These findings strongly suggest that voluntary physical activity can partially
rescue the impairment of the IN lineage caused by Pum2 deficiency. However, the
characteristic boost in neurogenesis observed under WT conditions following physical

activity appears to be attenuated in the context of Pum2 deficiency.
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Figure 16: Detection of immature neurons (INs) in the DG. Representative Z-stack
images of Dcx, BrdU and DAPI immunostaining on sagittal DG sections (40um thick)
of Pum2WTT and Pum2CT/CT mice with voluntary access to a running wheel. Scale
bars: 200um.
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Figure 17: Voluntary physical activity restores proliferation of immature neuron
(IN) in Pum2 deficiency. (A) Dot plot displaying the number of Dcx-labelled cells
relative to 1Tmm3. (B) Dot plot displaying the ratio of Dcx- and BrdU-labelled cells relative
to all BrdU-labelled cells. Mean and standard deviation are shown. Circles indicate
independent biological replicates (n = 6, 8). Asterisks represent p-values obtained by
(A, B) unpaired Student’s t-test (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, n.s.
> 0.05).
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3.2.4 Recovery of newly generated intermediate progenitors through voluntary
physical activity
To delve into the precise plasticity of adult neurogenesis in Pumz2-deficient mice, we
focused on a well-established cellular marker of IPCs, Thr2. Employing sections
derived from our previous experiment, we performed immunostaining to visualise these
markers (Figure 12A). This staining integrated the IPC marker, Tbr2, with BrdU,
enabling a thorough evaluation of changes within the neurogenic lineage instigated by
voluntary access to a running wheel (Figure 18). Intriguingly, my analysis uncovered
a substantial increase in the cell density of Tbr2-positive IPCs within Pum2W™WT mice
with physical activity when compared to Pum2WT™WT control mice (Figure 19A).
Remarkably, this effect was absent in Pum2CGT/CT mice with access to a running wheel.
These mice exhibited a statistically significant decrease in IPC density compared to
both Pum2WT™T control mice and Pum2€TCT mice without physical activity (Figure
19A). While | observed this drastic increase in Pum2W™WT mice exposed to the running
wheel, it was not reflected in the proportion of newly proliferated IPCs relative to the
overall population of newly generated cells when compared to control Pum2WT™T mice
(Figure 19B). Furthermore, no statistically significant difference was found in the
proportion of newly proliferated IPCs relative to the overall population of newly
generated cells between Pum2C7CT mice with running wheel access and Pum2WTwr
controls without running wheel (Figure 19B). These findings imply that voluntary
physical activity cannot increase the IPC density in Pum2 deficiency as observed in
the control. Nonetheless, it appears to have a restorative effect on the population of
newly proliferated IPCs. In conjunction with our previous findings, the voluntary
physical activity may stimulate a higher turnover rate of IPCs that differentiate into INs.
However, the restoration of the newly generated IPC population may not fully

compensate for this increased turnover, leading to a reduction in IPC density.
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Figure 18: Detection of IPCs in the DG. Representative Z-stack images of Thr2,
BrdU and DAPI immunostaining on sagittal DG sections (40um thick) of Pum2WTWT
and Pum2C7CT mice with voluntary access to a running wheel. Scale bars: 200um.
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Figure 19: Voluntary exercise restores IPC proliferation in Pum2 deficiency. (A)
Dot plot displaying the number of Tbr2-labelled cells relative to 1mm3. (B) Dot plot
displaying the ratio of Tbr2- and BrdU-labelled cells relative to all BrdU-labelled cells.
Mean and standard deviation are shown. Circles indicate independent biological
replicates (n = 6, 8). Asterisks represent p-values obtained by (A, B) unpaired Student’s
t-test (****p < 0.0001, **p < 0.01, *p < 0.05, n.s. =2 0.05).
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3.2.5 Changes in newly generated radial glia cells and mature astrocytes
through voluntary physical activity

To explore potential plasticity within glial cells in parallel to the observed plasticity in
adult neurogenesis of Pum2-deficient mice, we targeted a well-established cellular
marker for RGCs, Hopx. Using sections from the previous experiment, we performed
immunostaining to visualise the marker for RGCs (Figure 12A). This staining
integrated the RGC marker with BrdU, facilitating the meticulous analysis of changes
within the glial lineage potentially triggered by voluntary access to a running wheel
(Figure 20). Unexpectedly by the previous findings, my analysis demonstrated no
statistically significant changes in the cell density of Hopx-positive RGCs in Pum2WTWT
mice exposed to physical activity versus Pum2W™WT control mice (Figure 21A).
Intriguingly, | discovered a statistically significant reduction in RGC cell density within
Pum2C€TCT mice with running wheel access compared to all other conditions, possibly
due to the increased size of the DG (Figure 21A). Interestingly, both Pum2WT™T and
Pum2CTCT mice with physical activity exhibited a statistically significant increase in the
proportion of newly proliferated RGCs relative to the overall population of newly
generated cells, compared to Pum2WT™WT controls (Figure 21B). No difference was
noted between the two running wheel conditions. Strikingly, the proportion of newly
proliferated INs in Pum2CG7CT mice with running wheel access, when compared to
control Pum2G7CT mice, doubled (Figure 21B). These results indicate that stem cell
self-proliferation can be potentiated under both WT and Pum2-deficient conditions.
Consistent with our findings in IPCs, voluntary physical activity appears to stimulate
the generation of new RGCs in Pum2-deficient mice. However, this increased
generation may not be sufficient to offset the heightened rate at which RGCs
differentiate into other cell types, leading to a reduction in overall RGC density.
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Figure 20: Detection of RGCs in the DG. Representative Z-stack images of Hopx,
BrdU and DAPI immunostaining on sagittal DG sections (40um thick) of Pum2WTWT
and Pum2C7CT mice with voluntary access to a running wheel. Scale bars: 200um.
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Figure 21: The number of newly proliferated RGCs is increased after voluntary
physical activity. (A) Dot plot displaying the number of Hopx-labelled cells relative to
1mm?3. (B) Dot plot displaying the ratio of Hopx- and BrdU-labelled cells relative to all
BrdU-labelled cells. Mean and standard deviation are shown. Circles indicate
independent biological replicates (n = 6, 8). Asterisks represent p-values obtained by
(A) unpaired Student’s t-test and (B) Mann-Whitney U test (***p < 0.001, **p < 0.01, *p
<0.05, n.s. 20.05).

67



3.2.6 Reduction in newly generated mature astrocytes through voluntary
physical activity

To investigate potential plasticity exhibited by astrocytes in the context of Pum?2
deficiency, | used a well-established cellular marker specific to astrocytes, Sox9.
Utilizing sections from the previous experiment, | performed immunostaining to
visualise astrocytes (Figure 12A). This staining integrated the astrocyte marker with
BrdU, facilitating the analysis of changes within the astrocyte population potentially
triggered by voluntary access to a running wheel (Figure 22A). Intriguingly, my
analysis uncovered a substantial decrease in the cell density of Sox9-positive
astrocytes within both Pum2WT™WT and Pum2C™CT mice with physical activity compared
to Pum2WTWT controls (Figure 22B). Remarkably, this decrease was even more
pronounced in Pum2CTCT mice exposed to the running wheel versus Pum2€TCT mice
without running wheel access and might be due to the fewer numbers of astrocytes in
the DG under Pum2 deficiency. (Figure 22B). | observed a reduction in newly
proliferated astrocytes within Pum2WTWT mice exposed to physical activity relative to
the overall population of newly generated cells, compared to Pum2WTWT controls
(Figure 22C). While newly proliferated astrocytes in Pum2€7CT mice with running
wheel access were not statistically significant different from Pum2W™WT controls, they
exhibited a downward trend. Additionally, they did not differ statistically significant from
Pum2WT™WT mice with running wheel access (Figure 22C). These findings suggest that
voluntary physical activity may both restore and potentially even diminish the astrocyte-
favouring bias caused by Pum2 deficiency. This observation warrants further
investigation into the complex interplay between Pum2, astrocyte dynamics, and the

effects of physical exercise.

The collective findings underscore the multifaceted role of Pum2 in DG neurogenesis.
Pum2 appears to influence both cell fate decision of RGCs and cell cycle regulation.
In its absence, there is a shift towards astrogenesis without statistically significant
changes in the overall cellular composition of the DG, except for a reduction in
astrocytes. Notably, voluntary physical activity can partially rescue the neurogenesis
deficits caused by Pum2 deficiency, although this may come at the expense of RGC

and IPC populations, and a further reduction in astrocyte population.
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Figure 22: Astrocyte proliferation recovers with physical exercise in Pum2
deficiency. (A) Representative Z-stack images of Sox9, BrdU and DAPI
immunostaining on sagittal DG sections (40um thick) of Pum2WTWT and Pum2CGT/CT
mice with voluntary access to a running wheel. Scale bars: 200um. (B) Dot plot
displaying the number of Sox9-labelled cells relative to 1mm3. (C) Dot plot displaying
the ratio of Sox9- and BrdU-labelled cells relative to all BrdU-labelled cells. Mean and
standard deviation are shown. Circles indicate independent biological replicates (n =
6, 8). Asterisks represent p-values obtained by (B, C) unpaired Student’s t-test (****p <
0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, n.s. = 0.05).
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3.3 Single-Cell RNA sequencing reveals a novel cell population associated
with Pum2 deficiency in the DG

The results so far suggest an important role of Pum2 in adult hippocampal
neurogenesis with a shift in cell differentiation towards astrocytes upon depletion of
Pumz2. To further elucidate the role of Pum2 in adult hippocampal neurogenesis and
on the transcriptome, Dr. Christina Koupourtidou, Dr. Stefanie Ohlig, Sabine Thomas
together with myself conducted single-cell RNA sequencing (scRNA-seq) on cells
isolated from the DG of adult mice. Following established dissection protocols
(Hagihara et al., 2009), we minimised contamination from other hippocampal regions.
scRNA-seq was performed using a state-of-the-art method optimised for brain cells
(Zheng et al., 2017), enabling us to investigate DG cell types with single-cell resolution
(Figure 23A). The initial analysis revealed diverse cell populations within the DG. Not
surprisingly, | identified cell clusters associated with blood vessels, including vascular
endothelial cells and pericytes (Figure 23B). Additionally, | detected glial cell clusters
representing oligodendrocytes and microglia (Figure 23B), which are critical for
neuronal support, myelin production, and immune function within the brain (Tay et al.,
2019). Of particular interest was the finding that | successfully visualised cells related
to both astrogenesis and neurogenesis within the hippocampus. Using a tSNE plot for
enhanced separation (Figure 23C), | identified neuronal lineage clusters: Intermediate
Progenitor Cells (IPC)/Immature Neurons (IN), Differentiating Neurons (DN), and
Mature Neurons (MN). These cell types were confirmed through characteristic gene
expression patterns: Rbfox3 (NeuN) in MN, weaker Rbfox3 expression along with Dcx
in DN, and Dcx with Eomes (Tbr2) in IPC/IN (Figure 24A). For further confirmation the
neuronal identity the expression of Prox1, Neurodl and Thrl was used (Figure 24B).
Alongside expected neuronal clusters, | observed clusters representing RGC marked
by expression of Hopx and Mature Astrocytes (MA) marked by the expression of Sox9,
S100B and Aldh1a1 (Figure 24C, D). As a general glial marker, Sox2 and Gfap was
expressed across all glial cell types (Ellis et al., 2004; Grundmann et al., 2019; Niu et
al., 2015). Most interestingly, | discovered a cluster demonstrating mixed lineage
characteristics, with partial expression of glia genes and neuron genes. This cluster
was termed Transient State Cells (TSC) to suggest its possible intermediate identity
(Figure 23C). These results offer valuable insights into the effects of Pum2 deficiency

and highlight a potentially aberrant cell population associated with this condition.
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Figure 23: scRNA-seq data of the DG allows a detailed insight into the cellular
composition and states comprising the neurogenic niche in Pum2 mice. (A)
Experimental outline of the scRNA-seq performed by Dr. Christina Koupourtidou with
the help of Dr. Stefanie Ohlig, Sabine Thomas and myself. Created with
BioRender.com. Agreement number: LZ2759YAYH (B) UMAP visualisation of the total
dataset and the detected and accordingly annotated cluster from scRNA-seq. (C) tSNE
visualisation of the neurogenesis and astrogenesis associated cell clusters extracted

from the total dataset from scRNA-seq.
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Figure 24: Key markers of the neurogenic and glia lineage display the cell
cluster identities. tSNE visualisation of the dataset shown in Figure 23C displaying
- (A) the expression pattern of the genes Rbfox3 (NeuN), Dcx and Eomes (Tbr2) for
the identity of the neuronal cells. - (B) the expression pattern of the genes Prox1,
Neurod1 and Tbr1 for closer identification of neuronal cells. - (C) the expression
pattern of the genes Hopx, Sox9 and Sox2 for the identity of glia cells. - (D) the
expression pattern of the genes S100B, Gfap and Aldh1a1 for closer identification of
glia cells. Vertical scale on the right side of the graphs represent the relative
expression level of the shown genes compared to a common set of housekeeping
genes.
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3.4 Characterization of the transient state cell cluster

3.4.1 TSC cluster as potential consequence of Pum2 deficiency

My further analysis of the scRNA-seq dataset revealed a compelling association
between the previously identified TSC cluster and the Pum2C7CT mice (Figure 25A,
B). This cluster, characterised by a mixed expression profile of neuronal and glial
markers, was almost exclusively composed of cells derived from Pum2-deficient mice.
The striking nature of this observation underscores a potential link between Pum?2
deficiency and the emergence of this potentially aberrant cell type. To further visualise
this phenomenon, | generated density maps that starkly illustrated the shift in cellular
distribution within the Pum2CTCT DG. These maps highlighted a marked concentration
of cells within the TSC cluster, accompanied by a statistically significant reduction in
cell density across all other established cell clusters (Figure 25C, D). This finding
suggests that the TSC cluster may expand at the expense of other cell types within the
DG of Pum2-deficient mice. Quantitative cell counts unequivocally supported this
interpretation, revealing a substantial seven-fold increase in TSC abundance within the
Pum2C€TCT DG compared to WT controls (Figure 25E). This dramatic increase raises
the intriguing possibility that Pum2 deficiency leads to a specific accumulation of TSCs,
potentially disrupting the normal cellular composition and dynamics of the DG.
Collectively, these findings point towards a statistically significant role for Pumz2 in
regulating cell fate and differentiation within the DG. The emergence and expansion of
the TSC cluster in Pum2-deficient mice warrant further investigation to determine the

precise identity of these cells.

73



B PU m2GT/GT

tSNE2
tSNE2

D 1.0

tSNE2
tSNE2

0.0

tSNE1

m

3500 A

3000

2500

Cell Counts

- N
% 1=}
=3 =}
=3 S

1000

500

Pum2WT/WT PU szT/GT

Figure 25: DG scRNA-seq data reveals a massive shift of cells from canonical
cell types of the neurogenic lineage towards the TSC cluster upon Pum2
deficiency. (A, B) tSNE visualisation of the neurogenesis and astrogenesis associated
cell clusters in the Pum2WTWT and Pum2€7/6T mice. (C, D) tSNE visualisation of the
density distribution over the cell clusters in the Pum2W™WTand Pum2CT/CT mice. (E) Bar
plot visualising the total number of cell in each cluster corresponding to Pum2WTWT and
Pum2CTCT mice.
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3.4.2 TSCs accumulate in the granular cell layer in Pum2 deficiency

The surprising discovery of cells with a mixed expression profile, defying conventional
classification within the DG, prompted a deeper investigation of the TSC cluster. My
initial goal was to identify genes uniquely expressed by TSCs to definitively establish
their existence. Despite the lack of clear-cut markers, | selected three genes with
overlapping expression patterns within the TSC cluster. Neurogranin (Nrgn): Primarily
expressed in the DN and TSC clusters (Figure 26A), Nrgn is involved in synapse
formation and neuronal signalling (Zhong et al., 2009). Thymosin beta 4 (Tmsb4x):
Primarily expressed in the IPC/IN and TSC clusters (Figure 26A), Tmsb4x plays a role
in dendritic development (Sun et al., 2018). Aldolase C (Aldoc): Expressed in both MA
and TSC clusters (Figure 26B), this astrocyte-associated gene is involved in glycolysis
and structural organization (Cahoy et al., 2008). The overlap of these genes,
particularly within the Pum2CTeT TSC cluster (Figure 26D), provided a means to target
these cells specifically. This difference was further underscored by a five-fold increase
in TSC abundance within Pum2-deficient mice (Figure 26C). Western blot analysis did
not reveal mayor changes of the protein expression in the DG between Pum2WTT and
Pum2€TCT mice (data not shown). To validate TSCs and examine their spatial
distribution, | performed RNA visualisation on 10um brain sections (Figure 27A). By
analysing the perinuclear region for triple-positive cells (Figure 27B), | confirmed both
the existence of TSCs and their statistically significant increase within Pum2C¢7CT mice
(Figure 27C). Furthermore, analysis of TSC localization revealed a preferential
accumulation within the granular cell layer of Pum2-deficient mice, with no statistically
significant changes observed in the SGZ (Figure 27D, E). These findings strongly
support the existence of transient state cells within the DG and suggest their potential

accumulation within the granular cell layer as a consequence of Pum2 deficiency.
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Figure 26: RNA expression of neuronal and glia genes in individual cells offer a
potential avenue for visualising TSCs. (A) tSNE visualisation of the neuronal
associated gene expression pattern of Nrgn and Tmsb4x as well as the glia associated
gene Aldoc. (B) tSNE visualisation of the strong expression overlap of the
corresponding genes within one cell in the colour blue and the other cells in grey. (C)
Bar plot visualising the ratio of cell positive for the corresponding genes compared to

all cells of the scRNA-seq within Pum2WT™T and Pum2C7/CT mice.
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Figure 27: TSC visualisation matches scRNA-seq data
in the DG. (A) Representative deconvolved images of
Tmsb4x, Nrgn and Aldoc RNAscope sagittal DG sections
(10um thick) of Pum2W™T and Pum2CTCT mice. Scale
bars: 20um. (B) Magnified inset in A to demonstrate the
analysis of the RNAscope. Green circles indicate cells that
were positive for the corresponding genes. Red circles
indicate cells that were not positive for the corresponding
genes. The grey dotted line separates the hilus and the
SGZ. The yellow dotted line separating the SGZ and GCL.
Scale bars: 20um. (C) Bar plot displaying the number of
cells positive for the corresponding genes compared to all
cells. (D) Bar plot displaying the number of cells positive for
the three genes in the GCL compared to all cells in the
GCL. (E) Bar plot displaying the number of cells positive for
the corresponding genes in the SGZ compared to all cells
in the SGZ. The graphs consist of 4 independent biological
replicates. Asterisks represent p-values obtained by (C, D,
E) unpaired Welch’s t-test (**p < 0.01, n.s. 2 0.05).
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3.4.3 Protein-level validation and morphological analysis of TSCs

Having confirmed the existence of TSCs at the RNA level, | sought to demonstrate
their presence at the protein level. | selected well-established markers to visualise the
mixed lineage profile of these cells. Thymosin beta 4 (Tmsb4x): A marker of neuronal
character, previously identified in RNA analysis (Figure 28A). Creatine kinase B-type
(Ckb): A glial marker expressed throughout the TSC cluster, crucial for energy
metabolism in brain glial cells (Figure 28B) (Wong et al.,, 2012). The combined
expression of Tmsb4x and Ckb primarily overlapped within the TSC cluster, with a
statistically significant fivefold increase observed in Pum2C7CT mice (Figure 28C,D).
Immunostaining for these markers confirmed the existence of double-positive cells in
both Pum2C7CT and Pum2W™ T mice (Figure 29A). Quantification revealed a threefold
increase in double-positive cells within the Pum2CTeT DG, consistent with previous
data (Figure 29B). Importantly, immunostaining provided initial insights into TSC
morphology. Some TSCs displayed radial or immature neuron-like shapes (Figure
29A, magnification). Further analysis demonstrated a statistically significant increase
in the length of dendritic processes in TSCs from Pum2C¢7/CT mice compared to controls
(Figure 29C). Interestingly, the number of TSCs extending into the molecular layer of
the hippocampus remained comparable between genotypes (Figure 29D). These
results establish the existence of TSCs at the protein level, corroborating RNA
sequencing and RNAscope findings. Moreover, my observations provide intriguing
clues about the morphological characteristics of TSCs and suggest potential

alterations in their dendritic development in the context of Pum2 deficiency.
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Figure 29: Immunostaining allows the visualisation of TSCs in the DG. (A)
Representative Z-stack images of Tmsb4x and Ckb immunostaining on sagittal DG
sections (40um thick) of Pum2WTWT and Pum2CTCT mice (left side). Cells strongly
expressing Ckb and Tmsb4x result in a white signal and therefore will be counted as
TSC. Magnification of the red dotted square with indication of the possible morphology
indicated by the grey dotted line (right side). Scale bars: 200um. (B) Bar plot displaying
the normalised number of cells positive for the two proteins. (C) Bar plot displaying the
average dendritic length of the cells positive for the two proteins. (D) Bar plot displaying
the number of cells positive for the two genes that reach into the ML of the DG. The
graphs consist of independent biological replicates (n = 4). Asterisks represent p-
values obtained by (B, C, D) unpaired Student’s t-test (****p < 0.0001, *p < 0.01, n.s.
= 0.05).
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3.5 Downregulation of Pum2 in the adult hippocampal neurogenic nice

3.5.1 Investigating the origin and dynamics of TSCs

Having established the existence of TSCs, | sought to determine their cellular origin
using bioinformatic analysis of my scRNA-seq dataset. Therefore, | employed direct
trajectory inference based on the previously visualised tSNE maps of the scRNA-seq
dataset. As expected, Pum2W™T mice exhibited trajectories consistent with
established neuronal differentiation, progressing from the IPC/IN cluster towards DN
and MN clusters (Figure 30A, left panel). While only one trajectory emerged from the
RGC cluster in controls, likely due to the limited number of differentiating RGCs in
adulthood, | observed a striking direct trajectory from the RGC cluster to the TSC
cluster in Pum2CTCT mice (Figure 30A, right panel). This might indicate for a glial-to-
neuron transition. To better understand the dynamics within the TSC cluster, | focused
on this part and identified four subclusters based on their position and gene expression:
RGC-like TSC, astrocyte-like TSC, mixed Identity cells, and neuron-like TSC. A clear
trajectory emerged within these subclusters, progressing from RGC-like TSC through
astrocyte-like and mixed Identity cells towards the neuron-like TSC (Figure 30B).
Refined analysis of the Pum2WTWT dataset, independent of Pum2CTCT counterpart,
revealed that the TSC cluster separated into two distinct subclusters (Figure 30C).
One subcluster localized between the IPC/IN and DN clusters, potentially representing
an intermediate differentiation state. The other subcluster positioned near the MA
cluster, suggesting a possible specialization from mature astrocytes. In collaboration
with Dr. Gregor Pilz, | further investigated the role of Pum2 in specifically adult
neurogenesis by injecting retroviruses encoding either Pum2-targeting miRNAs (Pumz2
MiRNA-1/-2) or a control scrambled miRNA (Control miRNA) into the DG of adult WT
mice (Figure 31A). This approach specifically targeted dividing RGCs and IPCs
(Bonaguidi et al., 2011). Additionally, it will allow me to generate TSC as predicted by
the direct trajectories and follow their morphology. Preliminary results demonstrated a
statistically significant downregulation of Pum2 with Pum2 miRNA-2 compared to the
control miRNA (Figure 31B). While Pum2 miRNA-1 showed some reduction, it was
less pronounced than Pum2 miRNA-2. These initial findings suggest that Pum2 can

be successfully downregulated in RGCs/IPCs and their progeny.
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Figure 30: Direct trajectory analysis identifies RGCs as TSC origin. (A) tSNE
visualisation of the direct trajectories of Pum2WTWT and Pum2CT/CT scRNA-seq dataset.
(B) tSNE visualisation of the direct trajectories within the TSC cluster of the combined
scRNA-seq dataset of Pum2WT™T and Pum2CTCT (dotted line in A). (C) tSNE
visualisation of the direct trajectories of Pum2WTWT scRNA-seq dataset that was
independently processed from the Pum2CT/CT dataset.
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Figure 31: miRNA downregulated Pum2 in the WT DG. (A) Experimental outline of
the stereotactic injection of the retrovirus encoding GFP together with miRNAs against
Pum2 or a control miRNA. Created with BioRender.com. Agreement number:
ER2759XYDL (B) Representative images of DAPI, GFP and Pum2 immunostaining on
sagittal/coronal DG sections (40pm thick) of Pum2 downregulated (Pum2 miRNA-1/2)
or control (Control miRNA) cells that were GFP-positive. The white dotted line
surrounds the GFP-positive cell body in all channels. The red dotted line shows the Z-
projection of the GFP-labelled cells and in the Pum2 channel the signal for Pum2 in
the region of GFP-positive cells. Scale bars: 20um.
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3.5.2 Assessing morphological changes and characteristics of Pum2
downregulated cells
Having successfully demonstrated Pum2 downregulation in RGCs/IPCs and their
progeny, my focus shifted to investigating the phenotypic consequences of miRNA-
mediated Pum2 depletion and the formation of the TSCs. To this end, | first examined
the morphology of GFP-positive cells. In all cases, the miRNAs give rise to well-
developed neurons (Figure 32A). However, in the Pum2 miRNA groups, aberrant or
less-developed cells were also observed. Specifically, these aberrant cells were
categorised into distinct morphological subtypes, including "Altered Dendrite", "Double
Dendrite" and "Large 1° Dendrite" (Figure 32B). The "Altered Dendrite" group is
characterised by an abnormal dendrite shape, exhibiting uneven thickness and
irregular directionality (Figure 32B, left panel). The "Double Dendrite" group is defined
by the presence of two dendrites originating from the top of the cell body and extending
into the GCL (Figure 32B, middle panel). The "Large 1° Dendrite" group is
distinguished by the presence of a single, large, and short primary dendrite (Figure
32B, right panel). In addition to these aberrant morphologies, less-developed cells
were also observed and classified into distinct groups. The "Glia-Neuronal Shape”
group displays characteristics of both glial cells and neurons, suggesting an incomplete
or disrupted differentiation process (Figure 32C, left panel). The "Clustered Cells"
group consists of multiple cells in close proximity, potentially representing a cluster of
very immature cells that have not yet fully separated and migrated to their final
positions (Figure 32C, middle panel). Finally, the "Curved Dendrite" group exhibits a
primary dendrite with an abnormal curvature, a characteristic often associated with
immature or developing neurons that have not yet established their mature morphology
(Figure 32C, right panel). Beyond morphological assessment, | investigated the impact
of Pum2 deficiency on cell migration. Analysis of GFP-positive cell positions within the
GCL (Figure 33A) revealed no statistically significant difference for Pum2 miRNA-1
compared to the control. However, the Pum2 miRNA-2 condition showed a statistically
significant higher proportion of cells in the GCL, suggesting that Pum2 depletion,
particularly via Pum2 miRNA-2, may accelerate cell migration into this layer. Next, |
sought to determine whether the GFP-positive cells exhibited a neuronal phenotype
through morphological assessment and immunostaining (Figure 33B). While the

fraction of neurons in the Pum2 miRNA-1 condition did not statistically significant differ
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from the control, a trend towards non-neuronal cells was observed. This effect was
more pronounced in the Pum2 miRNA-2 condition, suggesting Pum2 depletion hinders
neuronal differentiation. Subsequently, | investigated whether neurons within the GFP-
positive population displayed normal or aberrant morphologies. In both Pum2 miRNA
conditions, a statistically significant two- to threefold increase in the proportion of
neurons with abnormal morphology was observed (Figure 33C). This effect was
slightly more pronounced in the Pum2 miRNA-2 condition, suggesting a dose-
dependent relationship between Pum2 depletion and neuronal morphological
abnormalities. Overall, these findings indicate that Pum2 deficiency leads to a
decrease in the fraction of normally developed neurons and a concomitant increase in
the proportions of glial cells and aberrant neurons within the GFP-positive cell
population (Figure 33D). This underscores the critical role of Pum2 in regulating
neuronal differentiation and maintaining proper neuronal morphology. Concurrent with
the observation of aberrant and less-developed neurons, Pum2 deficient neurons
exhibited a statistically significant decrease in the length of their primary dendrites
(Figure 34A, B). In control neurons, the average primary dendrite length was 42 ym
after 3 weeks, consistent with previous findings (Cole et al., 2020). Given the stronger
effects of Pum2 miRNA-2, subsequent analyses focused on comparing it to the control
mMiRNA. To investigate if RGCs give rise to TSCs, RNAscope was used to assess co-
expression of neuronal gene Nrgn and glial gene Aldoc in GFP-positive cells (Figure
35A). This revealed a small subset of Pum2 miRNA-2 GFP-positive cells co-
expressing both markers, suggesting a potential neuronal-glial transition state. To
further support this observation, | performed co-immunostaining for the glial marker
Sox9 and the neuronal marker Dcx (Figure 35B). Similar to the RNAscope results,
only a few cells were detected that co-expressed both markers, further suggesting the
presence of a transitional cell population with mixed glial and neuronal characteristics.
While preliminary findings suggest the presence of a TSCs, the limited number of
identified cells necessitates further replicates to solidify these observations and enable
robust statistical analysis. The apparent differences between Pum2 miRNA-1 and
Pum2 miRNA-2 regulation are likely attributed to differential Pum2 downregulation
efficiencies. Importantly, these results should be interpreted with caution due to the

small sample size and may evolve with additional data collection.
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Figure 32: Pum2 depletion in RGCs/IPCs causes aberrant neuronal morphology.
(A) Representative images of GFP positive well-developed neurons in the
sagittal/coronal DG sections (40um thick) of Pum2 downregulated (Pum2 miRNA-1 &
2) and control (Control miRNA) conditions. Scale bars: 20um. (B) Representative
images of GFP positive altered neuronal morphology and astrocytes in the
sagittal/coronal DG sections (40um thick) of Pum2 downregulated (Pum2 miRNA-1 &
2) conditions grouped by “Altered Dendrite”, “Double Dendrite” and “Large 1°
Dendrite”. Scale bars: 20um. (C) Representative images of GFP positive less-
developed neuronal morphology in the sagittal/coronal DG sections (40um thick) of
Pum2 downregulated (Pum2 miRNA-1 & 2) conditions grouped by “Glia-Neuronal
Shape”, “Clustered Cells” and “Curved Dendrite”. Scale bars: 20um.
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Figure 33: Pum2 deficiency increases aberrant morphology in adult-born DG
neurons. (A) Dot plot displaying the ratio of GFP positive cells located in the GCL
compared to all GFP positive cells in the DG injected with Control miRNA, Pum2
miRNA-1 and Pum2 miRNA-2. (B) Dot plot displaying the ratio of GFP positive cells
with neuronal morphology compared to all GFP positive cells in the DG. (C) Dot plot
displaying the ratio of GFP positive with aberrant neuronal morphology compared to
all GFP positive neurons in the DG. (D) Stacked-bar graph displaying the normalised
fraction of cell types classified by “Glia Cells”, “Aberrant Neurons” and “Normal
Neurons”. Mean and standard deviation are shown. Circles indicate independent
biological replicates (n = 3, 4). Asterisks represent p-values obtained by (A, B, C)
unpaired Student’s t-test (**p < 0.01, *p < 0.05, n.s. 2 0.05).
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Figure 34: Pum2 deficiency reduces primary
dendrite length by half. (A) Representative images of
GFP positive neurons in the coronal DG sections (40um
thick) of Pum2 downregulated (Pum2 miRNA-1 & 2)
and control (Control miRNA) conditions. The white
dotted line indicated the length of the primary (1°)
dendrite. Scale bars: 20um. (B) Dot plot displaying the
average length of GFP positive 1° dendrites in the DG
injected with Control miRNA, Pum2 miRNA-1 and
Pum2 miRNA-2. Mean and standard deviation are
shown. Circles indicate independent biological
replicates (n = 3, 4). Asterisks represent p-values
obtained by (B) unpaired Student’s t-test (**p < 0.01, *p
<0.05, n.s. 20.05).

88



>

Control miRNA

Pum2 miRNA-2

| GFP || || Sox9 || Combined

Control miRNA |03 |

Pum?2 miRNA-2

I

Figure 35: Pum2 deficient cells exhibit characteristics of TSCs. (A)
Representative deconvolved images of Nrgn and Aldoc mRNA detected by RNAscope
on coronal DG sections (10um thick) and GFP immunostaining of Pum2
downregulated (Pum2 miRNA-2) and control (Control miRNA) conditions. The white
dotted line surrounds the GFP positive cell body in all channels. Scale bars: 20um. (B)
Representative images of an immunostaining for GFP, Dcx and Sox9 on coronal DG
sections (40um thick) of Pum2 downregulated (Pum2 miRNA-2) and control (Control
miRNA) conditions. The white dotted line surrounds the GFP positive cell bodies in all
channels. Scale bars: 20um.

89



3.6 TSC cluster shows an increase in translation and deficits in neuronal
development

To gain deeper insights into the characteristics of the TSC cluster, | performed
additional bioinformatic analyses. Differential gene expression analysis, followed by
Gene Ontology (GO) (Ashburner et al., 2000; Gene Ontology et al., 2023) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) (Kanehisa, 2019; Kanehisa et al., 2023;
Kanehisa & Goto, 2000) pathway analyses, revealed specific biological processes and
pathways altered within the TSC cluster. GO analysis of upregulated processes
highlighted a statistically significant enrichment of translation-associated processes
and mitochondrial electron transport (Figure 36A). KEGG analysis corroborated this
finding, with a marked increase in ribosomal proteins, suggesting a potential
upregulation of the translational machinery in Pum2¢7CT mice (Figure 37A). As the
TSC cluster is predominantly observed in Pum2-deficient mice, this suggests a
possible link between Pum2 depletion and increased translation. To investigate this
further, | performed polysome profiling of DG tissue from five-month-old mice. Analysis
revealed a small but consistent and statistically significant higher polysome to
monosome ratio in Pum2¢7CT mice compared to controls (Figure 38). This indicates a
possible altered translational activity in the DG of Pum2-deficient mice. Intriguingly,
GO analysis also revealed a downregulation of processes associated with axogenesis,
axon guidance, nervous system development, and synapse organization within the
TSC cluster (Figure 36B). Consistent with this, KEGG analysis indicated decreased
axon guidance pathways and an enrichment of genes associated with
neurodegenerative diseases, including Parkinson's, Alzheimer's, and Huntington's
disease (Figure 37B). Collectively, these findings suggest that Pum2 deficiency may
lead to dysregulated translation and an accumulation of genes linked to
neurodegeneration. Concurrently, TSCs appear to exhibit potential developmental
deficits, with downregulation of genes crucial for neuronal development and synapse

formation.
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Figure 36: GO term biological analysis of the TSC cluster. (A) The graph shows
GO term biological processes downregulated in the TSC cluster compared to the rest
of the scRNA-seq dataset. (B) The graph shows GO term biological Processes
downregulated in the TSC cluster compared to the rest of the scRNA-seq dataset.

91



A Kegg Pathway - Upregulated in TSC Cluster

Ribosome
Oxidative phosphorylation
Parkinson disease
Alzheimer disease
Thermogenesis
Huntington disease
Non-alcoholic fatty liver disease (NAFLD)
Cardiac muscle contraction
Retrograde endocannabinoid signaling
Synaptic vesicle cycle
Long-term potentiation

0 6 12 18 24 30 36 42 48

-logip(Adjusted P-value)

B Kegg Pathway - Downregulated in TSC Cluster

N-Glycan biosynthesis
Lysosome
Axon guidance
Lysine degradation
Fanconi anemia pathway
Glycosaminoglycan biosynthesis
Peroxisome
Glycerophospholipid metabolism
Notch signaling pathway
Other types of O-glycan biosynthesis
Glycosylphosphatidylinositol (GPI)-anchor biosynthesis
Protein processing in endoplasmic reticulum
Phosphatidylinositol signaling system

0 1 2 3 4

-logio(Adjusted P-value)

Figure 37: KEGG pathway analysis of the TSC cluster to address biological
processes. (A) The graph shows Kegg pathway upregulated cellular processes the
TSC cluster compared to the rest of the scRNA-seq dataset. (B) Kegg pathway shows
downregulated cellular processes in the TSC cluster compared to the rest of the
scRNA-seq dataset.
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Figure 38: Pum2 deficiency appears to affect translation. (A) Graph displaying
polysome profiling with the absorbance at 254nm on the Y axis and the distance in mm
on the X axis of five months old mice. (B) Mean and standard deviation are shown. Dot
plot displaying the polysome to monosome ratio of the graph shown in A. The graphs
consist of 3 independent biological replicates. Asterisks represent p-values obtained
by (B) unpaired Student’s t-test (*p < 0.05).

93



4 Discussion

Adult neurogenesis is known to critically contribute to learning and memory formation.
It is a highly regulated process. One important group of proteins — in addition to
transcription factors (Beckervordersandforth et al., 2015) — that is known to have a
regulatory function in this process are RBPs as they regulate every step of a RNA's life
cycle. The Pumilio gene family encodes RBPs with significant roles in development,
particularly within the CNS. Growing evidence indicates the importance of Pum family
proteins for proper adult neurogenesis within the hippocampus (Zhang et al., 2017).
Depletion of Pum2, has been associated with maladaptation to environmental
challenges and abnormal cortical excitability (Siemen et al., 2011). The specific
contributions of Pum2 to neurogenesis, however, remain unknown. This motivated my
investigation of Pum2's potential role in adult hippocampal neurogenesis. To my
knowledge, this study provides the first comprehensive analysis of a Pum2-deficient
mouse line and an in vivo downregulation of Pum2 in the adult DG, to unravel the

specific contribution of Pum2 to adult neurogenesis in higher eukaryotes.

4.1 Defective neurogenesis in Pum2 deficient DG

In this thesis, | aimed at exploring the function of Pum2 in neurogenesis and its role in
the adult neurogenic lineage and the maturation of neurons, given prior evidence of its
importance in neurogenesis. My results highlight a role of Pum2 within several steps
in the adult neurogenic lineage, such as cell fate decision of RGCs and maturation. |
observed an early impact on stem cell proliferation and a bias towards astrocyte fate
commitment (Figure 39A). This leads to a shift in the DG balance towards an
increased astrocyte/glial output in Pum2-deficient mice (Figure 39B). This altered
lineage composition does not appear to disrupt the localization of proliferating cells.
They demonstrate a migration pattern into the GCL over time, like WT cells. This
migration is essential for proper functional integration into the hippocampal circuit
(Morgenstern et al., 2008). In addition, my findings revealed a significant size reduction
of the DG in Pum2-deficient mice, with a constant density of proliferating cells and no
increased apoptosis. This reduction in size is consistent with the published phenotype
observed in Pum1/Pum2 double KD mice (Zhang et al., 2017). There could be several
possible explanations for this. Pum2 is implicated to influence signalling pathways that
regulate overall cell body size, leading to reduced growth in Pum2-deficient mice (Lin

et al., 2019). An additional possibility is that Pum2 may be involved in the regulation of
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Figure 39: Reduction of neurogenesis favours astrogenesis in Pum2 deficiency.
(A) Alack of Pum2 leads to a decreased neurogenesis rate and stem cell self-renewal
including all cell types as RGCs, IPCs, INs and MNs. The cycling capabilities of RGCs
and IPCs are increased. Furthermore, the astrogenic lineage is favoured upon Pum2
deficiency. Arrows indicate increase (blue) and decrease (red) of the corresponding
cell type. (B) Scheme shows the potential change in DG upon lack of Pum2 towards a
more glia like identity. Adapted with the help of Dr. Barbara Nitz.

extracellular matrix (ECM) component production. The absence of Pum2 could result
in an altered generation of ECM, possibly hindering tissue expansion by preventing
proper cell migration despite normal cell division. Other RBPs, like members of the
ELAV/Hu family, are known to regulate target mMRNAs that encode cell cycle proteins,
which could explain the reduced proliferation (Blackinton & Keene, 2014). Similarly,
previous research suggests Pum2's involvement in cell cycle progression through its
interaction with the Aurora-A kinase, promoting mitotic entry (Huang et al., 2011). My
findings demonstrate an increase in actively cycling cells within the DG of Pumz2-
deficient mice. This increase, without a corresponding increase in apoptosis rates,
suggests that it is not a simple replacement of dead cells. These observations point
towards a significant role for Pumz2 in cell cycle regulation, likely through its control of
MRNAs or interaction with cell cycle-related proteins, such as FOXP1 or Aurora-A

kinase (Huang et al., 2011; Smialek et al., 2021). On the other hand, my findings reveal

95



a reduction in the generation of several cell types in the neurogenic lineage, such as
MNs and INs in Pum2-deficient mice. However, only the total number of IPCs was
reduced. This suggests a potential compensatory/regulatory mechanism to maintain
the density of INs, in which the IPC pool differentiates without additional cell division
for self-proliferation and therefore reducing the total number of IPCs. The precise
composition of cell types within the DG is essential for its proper function (Kesner,
2018). A disruption in this delicate balance can contribute to various neurological
deficits (Hagihara et al., 2013). While not yet published, similar findings have been
partially observed in a recent study of a MD thesis (Demleitner, 2021). This MD thesis
explored the effect of the downregulation of two RBPs, including Pum2, on behaviour
and memory in mice. This work offers support for my hypothesis that Pum2 plays a
key role in adult neurogenesis as well as for my related observations of an increase
astrogenesis and the cell cycle regulation. These results suggest a broader impact of
Pumz2 on cell fate regulation and therefore for neurological function in adulthood. The
reduced maintenance of radial stem cells is consistent with the evolutionary conserved
role of Pum proteins, which support stem cell proliferation and self-renewal (Crittenden
et al., 2002; Nolde et al., 2007; Wickens et al., 2002). This suggests that mammalian
Pumilio orthologs, like Pum2, could regulate asymmetric division and cell fate
specification across various lineages, including stem cell maintenance (Spassov &
Jurecic, 2003). Recent findings point towards a potential role for Pum2 as an inhibitor
of stem cell differentiation, simply modulating lineage specification (Lee et al., 2020).
Further investigation is therefore needed to dissect Pum2's precise function within this
complex process. Despite the observed reduction in RGC maintenance, the density of
RGCs remained surprisingly stable. This suggests a dual role for Pum2 in RGCs. It
appears to be essential for their maintenance and self-proliferation. Pum2 might
therefore participate in pathways that promote RGC survival by preventing premature
terminal division. Changes in signalling mechanisms or cell support structures could
protect the existing RGC population. Alternatively, the impact of reduced radial stem
cell maintenance on RGC density might be delayed. It is possible that young adults
maintain a stable RGC population, but a decline could occur later if the stem cell
maintenance issue persists. Another possibility is that RGCs could prematurely adopt
an astrocytic fate as previously reported (Miranda-Negron & Garcia-Arraras, 2022).

This would align with the observed reduction in radial stem cell maintenance and
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decreased neurogenesis while potentially explaining the stable RGC density. In
support of this hypothesis is an increased generation of new astrocytes that was
observed. However, the observed decrease in astrocytic cell density within the DG
appears to contradict this potential mechanism. The seemingly contradictory findings
could be reconciled by two mechanisms. Firstly, newly formed astrocytes might
migrate away from the DG (Brunne et al., 2010). This would explain increased
astrocyte production while simultaneously accounting for their decreased local density
within the DG. An alternative hypothesis is that the astrocytic marker Sox9 may also
be present in an intermediate stage of cell development. It has been reported that Sox9
is an astrocyte-specific marker, except for the neurogenic niche, where it can also be
expressed by progenitor cells (Sun et al., 2017). This may be the case in the TSC
cluster, as shown in Figure 24 representing the sc-RNAseq data. In the TSC cluster,
several glial genes are gradually expressed, such as S1008 and Gfap. Under Pumz2-
deficient conditions, these cells could further differentiate and lose their astrocytic
characteristics, a process not typically observed in WT conditions. Traditional tissue
analysis is focusing on cell type proportions within a given volume. The analysis of
cells within the Pum2-deficient DG, regardless of the volume, revealed an overall
reduction of cell populations. This aligns with the observed size reduction of the DG.
However, analysing sheer cell counts irrespective of volume presents an intriguing
anomaly: a notable increase in actively cycling cells. Ki67, expressed throughout active
phases of the cell cycle (G1, S, G2, and mitosis), serves as a reliable proliferation
marker (Sun & Kaufman, 2018). Yet, its presence does not warrant cell division. Cells
lacking essential signals may stall in the cycle despite expressing Ki67 (Sobecki et al.,
2017). Furthermore, senescent cells, while permanently growth-arrested, can express
certain cell cycle markers like Ki67 without actively dividing (Alessio et al., 2021). The
true proliferative status of the increased Ki67-positive cells is therefore questionable
and might need to be confirmed by confirmed by other cell cycle markers that stain for

late G2 phase or mitosis, such as phosphor-histone H3 (Kim et al., 2017).

4.2 Plasticity capability of the Pum2 deficient DG

The brain's remarkable plasticity allows the adaption of neural pathways in response
to experiences (Draganski et al., 2004). As demonstrated in the preceding analysis,
physical activity has been shown to stimulate adult neurogenesis (van Praag et al.,
1999). While this effect is well-documented in WT DG, its implications for the Pum2-
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deficient DG remained unexplored. | hypothesised that physical activity could rescue
the Pum2-deficient phenotype. Interestingly, | observed an increase in DG size with
physical activity in both WT and Pumz2-deficient mice, aligning with previous findings
(Nauer et al., 2020). While the size increases, the density of proliferating cells is
decreasing, and their total number remained unchanged. My findings suggest that
despite differences in proliferation dynamics, the overall DG cell count in Pum2-
deficient mice eventually reaches levels like WT mice under physical activity. This
raises questions about the mechanisms driving DG expansion under Pumz2 deficiency.
A potential explanation is an increased number of directly generated neurons entering
a postmitotic, non-proliferative state, a pathway detected at low levels in adult
hippocampal neurogenesis (Pilz et al., 2018). However, the observed increase in
actively cycling cells appears to challenge this hypothesis. As previously discussed,
Ki67 expression does not warrant actual cell division (Alessio et al., 2021). Consistent
with the reported exercise-induced boost in neurogenesis, | observed a similar
increase in total IN density, along with newly generated INs and IPCs, in the WT DG.
This expected increase was absent in Pum2-deficient mice. However, | indeed
detected a partial recovery towards basal WT neurogenesis levels. This could be
explained by a predicted lower expression of Pum2 specifically within exercise-induced
neurogenesis (Nishanth & Jha, 2022). The partial recovery of neurogenesis under
physical activity in Pum2-deficient mice suggests compensatory mechanisms. Other
RBPs known for their neurogenic roles, such as Stau2, might partially compensate for
Pum2's absence, particularly because Pum2 expression is predicted to be naturally
lower in exercise-induced neurogenesis (Nishanth & Jha, 2022). The observed
decrease in IPC density might be due to the reduced self-renewal and increased
differentiation towards an IN fate. This aligns with the reduced RGC density in Pum2
deficiency, and a similar trend observed in WT mice under exercise, further supporting
the idea of enhanced differentiation. Importantly, my results indicate that neither
proliferation nor maintenance of RGCs appears to be disrupted, suggesting a potential
preference for differentiation in both WT and Pum2-deficient conditions (Figure 40A).
This increased neurogenesis aligns with the observed reduction in astrocyte density
(Figure 40B). Interestingly, the reduction in newly proliferated astrocytes within the
Pum2-deficient DG is less pronounced than in WT condition. This aligns with the

observed recovery of neurogenesis, suggesting a dynamic adaptation of astrogenesis
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Figure 40: Recovery of the neurogenic lineage upon physical activity in Pum2
deficiency. (A) The previously reported deficiency of Pum2 could be recovered by
physical activity. The neurogenesis rate and stem cell self-renewal including all cell
types as RGCs, IPCs, INs and MNs are increased compared to the basal Pum2
deficiency. The cycling capabilities of RGCs and IPCs are further increased. The
astrogenic lineage seems not to be favoured in Pum2 deficiency upon physical activity.
Arrows indicate increase (blue) and decrease (red) of the corresponding cell type. (B)
Scheme shows the potential recovery of exercise induced neurogenesis in the Pum2
deficient DG towards a WT like composition. Adapted with the help of Dr. Barbara Nitz.

to maintain a balanced cellular composition within the DG (Drew et al., 2013). One
potential explanation for the increased DG size is that while the absolute number of
neurons might increase with exercise, the overall cell density may remain relatively
stable. New neurons extend dendrites and axons, leading to a denser network of
connections and an expansion of DG volume (Nauer et al., 2020). Additionally,
exercise could alter the proportion of neurons to supporting cells. Changes in other cell
types might contribute to the increased size, potentially offsetting the effects of

increased neuronal density (Maugeri et al., 2023). My findings suggest a potential
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explanation for the increased DG size, elevated actively cycling cell density and
reduced proliferating cell density observed in Pum2 deficiency. The potential
explanation could be, while overall cell density may be decreasing, the total cell
number remains relatively stable. This may be a consequence of a combined effect,
namely the expansion of the neuronal connections and a change in the composition of
supporting cell types, such as oligodendrocytes. Importantly, these results
demonstrate the remarkable plasticity of the Pum2-deficient brain, highlighting its
ability to partially recover and achieve a DG state closer to WT conditions. While
physical activity induces a recovery of neurogenesis in Pum2 deficiency, the long-term
stability of this effect remains unknown. Even in WT conditions, the long-term
consequences of increased neurogenesis through physical activity are complex and
under ongoing investigation. Furthermore, it is unclear whether newly generated
neurons in Pum2-deficient mice integrate properly into existing neural circuits and
achieve full functionality. Previous studies have indicated impaired neuronal
development in Pum2 deficiency (Vessey et al., 2010). Thus, while neurogenesis may
recover with exercise, it might not lead to properly developed or fully functional
neurons. This is because Pum2 plays a critical role in proper development, the cell fate
decisions of RGCs and IPCs can also be modulated through other processes
(Kriegstein & Gotz, 2003). My results indicate a reduced importance of Pum2
specifically in exercise-induced neurogenesis as its functions may be naturally
compensated for by other RBPs or key genes such as BDNF. This, together with the
observed recovery, highlights the remarkable plasticity of the Pum2-deficient brain in

overcoming its limitations.

4.3 TSC as novel aberrant cell type in Pum2 deficiency

To investigate the transcriptional changes associated with Pum2 deficiency, we
employed a 10x scRNA-seq approach. | successfully identified all major DG cell types,
consistent with previous literature (Hochgerner et al., 2018). Additionally, |1 observed
the neurogenic lineage, spanning from IPCs to MNs. A connection between RGCs and
IPCs is known to exist (Hochgerner et al., 2018). However, limited cell numbers, data
characteristics and methodological assumptions in the transition between RGCs and
IPCs may have hindered its detection in my analysis. This aligns with the computational
requirements for reliable connection identification as there is no single optimal method

and a better approach might be a combination of complementary techniques (Saelens
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et al., 2019). Most strikingly, | discovered a significant increase in a novel cell
population termed TSCs, with a gradual expression of both glial and neuronal genes
from opposing sides in the tSNE visualisation of the TSC cluster. TSCs were found
predominantly in the Pum2-deficient DG, with only a small fraction present in WT
conditions. However, this small fraction is only present when clustered together with
the dataset from Pum2-deficient DG, potentially explaining that it was not discovered
so far in previous studies. Interestingly, the accumulation of TSCs in Pum2 deficiency
coincides with a reduction in all other cell types associated with neurogenesis and
astrogenesis. In addition, the existence of TSCs is demonstrated within tissue slices,
using both RNA detection via RNAscope and immunostaining. This complements the
scRNA-seq data and confirms the reduction of other cell types commonly found within
the DG. While TSCs in Pum2-deficient mice appear to localize preferentially within the
granular cell layer, | could not detect mayor morphological differences compared to
WT TSCs. In the dataset of WT mice, TSCs cluster near the neuronal and astrocytic
regions as two separated cell populations, suggesting that a full transition within WT
cells may rare or even absent. Intriguingly, my data indicate that TSCs likely originate
from RGCs. This potential shift in lineage in Pum2 deficiency could explain both the
observed reduction in astrocytes and the increase in Sox9-positive proliferating cells
possibly representing an intermediate cell state. Interestingly, separate clustering of
the WT dataset reveals TSCs positioned between IPCs and DNs, with another part of
the TSC along the normal MA trajectory. Their rarity may explain why these cells have
not been described before (Hochgerner et al., 2018). The differentiation of RGCs into
TSCs raises the question of how the TSC cluster might emerge (Figure 41). Recent
results also support the ability of RGCs to directly giving rise to neurons, bypassing the
IPC state (Huilgol et al., 2023; Pilz et al., 2018). Pum2 deficiency might promote this
direct neurogenic pathway. However, rather than maturing into neurons, these cells
appear to become stalled and accumulate in the TSC cluster as Pum2 plays an
important role in proper neuronal development and maturation (Schieweck,
Schoneweiss, et al., 2021; Vessey et al., 2010). In its absence, direct neurogenesis
might initiate, but the process may become arrested, leading to the observed TSC
buildup (Figure 41). However, the lack of Dcx expression contradicts the direct
neurogenesis pathway, as these cells would express Dcx after the bypassing the IPC

state. The expression of Rbfox3, Prox1 and Neurodl clearly supports the idea that the
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Figure 41: Pum2 deficiency disrupts adult neurogenesis and leads to an
abnormal accumulation of TSCs. The working model illustrates the potential
consequences of Pum2 loss on DG neurogenesis and cell fate progeny. Adapted with
the help of Dr. Barbara Nitz.

cells develop into neurons, possibly via an altered direct neurogenesis pathway. These
findings underscore the possibility that Pum2 regulate the differentiation and
maturation process of adult-born granule cells. An alternative explanation is that TSCs
represent a novel, dysregulated cell type arising specifically due to Pumz2 deficiency.
Since they might also exist in WT mice, understanding their true nature and potential
impact on the DG will therefore be essential. The increase in proliferating astrocytes
within Pum2-deficient mice aligns with the hypothesis of altered RGC fate decisions.
However, the observed decrease in astrocyte proliferation and the partial recovery of
neurogenesis under physical activity suggest two potential explanations. No TSC
cluster builds up as physical activity might overcome the formation of TSCs in Pum2
deficiency, allowing RGCs to follow regular differentiation pathways. Alternatively,
TSCs might mature. Physical activity is likely to induce factors that promote the
maturation of TSCs into neurons. Known growth factors play a supportive role in
neuronal maturation during physical activity (Fabel & Kempermann, 2008). It is worth
investigating whether these factors could potentially overcome the stalled state of
TSCs in Pum2 deficiency even without physical activity. Analysis of differentially
expressed genes within the TSC cluster reveals intriguing insights by GO and KEGG

analysis. It revealed an enrichment of genes that are associated with pathways linked
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to neurological diseases, including a decreased regulation of axonal guidance. The
observed dysregulation of axonal guidance aligns with previous findings on Pum2's
role in axon and dendrite formation (Martinez et al.,, 2019; Vessey et al., 2010).
Additionally, the increase in translation-associated genes and pathways was expected,
given Pum2's known role in translational regulation (Van Etten et al., 2012). Initial
polysome profiling indicates an altered translational activity. This experiment will be
repeated with young adult mice for confirmation. A translational dysregulation, even
small changes, might therefore have significant implications for the emergence of
TSCs. The mixed cellular identity of TSCs suggests that an increase in translation
might drive the expression of diverse cellular proteins. This could impede a clear
differentiation trajectory, resulting in a stalled intermediate state. While the direct link
between translational dysregulation and a mixed-identity state remains to be
demonstrated, the phenomenon of mixed identities is proposed in other research
areas, particularly within cancer studies (Pan et al., 2022). My findings raise the
intriguing possibility that a similar mechanism, potentially influenced by Pum2, could
affect cell fate decisions within the neurogenic lineage. The disease association aligns
with the proposed role of Pum2 in neurological disorders and its demonstrated
enrichment of mMRNAs associated with Parkinson's disease (Siemen et al., 2011). The
emergence of the TSC and their possible importance for neurological disorders might
be the cause for the reported spontaneous epileptic seizures in Pum2 deficient mice
(Follwaczny et al., 2017; Siemen et al.,, 2011). However, while research suggests
potential links, a molecular role of Pum2 in diseases such as Alzheimer's or

Huntington's is currently unknown.

4.4 Pum2in an adult specific role

A possible limitation of my study is the use of the Pum2 gene-trap mouse line as Pum2
is absent from birth on, effects during the development and alterations in the
neurogenic nice cannot be excluded. Therefore, we employed a retroviral approach
targeting only dividing cells within the DG, primarily IPCs (Miranda-Negron & Garcia-
Arraras, 2022), to analyse the cell-specific impact on adult neurogenesis. The
downregulation of Pum2 was achieved via miRNA targeting specifically Pum2. While
Pum2 miRNA-2 demonstrated an efficient KD, the Pum2 miRNA-1 achieved only
partial suppression. Both Pum2 miRNAs showed a phenotype of less developed

neurons and more aberrant neurons together with an increase in glia cells. The
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phenotype was even more prominent for the Pum2 miRNA-2. The scrambled miRNA
produced mainly well-developed neurons and few astrocytes. This observation for the
control miRNA is in line with my WT scRNA-seq data and previous literature
(Deshpande et al., 2013; Pilz et al., 2018; Tashiro et al., 2006; Vivar et al., 2012),
raising intriguing questions about the relationship between Pumz2 levels and neuronal
development and cell fate commitment in vivo. | was largely able to reproduce the TSC
phenotype. The presence of underdeveloped neurons with processes that resemble
those of astrocytes introduces a novel element to the hypothesis that RGCs give rise
to TSCs over an intermediate cell state with characteristics of an astrocytic morphology
(Figure 41). This suggests a conversion process from an astrocyte-like intermediate
state towards neuronal differentiation. Such a mechanism aligns with observations
from reprogramming research, where astrocytes are artificially converted into a neuron
by the expression of neuronal transcription factors such as Ascll or Ngn2 (Chanda et
al., 2014; Zhou et al., 2021). However, a major limitation of this retroviral approach is
that it primarily targets dividing cells, which are predominantly IPCs, making it difficult
to specifically target RGCs as they divide at a much lower rate (Morales & Mira, 2019).
This might explain the challenges in demonstrating TSC derivation from Pum2-
downregulated RGCs. However, these initial findings offer promising insights. The
observed phenotype of an increase of less-developed neurons and neurons with an
aberrant morphology upon Pum2 KD, along with the overlap in genes representing the
TSCs, strengthens the hypothesis of an impaired lineage commitment. This approach
holds the high potential for investigating Pumz2's distinct role in adult neurogenesis

beyond the RGC differentiation stage.

4.5 Conclusion and future perspectives

In conclusion, | demonstrated an important role for Pum2 in adult neurogenesis,
specifically in regulating the cell fate decision of RGCs. Furthermore, through scRNA-
seq, immunostaining, and RNA detection via RNAscope, | discovered a novel cell type
that is predominant in Pum2 KD tissue, but also appears in WT, however with much
less incidence. Due to its properties, this cluster was termed TSCs. While the adult-
specific downregulation of Pum2 in RGCs and IPCs appears promising and
demonstrates a distinct phenotype, the primary target of the retrovirus is the IPCs. This
results in the emergence of the TSCs being a rare occurrence with this approach, as

the TSCs are predicted to derive from RGCs. Importantly, my results showcase the
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remarkable plasticity of the Pum2-deficient brain upon exercise. | could demonstrate
its ability to recover and achieve a state closer to WT conditions. Although the precise
role of Pum2 or the adaption mechanism of the brain in this recovery process remains

unclear, my findings open many promising avenues for further investigation.

It is important to acknowledge the limitations of this study. The global Pum2 knockout
mouse model, while physiologically relevant as disease model, cannot isolate effects
specifically arising from adult-onset Pum2 deficiency. The observed results might be
influenced by potential embryonic and/or developmental deficits due to this lifelong
downregulation. However, despite the limitation, the study provides valuable insights

into the impact of Pum2 deficiency on the adult DG.

To further characterise TSCs, I'm pursuing two complementary approaches. First, | am
increasing the replicates of the viral approach to generate a larger amount of TSCs
specifically in adult mice. Additionally, | would like to include the Pum2-deficient mice
for the injection of the control miRNA. This will allow me to investigate their

development within the intact and the Pumz2 deficient nervous system.

To address the challenge of targeting RGCs, | propose two strategies. Constructing a
virus that incorporates the Glil promoter would enable specific Pum2 downregulation
in RGCs. As research indicates that Glil-CreER™ mouse lines can effectively label
RGCs in both the SVZ and DG (Ahn & Joyner, 2005; Bottes & Jessberger, 2021; Guo
et al., 2022), combining the promotor from these mouse lines with Pum2 miRNAs
would allow precise tracking of RGC differentiation and TSC generation in vivo.
Another possibility would be the combination of the inducible Gli1-CreER™ mouseline
with floxed Pum2 mice (Uyhazi et al., 2020) which would enable timely controlled
downregulation of Pum2 in adult RGCs and their progeny. This offers the most reliable
approach for studying adult specific Pum2 function in RGCs. Both strategies could
enable the use of ex vivo slices to investigate the electrophysiological properties of
TSCs, providing valuable insights into their functional maturation state and possibly

explore epileptic seizures.

In parallel, an in vitro cell culture model using human neural progenitor cells (hNPCs)
can be employed. These cells are characterised by an RGC-like transcriptomic profile
(Masjosthusmann et al., 2018) and thus offer an appropriate model system to study
hNPC differentiation under Pum2 deficiency. Importantly, these cells differentiate into
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electrophysiological active neuronal-like cells within several weeks (Gunhanlar et al.,
2018). This combined approach will allow me to study the biochemical, morphological,
and potentially electrophysiological features of TSCs in vitro and gain insights into their

functional properties.

Further in-depth analysis of the TSCs' transcriptomic profile, cell-cell interactions, and
functional properties within the existing neuronal network are likely to unravel their
specific role within the demonstrated Pum2-related changes to adult hippocampal
neurogenesis. In this line, the strong disease association suggested by KEGG pathway
analysis of genes specifically regulated in the TSC cluster warrants further
experimental exploration. Despite the lack of an immediate, severe phenotype in young
adult Pum2 deficient mice, the findings presenting in this thesis pave the way for
understanding the long-term consequences of Pum2 deficiency and therefore the
presence of TSC and their potential implications for an altered brain function and

seizure susceptibility.
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