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Abstract 
 
 
The homeostatic behaviour of neural stem cells (NSCs) in the adult hippocampus is 

controlled by signals from the niche. In young mice, the activation of dormant NSCs is 

typically followed by consecutive divisions producing neuronal progenitors followed by 

astrocyte differentiation, resulting in a rapid depletion of the NSC population. In a subset 

of active NSCs, however, the proactivation factor ASCL1 is degraded by the ubiquitin-

ligase HUWE1, resulting in the return of these NSCs to a transient state of quiescence. 

These resting NSCs show a high propensity to reactivate and are essential for the 

maintenance of neurogenesis. How niche signals control the generation of the different 

NSC populations in appropriate ratios to ensure the long-term maintenance of 

neurogenesis is unknown. In my thesis, I have studied the regulation of NSC activity in 

the adult and mature mouse hippocampus by Sonic hedgehog (Shh) signalling. Firstly, I 

show that NSCs are able to respond to Shh signalling and that in young mice, this 

promotes activation of dormant NSCs and suppresses the formation of resting NSCs by 

inhibiting HUWE1-mediated degradation of ASCL1. In older mice, however, I show that 

Shh signalling activity diminishes progressively, which slows down the rate of NSC 

depletion. Finally, I identify oligodendrocyte cells as a cellular source of Shh in the adult 

hippocampus. My results provide cellular and molecular insights into the preservation of 

the hippocampal NSC pool in mature mice. 
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1.1 Introduction to the field 
 

Adult stem cells maintain tissue homeostasis and function throughout life 

(Morrison, S. J. et al 1997). Their major role in tissue homeostasis and function is due to 

their inherent properties of quiescence capability, self-renewal potential and 

differentiation capacity. Equally important is the microenvironment that surrounds stem 

cells because their maintenance and behaviour largely depend on molecular signals 

present in their microenvironment called the stem cell niche (Morrison, S.J. & Spradling, 

A.C. 2008). Adult neural stem cells (aNSC) exist in two main areas of the brain, in the 

walls of the lateral ventricles named the ventricular-subventricular zone (V-SVZ), and in 

the subgranular zone (SGZ) of the dentate gyrus (DG) (Fig. 1-1). In the adult DG, aNSCs 

possess the capacity to be quiescent for long periods, to self-renew and to differentiate 

for generating new neurons involved in mood regulation and memory formation.  

In youth, quiescent aNSCs (non-active aNSCs) comprise the majority of the aNSC 

pool, whereas active aNSCs that are on self-renewal or in differentiation constitute a small 

proportion of the total population. A tight balance between aNSCs in activity and those in 

quiescence is the phenomenon that preserves the stem cell pool throughout life, avoiding 

premature stem cell pool depletion. The ability of aNSCs to be in quiescence or in activity 

is due to careful control of cell-intrinsic molecular regulation. These intrinsic molecular 

mechanisms are, in turn, mainly controlled by extrinsic molecular signals that promote 

quiescence or activity. With increasing age, signals promoting quiescence also increase 

contributing to longer periods of aNSC quiescence and rarer aNSC activation. 

What are the cellular and molecular mechanisms of aNSCs to maintain tissue 

homeostasis from youth to ageing? What are the aNSC niche mechanisms that control 

aNSC behaviour and dynamics throughout life? Answers to these questions remain 

incompletely understood, and this thesis aims to shed light on these questions.       
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In this chapter, I will summarise the present knowledge in the field of adult 

neurogenesis. I will start this section by presenting a historical overview. Next, I will 

describe in more detail the process of neurogenesis in the DG. This will be followed by a 

description of the intrinsic and the extrinsic factors that contribute to either quiescence, 

activation or differentiation of NSCs. Then, I will explain the process by which aNSCs 

generate neurons. Finally, I will present the functional significance of adult neurogenesis, 

and how adult neurogenesis relates to ageing and to age-related pathological conditions. 

 

 
Figure 1-1: Neural stem cells (NSCs) in the adult brain 

(A) In the adult mouse brain, neural stem cells (NSCs) reside in the ventricular-subventricular 
zone (V-SVZ) of the lateral ventricles (LV), and in the dentate gyrus (DG) of the hippocampal 
formation. (B) In the human brain, evidence indicates the presence of NSCs in the LV, the DG 
and in the striatum.      
 
 

1.1.1 Historical overview 
 

Before 1963, it was commonly assumed that neurons in the central nervous 

system of higher vertebrates were formed only during embryonic development and that 

production of new neurons from precursor cells did not happen after birth. In 1963, 

however, Joseph Altman and Gopal Das intracranially injected rats of different ages with 

H3-thymidine, a thymidine analogue that labels nuclei of cells undergoing DNA replication 

(Altman, J. & Das, G. 1963). They found a continuous accumulation of H3-thymidine+ 

cells in the DG. Additionally, the investigators provided histological studies where H3-
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thymidine+ cells were described as granule neurons, and small dark nuclei in the vicinity 

of H3-thymidine+ cells were described as undifferentiated cells. Although these studies 

raised questions on the true nature and origin of the labelled cells, it laid the foundation 

for future studies on adult neurogenesis. 

In 1984, a work from Paton and Nottenbohm provided more compelling evidence 

for adult neurogenesis by analysing brains of adult songbirds (Paton, J. A., & Nottebohm, 

F. N. 1984). In this work, using the same strategy of labelling mitotic cells with a thymidine 

analogue, it was found that post-mitotic granule neurons were continually generated in 

adult canaries. However, in contrast to Altman studies, this work provided the first 

evidence that newborn neurons in adult stages were physiologically active. 

With the advancement of in vitro strategies, B. Reynolds and S. Weiss (1992) were 

able to shed light into the self-renewal potential and differentiation capacity of cells 

originated in the adult central nervous system (CNS). Reynolds and Weiss isolated cells 

from the adult mouse striatum and maintain them in a proliferative and undifferentiated 

state with the application of growth factors. Subsequently, they found that these cells 

started to acquired morphological and antigenic properties of neurons and astrocytes. 

These results suggested that there were cells in the adult brain with self-renewal potential 

and differentiation capacity, cells that fall into the category of what we currently call stem 

cells.    

The term stem cell was coined in 1896 by Edmund Wilson (Wilson, E. 1896).  Half 

a century later, the term "stem cells" was used to describe undifferentiated cells in the 

bone marrow that generated the different blood cell types (Catton, W. T. 1951; Till, J. E., 

McCulloch, E. A., & Siminovitch, L. 1964). Additionally, ”stem cells”  was also used to 

describe cells with differentiation capacity during mouse development (Martin, G. R. 1981; 

Thomas, K. R., & Capecchi, M. R. 1987). And although there were significant 

controversies on the identity of adult stem cells at the time (Haskill, J. S., & Moore, M. A. 

S. 1970; Potten, C. S., & Loeffler, M. 1990), the work from Reynolds and Weiss provided 
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the first evidence that cells with neural stem cell properties (self-renewal potential and 

differentiation capacity) were present in the adult mammalian brain. 

Additionally, the work from Reynolds and Weiss was revolutionary in neuroscience 

because it shed light into the control of these neural stem cells by the microenvironment 

in the form of growth factor signals. As mentioned before, this microenvironment that 

surrounds stem cells is called the stem cell niche. This concept of stem cell niche was 

firstly coined in 1978 by R. Schofield, where he suggested that the behaviour and fate of 

stem cells depended on the surrounding cells (Schofield, R. 1978). However, the first 

example of a microenvironment maintaining stem cells in an adult organism was 

described by J. Kimble and J. White in 1981 (Kimble, J. E., & White, J. G. 1981), where 

they showed that a somatic cell controls the germline stem cell fate in adulthood. Since 

then, a vast number of papers describing stem cell niches in plants and different tissues 

of multiple organisms have been published (Dinneny JR, Benfey PN. 2008; Xie T, Li L. 

2007; Kimble J, Crittenden SL. 2007) including the adult neural stem cell niche.      

The first examples describing what we called neural stem cell niche were the work 

of C. Lois & A. Alvarez-Buylla (1993) describing the V-SVZ (Lois, C., & Alvarez-Buylla, A. 

1993) and the work of T. Palmer and colleagues (1997) describing the DG. After the 

publication of these two articles, it was widely accepted that aNSCs exist in the adult 

mammalian brain and that they produce new neurons throughout life in a process called 

adult neurogenesis. 

Finally, after the finding of evidence supporting continuous generation of neurons 

in humans, research on aNSCs and adult neurogenesis has grown substantially 

(Eriksson, P. S., et al. 1998). This research has been pushed by a need to define 

principles of aNSCs and adult neurogenesis that could be applied in therapeutic 

approaches for brain regeneration in injury and pathology. Additionally, it has been shown 

that adult neurogenesis plays a major role in memory formation and mood regulation 

(Kempermann, G., et al. 1997). These discoveries have strengthened the need to 

understand how aNSCs and adult neurogenesis are controlled. 
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1.1.2 Adult neural stem cells, adult neural stem cell niches and adult 
neurogenesis 
 

Stem cells are defined as cells that have the capacity to self-renew and 

differentiate, and the stem cell niche is defined as the surrounding environment that 

maintains and governs these properties (Morrison, S. J., & Spradling, A. C. 2008).  

Additionally, a critical property of adult stem cells is the capacity to enter into quiescence 

for long periods, and to be able to exit quiescence for self-renewing and reenter into 

quiescence (Li, L., & Clevers, H. 2010). Importantly, even this property is controlled by 

the stem cell niche. A closer relationship of adult neural stem cells to its counterparts in 

development is that adult neural stem cells can generate neurons and astrocytes. 

Generation of newborn neurons in adulthood defines the term adult neurogenesis. 

NSCs were firstly described by isolating cells from the adult mouse striatum, and 

by showing that they can proliferate and differentiate into neurons and astrocytes 

(Reynolds, B. A., & Weiss, S. 1992). However, it was until 1993 that neural stem cells 

were described with in vivo experimentation in the adult brain (Lois, C., & Alvarez-Buylla, 

A. 1993). This final study showed that cells in the adult brain possessed the properties 

that fulfils the definition of aNSCs, and by consequence, the surrounding environment 

would be defined as the neural stem cell niche. The two main neural stem cell niches with 

wider aNSC populations that generate a vast population of differentiated cells are 

localized in the SVZ of the lateral ventricles and, in the DG of the hippocampus (Ernst, 

A., & Frisén, J. 2015). Regions of the brain that have the property to generate new 

neurons in homeostasis, such as the SVZ and the DG, or upon ectopic induction are 

classified as neurogenic regions (Kaslin, J., et al. 2007). 

In neurogenic regions, aNSCs produce new neurons from an intermediate type of 

cell called intermediate progenitor cells (IPCs) in the DG or transit amplifying progenitors 

(TAPs) in the V-SVZ. IPCs are a type of cells with the capacity to proliferate, but unlike 

aNSCs, IPCs are a more committed type of cell that would differentiate solely into neurons 
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(Hodge, R. D., et al. 2008). Additionally, unlike aNSCs, it has not been shown that IPCs 

possess the capacity to enter into quiescence, which is a property that aNSCs possess 

under the right circumstances (Wang, Y. Z., et al. 2011). IPCs are different to neural 

precursors, where neural precursors also have the capacity to proliferate, but they have 

a broader capacity to differentiate, for instance, into neurons or glial cell types (Koblar, S. 

A., et al. 1998). A proliferative niche is defined as a region where there is evidence for 

proliferation, but there is not a clear insight into the nature of the cells that proliferate and 

the progeny.  A neurogenic region is defined as a region where aNSCs can produce 

functional neurons or functional glial cells. 

 Functionality of the aNSC progeny is an important feature to classify a brain region 

as a neurogenic region, at least in the literature (Ming, G. L., & Song, H. 2011). Although 

numerous studies have described other regions than the V-SVZ and the DG that are 

populated by dividing cells for producing mature differentiated cell types in the adult 

mammalian brain, they fail to show a functional role for the progeny (Recabal, A.,  et al. 

2017). These regions with proliferative capacity and a degree of neurogenesis include the 

neocortex, amygdala, hypothalamus, midbrain, and vagal complex. (Gould, E., et al. 

2001; Koketsu, D., et al. 2003; Dayer, A. G., et al. 2005; Bauer, S., et al. 2005). Although 

these regions are not considered neurogenic regions in the mammalian brain, they exist 

in other vertebrate organisms, such as fish or birds (Kaslin, J., et al. 2007). 

 

1.1.3 Adult neurogenesis in vertebrates 
 

A highly conserved proliferative niche in all adult vertebrates that produce neurons 

is the lateral ventricle of the telencephalon (Fig. 1-2).  However, vertebrate organisms 

differ in the amount and final localization of the progeny. For instance, in humans, it is 

known that NSCs proliferate in adulthood, but there is little rostral migratory stream (RMS) 

by their progeny, which is a migratory route that neural precursors follow from the SVZ to 

the olfactory bulb. This is in contrast to rodents, where NSCs in the SVZ produce neuronal 

precursors that follow the RMS to reach the olfactory bulb to populate it with differentiated 
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neurons. In birds, also the lateral ventricle is highly proliferative in adulthood (Alvarez-

Buylla, A., & Nottebohm, F. 1990), accounting for ~90% of the proliferating cells in the 

avian brain, however, instead of neural precursors migrating towards the olfactory bulb 

like in rodents, these differentiating cells migrate towards a part of the avian brain called 

HVC necessary for songbird (Brenowitz, E. A., & Larson, T. A.  et al. 2015). In reptiles, 

this proliferative region, the lateral ventricle, is also conserved and the neurons migrate 

radially through the brain parenchyma (González-Granero, S., et al. 2008), with a great 

progeny population migrating to the olfactory bulb. Finally, in fishes, the proliferative zone 

that populate the olfactory bulb is the ventral telencephalon, and unlike all the organisms 

described thus far, the IPCs migrate along blood vessels and not along glial fibers 

(Kishimoto N, et al. 2011). Therefore, the lateral ventricle is a highly conserved area of 

proliferation within the adult brain.  

The hippocampus is another highly conserved proliferative niche that generate 

functional neurons. The hippocampus has been shown to be highly proliferative in 

postnatal stages, but this proliferation declines with age. Nonetheless, neurons generated 

from this proliferation have been involved in memory formation and mood regulation. In 

rodents, the hippocampus has been shown to be highly proliferative unlike other species. 

Several studies also support a proliferative region in the avian hippocampus where 

(Barnea, A., & Pravosudov, V. 2011) adult-born neurons are generated, but unlike in 

rodents and humans, their contribution to learning and memory formation is more 

controversial. In reptiles, the medial-most cortex has been shown to be the evolutionary 

conserved hippocampal tissue (Tosches, M. A., et al. 2018). Recently, the work from M. 

Tosches and collaborators (2018) has demonstrated that genes expressed in mammalian 

aNSCs and IPCs of the hippocampus are also expressed in this reptile structure. 

However, whether the progeny of these cells have the same function as in mammals, 

remains unclear. In the adult fish, the lateral area of the dorsal telencephalon has been 

proposed to be the equivalent of the mammalian hippocampus, and there is evidence for 

the presence of cells expressing antigen markers of the mammalian IPCs. Altogether, this 
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information provides evidence for the conservation of a neurogenic niche related to the 

hippocampus in all vertebrates. 

In addition to these two conserved sources of adult-born neurons in the brain, there 

are other major regions where adult-born neurons are produced. In the case of humans 

and other mammals, it has been shown that neurons are generated in the cortex, 

hypothalamus, cerebellum, optic nerve and in the spinal cord, although at a much lower 

rate and with unknown functions (Spanglin, R. et al. 2013). In birds, several telencephalic 

regions are populated with new neurons throughout the avian life (Barnea, A., & 

Pravosudov, V. 2011). Interestingly, it has been observed that these neurogenic regions 

in the avian brain are differentially regulated depending on the season, where the 

breeding season is the most neurogenic time in birds. 

In reptiles, not only the olfactory bulb and the medial-most cortex are neurogenic. 

There is evidence for neurogenesis in the striatum, the dorso-ventricular ridge and in the 

cerebellum. However, the cortex is the most neurogenic region. Strikingly, the variation 

between species in reptiles is quite high even if they belong to the same order (McDonald, 

R. P., & Vickaryous, M. K. 2018). For instance, in tropical lizards of the genus Tropidurus, 

only 30 percent of the progeny from the cortex migrates through the telencephalon, in 

contrast to the 90 percent of the progeny from the cortex that migrate through the 

telencephalon in the genus Podarcis, a lizard that populates Europe (Marchioro, M., et al. 

2005).  

In the adult zebrafish, it has been identified up to 16 distinct regions in the brain 

that constitutively proliferate (Kaslin, J., Ganz, J., & Brand, M. 2007). These regions are 

localized in the ventral and dorsal telencephalon, the diencephalon, the optic tectum and 

in the cerebellum. In the latter case, the cerebellum has gained considerable attention in 

recent times, where it has been found that in ventral regions of this structure, there is a 

production of a specific type of cells compared to the cells produced in the dorsal 

cerebellum (Garcia-Verdugo JM, Sawamoto K. 2011). Another unique part of the brain 

that has been well studied in the fish is the tectum. Most of the proliferation that takes 
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place in these regions is the periventricular grey zone (PGZ). The PGZ have well-

characterized NSCs that give rise to GABAergic neurons, glutamatergic neurons, radial 

glial like cells and oligodendrocytes. Although most of this progeny stay in the PGZ, few 

neurons migrate to the optic tectum where they integrate to the neuronal circuitry 

suggesting a functional role for these adult-born neurons. 

From an evolutionary perspective, it has been suggested that adult neurogenesis 

has been gradually lost through evolution (Kaslin, J., et al. 2007). It has been proposed 

by Pasko Rakic (1985), that in the case of humans, evolution favoured a stable neuronal 

circuitry formed during embryonic neurodevelopment as opposed to a neuronal circuitry 

that is formed during embryonic development but constantly changes due to adult 

neurogenesis. In addition to this theory, it has also been proposed that adult neurogenesis 

role is to maintain plasticity in the neuronal circuitry. This plasticity would be achieved by 

creating connections through the newly generated neurons, and this would allow 

formation and plasticity of new memories (Kempermann, G. 2016). In summary, although 

adult neurogenesis is conserved among organisms, the reasons for its progressive lost 

from an evolutionary perspective remains controversial. 

 



Introduction 

 25 

 
Figure 1-2: Adult neurogenesis in vertebrates 

Regions of the mammalian brain (a), avian brain (b), and fish brain (c) with constitutive 
proliferation (red) and generation of adult-born neurons (orange). In the mammalian brain, the 
subventricular zone and the DG are proliferative zones. To note, the progeny of the proliferation 
from the ventricular zone populate the olfactory bulb. In the avian brain, the inner telencephalon 
shows high degree of proliferation, and the progeny migrates outwards to generate new neurons. 
In the fish brain there are up to 16 zones with constitutive proliferation, and the progeny populate 
multiple regions of the brain. (Figure reproduce with permission of the rights holder of Kaslin, J. 
et al. 2007)      
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1.1.4 Adult neurogenesis in humans 

 

Although there is evidence for adult neurogenesis in humans, the topic remains 

highly controversial. The three areas of the human brain where there is evidence for 

neurogenesis are the SVZ-olfactory bulb, the striatum, and the hippocampus (Spalding, 

K. L., et al 2013). The earliest study researching on adult human neurogenesis in the 

hippocampus relied on brain cells labelled with thymidine analogues. The thymidine 

analogue would serve for the treatment of cancer patients, but at the same time it would 

mark mitotic cells or the differentiated cells generated by those mitotic cells (Eriksson, P. 

S., et al. 1998). This work provided the first evidence for newborn neurons, in this case 

neurons marked by the thymidine analogue in the adult DG.  

In support of this work, another study employed and quantified the presence of the 

carbon isotope C14 in adult human brains (Spalding, K. L., et al 2013). In this study, the 

authors took advantage of the high levels of C14 50 years ago that were the result of 

above-ground nuclear tests.  Humans that were born at that time would incorporate C14 

into their cells and maintain all their lives. The authors showed that most areas of the 

brains from people 50 years or more had high levels of C14 as opposed to other carbon 

isotopes that are more abundant in recent years. However, in areas with adult 

neurogenesis such as the hippocampus, the authors found lower levels of C14 and higher 

levels of carbon isotopes that are found nowadays, suggesting that neurons should have 

born in recent years.  

More recently, by optimising the fixation of human  brains obtained postmortem for 

experimental analyses, a study has found more evidence for the presence of developing 

neurons in the adult human brain (Moreno-Jiménez, E. P., et al. 2019). In this study, the 

researchers found that cells expressing a marker of developing neurons, such as a 

doublecortin (DCX), were present in the brains of humans that lived up to 88 years of age. 

Moreover, they showed that in brain samples of humans with Alzheimer disease, the 
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abundance of these developing neurons was reduced compared to samples from healthy 

humans. 

Nonetheless, there are examples, where, although it is claimed that postnatal 

neurogenesis takes place in the SVZ and the DG, the prevalence is extremely low in the 

adult DG (Sorrells, S. F., et al. 2019). In the work from S. Sorrells and collaborators 

(2018), researchers showed by immunofluorescence experiments that neurogenesis in 

the adult hippocampus was high after birth, but it declines to undetectable levels in adult 

human brains.  

Understanding how neural stem cells behave in the adult mouse brain might help 

to understand why in humans NSC activity decline with age, besides, it might help for the 

development of promised therapeutic applications of stem cells for regenerative purposes 

in illness and age-related degeneration. 

 

1.1.5 The mouse brain as a model system for adult neurogenesis   
 

Although significant differences between the brains of humans and mice exist, the 

murine brain has been a suitable model system for the understanding of adult 

neurogenesis. This is largely in part because the two main neurogenic areas, the V-SVZ 

and the DG are conserved between the two organisms. The advantage of using the 

mouse as a model system relies on the tools available to analyse the mouse brain. This 

toolset for the analysis of adult neurogenesis ranges from histological techniques to label 

aNSCs with thymidine analogues and with classic immunofluorescence techniques, to 

genetic tools such as lineage tracers and conditional genetic mutants. Additionally, 

retroviral vectors have been developed to mark specific cell types or induce specific 

mutations selectively. Moreover, tools for analysing neuronal electrophysiology and 

interconnectivity that have been developed in mice have played a key role in the 

understanding the functionality of adult-born neurons. 
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In addition to the molecular, genetic, and electrophysiological toolset, behavioural 

studies also have been developed in rodents. Adult neurogenesis plays a substantial role 

in the formation of new memories, and the regulation of behavioural aspects such as 

mood (Kempermann, G. 2016). Moreover, adult neurogenesis in the DG has helped to 

understand the mechanisms of action of some therapeutic drugs used in humans for 

alleviating the symptoms of illnesses and conditions such as depression and 

posttraumatic anxiety disorders.  

Finally, aNSCs of the adult mouse brain can also be grown in vitro. The 

development of in vitro techniques for the study of stem cells has been vital for 

understanding the role of molecular signals present in the V-SVZ and in the DG that 

control the aNSC behaviour. Altogether, the molecular, genetic and electrophysiological 

toolset, in addition to the behavioural experiments used in mice coupled to in vitro 

techniques have helped to elucidate the nature and function of adult neurogenesis of the 

DG and the V-SVZ. 

 

1.2 Neurogenic niches in the adult brain 
1.2.1 The V-SVZ 

In the adult murine brain, aNSCs localized in the V-SVZ continually produce 

neuroblasts that migrate through the RMS and generate neurons that will reside in the 

olfactory bulb (Fig. 1-3). The behaviour of aNSCs residing in the V-SVZ is determined in 

part by molecular signals present in this niche. Such signals promote self-renewing 

divisions, although it remains incompletely understood whether aNSCs differentiate 

because they leave the stem cell niche, or whether they differentiate because they receive 

instructive signals for differentiation. Nonetheless, neuroblasts from the V-SVZ 

transplanted to the striatum differentiate solely into glial cells, in contrast to the more 

general neuronal fate that most neuroblasts follow (Bond, A. M., et al. 2015). This result 

suggests the presence of signals in the V-SVZ that instruct the neuronal fate. 
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The aNSC niche of the V-SVZ is comprised of different type of cells where aNSCs 

are called Type B1 cells. Type B1 cells express glial markers, including GFAP, BLBP, 

and GLAST (Bond, A. M., et al. 2015). This type of cells contacts directly the brain 

ventricle, are surrounded by ependymal cells (Type E cells), and their basal part contacts 

blood vessels. Most of Type B1 cells are in quiescence, but a fraction activates and 

generate transit-amplifying progenitors (Type C cells), which in turn generate neuroblasts 

(Type A cells). These neuroblasts migrate through the RMS to the olfactory bulb, and 

once they reach this location, they migrate radially and differentiate into neurons. In 

addition to these types of cells and the blood vessels, microglia and the basal lamina also 

have been shown to maintain and to instruct type B1 cells.    

Type B1 cells, the aNSCs of the V-SVZ, are a heterogeneous population in terms 

of the cell types that they produce. For instance, ventral Type B1 cells produce 

periglomerular cells (PGCs), whereas dorsal Type B1 cells produce granule cells. Such 

heterogeneity, although regional in appearance, has been suggested to be lineage 

dependent since it has been shown that ventral Type B1 cells transplanted to dorsal 

regions produce PGCs (Fuentealba, L. C. et al. 2015). Additionally, although most Type 

B1 cells produce neurons, a fraction of them produce oligodendrocytes for the corpus 

callosum, and  also produce non-neurogenic astrocytes, especially in the injured brain. 

A range of secreted molecules in the form of growth factors or signalling molecules 

control Type B1 cell behaviour. EGF and FGF are instrumental for the maintenance and 

expansion of cultured aNSCs, and it is believed that astrocytes in the V-SVZ are the 

primary source of these factors. BMP molecules and their receptors are expressed by 

Type B1 cells themselves and are key players for the maintenance of quiescence. 

Additionally, Notch components are instrumental for the maintenance of the aNSC pool 

in the V-SVZ, where there is evidence that Notch signalling prevents Type B1 cell 

differentiation (Imayoshi, I. et al. 2010). Additionally, it has been proposed that Wnt 

signalling promotes proliferation and differentiation through the canonical and non-

canonical pathways to the Type B and type A cells respectively (Adachi, K. et al. 2007; 

Ikeda, M. et al. 2010). 



Introduction 

 30 

Shh signalling in the V-SVZ has been identified as a critical component of the 

aNSC pool. Suppression of the Shh signalling coreceptor Smoothened (Smo), results in 

a dramatic decline in the proliferation of type B1 cells and downstream in the production 

of new neurons in the olfactory bulb. Additionally, evidence exists for heterogeneity in 

response to Shh signalling, since by using a reporter for this pathway it has been shown 

that aNSCs in the ventral V-SVZ are more responsive than the dorsal population. 

Moreover, when Shh signalling is induced in dorsal aNSCs, these types of cells produce 

granule cells instead of PGCs. 

 
Figure 1-3: Adult neurogenesis in the ventricular-subventricular zone 

Quiescent NSCs of the V-SVZ (B1, dark blue) reside in the walls of the lateral ventricles. These 
cells are in contact to the ventricle and with endothelial cells that are part of the blood vessels 
(Endo, red). Active NSC (B1a, light blue) generate transit amplifying progenitors (C, light green), 
that in turn generate neuroblasts (A, pink). As other components of the NSC niche in the V-SVZ 
are ependymal cells (E1 and E2, brown), which are multiciliated cells that form pinwheel structures 
around NSCs. Additionally, there are neuronal projections that secrete serotonin (5HT, green), 
dopamine (DAt, purple) or acetylcholine (ChAT, yellow). (Figure reproduced with permission of 
the rights holder of Lim and Alvarez-Buylla, 2014) 
 
 

1.2.2 Dentate Gyrus 
 

Adult NSCs reside in the DG that is localized within the hippocampal formation, 

and this thesis hereafter focuses on this aNSC niche. The hippocampal formation is a 

bilateral group of brain regions within the temporal lobes of the brain. These brain regions 
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that form the hippocampal formation are the Cornu Ammonis (CA), dentate gyrus, 

subiculum, presubiculum, parasubiculum and the entorhinal cortex (Andersen, P., et al. 

2006). The hippocampal formation is one of the most studied brain areas largely due to 

its relevance in memory formation, and mood regulation. Additionally, the relatively simple 

neuronal network, that although still incompletely understood, has served as a tractable 

model for the study of neuronal activity and connectivity since ancient times. Loss of 

hippocampal function in humans led to failures in the organization of spatio-temporal 

memories, in addition to behavioural changes (O'Keefe, J., et al. 1998; Burgess, N., et al. 

2002). Currently it is stablished that the dorsal DG is involved in memory formation and 

pattern separation, and the ventral DG is involved in behavioural regulation associated 

with mood (Kheirbek, M. A. et al. 2013; Hunsaker, M. R., et al. 2008).  Additional to human 

studies, model systems such as the mouse are critical, and they are possible due to the 

highly conservation of the hippocampus among species (Kaslin, J., et al. 2007; Santarelli, 

L. et al. 2003). Moreover, in addition to the critical role of the hippocampus in spatio-

temporal memories, adult neurogenesis in the DG make of the hippocampus a unique 

structure in the brain. 

 

1.3 Adult neurogenesis in the DG 
1.3.1 Organization and connectivity of the DG  

 

The main neuronal connectivity involving the DG is the trisynaptic circuit, where a 

progressive neuronal excitatory pathway links the DG, the CA3 and the CA1 (Fig. 1-4.A). 

The input to the trisynaptic circuit comes from the entorhinal cortex.  Layers II and III of 

the EC project a collection of granule cell fibers called the perforant path towards the DG. 

The EC cell fibers contact the apical dendrites of the excitatory DG granule neurons, 

where the dendrites are localized in the outer molecular layer of the DG. The dendrites of 

the DG granule neurons travel inwards towards the area where the cell bodies of the 

granule neurons are localized, this area is known as the DG granule layer. Below the 

granule layer, aNSCs reside in the SGZ of the DG in contact with granule neurons among 
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other cell types (parvalbumin neurons, interneurons, oligodendrocytes, astrocytes, 

microglia).  Following the trisynaptic connectivity, the basal axons of the DG granule 

neurons project to the hilus forming a collection of axons known as mossy fibers that 

extend to the pyramidal cells of the CA3. At the end of the circuitry, the axons of the CA3 

pyramidal neurons, called the Schaffer collaterals, excite CA1 neurons, and finally, the 

CA1 neurons project back to the Layer V of the EC.  

This circuitry is complemented by other circuits coming from other areas of the 

brain that connect to the DG. For instance, projections from the medial septum reach and 

innervate the granule neurons of the DG (Salib, M. et al. 2019). Projections from the 

supramammillary nucleus localized within the hypothalamus has been shown to also 

project to the DG (Hashimotodani, Y. et al. 2018). In addition, to the trisynaptic circuit, it 

has also been shown that a direct path to the CA3 from the entorhinal cortex (EC) exists. 

Finally, interneurons that connect to excitatory neurons of the DG play key roles in the 

modulation of the hippocampal function. All this neuronal circuits undoubtedly play key 

roles in the regulation of adult neurogenesis in the DG. For instance, it has been recently 

shown that mossy cells localized in the hilus control aNSC quiescence and maintenance 

through direct and indirect pathways (Yeh, C. et al. 2018). 

In addition to the neuronal component of the DG, other cell types are present in 

the DG niche (Fig. 1-4.B). Astrocytes, oligodendrocytes and microglial cells are also 

present in the niche. It has been shown that some of these cells control the function and 

behaviour of the DG. Astrocytes are one of the main components of the DG, and it has 

been shown that they secrete signals that control the behaviour of aNSCs, such as Wnt 

in homeostatic conditions, and Shh in conditions where kainic acid (KA) has been 

administrated. Although oligodendrocytes have not been shown to play any role in the 

regulation of aNSCs in the DG, oligodendrocyte cells populate considerably the adult DG 

(Berger, T., & Frotscher, M. 1994). 
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1.3.1.1 Oligodendrocytes 
 

Oligodendrocyte precursor cells (OPCs) are one of the most proliferative cells in 

the CNS and give rise to mature myelinating oligodendrocytes. Oligodendrocytes are 

macroglial type of cells responsible for the synthesis and maintenance of myelin, which 

is a protein-rich lipid membrane that surrounds neuronal axons. The main function of 

myelin is to speed up nerve impulse conduction of axons. Additionally, oligodendrocytes 

have been proposed to also play a role in neuronal activity through the formation of 

clusters with astrocytes and neuronal cell bodies (Almeida, et al. 2017), and OPCs have 

been proposed to play a role in synaptic function controlling NMDA and AMPA receptor-

mediated currents (Allen and Lyons, 2018). OPCs go through three main stages in their 

maturation process: 1) oligodendrocyte progenitor, 2) immature oligodendrocyte, 3) 

mature oligodendrocyte. 

     Early markers of OPCs are the transcription factors Olig1 and Olig2. During 

CNS development, the bHLH transcriptional repressor proteins Olig1 and Olig2 play 

essential roles in the lineage specification of progenitor cells into neurons and 

oligodendrocytes from a common type of progenitors named pMN. Although it has been 

shown that Olig1 and Olig2 have redundant roles, in early embryonic stages, a 

phosphorylated form of Olig2 maintains neural stem cell proliferation independent of their 

commitment to oligodendroglia or neuronal fate (Meijer, et al, 2012). Moreover, it has 

been shown that Olig2 is a potent proliferation factor in gliomas (Tsigelny, et al. 2016). In 

regard to Olig1 transcription factor, Olig2 cooperates with Olig1 in the patterning of the 

spinal cord and in the progression of the oligodendrocyte maturation in postnatal stages. 

Several lines of evidence indicate that the production of OPCs is a SHH dependent 

process. The first line of evidence comes from experiments where in shh mutant mice, 

generation of oligodendrocytes in the spinal cord is completely abolished (Cai, et al. 

2008). Second, activation of the shh signalling pathway in dorsal spinal cord explants is 

sufficient to induce generation of oligodendrocytes (Trousse, et al. 1995). And finally, 
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inhibition of shh signalling in spinal cord explants results in the abolishment of 

oligodendrocyte generation (Orentas, et al. 1999). 

OPCs are generated first in the “pMN” domain localised in the ventricular germinal 

zones of the ventral brain and the spinal cord at E12.5. Once this OPCs are generated 

from cells expressing NKX2.1 in the medial ganglionic eminence, they continually 

proliferate and migrate in all directions of the nervous system, and become evenly 

distributed. After this initial production of OPCs, there is another generation of OPCs in 

more dorsal areas, specifically from the lateral ganglionic eminence from cells expressing 

Gsx2. These OPCs transdifferentiate from radial glia cells, and retract their apical 

processes. Unlike the ventral OPCs, these dorsal cells do not migrate extensively and 

remain dorsal. Finally, in postnatal stages, a new generation of OPCs arise from cortical 

areas. This last wave of OPCs are the cells that generate up to 80%  of the adult 

oligodendrocytes. 

Although different in origin, all OPCs express PDGFR receptors, along to the 

transcription factors Olig2 and Sox10. These last two transcription factors serve as 

universal markers of the oligodendrocyte lineage, while PDGFR-alpha receptor serve as 

a marker for the OPC stage only, along with the membrane protein NG2. The main 

characterised signal to be responsible for the proliferation of OPCs in postnatal and adult 

mice if FGF (Fortin et al. 2005). It has been shown that deletion of FGF receptors in 

OPCs, significantly reduces the proliferation of OPCs, and as result, there is a decrease 

in the population of maturing and matured oligodendrocytes. Additionally, there is strong 

regulation from other intrinsic and extrinsic factors such as BMP, insulin-like growth 

factor-1, neurogelins, Wnts and microRNAs. For instance, BMP4 is known to inhibit 

oligodendrocyte maturation (See J et al 2004). In the case of Wnt signalling, its role is 

context dependent, since it its suppression causes both delayed maturation of OPC and 

enhanced myelination of mature oligodendrocytes (Guo, F., et al, 2015). Finally, the 

important transcription factor ASCL1 that regulates neural stem cells, also regulates 

oligodendrocyte behaviour (Guo, F., et al, 2015). In development, ASCL1 regulates 

proliferation of NG2 glia, and oligodendrocytes development in the spinal cord, whereas 
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in adulthood, ASCL1 promotes oligodendrogenesis during myelination and remyelination 

(Sugimori M, et al 2018; Kelenis DP, et al 2018; Nakatani H, et al 2013; Vue TY, et al 

2014).     

These signalling are mainly involved in the maturation of OPCs into maturing 

oligodendrocytes more than their proliferation, although their precise function remains 

elusive. However, there are a number of markers that have been characterised in 

immature oligodendrocytes and mature myelinating oligodendrocytes. O4, O1 and 

BCAS1 are expressed mainly in maturing oligodendrocytes, whereas myelinating 

markers are proteins that are components of the myelin sheet such as MBP, PLP, and 

MOP. 

 
Figure 1-4: Adult neurogenesis in the DG 
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(A) The hippocampal formation is composed of the cornu ammonis (CA), dentate gyrus,  
entorhinal cortex (EC), subiculum (SUB), and the presubiculum and parasubiculum. Neuronal 
axons from the EC project to the DG through the presubiculum, parasubiculum (not shown here) 
and SUB. In the DG, EC neurons contact the dendrites of glutamatergic granule neurons. In turn, 
the axons of these neurons project to the CA3 to make synapses with pyramidal neurons of this 
region. Those pyramidal neurons of the CA3 project axons to the CA1, where they contact 
pyramidal neurons that populate this region. Finally, the pyramidal neurons of the CA1 project 
axons back to the EC. (B) The DG is composed of four areas: 1) Molecular layer, 2) Granule 
zone, 3) Subgranular zone (SGZ) and 4) Hilus. In the SGZ,  the bodies of the aNSCs reside, and 
those aNSCs project radial processes to the granule layer, which is populated by glutamatergic 
granule neurons. Active NSCs generate intermediate progenitors (IPCs), that in turn generate 
neuroblasts that mature into granule neurons. In addition to the cells that are components of the 
neurogenic lineage, other cells are present in the DG without any specific location such as 
oligodendrocytes, interneurons and astrocytes. Other components of the NSC niche of the DG 
are neuronal projections from the EC located in the molecular layer, mossy cells located in the 
Hilus, and blood vessels that do not have any specific localization. 
                 

1.3.2 Development of the DG 
 

The development of the DG and more specifically the aNSC pool is unique in the 

sense that it is not directly originated from the embryonic ventricular zone (VZ). The V-

SVZ is a continuum of the embryonic VZ of the telencephalon, whereas the DG 

development involves the specification of a determined pool of cells in the dentate 

neuroepithelium (DNE) in close proximity to the pial surface that migrate towards the area 

of what is going to become the DG. Since the development of the V-SVZ and the DG are 

different, the mechanisms that regulate both neurogenic regions might have profound 

differences as it has been observed. For instance, it has been observed that aNSCs of 

the DG express different genes than aNSCs of the V-SVZ (Li D. et al. 2015). 

At E14.5 the DNE is a distinguishable part of the VZ of the medial pallium that is 

located between the hippocampal neuroepithelium (HNE) and the cortical hem (CH) (Fig. 

1-5). At E17.5 the DNE start to proliferate and to produce progenitor cells that migrate 

towards the pial surface where the hippocampal fissure starts to form, in a stream called 

the dentate migratory stream (DMS). At the same time, progenitors from the HNE migrate 

along radial glial cell projections and differentiate into neurons to form the Cornu 

Ammonis. At bird, the Cornu Ammonis fields (CA1, CA2, CA3) are stablished, but the 
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granule neurons from the DNE progenitors start to differentiate into granule neurons and 

populate the granule layer of the primitive DG.  

At the same time, a fraction of the progenitor population that followed the DMS and 

that generated granule neurons, populate the SGZ instead. This progenitor population 

that will become the aNSC pool, continue to proliferate in postnatal stages and gradually 

become quiescent without an evident specificity of which progenitors will become 

quiescent (Berg, D. A., et al. 2019). At P15, the now aNSC pool is stablished, since at 

this stage it is reached the highest number of NSCs that can be achieved, with most of 

the NSCs in quiescence and with a fraction remaining proliferative and producing new 

granule neurons. In this model, there is no clear boundary between developmental and 

adult neurogenesis, because neurogenesis is a continuum that declines with age. 

Important to mention for the scope of this thesis, Sonic hedgehog (Shh) signalling 

plays a critical role in the proliferation of the progenitor pool that will form the DG (Li, G., 

et al. 2013). Suppression of Shh signalling in the progenitors, leads to a dramatic decline 

in the number of granule neurons produce that results in large morphological defects. 

Additionally, the aNSC pool is severely affected in these mutants. The main source of 

SHH was determined to be local neurons and mossy neurons, since suppression of shh 

in these cells led to a similar phenotype of Shh signalling suppression in the embryonic 

progenitor pool. 
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Figure 1-5: Development of the DG 

The development of the DG initiate with the proliferation of precursors cells in the dentate 
neuroepithelium (DNE) at E17.5 from that express Hopx (Berg, D. A., et al. 2019). These 
population of precursor cells, proliferate and generate granule neurons that the generate granule 
neurons that will form the DG in postnatal stages.  During the progression of development, the 
precursors start to proliferate less and to enter into a quiescence state. In adult stages, most of 
the population of precursor cells are quiescent and localised in the subgranular zone of the DG, 
and this population constitute the aNSC pool. (Figure reproduced with permission of the rights 
holder Berg, D. A., et al. 2019) 
 
1.4 Adult neural stem cells 

1.4.1 Adult NSC heterogeneity 

Although a common origin of the aNSC has been described, heterogeneity has 

been observed within the aNSC pool. Moreover, the authors of the study demonstrating 

the common origin of the aNSC pool note that their findings cannot rule out the possibility 

of additional embryonic origins other than the DNE, given the heterogeneity observed in 

the aNSC population. The main characteristics of aNSCs in the DG is that the cell body 

is localized in the subgranular zone of the DG and they possess a radial process that 

extends from the subgranular zone to the granule layer. However, it has been observed 

that a population of horizontal aNSCs identified with a Hes5:GFP reporter line, exists in 
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the subgranular zone (Lugert, S., et al. 2010). This type of NSCs, unlike the aNSC with a 

radial process, are planar and more mitotic. Importantly, this type of cells has been 

proposed to be an early type of IPCs, but further characterization with a different 

technique other than the Hes5:GFP reporter is needed to determine the nature and 

identity of these cells (Bonaguidi, M. A., et al. 2016). For this reason, those aNSCs are 

not considered in this thesis. 

 aNSC heterogeneity has also been observed by De Carolis and colleagues (2013) 

who observed that aNSCs marked with the lineage tracer lines Nestin-CreERT2; Rosa26-

EYFP and Glast- CreERT2; Rosa26-EYFP, behave differently. YFP+ aNSCs from the 

Nestin-CreERT2 line, have higher levels of proliferation than YFP+ aNSCs from the Glast- 

CreERT2 line, this results in higher number of neurons produced (De Carolis, N. A. et al., 

2013). More recently, single cell RNA-sequencing techniques have developed and have 

been used to characterize the aNSC niche of the DG, but no clear heterogeneity has been 

observed (Shin, J., et al. 2015). However, these techniques rely on low depth of 

sequencing and therefore, might not be able to detect subtle changes among cells, 

additionally, these techniques only look at the transcriptional level, but do not give any 

insights into the chromatin state that have been shown to be a source of heterogeneity in 

other cell populations. 

Heterogeneity of the aNSC has also been observed in regard to their previous 

history. Urban and collaborators (2016) have classified two distinct types of quiescent 

stem cells. These two types are the dormant quiescent aNSCs, and the resting quiescent 

aNSCs. The dormant aNSCs, are cells that have not divided since the establishment of 

the aNSC pool, whereas the resting aNSCs, are cells that have divided at least once in 

their lifetime, but return to the quiescent state. In this thesis I analyse these two types of 

NSCs. 

 

1.4.2 aNSC quiescence 
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Cellular quiescence is defined as the state of reversible cell cycle arrest, where 

cells can be stopped at G0 (or G2 in flies), but are able to reenter into the cell cycle upon 

response to extrinsic stimuli (Otsuki, L., & Brand, A. H. 2019). Postmitotic differentiated 

cells and senescent cells are also in G0, but they are irreversibly arrested. Additionally, 

the quiescent state in G0 is different to a long G1 state. The first difference, described 

using the 3T3 cell line, is that cells in G1 must pass a restriction point called the “R point”, 

where cells passing this point are going to continue in the cell cycle, but cells that do not 

pass this point remain in a G0 state. 

Additionally, it has been observed that the metabolism and the general activity of 

cells in the G0 phase differed to cells in the G1 phase. For instance, quiescent cells show 

reduced RNA content and reduced protein synthesis (Subramaniam, S. et al. 2013). 

Moreover, distinctions have been observed in the level of quiescence, where cells can be 

in a deep or shallow quiescent state. Deep quiescent stem cells have a higher activation 

threshold than shallow quiescent cells in a model of embryonic fibroblasts, where an Rb-

E2F network-switch controls quiescence depth (Kwon, J. S., et al. 2017). 

Most NSCs in the adult hippocampus are quiescent. However, two populations of 

quiescent aNSCs have been described: 1) Dormant aNSCs, and 2) Resting aNSCs (Fig. 

1-6) (Urban, N. et al. 2016). Dormant aNSCs are NSCs that became quiescent before the 

establishment of the NSC pool during the first two weeks of the mouse life. Dormant 

aNSCs are thought to be activated upon stimulation with signals from the niche. Since 

dormant aNSCs activate through the life of the living organism, the dormant aNSC pool 

reduces its size with ageing. NSCs that activate and entered into the cell-cycle divide on 

average three times before differentiate into astrocytes or neurons (Encinas, J. M., et al. 

2011; Pilz, G. A., Bottes, S., et al. 2018). Nonetheless, a fraction of dormant aNSCs that 

activate, return to quiescence. Those cells that activated but returned to quiescence, are 

called resting aNSCs. It has been shown that the formation of the resting aNSCs is 

essential for the preservation of the aNSC pool, since its suppression, induces the general 

depletion of the aNSC pool of the DG. 
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Figure 1-6: Proliferative states of aNSCs 

Three proliferative states of aNSCs have been identified: 1) Dormant aNSCs are cells that have 
never divided since the establishment of aNSC pool, 2) Active aNSCs are cells not in quiescence, 
and 3) Resting aNSCs are cells that entered into the cell cycle at least once in their life, but 
returned to quiescence, and have the ability to reactivate.   

Data analysis of single cell RNA-sequencing experiments characterising aNSCs 

of the DG have shown through an algorithm called “pseudotime”, that aNSCs exist in a 

continuum between a quiescent to an active state (Shin, J., et al. 2015). Although it has 

been shown that quiescent cells have lower levels of transcription, these single cell 

RNAseq experiments demonstrate that quiescent cells present a unique transcriptomic 

signature. This transcriptomic signature of quiescent aNSC is characterized by the 

presence of transcripts related to cell-to-cell communication, glycolysis, glutathione and 

fatty acid metabolism, ion channels and GPCR receptors (Morizur, L., et al. 2018; Shin, 

J., et al. 2015). Another main characteristic of the transcripts express in quiescent aNSCs, 

is that they consistently have been found to express a number of receptors of different 

pathways known to control the quiescent and active states such as receptors for Notch, 

Wnt, BMP, and IGF signalling pathways (Cheung, T. H., & Rando, T. A. 2013).  This 

signature shows that quiescent aNSCs are constantly sensing the conditions of the stem 

cell niche. 

 

1.5 Mechanisms regulating quiescence, activation and differentiation 
of aNSCs 
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aNSCs continually sense molecular signals coming from the niche and integrate 

them to intrinsic molecular controls of their behaviour. This integration dictates the correct 

response of aNSCs that involves the decision of being in quiescence, activate, proliferate 

or differentiate (Fig. 1-7) (Suh H. et al. 2009). In the following sections, I describe some 

of the best characterised extrinsic and intrinsic factors that regulate aNSC behaviour. 

 
Figure 1-7: Extrinsic and intrinsic factors regulate aNSC behaviour 

Extrinsic factors in the form of morphogenic signals, growth factors or neurotransmitters regulate 
aNSC behaviour (examples shown in figure). In addition to those extrinsic factors, a number of 
intrinsic factors such as transcription factors (TFs), cyclin proteins and non-coding RNAs regulate 
aNSC behaviour (examples shown in figure). The integration of extrinsic and intrinsic factors 
results in the quiescence, proliferation or differentiation of aNSCs. 
     

1.5.1 FGF signalling 
 

A major signal that controls the stem cell fate is FGF signalling.  In one of the first 

papers describing adult neurogenesis, researchers isolated NSCs from the adult brain 

and were able to maintain them in an undifferentiated state by culturing them in vitro with 

the addition of Fibroblast growth factor 2 (FGF2) (B. Reynolds and S. Weis, 1992). A 

decade later, it was shown that the FGF receptor 1 (FGFR1) was required for progenitor 

proliferation during the hippocampus development (Ohkubo, Y., et al. 2004), and more 

recently it has been shown that FGFR1 is expressed by aNSCs of the DG and in the V-

SVZ (Choubey, L., et al. 2017). Despite the evidence of the requirement of the FGFR1 in 

development and the need of FGF2 to maintain stemness in vitro, the studies performing 

analysis on the function of FGF2 in vivo in adult mice are more controversial. While some 
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studies indicate that transgene-mediated overexpression of FGF2 induces aNSC and 

IPCs proliferation (Rai, K. S., et al. 2007), it has been observed that suppression of FGF2 

does not have an effect in the DG (Mudo, G., et al. 2009). In addition to these studies, it 

has also been reported that induction of seizures with kainic acid, increases the secretion 

of FGF2 in the DG, however, since other signals also are induced, it is unknown whether 

the secreted FGF2 has a role in the proliferation followed by kainic acid administration. 

An important caveat of these studies, is that they do not make a clear distinction between 

aNSCs and IPCs, making difficult to interpret whether the proliferative effect is at the level 

of the aNSCs. Nonetheless, FGF2 remains a crucial component for the maintenance of 

the undifferentiated state and the proliferation of in vitro cultures of cells derived from 

aNSCs of the DG. 

 

1.5.2 NOTCH signalling 
 

Notch is a major signal and it is well known for its role in the maintenance of the 

aNSC niche, among many other stem cell niches in development and adulthood. The 

components of the Notch signalling pathway are the five Notch ligands (Dll1, Dll3, Dll4, 

Jag1 and Jag2,) and four Notch receptors (Notch1-4), where aNSCs express the 

receptors and the ligands and therefore regulate the Notch signalling pathway 

themselves. In addition to the role of aNSCs in Notch signalling, it is known that Jag1 is 

expressed by astrocytes and IPCs. This suggests the existence of a feedback loop where 

active IPCs might induce the quiescence of aNSCs in their vicinity via secretion of the 

Notch ligand (Lavado and Oliver, 2014)).   

In Notch signalling, once one of the Dll or Jag ligands binds to either of the Notch 

receptors, the latter is cleaved by a protease called γ-secretase. The cleaved Notch 

intracellular domain (NICD), leaves the membrane and translocates to the nucleus, where 

it binds to RBPJk (Recombination signal binding protein for immunoglobulin kappa J 

region). RBPJk is transcriptional regulator that in the absence of notch signalling, it 

represses the transcription of its gene targets, but when NICD binds RBPJk, the complex 
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relives the repression. In the case of aNSCs, the main target with significant relevance of 

RBPJk/Notch-RBPJk are the genes encoding the basic helix–loop–helix-type (bHLH) 

transcription factors Hes, that in turn repress the bHLH proteins ASCL1 and 

Neurogenenin2. This network of repression maintains aNSCs in an undifferentiated state. 

Consistent with the critical role of Notch signalling in aNSCs, it has been stablished by 

using Notch signalling reporters and reporters of Hes1 and Hes5 transcription, that notch 

signalling is active in more than 90 percent of the aNSC population (Imayoshi, I., et al. 

2010; Lugert, S., et al. 2010).  

In addition to the confirmation of responsiveness to Notch signalling, inducible 

activation or suppression of the Notch signalling has been performed. Activation of 

Notch1 induces re-entry to the cell cycle, whereas inactivation leads to cell-cycle exit and 

differentiation (Breunig, J. J., et al. 2007). This has been supported with experiments 

where suppression of RBPJk induces activation of quiescent stem cells that start 

producing progenitor cells, and these leads to the depletion of the aNSC pool without 

producing neurons (Lavado, A., & Oliver, G. 2014). In addition to the control of cell cycle, 

Notch signalling has been implicated in the regulation of quiescence by inhibiting 

differentiation via Jag1 receptor (Ottone, C., et al. 2014). Importantly, these findings only 

hold true for the DG, since in the V-SVZ, for instance, Notch1 deletion leads to 

proliferation of the aNSC pool without further depletion of the stem cell pool (Ables, J. L., 

et al. 2010; Basak, O., et al. 2012). This inconsistency, among others not mentioned here, 

might reveal specificities of ligands and receptors within each of the aNSC niches, in 

addition to possible specificities in response to Notch levels, and complementarity to other 

signals. Nonetheless, the literature is consistent in the fact that Notch signalling is 

required for the maintenance of the aNSC pool, in addition to its function in neuronal 

differentiation and maturation. 

 

1.5.3 BMP signalling 
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Bone morphogenetic protein (BMP) is a crucial signal regulating neurogenesis 

during development and adulthood. BMPs form a subgroup of more than 20 ligands that 

belong to the transforming growth factor β (TGF-β) superfamily of cytokines (Bragdon, 

B., et al. 2011). The receptors of the BMPs are classified in the BMP type I receptors 

(BMPRIA, BMPRIB, ACVR1) and the BMP type II receptor (BMPRII).  BMP signal 

transduction is divided in turn in the canonical BMP signal transduction (Smad dependent) 

and the non-canonical BMP signal transduction (Smad independent). Through the 

canonical pathway, type 1 receptors phosphorylate the DNA binding proteins SMAD1/5/8, 

which in their phosphorylated state they form a heterodimer with SMAD4. Once the 

heterodimer is formed, the complex together with other cofactors translocate to the 

nucleus where it activates the transcription of its targets. The effect of BMP signal is often 

local, since BMPs bind to the extracellular matrix without much spreading. Additionally, 

BMPs have antagonists (Noggin, Chordin, Follistatin) that bind to the BMP receptors.  

   In the adult DG, BMPRIA seems to be the most important receptor of BMP 

signalling. This has been concluded since suppression of BMPRIA and SMAD4 in aNSCs 

via genetic manipulations and Noggin infusions leads to activation of quiescent stem cells 

that results in the depletion of the aNSC pool (Mira, H., et al. 2010). The source of BMPs 

that control the aNSC quiescence of the DG has not been fully elucidated, but it has been 

shown that cells derived from aNSCS from the DG secrete BMP molecules, which 

suggests that aNSCs might regulate quiescence in an autocrine manner (Bonaguidi, M. 

A., et al. 2008). Additionally, it has been shown that granule neurons in the DG secrete 

Noggin, and its overexpression via suppression of FXR2 (activator of Noggin 

transcription) leads to enhanced aNSC proliferation and enhanced neurogenesis (Guo, 

W., et al. 2011). Importantly, it has been shown that BMP signalling increases with ageing, 

which it has been associated with a decrease in the proliferative capacity of aNSCs 

(Yousef, H., et al. 2015), but whether it is the only player in the decrease of proliferation, 

has not been addressed. 
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1.5.4 WNT signalling 
 

Wnt ligands are secreted glycoproteins that together with their receptors (Frizzled 

receptors) are crucial for the control of neurodevelopment and are shown to maintain their 

capacity of controlling NSCs in adulthood. Genes that encode Wnt signalling pathway 

components include 19 Wnt ligands, 10 Frizzled receptors, and several coreceptors 

(LRP5 and LRP6 among others). Other important elements of the Wnt signalling pathway 

are the secreted frizzled-related proteins (sFRPs). These proteins are able to sequester 

Wnt ligands in the extracellular space resulting in the inhibition of Wnt signalling. 

Downstream of the Wnt ligands and receptors, Wnt signalling can follow a canonical (β-

catenin-dependent) or non-canonical (β-catenin-independent) pathway. In the canonical 

pathway, β-catenin is stabilized by Wnt signalling by inhibiting its phosphorylation, where 

the stabilized β-catenin translocates to the nucleus and binds to the T-cell factor/lymphoid 

enhancer-binding factor (TCF/LEF) transcription factors, that results in Wnt-target gene 

expression (Angers, S., & Moon, R. T. 2009).     

Wnt Signalling has been implicated in the development of the DG and in the 

maintenance of aNSCs. In development, Wnt3 deletion results in the absence of the DG 

(Machon, O., et al. 2003). In the young hippocampus, astrocytes secrete Wnt3 which 

promotes neuroblast proliferation and neuronal differentiation (Lie, D. et al. 2005). 

Additionally, it has been shown that Wnt signalling antagonist DKK1 inhibits 

neurogenesis, and its abundance increases with age (Seib, D. R., et al. 2013). More 

recently, it has been shown that canonical Wnt signalling induces proliferation in the 

young hippocampus, but it declines with ageing, and concomitantly, non-canonical Wnt 

signalling start to prevail in ageing inhibiting adult neurogenesis (Kalamakis, G., et al. 

2019). 

 

1.5.5 IGF signalling and Pten 
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Insulin-like growth factor (IGF) signalling has been proposed to be the mediator of 

the proliferation in the adult DG that follows physical exercise. The reason for this is 

because IGF1 and IGF2, the ligands of IGF signalling, have not been found in the adult 

DG under homeostatic conditions, but they are found only after physical exercise, and it 

is known that these ligands reach the brain through the bloodstream. Intracellular 

mediators of IGF signalling in the DG involve PI3K/Akt and the MAPK pathways, since it 

has been shown that mitogenic activity of IGF2 requires Akt pathway. Additionally, it has 

been shown that IGF signalling represses the transcription factor FOXO3, that is involved 

in quiescence and is known to mediate protection against oxidative stress. This 

repression of FOXO3 mediated by the Akt pathway leads to the proliferation of aNSCs, 

and interestingly, Akt also induces stabilization of ASCL1, which is a crucial transcription 

factor for the activation of quiescent aNSCs. 

Pten (phosphatase and tensin homologue) is a tumor suppressor gene that also is 

crucial to maintain quiescence. Pten has been described as a restriction point in the 

G0/G1 phase, where cells within a threshold level of Pten will stop in the G0 phase 

preventing the continuation of the cell cycle (Amiri, A., et al. 2012). Additionally, certain 

levels of Pten have been observed to inhibit symmetric self-renewing divisions of aNSCs.  

However, Pten has also been observed to promote symmetric self-renewing divisions in 

the V-SVZ expanding at first the aNSC pool, but eventually depleting it due to further 

differentiation of the activated aNSCs (Gregorian, C., et al. 2009). 

 
1.5.6 Ascl1 

 

 Achaete scute like 1 (Ascl1), previously known as Mash1, is a gene encoding a 

basic helix-loop-helix (bHLH) transcription factor with critical roles in development. ASCL1 

is also a proneural protein identified first in Drosophila Melanogaster in 1980 and 

characterized as an inductor of the neural fate in mammalian embryonic progenitors 

(Guillemot and Hassan, 2017). Mechanistically, ASCL1 dimerise with other bHLH proteins 

through its HLH domain in order to be stabilized and induce transcription. Additionally, it 
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has been shown that ASCL1 is a pioneering factor, where it can bind to close chromatin 

and induce remodelling for the opening of the chromatin. 

During development, ASCL1 is expressed in the ventral telencephalon, where it 

induces progenitor proliferation and differentiation of GABAergic neurons (Bertrand et al., 

2002). ASCL1 can induce proliferation, by inducing transcription of genes related to cell 

cycle such as Cyclin D1 (Castro, D. et al. 2011). In addition to its capacity of inducing 

differentiation during development, it has been shown that ASCL1 is able to induce 

transdifferentiation of fibroblasts and astrocytes into neurons (Wapinski et al. 2013; 

Berninger et al. 2007).   

An interesting aspect of ASCL1, is that despite its prominent roles in proliferation 

and differentiation, ASCL1 is dispensable for the development of the DG (Galichet A. et 

al. 2008). However, in the adult DG and V-SVZ, ASCL1 is critical for the activation of 

quiescent aNSCs and the re-entry into the cell cycle of active aNSCs (Andersen, J., 

Urban, N. et al. 2014; Urban, N. et al. 2016). This has been shown by ablating ASCL1 

and showing that activation of quiescent aNSCs does not occur.    

Since ASCL1 plays a central role in many aspects of development and adult 

neurogenesis, it has been shown that it is highly regulated. For instance, in development, 

Hes proteins transcriptionally repress ASCL1. However, since Hes proteins repress 

themselves, oscillations in the transcription of its targets arise, including the oscillation of 

ASCL1 (Kageyama, R., Shimojo, et al. 2015). It has been shown that such ASCL1 

oscillations are critical for ASCL1 to exert its proliferative function in neural progenitor 

cells. If ASCL1 transcription remains constant, these progenitor cells differentiate into 

neurons without any prior proliferation. If ASCL1 expression is suppressed, then 

progenitors differentiate into oligodendrocytes or astrocytes (Imayoshi, I., & Kageyama, 

R. 2014). 

In development, ASCL1 is regulated posttranslationally, but it has been shown that 

in adulthood, ASCL1 is mostly regulated at the protein level. In the adult DG, ASCL1 has 

been shown that its degradation is induced by the ubiquitin ligase HUWE1, which results 
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in the return to quiescence of active aNSCs. Additionally, it has been shown that ID4 

dimerizes with ASCL1, and this dimerization prevents ASCL1 to bind E47 protein to form 

the complex that induces the transcription of ASCL1 targets. Important to note, it has also 

been shown that ASCL1 transcription remains constant regardless of whether aNSCs are 

quiescent or active, suggesting that in aNSCs, posttranslational regulation of ASCL1 is 

crucial for aNSC regulation. 

 

1.6 SHH signalling 
 

At least three hedgehog proteins exist (Desert, Sonic, Indian), but Sonic hedgehog 

(Shh) signalling is the protein that play major roles in neurodevelopment and the only one 

that is expressed in the postnatal brain (Traiffort, E., et al. 1998). Free extracellular SHH 

binds to the receptor Ptch localised in the primary cilium of cells. In this cellular 

compartment, which is essential for the hedgehog pathway, SHH releases the repression 

of Smoothened (Smo) from Ptch, where Smo is a G protein-coupled receptor (Briscoe, 

J., & Thérond, P. P. 2013). Within the primary cilium, the active forms of Gli2 and Gli3 

transcription factors are stabilized and translocate to the primary cilium where they 

activate their targets including Gli1, the main transducer of Shh signalling. Gli1, which 

encodes a transcription factor related to Gli2 and Gli3, in turn, strengths the transcriptional 

response of Shh signalling. Importantly, in the absence of SHH, Gli2 and Gli3 are 

phosphorylated by several proteins, including PKA, GSK-3β, and CKI kinases. Once Gli 

proteins are phosphorylated, they are targeted to the proteasome for a cleavage that 

results in the formation of repressor forms of these transcription factors. These Gli2 and 

Gli3 forms repress the transcription of Shh signalling (Fig. 1-8). Thus, the gradient 

response of Shh signalling results in a molecular gradient of Gli transcription activators 

and repressors.  

Additional to the intrinsic activity of GLI transcription factors, it has been shown 

that they act in partnership with other transcription factors of the SoxB1 family. For 

instance, SoxB1 transcription factors are crucial for the interpretation of Shh signalling in 
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neural progenitors. Moreover, Sox2 transcription factor, a member of the SoxB1 family of 

transcription factors,  has been shown to occupy sequences in the vicinity of GLI binding 

sites in its targets 

During development, Shh signalling is necessary for progenitor proliferation, 

ventral patterning and for the formation of the aNSC pool. Inactivation of Smo mediated 

by FoxG1-Cre at E9.5 results in the absence of the forebrain mainly due to neural fate 

induction that leads to complete dorsalization of the forebrain (Fuccillo, et al. 2004). 

Additionally, it has been shown that SHH secreted from the Zli1 area regulates the 

acquisition of identity for thalamus and prethalamus (Kiecker, & Lumsden, 2004). 

However, suppression of Smo activity mediated by Nestin-Cre at E12.5, does not result 

in a failure in the forebrain formation. This leads to conclude that Shh is necessary 

between stages E9.5 and E12.5. In regard to SHH source, in addition to the Zli area, the 

developing dorsal pallium has been shown to express low levels of Shh, and only 

sensitive methods such RTqPCR are able to detect Shh transcript. However, in the 

hippocampal formation, Shh expression is higher and can be detected using reporter mice 

of Gli1 that show signal in the hilus, in addition to the septum (Li, et al. 2013). Moreover, 

suppression of SHH in local neurons, leads to reduce proliferation of neural progenitors 

(Li, et al. 2013). In addition to the proliferative role of Shh signalling in the developing 

hippocampus, it has been shown that Shh drives the proliferation of cerebellar granule 

cells (Dahmane, & Ruiz-i-Altaba, 1999), midbrain neural stem cells (Martínez, et al. 2013) 

and neural progenitors in the retina (Wang, et al. 2005).  

In the postnatal hippocampus, Shh signalling is highly active and is relevant for the 

maturation and formation of the aNSC pool (Choe and Pleasure, 2012; Li, et al. 2013). In 

addition, it has been observed that NSCs responsive to Shh signalling during 

development persist during adult stages, as it has been revealed using Gli1 reporters 

(Ahn and Joyner, 2005). Shh signalling role in the adult DG has not been addressed as 

extensively as in the V-SVZ, although studies in developmental and postnatal stages 

indicate a role in proliferation (Li, et al. 2013; Han, Y. G., et al. 2008).  
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Additionally, something of great interest that takes place in the V-SVZ and that 

would be relevant to study in the DG, is the gradient abundance of GLI active and 

repressive forms, where the active forms are more prevalent in the ventral areas and the 

repressive forms are more prevalent in the dorsal areas. This gradient has been proposed 

to instruct the fate of the cells, with ventral NSCs generating deep granule olfactory 

interneurons and the more dorsal giving rise to superficial interneurons. More importantly, 

another study suggests that specific levels of GLI repressor and activator forms, serve to 

cells to either be in a quiescent state or in an active state (Petrova et al. 2013). 

Shh signalling has been implicated mainly in three types of cancer: 

medulloblastoma, rhabdomyosarcoma and basal cell carcinoma. In the case of 

medulloblastoma, which is a type of tumour that originates in the cerebellum mainly in 

children, activation of Shh signalling accounts for a quarter of all the cases of diagnosed 

medulloblastoma (Remke et al. 2013). Mutations in ptch, sufu and smo have been shown 

to be the drivers of proliferation in medulloblastoma, although their roles in driving 

malignancy is unclear (Yang, et al. 2008; Taylor, et al. 2002; Yauch, et al. 2009). 

Dysregulation of shh signalling has also been implicated in the development of gliomas, 

which is a type of tumour that arises in the brain and the spinal cord, although the data is 

more controverted. This controversy arises because most of the experiments analysing 

the role of SHH in glioma rely on cell lines that might have mutated ta some point genes 

of the shh genetic pathway (Braun et al, 2012). However, more recent clinical studies 

have found a high correlation between poor prognosis and high levels of Gli 

overexpression (Rossi, et al. 2011). Finally, although these studies suggest that Shh 

signalling is overexpressed in glioma, there are no studies indicating whether it is a driver 

in this type of cancer.   
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Figure 1-8: Sonic hedgehog (Shh) signalling pathway 

Shh signalling pathways is a derepression system. In the absence of Sonic hedgehog (SHH), the 
transmembrane protein and receptor of SHH, PTCH1, inhibits SMOOTHENED (SMO) in the 
primary cilium of cells. This allows the phosphorylation of GLI transcriptions factors (GLI2 and 
GLI3) by PKA that results in the formation of repressive forms of these transcription factors. In 
the presence of SHH, SHH binds to PTCH1 in the primary cilium of cells, inhibiting the repression 
that PTCH exerts on SMO. Active SMO translocates to the primary cilium inducing the formation 
of active forms of GLI transcription factors. These active forms of GLI activate the transcription of 
Shh signalling.        
 
1.7 Proliferation and differentiation of aNSCs 
 

A small proportion of the aNSCs that populate the adult mammalian brain is in an 

active state (1-5%). Those aNSCs that activate divide either symmetrically or 

asymmetrically and have a series of cell cycles. After those cell divisions, aNSCs 

differentiate into astrocytes or generate intermediate progenitors that, in turn, differentiate 

into neurons.  

It has been shown that aNSCs can divide symmetrically or asymmetrically (Fig. 1-

9). Encinas and collaborators (2011) showed that the vast majority of aNSCs divide 

asymmetrically, but only for a limited number of times. After three rounds of cell cycles, 

aNSCs differentiate into astrocytes. Since aNSCs have these consuming divisions, the 

entirety of the aNSC pool depletes with age.   This model was called the division-coupled 

astrocytic differentiation, and age-related depletion of aNSCs (Encinas, et al. 2011; Pilz, 
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G. A., Bottes, S., et al. 2018). However, Bonaguidi and collaborators (2011), using clonal 

analyses have sown that aNSCs also possess the capacity to undergo self-renewing 

symmetric divisions. In addition to these studies, Dranovsky et al. (2011) has reported 

that aNSCs in the DG can accumulate, and importantly, the fate of the aNSCs is dictated 

by the life of the animal. In this study, it was shown that a “stimulating environment” 

induces the generation of newborn neurons, whereas isolation induces the accumulation 

of aNSCs. This study highlighted that changes in the environment of the animal might 

generate conflicting or unexpected results in the study of adult neurogenesis. 

 
Figure 1-9: Models for the mode of division of aNSCs 

Two main models for the mode of division of aNSCs exist, the Repeated NSC self-renewal model 
(left panel) and the disposable model (right panel). In the repeated NSC self-renewal model, 
NSCs in G0 of the cell cycle activate and entered into the cell cycle (G1->M). Those active cells 
can go back to quiescence or divide asymmetrically to generate astrocytes or IPCs that in turn 
divide to generate neurons. Alternatively, aNSCs can divide symmetrically to generate more 
aNSCs. In the Disposable model, aNSCs in G0 of the cell cycle activate and entered into the cell 
cycle (G1->M). Those active aNSCs divide asymmetrically to generate IPCs that in turn generate 
neurons. However, in this model aNSCs do not go back to quiescence or divide symmetrically to 
generate more aNSCs, instead, aNSCs divide only for a limited number of times before 
differentiate into astrocytes. (Figure reproduced with permission of the rights holder of Bonaguidi, 
M. et al., (2012)).           
 

Intermediate progenitor cells (IPCs), also called transit amplifying progenitors, are 

generated by self-renewing divisions or symmetric differentiating divisions of aNSCs 

(Encinas, J. M. et al. 2011; Pilz, G. A., Bottes, S. et al. 2018). IPCs are small cells with 



Introduction 

 54 

horizontal cell processes generally found in groups and always localised in the SGZ of 

the DG. IPCs can be distinguished from aNSCs because they lack the radial cell process 

that extends through the subgranular zone characteristic of aNSCs, additionally, they 

express the transcription factors TBR2 and Neurog2. However, IPCs shared 

characteristics with aNSCs such as localisation, and the expression of ASCL1 and SOX2, 

which is also expressed by astrocytes (Suh et al., 2007), but unlike aNSCs, IPCs are in 

constant proliferation. 

IPCs advance in their maturation and start expressing other markers such as 

prospero homeobox-1 (Prox1), polysialylated neural cell adhesion molecule (PSA-

NCAM), and doublecortin DCX (Lavado, E. et al. 2010). Importantly, at the end of their 

maturation, IPCs stop proliferating and migrate towards the granule layer of the DG. Once 

IPCs become post-mitotic, they are called neuroblasts, since they are more differentiated 

towards the neuronal fate. Neuroblasts still express DCX, and as they become more 

mature cells, they start expressing NeuN and calretinin (Kerpermann et al. 2004). As the 

maturation advances, these cells are called immature neurons, since they start projecting 

axons that integrate into the neuronal connectivity of the DG.  Importantly these immature 

neurons are more easily excitable than mature neurons, and are being implicated in the 

function of pattern separation and memory formation characteristic of adult neurogenesis 

(Lin, C. W., et al. 2010; Toni, N., & Schinder, A. F. 2016). At this point in their maturation 

(4 weeks after the initial activation of aNSCs), immature neurons express calbindin, and 

after 6-7 weeks, the newborn neurons are indistinguishable of embryonic born neurons 

(Fig. 1-10). 
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Figure 1-10: Neurogenic lineage in the DG and markers used for the study of its cellular 

components 

Neural stem cells (NSCs) of the DG either active or quiescent express the glial markers GFAP, 
GLAST and SOX2. NSCs unlike astrocytes possess a radial process that project basally (cells in 
black, grey and white). Active aNSCs (white) can be distinguished from quiescent aNSCs (black 
and grey) because active cells express Ki67 and ASCL1. The identification of dormant and resting 
aNSCs was developed as part of this thesis, and it is described in Chapter 4. NSCs can 
differentiate into astrocytes (pink) or IPCs (purple). Astrocytes also express the glial markers 
GFAP, GLAST and SOX2, but unlike most NSCs, astrocytes express S100B and do not possess 
a radial process. IPCs are characterised by the expression of TBR2, together with other markers 
not unique to them such as SOX2 and the cell cycle marker Ki67. Additionally, maturing IPCs 
start to express the neuroblast marker DCX. Neuroblasts (yellow) are characterised by the 
expression of DCX, but as neuroblasts mature, they start to lose DCX expression, and start 
expressing NeuN, which is marker of mature neurons (orange).   
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1.8 Neurogenesis in adulthood and ageing 

1.8.1 Functions of adult neurogenesis 
 

The primary functions of adult neurogenesis of the DG have been proposed to be 

memory formation and mood regulation. More specifically, in the context of memory 

formation, neurogenesis has been observed necessary for pattern separation. Pattern 

separation is a distinct representation of similar inputs, for instance, representation of two 

different types of books, or representation of two different types of rostral gestures. 

Several studies in mice performing spatial discrimination tasks such as the radial-arm 

maze task, and including fear context discrimination tasks, validate the functionality of 

adult neurogenesis in pattern recognition (Aimone, J. B.,  et al., 2010). 

Another controversial hypothesis is that adult neurogenesis does not serve for 

memory formation, but the degradation of already established memories. This hypothesis 

has been proposed by S. A. Josselyn  & P. W. Frankland (2012), where they have 

observed a high correlation of neurogenesis in children, but outstandingly amnesia. Using 

a contextual fear-conditioning behavioral-paradigm, it was shown that increasing adult 

neurogenesis increases the chances of mice to forget, and conversely, reducing adult 

neurogenesis, mice could retrieve memories more easily. 

Additionally, it has been shown that adult neurogenesis serves to regulate mood. 

It has been observed that increasing adult neurogenesis is sufficient to reduce anxiety 

and depression-related behaviours. A. S. Hill and colleagues (2015), increased the 

number of newborn neurons in mice by suppressing the pro-apoptotic gene Bax. They 

observed that when those mice were treated with corticosterone  (stress inductor) mice 

did not show any symptoms of anxiety or depression. This study has been followed by 

many others showing that adult neurogenesis influences mood-related behaviours 

(Lucassen, P. J., et al., 2015). 
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1.8.2 Ageing in adult neurogenesis 
 

The description of adult neurogenesis from Altman and Das work in 1965 included 

the observation of a sharp decline in the generation of new cells in the brain within months 

after birth. However, the first studies looking specifically at neurogenesis in the ageing 

brain came from Arai T. and Seki Y.  (1995), and from Gerd K. and collaborators (1998). 

In both studies, using thymidine analogues it was shown that there was reduced 

incorporation of the thymidine analogue in the ageing brain of birds and mice. Additional 

to the studies in animal models, it was shown that in humans thymidine analogues also 

were incorporated into the ageing brain and more specifically into the DG (Bergmann et 

al. 2015). More recently, it has been shown by alternative methods that people from 50 

years and onwards, also generate new cells in the adult brain (Spalding et al. 2013). In 

addition to the DG, it has been observed that also in the V-SVZ there are differences in 

ageing. For instance, it has been reported that there are fewer aNSCs in both niches. 

Moreover, cells extracted from these neurogenic niches in aged animals show longer 

times of cell cycle (Tropepe et al. 1997). 

In addition to fewer aNSCs and longer times of quiescence in the DG and the V-

SVZ, it has been shown that their neurogenic potential changes with age. For instance, 

Encinas and colleagues (2011) have shown that aNSCs differentiate into non-neurogenic 

astrocytes in the DG.  

The key factors that lead to the ageing of the aNSCs have not been fully 

understood. For instance, it is known that with ageing, inflammatory processes take place, 

and microglia increases, which results in increased aNSC quiescence(Kalamakis, et al. 

2019). However, whether the increase in inflammation or the increase of microglia is 

responsible for the age-related increase of quiescence in aNSCs, is unclear. It has been 

shown that inhibition of microglia increases neurogenesis (Monje et al. 2003; Kohman et 

al. 2013), but also it has been shown that inhibition of inflammation by suppressing 

interferon-gamma also increases neurogenesis (Kalamakis, et al. 2019). Therefore, it 
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seems that aNSC ageing is a by-product of several factors increasing or decreasing with 

age, but the mechanisms regulating aNSC behaviour by these factors remain not fully 

understood (Kempermann, G. 2015). 

 

1.8.3 Pathologies associated with adult neurogenesis  
 

In pathological ageing, there is an excessive decline in the cognitive functions of 

aged living organisms, and should not be confused with neurodegenerative diseases. 

Neurodegenerative diseases are defined as a progressive loss of neurons generally with 

age, and this loss is due to defined pathological conditions such as Alzheimer disease 

(AD) or Parkinson disease (PD). Additionally, conditions that leads to loos of neurons 

such as ischaemia and inflammatory diseases can be considered as neurodegenerative 

diseases, since they lead to loss of neurons. 

The role of adult neurogenesis might have profound roles in the development of 

pathological ageing. If adult neurogenesis is impaired in youth, it might have implications 

in ageing. For instance, if depletion of the aNSC pool occurs in youth, neurogenesis will 

be prevented in ageing causing changes in memory formation and mood regulation. 

Additionally, It has been shown that loss of adult neurogenesis might contribute to age-

related psychiatric disorders such as depression, and cognitive decline associated with 

AD and PD (Hoglinger et al. 2004; Jin et al. 2004). Moreover, since it has been shown 

that symmetrical self-renewing divisions of aNSCs are possible and that divisions of 

aNSCs increases with physical exercise, then not physical exercise might lead to no 

generation of aNSCs by symmetrical divisions. 

Recently, it has been shown that adult brains with AD show lower levels of 

maturing neurons (Moreno-Jiménez, E. P. et al. 2019). If we assume that those maturing 

neurons come from adult neurogenesis, then adult neurogenesis might play a role in AD. 

For instance, some of the AD symptoms might be due to lower adult neurogenesis. 

Additionally, adult neurogenesis might be a predictor of AD.  
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 Scope and Aims 
 

This study focuses on the role of Shh signalling in regulating aNSCs in young and mature 

mice, and the main aims that I have addressed during my graduate research are to 

determine: 

 

1. Whether aNSCs respond to Shh in vivo and in vitro. 

2. The cellular and molecular mechanisms involved in the regulation of aNSC behaviour. 

3. Investigate age related changes in the regulation of aNSCs by Shh signalling. 

4. Determine possible sources of Shh in the adult hippocampus.  
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Chapter 2. Materials and Methods 
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2.1 In vivo 

 

2.1.1 Transgenic animals 
 

A number of transgenic genetically modified animals were used for the 

performance of the experiments described in this thesis. All animal procedures were 

performed with authorization of the UK Home Office (Project License PB04755CC) in 

accordance with ANIMALS (SCIENTIFIC PROCEDURES) ACT 1986, and approved by 

The Francis Crick Institute corresponding authorities. Each of the mouse strains used are 

described below. Transgenic mouse strains carrying more than one allele are described 

in each of the chapters. Male and female mice of different backgrounds and different 

litters  were used for the experiments carrying out in this thesis, with the exception of 

Huwe1Floxed as explain in section 2.1.6.  

 

2.1.1.2 Glast-CreERT2  

 

The Glast-creERT2 mouse strain expresses a modified Cre-recombinase protein 

fused to an estrogen receptor under the control of the murine glutamate aspartate 

transporter (Glast) gene promoter. The modified Cre-recombinase protein is expressed 

solely in the cytoplasm of cells expressing Glast gene. Upon administration of the 

estrogen receptor ligand, tamoxifen, Cre-recombinase protein translocates to the nucleus 

where its site-specific nuclease function is active. Therefore, upon tamoxifen induction, 

Cre recombines loxP flanked genomic regions in cells where Glast is expressed (Mori et 

al., 2006). Importantly, Glast is expressed mainly in astrocytes and aNSCs, and minimally 

in other glial cells (e.g. oligodendrocytes, microglia) in the adult hippocampus (Mori et al., 

2006).   The name of the allele is defined in the literature as Slc1a3tm1(cre/ERT2)Mgoe. 
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2.1.1.3 Smo Floxed/Floxed  

 

Animals from this strain contain a loxP site on either side of exon 1 belonged to 

the Smo (Smoothened Drosophila homolog) gene. When this strain is bred to a given 

strain expressing Cre recombinase, the progeny is suitable to obtain Smo null/knock-out 

mutants (Smo cKO) by performing conditional deletion of Smo exon 1 upon tamoxifen-

mediated Cre recombinase activation. In addition to the loxP sites, animals of this strain 

contain an frt-flanked neomycin resistance cassette, a by-product of the strain 

development (Long, C. et al., 2001). The name of the allele is defined in the literature as 

Smotm2Amc. 

 

2.1.1.4 Gli1-nLacZ  

 

Animals from this strain contain a null allele of Gli1 gene. This null allele contains 

a gene reporter of the Gli1 gene expression, where a modified galactosidase (lacZ) 

gene fused to a nuclear localization domain was inserted into the first coding exon (exon 

2) and replaces the genomic fragment encoding the entire N-terminal and zinc-finger 

domains of the Gli1 gene locus (exons 2-7). Therefore, galactosidase is expressed in the 

nucleus of cells expressing Gli1 gene (Bai, C. B., et al. 2002). The name of the allele is 

defined in the literature as Gli1tm2Alj/J. 

 

2.1.1.5 SmoM2 Floxed  

 

Animals from this strain contain an inducible Smoothened Drosophila homolog/ 

Enhanced Yellow fluorescent Protein (EYFP) fused gene inserted in the Gt(ROSA)26Sor 

locus that expresses a constitutively active Smo protein fused to EYFP. Constitutively 

active Smo protein in this strain is the result of a W539L point mutation present in the 

Smo gene fused to EYFP (SmoM2/EYFP). The expression of SmoM2/EYFP gene is 
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blocked by a loxP-flanked STOP fragment located between Gt(ROSA)26Sor promoter 

and SmoM2/EYFP genes. When this strain is bred to a given strain expressing Cre 

recombinase, the progeny is suitable to obtain Smo gain of function mutants (Smo GOF) 

by performing conditional deletion of the STOP fragment upon tamoxifen-mediated Cre 

recombinase activation. The name of the allele is defined in the literature as 

Gt(ROSA)26Sortm1(Smo/EYFP)Amc. 

 

2.1.1.6 Huwe1 Floxed 

 

Animals from this strain contain loxP sites in introns 79 and 82 that belong to the 

Huwe1 (HECT, UBA and WWE domain containing 1) gene. When this strain is bred to a 

given strain expressing Cre recombinase, the progeny is suitable to obtain Huwe1 

null/knock-out mutants (Huwe1 cKO) by performing conditional deletion of Huwe exons 

80 to 82 upon tamoxifen-mediated Cre recombinase activation. To note, all the 

experimental animals carrying this allele were males, since Huwe1 allele is in the X 

chromosome, and dosage compensation or mosaicism could occur. The name of the 

allele is defined in the literature as Huwe1tm1Alas. 

 

2.1.1.7 Ascl1 KiGFP 
 

This mouse strain lacks the endogenous coding region of (Achaete-Scute Complex 

Homolog 1) ASCL1. In this same locus, there is a nuclear localized green fluorescent 

protein (GFP). Therefore, GFP expression is under the control of ASCL1 promoter, and 

serves as an expression reporter of ASCL1. The name of the allele is defined in the 

literature as Ascl1tm1Reed. 
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2.1.2 Breeding of transgenic animals and genotyping 
 

Of the transgenic lines described above, many were bred together to generate 

double- or triple-transgenic lines. Those transgenic lines and their generation are 

described in each the chapters describing their use. For genotyping mouse strains, out-

source services from Transnetyx, Inc were used.  

 

2.1.3 Tamoxifen and EdU administrations 
 

For activation of the CreERT2 recombinase, each mouse was injected 

intraperitoneally once a day for five consecutive days 100mg/kg Tamoxifen (Sigma 

Aldrich) dissolved in a mixture of corn oil (90%) and ethanol (10%). Mice age at the time 

of tamoxifen injection is described in each of the experimental designs. In order to identify 

aNSC that exit the cell cycle, each mouse was intraperitoneally injected 24 hrs before 

perfusion with 10mg/Kg EdU ((5-ethynyl-2’-deoxyuridine, ThermoFisher) dissolved in 

PBS. For identification of activation of dormant cells, mice were administered EdU in 

drinking water (0.2 mg/ml) ad libitum for 14 days. In this case, tamoxifen was administered 

as described above in the last 5 days of the EdU water administration, EdU free water 

was provided 20 hours before perfusion. 

 

2.1.4 Tissue preparation 
 

2.1.4.1 For immunofluorescence  
 

Animals were perfused transcardially under terminal anaesthesia 

(mepivacaine/pentobarbital) with PBS for 2 minutes followed by 4% paraformaldehyde 

(PFA) diluted in PBS for 12 minutes, or 2% PFA for SHH immunostainings. Brains were 

post-fixed with 4% PFA during 24 hours at 4°C before stored, or 2% PFA for SHH 
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immunostainings during 4 hours at 4°C before stored in PBS-Azide (.02%). Brains were 

washed with PBS and sectioned coronally at 40um using vibratome (Leica). Sections 

were kept at 4°C on PBS-Azide 0.02% until used. 

  

2.1.4.2 For in situ hybridizations 
 

Animals were perfused transcardially under terminal anaesthesia 

(mepivacaine/pentobarbital) with PBS for 2 minutes followed by 10% Normal buffer 

formalin (NBF). Brains were post-fixed with 10% NBF during 20-30 hours at room 

temperature. Brains were stored in 70% EtOH. Brains were paraffin embedded, and 

coronally sectioned at a thickness of 8μm.  

  

2.1.5 Immunofluorescence and EdU detection 

 

In order to visualized protein expression immunohistochemistry technique was 

used. All of the brain sections used for immunohistochemistry were subjected to an 

antigen retrieval treatment, except for SHH immunofluorescence. Free floating sections 

were incubated in Sodium Citrate buffer (10mM trisodium citrate, pH 6) raising 

temperature from 37°C to 95°C within an expand of 25 minutes followed by an incubation 

at 95°C for 5 minutes. Following incubation at 95°C, sections were left at room 

temperature for approximately 5 minutes before being rinsed with PBS.   

After antigen retrieval (not  done for SHH immunofluorescence), brain sections 

were blocked in 5% normal donkey serum diluted in 1% PBS-Triton X-100 (.5 % for SHH 

immunofluorescence) for 2 hours. Sections were then incubated overnight at 4°C with 

primary antibodies diluted in 2.5% normal donkey serum diluted in 1% PBS-Triton X-100 

(PBS-T) (.1% PBS Tween for SHH detection). Dilution of primary antibodies is described 

in Table 1. After three 10 minutes washes with PBS-T (.1% PBS Tween for SHH 
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detection), sections were incubated at room temperature during 2 hours with secondary 

antibodies diluted in PBS-T (.1% PBS Tween for SHH detection). Dilutions of secondary 

antibodies are described in Table 1. Following two 10 minutes washes with PBS-T (.1% 

PBS Tween for SHH detection), in order to detect nucleus, sections were incubated 

during 15 minutes with DAPI (4′,6-diamidino-2-phenylindole, thermofisher) diluted at 

1:10000 in a mixture of PBS (50%) and H2O (50%). Alternatively, for EdU detection, after 

incubation with secondary antibodies, sections were subjected to Click-iT® EdU Imaging 

kit protocol (Invitrogen) before incubation with DAPI as described above. Finally, sections 

were washed once with a mixture of PBS (50%) and H2O (50%) before being mounted 

on slides with Aqua PolyMount (Polysciences) in a rostro-caudal order. 

    

 

Target molecule 

Antibody 

host Dilution 
 

Manufacturer (Catalog number) 

ARL13B rabbit 1:100 Proteintech (17711-1-AP) 

ARL13B 
mouse 1:100 

UC Davis/NIH NeuroMab Facility 

(75287) 

ACIII mouse 1:200 UC Davis (75-287) 

BCAS1 (NABC1) mouse 1:50 Santa cruz (sc-393808) 

KI67 rabbit 1:200 Leica/Novocastra (NCL-Ki67p) 

KI67 rabbit 1:1000 Abcam (ab15580) 

KI67 mouse 1:200 BD Biosciences (550609) 

KI67 rat 1:50 Leica (NCL-Ki67p) 

GFAP rat 1:500 Thermofisher (SAB2500462) 

GFAP rabbit 1:500 Invitrogen (13-0300)  

GFAP mouse 1:500 SIGMA (G6171) 

GFP rat 1:500 Nacalai Tesque (04404-84) 

GFP rabbit 1:1000 Invitrogen (A11122) 

MASH1(ASCL1) mouse 1:500 BD Pharmingen (556604) 
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MBP rat 1:250 BIO-RAR (aa82-87) 

OLIG2 Mouse 1:400 Santa Cruz (sc-293163) 

PDGFRa goat 1:200 R&D systems (AF1062) 

SHH (C9C5) rabbit 1:500 Cell signalling (#2207) 

SHH (95.7) rabbit 1:500 

Genentech, Inc. (Gift from F. de 

Sauvage) 

SOX2 rat 1:800 EBioscience (14-9811-82) 

SOX10 mouse 1:100 Santa Cruz (sc-365692) 

488 rat IgG donkey 1:1000 Life Technologies (A21208) 

488 rabbit IgG donkey 1:1000 Life Technologies (A21206) 

Cy3 rat IgG donkey 1:1000 Jackson (712-166-153) 

Cy3 rabbit IgG donkey 1:500 Jackson (711-166-152) 

Cy3 mouse IgG donkey 1:500 Jackson (715-166-151) 

Cy5 rat IgG donkey 1:500 Jackson (112-175-167)  

647 rabbit IgG donkey 1:500 Jackson (711-606-152) 

647 mouse IgG donkey 1:500 Jackson (715-606-151) 

Table 1 Antibodies used to analyse in vivo experiments. 

2.1.6 In situ hybridization 

RNA insitu hybridizations were performed following the technique from 

RNAscopeâ ISH. RNAscope 2.5 HD Assay-BROWN  (CAT NO: 322300) was used on 

NBF fixed-paraffin embedded brain sections for detecting GLi1 expression following the 

standard company protocol, with minor modifications. Those modifications were no target 

retrieval, protease plus treatment was carried out for 15 minutes (CAT NO: 322336). 

Probe for Gli1 detection was CAT NO: 311001. Visualization was carried out with bright 

field in a Leica automated microscope.  

 

2.1.7 Microscopic analysis and quantification 
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Detection of single, double, triple or quadruple antigen-positive cells was achieved 

by acquiring on an SP5 or SP8 confocal microscope (Leica) 20 confocal images 

separated by 1µm (20 µm thick z-stack total) per brain section. Software ImageJ was 

used to perform grey-value adjustment, pseudocoloring, overlay and cropping. Software 

Illustrator (Adobe) was used to image resize and figure construction. 

The total number per DG of single, double, triple or quadruple antigen-positive cells 

was counted in every 12th 20 µm ( or every 6th 20 µm in the case of brains from mature 

animals (P180 onwards)) section through the entire rostro-caudal length of the DG (-.82 

mm to -4.24 mm from bregma). To present estimated total number of positive cells per 

DG, cells were divided by the thickness of the tissue imaged and then multiplied by the 

total length of the dentate gyrus (Andersen, J., Urban, N. et al. 2014, Urban N. et al. 

2016). 

aNSC were deemed as stem cell if a cell body (nucleus DAPI+ surrounded by 

GFAP+ fibers or nucleus DAPI+ SOX2+ surrounded by GFAP+ fibers)  was localized in 

the DG subgranular zone and had a single GFAP+ radial process extending through the 

DG granule layer (Urban, N. et al. 2016). The two strategies used for the identification of 

aNSC bodies are due to historical reasons, and do not have an impact in the 

quantifications of aNSCs. The two strategies were not mixed in a given experiment.    

Percentage of antigen positive aNSCs was performed by calculating the 

percentage of antigen-positive aNSCs among the total aNSCs counted in every 12th or 

6th 20 µm section through the entire rostro-caudal length of the DG. To represent average 

total number of single, double, triple or quadruple antigen-positive cells, a minimum of 3 

animals (6 DGs) per genotype were used.  

To analyse signal intensity of an antigen positive aNSC, signal was measure using 

ImageJ by selecting the DAPI positive region of a single focal plane of the cell analysed. 

Intensity value was normalised to the background level of intensity represented by 

neuronal intensity level in the same focal plane. For quantification of the intensity signal, 

at least 5 cells were analysed per animal using a minimum of 3 mice per genotype. 
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2.1.8 Statistics 
 

All statistical analyses were conducted using a two-sample unpaired t test 

assuming Gaussian distribution using Prism software (Urban, N. et al. 2018), unless 

otherwise is specified. All error bars in bar graphs represent the mean ± SEM. In all bar 

graphs Significance is indicated as follows: p>0.05 (ns), p<0.05 (*), p<0.01 (**), p<0.001 

(***), p<0.0001 (****). 

 

2.2 In vitro 
 
 2.2.1 Generation and maintenance of primary cell cultures 
 

Adult hippocampus-derived neural stem cell (AH-NSC) lines were generated by 

lab member Noelia Urban from young adult mice (7-8 weeks old). Animals were 

sacrificed, the dentate gyrus was dissected and cultures were obtained as previously 

described (Hagihara, H. et al 2009; Walker, T. L. et al 2013). Stem cells were amplified 

as neurospheres and then transferred to adherent plates and cultured in standard adult 

neural stem cell conditions at 37°C, 5% CO2.  (Knobloch, M. et al 2013, Martynoga et al 

2013). Media components for primary cultures of AH-NSCs are:  1) DMEM/F-12 + 

Glutamax (Invitrogen 31331-093), 2) 1x Neurocult Supplement (Stem Cell Technologies, 

05701), 3) Penicillin-Streptomycin (ThermoFischer Scientific, 15140), 4) 2μg/mL Laminin 

(Sigma, L2020), 5) 20ng/mL FGF2 (Peprotech, 450-33), 6) 20ng/mL EGF (Peprotech, 

315-09), 7) 5μg/mL Heparin (Sigma, H3393-50KU).  

 

 

2.2.2 BMP4 and Shh agonist (SAG) treatments 
 

For experimental cultures, cells were transferred to either 6-well-plates for RNA 

extraction experiments or to coverslips in 24-well-plates for immunostainig experiments 
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at a density of ~50,000 or ~150,000 cells/cm2 respectively. To maintain proliferative 

conditions, cells were treated with FGF only (10ng/ml). To induce quiescence, cells were 

treated with either 1ng/ml of BMP4 (R&D systems) to induce shallow quiescence or with 

20ng/ml of BMP4 to induce deep quiescence for at least 72 hrs (Blomfield I. 2019; 

Martynoga B. et al 2013). To note, shallow or deep quiescence in Blomfield I. 2019, are 

defined based on the speed that cells reactivate upon BMP4 removal after quiescence 

induction, where shallow quiescent cells reactivate faster than deep quiescent cells. To 

stimulate Sonic hedgehog signalling pathway in either proliferative or quiescent 

conditions, cells were treated with Sonic Hedgehog agonist, SAG, at 1uM concentration 

(Lee, S. J., et al. 2015) (In pilot experiments before initiating PhD project, 2uM SAG 

induced sparse cell death as revealed by Tripan Blue staining, suggesting toxicity). In all 

experimental cases, medium was replaced with fresh medium every other day. 

 

2.2.3 Microscopic analysis and quantification 
 

Immunostaining of cell cultures on coverslips and quantification were performed 

following the protocol previously described (Martynoga B. et al 2013). Primary and 

secondary antibodies are listed in Table 2 with the dilution used.  

 

Target 

molecule 

Antibody 

host Dilution 
 

Manufacturer (Catalog 

number) 

ARL13B rabbit 1:100 Proteintech (17711-1-AP) 

ARL13B 
mouse 1:100 

UC Davis/NIH NeuroMab 

Facility (75287) 

ACIII mouse 1:200 UC Davis (75-287) 

Ki67 rabbit 1:200 

Leica/Novocastra (NCL-

Ki67p) 

GFAP rabbit 1:500 Invitrogen (13-0300)  

GFAP mouse 1:500 SIGMA (G6171) 
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GFP conjugated 

488 Mouse 
1:400 

R&D systems      

(FAB42401G) 

SMO rabbit 1:500 Abcam (ab38686) 

MASH1(ASCL1) mouse 1:500 BD Pharmingen (556604) 

488 rat IgG donkey 1:1000 Life Technologies (A21208) 

488 rabbit IgG donkey 1:1000 Life Technologies (A21206) 

Cy3 rat IgG donkey 1:1000 Jackson (712-166-153) 

Cy3 rabbit IgG donkey 1:500 Jackson (711-166-152) 

Cy3 mouse IgG donkey 1:500 Jackson (715-166-151) 

Cy5 rat IgG donkey 1:500 Jackson (112-175-167)  

647 rabbit IgG donkey 1:500 Jackson (711-606-152) 

647 mouse IgG donkey 1:500 Jackson (715-606-151) 

Table 2 Antibodies used in vitro experiments. 

 

2.2.4 RNA extraction and quantitative PCR analysis of gene 
expression 
 

In order to analyse the amount of gene expression, cell cultures were to a 6 well plate at 

a density of ~150, 000 cell/cm2. Cells were either treated with FGF alone, FGF and BMP4 

or with FGF, BMP4 and SAG (see BMP4 and Shh agonist (SAG) treatments). At the end 

of the experimental treatment, cell culture media was removed, cells were treated with 

1ml of Trizol (Trizol LS, Invitrogen) followed by an incubation period of 2 minutes for lysis. 

Lysate was kept at -80C. For RNA extraction, lysate on Trizol was processed following 

commercial RNA purification kit protocol (Direct-zol RNA Miniprep, ZYMO Research).  In 

order to quantify gene expression of genes of interest, Taqman gene expression assays 

(Life Technologies) were used. Relative gene expression was calculated with the ΔΔCt 

method, using GAPDH and ACTB control genes for normalization of gene expression. 
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2.2.5 RNA sequencing and bioinformatic analysis 
 

For RNA sequencing, 3 replicates from BMP4 treated samples (control) or BMP4/SAG 

treated samples (experimental) were performed as described in the section “BMP4 and 

Shh agonist (SAG) treatments”. Each sample contain a total RNA concentration of 

150ng/µl. The Francis Crick Institute-Advanced Sequencing Facility prepared the libraries 

for each of the samples following the RNA-Truseq mRNA stranded protocol, which 

includes mRNA purification (poly-A selection) and fragmentation, cDNA synthesis, end 

repair, adapters ligation, and DNA fragment enrichment. Each library was bar-coded and 

sequenced to obtain single-end 51-bp reads using Illumina HiSeq2000. Analysis of raw 

sequencing data was performed by using custom programs in R/Bioconductor. 

 
2.1.8 Western Blots  

 

Western blot analysis of BMP4 or BMP4/SAG samples were performed by treating NSCs 

cultures in P6 well plates. NSCs were detached with Accutase and the cell suspensions 

centrifuged at 2000rpm for 5 minutes at 4°C. Supernatant was aspirated and the pellet 

re-suspended in 1x Laemmli sample buffer. Suspensions were boiled at 90°C for 5 

minutes, cooled and runed on polyacrylamide gel at 120V, after which they were 

transferred onto a nitrocellulose membrane. Membranes were then saturated with 5% 

BSA in TBS-Tween or 5% milk TBS-Tween and incubated with the primary antibody 

overnight at 4°C in oscillator. Detection was performed using ECL Western Blotting 

Reagents according to manufacturer’s instructions (Sigma, GERPN2106).  

 
2.1.9 Statistics 
 

All statistical analyses were conducted using a two-sample unpaired t test 

assuming Gaussian distribution using Prism software, unless otherwise is specified. The 

rational is that in all cases where this test was performed, it is intended to know whether 

or not differences seen in a particular parameter between the control (e.g. Wt mice) and 

experimental group (e.g. Flox mice) are a factor of the manipulated variable or simply the 
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result of chance. All error bars in bar graphs represent the mean ± SEM. In all bar graphs  

For the case of ANOVA analyses. The rational is that there was more than one type of 

samples, and it was intended to test whether the parameter to be analysed differed among 

all the different types of samples. This type of analysis was used to analyse the impact of 

different ages in the number of NSCs. Significance is indicated as follows: p>0.05 (ns), 

p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****). 

For quantification of Westen Blots, films were scanned and, subjected to band 

densitometry and quantification using Image J software. Each band value was normalised 

according to the background of the filter and its loading control. 

 

 

 

 
  



Results 1: Adult neural stem cells (aNSCs) are responsive to Sonic Hedgehog (Shh) signalling 

 74 

Chapter 3. Results 1: Adult neural stem cells (aNSCs) are 
responsive to Sonic Hedgehog (Shh) signalling  
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3.1 Aims of Chapter 3 
 

The general aim of this chapter is to expand the knowledge regarding how aNSCs 

sense, transduce and respond to Shh in the mouse hippocampus. The specific aims of 

chapter three are: 

1. Determine whether aNSCs are ciliated. 

2. Determine whether aNSCs respond to Shh signalling. 

 

3.2 Ability of aNSCs to respond to SHH in the young DG  
 

3.2.1 Quiescent aNSCs are ciliated 
 

Cilia in the adult SVZ has been well characterized, but analysis of cilia in the adult 

hippocampus is lacking (Han, Y. G. et al. 2008; Khatri, P. et al. 2014; Tong, C. K. et al 

2014). The primary cilium of NSCs that populate the SVZ is located in the apical 

membrane at the ventricular surface. In the DG, there is no ventricular surface and 

therefore, it is not possible to extrapolate conclusions of the SVZ to the DG in regards to 

the primary cilium. In the DG, conditional ablation of the primary cilium in postnatal mice 

results in reduced proliferation of IPs (Han, Y. G. et al. 2008, Breunig, J. J. et al. 2008). 

Additionally, a previous report showed that, although short in size, the primary cilium of 

early postnatal NSCs (P0) is essential for the formation of the adult hippocampal NSC 

pool (Han, Y. G. et al. 2008). In this study, it was shown that inhibition of primary cilium 

formation, resulted in a small hippocampus. These results suggest that aNSCs are 

ciliated, and that the primary cilium is relevant for their maintenance and proliferation. To 

determine whether aNSCs are ciliated, and what fraction of the aNSCs are ciliated, I 

performed immunostainings. To this end, since ARL13B is a small GTPase involved in 

cilia formation that is enriched in glial cells (Higginbotham, H. et al. 2013), I used an 

antibody against this protein in immunostainings of brain sections of 2-months old mice 

to detect the primary cilium of aNSCs. Double labelling with GFAP antibody (Fig. 3-1.A), 



Results 1: Adult neural stem cells (aNSCs) are responsive to Sonic Hedgehog (Shh) signalling 

 76 

revealed that 96.2% ± .4% of aNSCs are ciliated in the hippocampus of 2-months old 

mice (Fig. 3-1.B). In addition, these immunostainings revealed that the primary cilium 

was consistently confined to the zone between the cell body and the NSC radial process. 

To validate this final observation, I labelled the centriole with an antibody against gamma-

Tubulin, since the centriole is where the primary cilium protrudes from the cell (Hagiwara, 

H. et al. 2000). This triple labelling experiment with GFAP, ARL13B and gamma-Tubulin 

antibodies, indicated that the centriole and its arising primary cilium, are restricted to the 

zone between the cell body and the aNSC radial process (Fig. 3-1.A, Fig. 3-1.B). This 

finding contradicts the speculated apical localization facing the hippocampal hilus that 

previously has been proposed (Fuentalaba, L. C. et al. 2012). Since Ptch1, the receptor 

for Shh signalling, is localized in the primary cilium, I can speculate that SHH source might 

be in close proximity of this consistent localization in the subgranular zone. Additionally, 

primary cilium has been related to cell polarity (De Andrea, C. E., et al. 2010), this 

localization of aNSC primary cilium might reflect aNSC polarity, and its relevance is 

explained in Chapter 4 “Results 2”.  

Why is it that a fraction of aNSCs lack a primary cilium? A likely hypothesis is that 

non-ciliated aNSCs were undergoing cell cycle. I based this hypothesis on the fact that 

primary cilium is disassembled in cell cycle so that the centrioles can function at the poles 

of the mitotic spindle (Seeley, E. S., & Nachury, M. V. 2010; Paridaen, J. T. et al. 2013). 

Furthermore, the 4% non-ciliated aNSC population is reminiscent of the small fraction of 

the aNSC population that are actively cycling at any given time (Andersen, J., Urbán, N. 

et al. 2014).  I tested this hypothesis by labelling the primary cilium of aNSCs with the 

ARL13B antibody along with a Ki67 antibody, which is an established marker of cycling 

cells (Fig. 3-1.D, Fig. 3-1.D’) (Gerdes, J., et al. 1984). This labelling revealed that most 

cycling aNSCs were not ciliated (74.1% ± 2.4% of Ki67+ NSCs), and that a fraction of the 

cycling aNSCs were ciliated (25.9% ± 2.4% of Ki67+ NSCs), perhaps cells that were 

initiating the cell cycle and were starting to retract the primary cilium (Figure 3-1.E). 

Importantly, this labelling revealed that all quiescent aNSCs, that is Ki67- aNSCs, were 

ciliated and therefore able to sense Shh. 
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Figure 3-1: Primary cilium of aNSCs 

(A) Immunostaining for the primary cilia marker ARL13B, the NSC marker GFAP and the centriole 
marker γ-Tubulin, shows that the primary cilium arising from the centriole (yellow arrowhead) is 
localised between the aNSC body (white arrowhead) and the aNSC radial process (pink 
arrowhead). (B) Immunostaining showing that primary cilium (ARL13B) colocalizes with GFAP in 
the same focal plane, and it is localized between cell body and cell process (B’, B’’). (C) Pie chart 
showing the percentage of ciliated and non-ciliated aNSCs in the young mouse DG. (D-D’) 
Immunostaining for the primary cilia marker ARL13B, the NSC marker GFAP and the cell-cycle 
marker Ki67, shows that aNSCs in cell cycle (orange arrowhead) are not ciliated. (E) Bar graphs 
showing the percentage of Ki67+ and Ki67- aNSCs, and bar graphs showing their percentage of 
ciliated and non-ciliated aNSCs. Scale bars: (A) 20 μm; (D-D’) 10 μm. At least 1000 aNSCs were 
analysed per DG. Data are presented as averages ± s.e.m. N=3. 
    
 

3.2.2 aNSCs respond to Shh signalling  
 

It is currently assumed that quiescent aNSCs are able to transduce Shh signalling. 

This assumption is based on the fact that NSCs express b-galactosidase in animals of 
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the reporter mouse strain Gli1LacZ (Ahn, S. & Joyner, A. L. 2005; Machold, R. et al. 2003). 

However, the literature describing this observation failed to use appropriate markers to 

distinguish between aNSCs and astrocytes. Therefore, the question as to whether aNSCs 

really transduce Shh and to what extent they do so, remains unresolved. The essential 

difference between the previous report and my following analyses, relies on the criterion 

I used to define an aNSC. In the introduction section, I described that having a radial 

process is a necessary condition for an aNSC to be considered a neural stem cell, 

contrary to the previous study where a cell was considered a neural stem cell if it was 

solely GFAP+. To detect Shh-responsive aNSCs, I decided to use the same mouse strain 

Gli1LacZ as in the literature (Figure 3-2.A) (Ahn, S. & Joyner, A. L. 2005). Double 

labelling brain-sections from young mice of this mouse strain with LacZ and GFAP 

antibodies, revealed that 30.8% ± 3.3% aNSCs were LacZ positives (Fig. 3-2.B, Fig. 3-

2.C). This result was similar to the previously published result. However, an evident 

difference between rostral and caudal dentate gyrus was observed where there was a 

prevalence of Gli1LacZ+ aNSCs in caudal regions (Fig. 3-2.B, Fig. 3-2.B’).   

This observation is relevant since it has been shown that the rostral and caudal 

DG have different physiological functions (de Hoz, L., et al. 2003; Strange, B. A., et al. 

2014). In order to analyse the distribution of the Gli1LacZ+ cells in the DG, five brain-

sections spaced approximately 480 microns and that covered the rostro-caudal axis of 

the DG were analysed. This analysis revealed that the majority of the LacZ positive NSCs 

localized in caudal regions and less LacZ positive NSCs localized in rostral regions of the 

dentate gyrus. The most rostral section had 8.9% ± 1.8% Gli1LacZ+ aNSCs, the following 

section had 13.9% ± 3.4% Gli1LacZ+ aNSCs, the third section had 27.72% ± 4.0% 

Gli1LacZ+ aNSCs, the fourth section from rostral to caudal had 40.7% ± 8.6% Gli1LacZ+ 

aNSCs, finally, the most caudal section had 52.60% ± 8.2% Gli1LacZ+ aNSCs (Fig.3-

2.D). To confirm the enrichment of Gli1 in the caudal DG, I performed in situ hybridizations 

using a Gli1 probe on brain sections representative of caudal and frontal regions of the 

hippocampus. A qualitative analysis of this in situ hybridization showed an enrichment of 

the Gli1 probe signal in the subgranular zone of caudal brain-sections (Fig.3-2.E, Fig.3-
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2.E’). I concluded that aNSCs are able to transduce Shh signalling, and that Shh 

responsive aNSCs are possibly enriched in the caudal DG, although this is a preliminary 

result. 

 
Figure 3-2: Expression of Gli1 in the DG 

(A) Schematic of the reporter mouse strain of Gli1 expression. In this mouse strain reported in 
Bai, C. B., et al. (2002), a modified galactosidase (lacZ) gene fused to a nuclear localization 
domain was inserted into the first coding exon (exon 2) and replaces the genomic fragment 
encoding the entire N-terminal and zinc-finger domains of the Gli1 gene locus (exons 2-7). 
Experimental mice were 2M of age. (B) Representative picture of immunostainings for GFAP and 
galactosidase performed on rostral brain sections of Gli1LacZ mice, shows few aNSC expressing 
the Gli1 reporter. (B’) Immunostainings of GFAP and galactosidase performed on caudal brain 
sections of Gli1LacZ mice, shows a vast number of aNSCs expressing the Gli1LacZ reporter. (C) 
Pie chart indicating the percentage of aNSCs expressing the Gli1LacZ reporter in the whole DG. 
(D) Graph showing the percentage of aNSCs expressing Gli1 reporter in sections spaced 480μm, 
where 1 represents the most-rostral section, and 5 represents the most-caudal section. (E) In situ 
hybridization of Gli1 transcript shows no signal in the SGZ, where the cell bodies of aNSCs are 
localised, in a rostral brain section. (E’) In situ hybridization of Gli1 transcript shows signal in the 
SGZ, where the cell bodies of aNSCs are localised, and in the GL, where processes of the aNSCs 
are localised, in a caudal brain section. (D) The graph shows mean ± SEM of data from at least 
three mice. Scale bars: (B-B’) and (D-D’) 15 μm. At least 1000 aNSCs were analysed per DG. 
**P<0.01, Anova.          

 

3.3 Ability of aNSCs to respond to SHH in vitro 
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3.3.1 A fraction of aNSCs are ciliated in primary cultures of aNSCs 
 

In vitro model systems are used to dissect highly complex stem cell niches and to 

define specific cellular responses to specific niche signals (Dexter, T. M., et al 1977; 

Palmer, T. D., et al 1997). The hippocampal niche is highly heterogeneous and 

manipulations of signalling pathways affect both quiescent and proliferative populations. 

Moreover, in vivo manipulations of signalling pathways are time-consuming to develop 

(e.g. virus transduction or tamoxifen inducible recombination of genetic mouse mutants) 

and often it is difficult to distinguish between direct and indirect effects. 

In order to develop an in vitro model system for studying Shh signalling role in the 

control of aNSCs, I first aimed to determine whether adult hippocampus-derived NSCs 

(AH-NSCs) are able to sense Shh signalling in vitro. To this end, I queried the presence 

of the primary cilium in proliferating primary cultures of AH-NSCs by immunolabelling 

ARL13B and gamma-Tubulin. I observed that cilia were in close proximity to nuclei 

stained by DAPI. Since in culture it is difficult to define the cell contour of the NSCs, I 

deemed as a ciliated cell a nucleus that had a primary cilium in its vicinity (Fig. 3-3.A). 

Quantification revealed that the percentage of ciliated AH-NSCs was 32.6% ± 3.2% (Fig. 

3-3.B). In order to confirm this result, I labelled the primary cilium with a polyclonal 

antibody against Adenylyl cyclase III (ACIII), which is another well-established marker of 

primary cilium (Bishop, G. A., et al. 2007) (Fig. 3-3.A’). Labelling the primary cilium with 

ACIII revealed that 35.1% ± 2.7% AH-NSCs were ciliated (Fig. 3-3.B). I conclude that 

approximately one third of the cells are ciliated when maintained in proliferative conditions 

in vitro, perhaps reflecting cells that are in G1 phase of the cell cycle, when primary cilium 

is assembled. This result is in contrast to the observation that in the adult dentate gyrus 

most of the AH-NSCs were ciliated (Fig. 3-1.E). 

An explanation for the low number of ciliated AH-NSCs in vitro is that AH-NSCs 

maintained in vitro under proliferative conditions are non-ciliated because, as in most 

cells, cilia is disassembled during the cell cycle. In order to test this hypothesis, I induced 

quiescence in the AH-NSC cultures. To this end, I treated samples with 1ng/ml BMP4 to 
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induce shallow quiescence where 75% of AH-NSCs are quiescent, or with 20ng/ml of 

BMP4 to induce deep quiescence where 95% of cells are quiescent, and fixed the AH-

NSC cultures after 72 hours of treatment (Bloomfield et al. 2019). I labelled the primary 

cilium by immunostaining ACIII (Fig. 3-3.C, Fig. 3-3.C’), and this showed that 28.6% ± 

3.7% AH-NSCs were ciliated when treated with 1ng/ml BMP4, which is a similar number 

than in proliferative conditions. Unexpectedly, I found 11.2% ± 1.5% AH-NSCs were 

ciliated when treated with 20ng/ml BMP4 (Fig. 3-3.D). I conclude that lack of cilia is not 

due to proliferation, and additionally, I found that a higher concentration of BMP4 induces 

lack of primary cilium (see Discussion). 

 
 

Figure 3-3: A fraction of adult hippocampus-derived NSCs (AH-NSCs) are ciliated 

 (A and A’) Immunostainings for the primary cilium marker ARL13B in (A) and ACIII in (A’), and 
the centriole marker γ-Tubulin in AH-NSC cultures maintained in proliferating conditions (FGF 
20ng/ml) show that a fraction of cells is ciliated (white arrows). (B) Bar graphs showing the 
percentage of ciliated aNSCs in proliferating conditions. (C) Immunostaining for the primary cilium 
marker ACIII in AH-NSC cultures maintained in shallow quiescent conditions (1ng/ml BMP4) show 
that a fraction of cells is ciliated (white arrows). (D) Immunostaining for the primary cilium marker 
ACIII in AH-NSC cultures maintained in deep quiescent conditions (20ng/ml BMP4) show that a 
fraction of cells is ciliated (white arrows). (D) Bar graphs showing the percentage of ciliated aNSCs 
in shallow and deep quiescent conditions. (B and D) Bar graphs show mean ± SEM of data from 
at least three replicates. Scale bars: (A-A’) and (C-C’) 20 μm. At least 500 cells were analysed in 
each condition. N=3 per condition.               
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3.3.2 Ciliated AH-NSCs respond to Hedgehog (Hh) signalling 
stimulation 
 

To test whether AH-NSCs are able to transduce Shh signalling in vitro, I treated 

samples with the synthetic chlorobenzothiophene-containing Hh pathway agonist SAG 

(Chen, J. K., et al. 2002) and tested the cell response by analysing two readouts for Shh 

signalling: 1) Smo translocation to primary cilium; and 2) Gene expression of Ptch1 and 

Gli1. Since I wanted to model Shh signalling activation of quiescent cells and proliferation, 

I focused on cell cultures grown under quiescent conditions.  For Smo translocation to 

primary cilium, I treated AH-NSC cultures in both quiescent conditions (1ng/ml BMP4 or 

20ng/ml BMP4) with 1uM SAG during 72 hours before fixation, or maintained the 

quiescent conditions 1ng/ml BMP4 or 20ng/ml BMP4 (Fig. 3-4.A). I performed double 

immunolabeling with antibodies against ARL13B to mark the primary cilium, and against 

Smo to visualize translocated Smo to the primary cilium. First, I quantified the percentage 

of ciliated cells in the BMP4 and BMP4+SAG samples in order to know whether SAG 

would induce changes in the number of ciliated cells (Fig. 3-4.B, Fig. 3-4.C). No 

significant changes in the percentage of ciliated cells were observed between BMP4 

samples and BMP4+SAG samples, (Fig. 3-4.D, E). Then, I analysed whether Smo would 

translocate to the primary cilium in the BMP4 and BMP4+SAG samples. I did not detect 

any Smo+ ARL13+ cell in the BMP4 samples (Fig. 3-4.B, Fig. 3-4.B’), whereas in the 

BMP4+SAG samples, all of the ARL13+ cilia were Smo+ (Fig. 3-4.C, Fig. 3-4.C’, Fig. 3-
4.D, Fig. 3-4.E). These results indicate that hedgehog signalling stimulation induces Smo 

translocation in all of the ciliated cells. Additionally, since there was no detection of Smo 

translocated to the primary cilium in BMP4 samples, this experiment suggest that Shh is 

not produced by the cell culture.  
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Figure 3-4: AH-NSCs respond to Hedgehog signalling stimulation 

(A) Scheme of the experimental design on AH-NSC cultures. AH-NSC cultures were maintain on 
FGF (20ng/ml) for 24 hours followed by treatment with BMP4 with either 1ng/ml or 20ng/ml for 72 
hours. In BMP4 samples, AH-NSCs were continued to be treated with the corresponding BMP4 
concentration, whereas BMP4+SAG samples were treated with the corresponding BMP4 
concentration plus 1uM SAG for 72 hours. (B-B’’) Immunostaining of BMP4 samples (1ng/ml 
BMP4) showing the primary cilium marked with ARL13B. To note, Smo is not detected in the 
primary cilium (white arrowhead in B’’). (C-C’’) Immunostaining of BMP4+SAG samples (1ng/ml 
BMP4 + 1uM SAG) showing the primary cilium marked with ARL13B. To note Smo is detected in 
the primary cilium (yellow arrowhead in C’’), suggesting Shh signal transduction. (D and E) Bar 
graphs showing the percentage of ciliated AH-NSCs in BMP4 and BMP4+SAG samples, and the 
percentage of ciliated cells with Smo in cilium in BMP4 and BMP4+SAG samples. (D and E) Bar 
graphs show mean ± SEM of data from at least three replicates. Scale bars: (B-B’) and (D-D’) 10 
μm. At least 500 cells were analysed in each condition. N=3 per condition.           
 
 
 
 

3.3.3 Ptch1 and Gli1 transcription upon Hh signalling stimulation   

 

BM
P4

 1
ng

/m
l

50 1ng/ml BMP4

BMP4 BMP4 + SAG

0

10

20

30

40

50

%
 c

el
ls

20ng/ml BMP4

ARL13B ARL13B
Smo+

ARL13B
0

10

20

30

40

%
 c

el
ls

ARL13B
Smo+

N
ot

 d
et

ec
te

d
in

 B
M

P4
N

ot
 d

et
ec

te
d

in
 B

M
P4

BM
P4

 1
ng

/m
l +

 S
AG

DAPISmo
ARL13B

C’’

DAPI Smo
ARL13B

B’’DAPI
ARL13B

B

CDAPI
ARL13B

DAPI
Smo

C’

DAPI
Smo

B’ D

E

C

FGF BMP4
72 hrs24 hrs

FGF

BMP4:

BMP4+SAG: BMP4 BMP4+SAG

BMP4
72 hrsA

n.s

n.s



Results 1: Adult neural stem cells (aNSCs) are responsive to Sonic Hedgehog (Shh) signalling 

 84 

Additionally, I tested whether Hedgehog signalling stimulation induces gene 

expression changes in cell cultures under quiescent conditions. To this end, I analysed 

the transcription of Ptch1 and Gli1, whose gene expression are readouts of hedgehog 

signalling. I cultured AH-NSCs in both quiescent conditions for 72 hours in presence and 

absence of SAG, and I harvested cell samples 24 hours, 48 hours and 72 hours later 

(Fig. 3-5.A), extracted RNA and performed RT-qPCR assays for the quantification of 

Ptch1 and Gli1 transcripts. I analysed transcript expression fold-change of BMP4+SAG 

vs. BMP4 samples. I observed that in 1ng/ml BMP4 samples, fold-change of Ptch1 

expression in BMP4+SAG relative to BMP4 samples increased from 1.5 at 24 hours to 

2.5 at 72 hours (P £ 0.001) (Fig. 3-5.B), a small increase possibly due to the fact that 

Ptch1 is a gene already expressed in cells without hedgehog signalling stimulation 

(Tukachinsky, H., et al. 2010). However, fold-change of Gli1 expression in BMP4+SAG 

relative to BMP4 samples increased from 10 at 24 hours (P £ 0.001) to 60 at 72 hours (P 

£ 0.001), a bigger fold-change than Ptch1 due to the fact that Gli1expression is negligible 

when there is no hedgehog signalling (Fig. 3-5.C). For samples treated with 20ng/ml 

BMP4, I observed that fold-change of Ptch1 expression in BMP4+SAG samples relative 

to BMP4 samples did not happen at 24 hours, but there was a 2.5-fold-change at 72 hours 

(P £ 0.001) (Fig. 3-5.D). In the case of Gli1, at 24 hours there was not a fold-change in 

BMP4+SAG samples relative to BMP4 samples, but there was a 10-fold-change at 72 

hours (P £ 0.001) (Fig. 3-5.E). The difference in the fold-change between 1ng/ml and 

20ng/ml BMP4 treatments might reflect the lower quantity of ciliated cells in the latter 

case. Nonetheless, this result shows that cell cultures in quiescent conditions respond to 

Shh signalling at the transcriptional level. 
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Figure 3-5: Ptch1 and Gli1 transcription upon Hedgehog signalling stimulation 

(A) Scheme of the experimental design. AH-NSC cultures were maintain on FGF (20ng/ml) for 24 
hours followed by treatment with BMP4 with either 1ng/ml or 20ng/ml for 72 hours. In BMP4 
samples, AH-NSCs were continued to be treated with the corresponding BMP4 concentration, 
whereas BMP4+SAG samples were treated with the corresponding BMP4 concentration plus 1uM 
SAG. In BMP4 and BMP4+SAG samples, harvesting was performed 24, 48 and 72 hours after 
the initial 72 hours of quiescence treatment. (B) Bar graph showing gene expression changes of 
Ptch1 in shallow quiescent conditions upon HH signalling stimulation. (D) Bar graph showing gene 
expression changes of Ptch1 in deep quiescent conditions upon HH signalling stimulation. (C) 
Bar graph showing gene expression changes of Gli1 in shallow quiescent conditions upon HH 
signalling stimulation. (E) Bar graph showing gene expression changes of Gli1 in deep quiescent 
conditions upon HH signalling stimulation. (B, C, D, E) Gene expression changes are represented 
as fold change (F.C.) relative to the BMP4 sample at a given time point (Grey bars). In the case 
of BMP4 samples, gene expression was converted to one for each of the time points analysed 
(black bars). (B, C, D and E) Bar graphs show mean ± SEM of data from at least three replicates 
*P<0.05, **P<0.01, n.s = not significant, unpaired t test.      .           
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3.4 Discussion of Chapter 2 
 

This chapter provides an analysis of primary cilium in aNSCs, the distribution of 

Shh-responsive aNSCs and an in vitro approach for the study of Shh signalling in aNSCs. 

These studies are essential for the understanding of NSC heterogeneity in the adult 

hippocampus. In this chapter, I described evidence for such heterogeneity in response to 

Shh signalling using the Gli1LacZ reporter mouse strain. I observed that Gli1LacZ+ 

aNSCs are enriched in caudal regions of the DG. The simplest explanation for this 

enrichment is that SHH levels are low in the rostral DG, a second explanation for this 

caudal enrichment is that aNSCs are unable to sense Shh in the rostral DG. Given the 

limitations of this observation, I cannot conclude the increase or decrease of Shh 

signalling in the ventral or dorsal hippocampus. To solve this dichotomy, I would generate 

a Smo GOF mouse strain carrying the allele Gli1LacZ. The genotype of this mouse strain 

would be Glast-Cre; SmoM2; Gli1LacZ, and I would induce recombination in young adults 

before analysis. This experiment would have two different outcomes, either Gli1LacZ is 

still enriched in caudal regions or Gli1LacZ is uniformly enriched. If Gli1LacZ is still 

enriched in caudal regions, then the reason for this enrichment would be that frontal 

regions are unable to transduce Shh signalling at the level of Gli1 transcription.  

Absence of cilia, might explain why AH-NSCs in vitro incompletely respond to 

hedgehog signalling stimulation. Why are some AH-NSCs non-ciliated in vitro? We can 

partially rule out the possibility that AH-NSCs are in cell cycle, since AH-NSCs growth in 

quiescent conditions do not increase the number of ciliated cells. In fact, treatment at 

20ng/ml of BMP4 where approximately 95% of cells are in quiescence (Bloomfield, I., et 

al 2019), reduced the number of ciliated cells. One possibility for AH-NSCs non-ciliation 

would be that, AH-NSCs do not have the appropriate molecular or cellular environment 

to be ciliated in vitro. A main cellular characteristic of aNSCs in vivo is their polarity. aNSC 

polarity consists of a cell body localized in the subgranular zone and a radial process 

extending through the granule layer. I observed that the primary cilium is confined 
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between the cell body and the radial process. This striking localization of the primary 

cilium might need the specific aNSC polarity found in vivo. An alternative reason for the 

lack of the primary cilium in vitro is a flattening of the cells, since it is known that in 

flattening cells the ciliary shaft is found to be enclosed in the cytoplasm (Albrecht-Buehler, 

G., & Bushnell, A. 1980). This hypothesis would be supported by the experimental result 

where high doses of BMP4 (20ng/ml) to aNSC cultures induces flattening in AH-NSCs 

(Bloomfield, I. 2019). Therefore, studies using aNSCs cultured in vitro should consider 

the lack of primary cilium in the interpretation of experimental results. For this reason, in 

subsequent experiments I use 1ng/ml BMP4 to test quiescent conditions. 
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Chapter 4. Results 2: Role of Shh signalling in aNSC 
proliferation of young mice 
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 4.1 Aims of Chapter 4 

The general aim of this chapter is to characterize the in vivo and in vitro roles of 

Shh signalling in the control of aNSC behaviour.  The specific aims of Chapter 4 are: 

1. Determine whether Shh signalling promotes aNSC proliferation. 

2. Determine whether Shh signalling promotes activation of quiescent aNSCs. 

3. Determine whether Shh signalling promotes reentry to the cell cycle of aNSCs. 

 
4.2 Shh signalling promotes activation of quiescent aNSCs and cell 
divisions of active aNSCs 

4.2.1 Conditional deletion/overactivation of Smo impacts in aNSC 
proliferation 

Previous reports analysing the proliferative role of Shh signalling in adult 

hippocampal neurogenesis have not focused specifically on aNSCs. This is because they 

have either analysed NSCs in early postnatal stages, or because they did not make a 

distinction between aNSCs and IPCs (Lai, K. et al. 2003; Li, G., et al. 2013). For instance, 

in Lai et al. 2003, the proliferation of progenitors induced by Shh signalling was addressed 

in vivo by injecting a Shh transgene coupled to administration of BrdU, and followed by 

BrdU+ cell quantification. However, although this experiment showed an increased 

number of BrdU+ cells in mice carrying the transgene compared to control mice, no cell-

type classification of BrdU+ cells was performed (Lai, K. et al. 2003). Additionally, in Li et 

al. 2013, the study analysed NSCs responding to Shh by using a lineage reporter line 

(Gli1-CreERT2). The authors showed that Shh signalling was required between embryonic 

stages and postnatal stages for the establishment of the aNSC pool. However, whether 

NSCs continued to respond to Shh in adult stages was not addressed (Li, G., et al. 2013). 
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These distinctions between NSCs and IPCs, and between postnatal and adult stages are 

critically relevant because the regulation of each cell type at each stage is different from 

one another (Urbán, N., & Guillemot, F. 2014), and in consequence, their dysregulation 

would have different outcomes. For instance, aNSC over-proliferation will deplete the 

long-lived aNSC pool, in contrast, IPC over-proliferation will not deplete the pool. 

In order to assess the proliferative role of Shh signalling in aNSCs, I conditionally 

suppressed or activated Shh signalling in aNSCs using mouse genetics. I crossed the 

mouse strain Glast-CREERT2; Rosa26-EYFPfl stop with Smofl, to be able to supress Shh 

signalling transduction in aNSCs, and with SmoM2fl stop, to be able to induce activation. 

Glast-CREERT2, described in Chapter 2 Material and Methods, has been stablished as a 

suitable mouse strain to drive the expression of Cre-recombinase in aNSCs (Mori, T., et 

al. 2006). When recombination of Rosa26-EYFPfl stop is driven by Glast-CREERT2, Rosa26-

EYFPfl stop is recombined in 95% of aNSCs (Mori, T., et al. 2006; Andersen, J. Urban, N. 

et al. 2014). In aNSCs of the SVZ, Smofl and SmoM2fl stop, (see Chapter 2 Material and 

Methods) have been proven to be suitable mouse strains to induce, via Cre-recombinase, 

Smoothened loss-of-function and gain-of-function respectively (Tong, C. K., et al. 2015; 

Ihrie, R. A. et al. 2011). I decided to use SmoM2fl stop strain as opposed to Ptchfl strain 

because it has been recently established that Ptch proteins can act in a non-cell-

autonomous manner (Roberts, B., et al. 2016).  This non-cell-autonomous function of 

Ptch would prevent the aim of analysing the role of Shh signalling transduction in aNSCs. 

To analyse Shh signal transduction in aNSCs I used the resulting mouse strains Smofl; 

Glast-CREERT2; Rosa26-EYFP and SmoM2fl stop; Glast-CREERT2; Rosa26-EYFP. 

To analyse the impact of Shh signalling inhibition on aNSC proliferation, I 

performed five consecutive daily injections of tamoxifen in 2 months old Smo+/+; Glast-

CREERT2; Rosa26-EYFP animals, hereafter referred as Control (Ctrl) animals and in 2 

months old Smofl/fl; Glast-CREERT2; Rosa26-EYFP, here after referred as Smoothened 

conditional knocked out (Smo cKO) animals (Fig. 4-1.A). Analyses were carried out one 

month after tamoxifen treatment, since this time has been previously reported for the 

analysis of conditional mutants analysing aNSC behaviour (Fig. 4-1.B) (Andersen, J. 



Results 2: Role of Shh signalling in aNSC proliferation of young mice 

 91 

Urban, N. et al. 2014). Immunofluorescence in brain sections of these mice performed 

with antibodies anti-GFAP and anti-SOX2 for labelling aNSCs, and with the antibody anti-

Ki67 for labelling cycling-cells (Fig. 4-1.D, D’), revealed that there was a reduction in the 

number of Ki67+ aNSCs in Smo cKO compared to Ctrl animals (P £ 0.05) (Fig. 4-1.F). 

Furthermore, the double labelling of GFAP and the proactivation factor ASCL1 (Fig. 4-
1.E, E’), revealed that the number of ASCL1+ aNSCs also decreased in Smo cKO mice 

compared to Ctrl mice (P £ 0.05) (Fig. 4-1.G’). These results indicate that Shh signalling 

is required for aNSC proliferation. 

To address whether Shh signalling is sufficient to promote aNSC proliferation, I 

constitutively activated Smo in aNSCs. To this end, I performed five consecutive daily 

injections of tamoxifen in 2 months old SmoM2+/+; Glast-CREERT2; Rosa26-EYFP animals, 

hereafter referred as Control (Ctrl) animals and in 2 months old SmoM2fl stop/+; Glast-

CREERT2; Rosa26-EYFP, here after referred as Smoothened gain-of-function (Smo GOF) 

animals (Fig. 4-1.A). In pilot experiments, I observed that one month after tamoxifen 

injections there were fewer number of aNSCs in Smo GOF animals. Since aNSCs are a 

major component of the stem cell niche (Riquelme, P. A., et al. 2007), and since 

disruptions to the niche would prevent conclusions on the role of Shh signalling in aNSCs, 

analyses were carried out eight days after the initial tamoxifen injection (Fig. 4-1.C). 

Immunofluorescence in brain sections of these mice with the antibodies anti-GFAP and 

anti-SOX2 for labelling aNSCs, and with the antibody anti-Ki67 for labelling cycling-cells, 

revealed that the number of Ki67+ aNSCs were higher in Smo GOF compared to Ctrl 

animals (P £ 0.01) (Fig. 4-1.D’, Fig. 4-1.H). Additionally, the triple immunofluorescence 

labelling of GFAP, SOX2 and the proactivation factor ASCL1, revealed that also the 

number of ASCL1+ aNSCs were higher in Smo GOF than in Ctrl animals (P £ 0.01) (Fig. 

4-1.E’, Fig. 4-1.I). These results indicate that Shh signalling stimulation is sufficient to 

induce aNSC proliferation in the DG.  
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Figure 4-1: Shh signalling promotes aNSC proliferation 

(A) Young adult mice (2M of age) of the mouse strains Smofl; Glast-CREERT2; Rosa26-EYFP (Smo 
cKO) and SmoM2fl stop; Glast-CREERT2; Rosa26-EYFP (Smo GoF) were used to analyse the impact 
of suppressing or activating Shh signalling in the proliferation of aNSCs, where mutants were 
homozygous for the floxed alleles and the controls did not carry the floxed alleles. (B) Shh 
signalling was suppressed in young adult DG NSCs by means of five injections of tamoxifen at 
2M followed by analysis at 3M (Smo cKO). (C) Shh signalling was activated in young adult DG 
NSCs by means of five injections of tamoxifen at 2M followed by analysis 8 days after initial 
tamoxifen injection (Smo GoF). (D, D’ and D’’) Immunostainings for GFAP and SOX2 to mark DG 
aNSCs and for Ki67 to mark proliferating cells, aNSCs in cell cycle (white arrows). (E, E’, E’’) 
Immunostainings for GFAP to mark DG aNSCs and for ASCL1 to mark cells expressing the 
proactivation factor, show ASCL1+ aNSCs (yellow arrows). (F) Quantification of the  total number 
of Ki67+ aNSCs per DG in Smo cKO and Ctrl animals. (G) Quantification of the  total number of 
ASCL1+ aNSCs per DG in Smo cKO and Ctrl animals. (F) Quantification of the  total number of 
Ki67+ aNSCs per DG of Smo cKO and Ctrl animals. (F) Quantification of the  total number of 
ASCL1+ aNSCs per DG of Smo cKO and Ctrl animals. Scale bars: (D-D’’) and (E-E’’) 25 μm. 
N=4 for each genotype. All mice were males. *P<0.05, **P<0.01, unpaired t test.       
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4.2.1 Shh signalling activates dormant aNSCs 

The quiescent aNSC pool is comprised by two types of quiescent stem cells: 

dormant aNSCs and resting aNSCs (Urban, N., et al. 2016). Dormant aNSCs entered into 

quiescence since the establishment of the aNSC niche and have since then, remained 

quiescent. In contrast, resting aNSCs activated and entered into the cell cycle at least 

once during their life, but returned to quiescence and survived for a maximum of one week 

in young animals before being depleted (Urban, N. et al. 2016). In order to identify resting 

aNSCs, I label dividing cells with EdU for two weeks by providing EdU in drinking water 

to mice. Then, withdraw EdU and culled mice 20 hours later. Based on 

immunofluorescence labelling after these two weeks + 20 hrs, EdU+ aNSCs not 

proliferating (Ki67-) would constitute the resting aNSC population, since they entered into 

cell cycle and returned to quiescence. Additionally, after these two weeks + 20 hrs, EdU- 

aNSCs not proliferating (Ki67-) would constitute the dormant aNSC population, since they 

have never activated and entered the cell cycle, and cannot be resting cells because 

resting cells endured for a maximum of one week in young animals (Fig. 4.2) (Urban, N. 

et al. 2016). However, if these EdU- aNSCs would be Ki67+, then it would be a dormant 

aNSC that just activated by entering into the cell cycle in the last 19 hours (EdU half-life 

in blood = 35.2 min; Cheraghali, A. M., et al. 1994). Altogether, this EdU and Ki67 labelling 

scheme that I designed, allow me to identify resting and dormant populations, dormant 

aNSCs that recently activated, and a mix population of former resting aNSCs in cell cycle 

with cells reentering the cell cycle.   
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Figure 4-2: Strategy to identify dormant aNSCs 

Scheme of the strategy to identify dormant cells, and dormant cells that activated in the 20 hours 
previous to mouse culling. Additionally, this strategy can identify resting cells (not used in this 
thesis for historical reasons). See text for explanation.   

The role of Shh signalling in aNSC proliferation can be explained by a role in: 1) 

Activating dormant aNSCs, 2) Activating resting aNSCs or 3) Keeping aNSCs in cell 

cycles preventing them to going back to quiescence. I address the last two possibilities in 

subsequent sections. However, to address whether Shh signalling has a role in the 

activation of dormant aNSCs, I use the labelling scheme explained above. If Shh 

signalling has a role in the activation of dormant aNSCs, then its disruption would cause 

an effect in the EdU- Ki67+ aNSC population.         

To test Shh signalling role in the activation of dormant aNSCs, I performed two 

weeks of EdU water administration coupled to five daily tamoxifen injections five days 

after the first day EdU administration, in 2-months old Ctrl and Smo cKO mice (Fig. 4-

3.A). Twenty hours after EdU water withdrawal, I culled the mice and set up samples for 

immunolabeling. On brain sections of these mice, I performed immunolabeling of GFAP 
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and SOX2 to mark aNSCs (GFAP+; SOX2+), of EdU to determine the dormant aNSCs 

(EdU-), and Ki67 to determine activated aNSCs (Ki67+) (Fig. 4-3.B, C-C’’). I quantified 

the number of activated dormant aNSCs (GFAP+; SOX2+; EdU-; Ki67+) and found fewer 

in Smo cKO animals compared to Ctrl animals (P £ 0.01) (Fig. 4-3.D). This decrease of 

activated aNSCs in Smo cKO indicates that Shh signalling is required for the activation 

of dormant aNSCs (Fig. 4-3.F). 

To test whether Shh signalling is sufficient to activate dormant aNSCs, I conducted 

the same experiment described above, but using Smo GOF mouse strain (Fig. 4-3.A, B). 

I also performed the same immunolabeling to identify the different types of aNSCs. I 

quantified the number of activated dormant aNSCs and found a larger population in Smo 

GOF compared to Ctrl animals (P £ 0.05) (Fig. 4-3.E). This increase of activated aNSCs 

in Smo GOF indicates that Shh signalling stimulation is sufficient to activate dormant 

aNSCs in the DG (Fig. 4.3.F). 

 
Figure 4-3: Shh signalling activates dormant aNSCs 

(A) Young adult mice (2M of age) of the mouse strains Smo cKO and Smo GoF were used to 
analyse the impact of suppressing or activating Shh signalling in the activation of dormant aNSCs. 
Mice were subjected to two weeks of EdU water administration coupled to five daily tamoxifen 
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injections five days after the first day of EdU administration. Twenty hours after EdU water 
withdrawal, mice were culled. (B) Scheme showing that dormant aNSCs become during the two 
weeks of EdU water administrations would incorporate EdU, with the possibility that they would 
return to quiescence and become resting aNSCs, but could be identified because they would 
have incorporated EdU. Twenty hours after EdU withdrawal, dormant aNSCs that activated during 
those twenty hours, can be identified by Ki67 immunostaining on fixed brain sections. (C, C’, C’’, 
C’’’) Immunostainings for GFAP and Sox2 to mark aNSCs, EdU detection to discard resting cells 
or cells re-entering in cell cycle, and immunostaining for Ki67 to mark cells in cell cycle, shows a 
dormant aNSC that activated (white arrowhead). (D) Quantification of dormant activated cells 
(Ki67+ EdU- aNSCs) in Smo cKO and Ctrl animals. (E) Quantification of dormant activated cells 
(Ki67+ EdU- aNSCs) in Smo GoF and Ctrl animals. (F) Model of the role of Shh signalling in the 
activation of dormant aNSCs. Scale bars: (C-C’’’) 25 μm. N=4 for each genotype All mice were 
males. *P<0.05, **P<0.01, unpaired t test.         
 

4.2.2 Conditional deletion of Smo impacts in the activation of resting 
aNSCs 

Shh signalling is necessary and sufficient for the activation of dormant aNSCs, but 

Shh signalling might also promote the activation of resting aNSCs. Resting aNSCs, as 

discussed in Chapter 1 Introduction and in the previous section, can be identified with 

EdU labelling by means of EdU water administration to mice for a period of approximately 

one week in young adult mice (Urban N. et al. 2016). After this period, the resting 

population will reactivate and deplete due to the fact that aNSC divide only for a limited 

number of times before differentiation (activation-coupled depletion). This activation-

coupled depletion process would decrease the EdU+ aNSC population as it becomes 

depleted (Urban, N. et al. 2016). If Shh signalling is required for the activation of resting 

aNSCs, then Shh signalling suppression would prevent the activation-coupled depletion 

of the EdU+ aNSC population (Fig. 4-4.B). 

To test whether Shh signalling is required for the reactivation of the resting 

population, I performed EdU labelling by water administration for one week, followed by 

five daily tamoxifen injections to 2-months old Ctrl and Smo cKO animals (Fig. 4-4.A). 

Animals were culled 3 days after the final tamoxifen injection. I performed immunolabeling 

with GFAP and SOX2 antibodies to mark aNSCs, and EdU detection to mark the resting 

population (Fig. 4-4.B-B’’; Fig. 4-4.C-C’’). I quantified the number of EdU+ aNSCs and 
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found a higher number of resting aNSCs in Smo cKO animals than in Ctrl animals (Fig. 
4-4.D). This increased in the number of resting aNSCs in the Smo cKO suggests that Shh 

signalling reactivate resting aNSCs (Fig. 4-4.E). 

 
Figure 4-4: Shh signalling activates resting aNSCs 

(A) Young adult mice (2M of age) of the mouse strain Smo cKO were used to analyse the impact 
of suppressing Shh signalling in the activation of resting aNSCs. Mice were subjected to five days 
of EdU water administration followed by five daily tamoxifen injections and a chase period of three 
days. Mice were culled 13 days after the initial day of EdU water administration. (B) Scheme 
showing that if resting aNSCs enter into the process of activation-coupled depletion, their 
population will be reduced with time. If resting aNSCs do not enter into the process of activation-
coupled depletion, then their population will not be reduced with time. (C-C’, D-D’) 
Immunostaining for GFAP and SOX2 to mark aNSCs, EdU detection to identify resting cells 
(EdU+ Ki67-) in Ctrl (C-C’) and Smo cKO animals (D-D’). (E) Quantification of the resting (EdU+ 
Ki67-) aNSC population per DG in Smo cKO and Ctrl animals. (F) Model of the role of Shh 
signalling in the activation of resting aNSCs. Scale bars: (C-C’’’) and (D-D’’’) 25 μm. N=4 for each 
genotype. All mice were males. **P<0.01, unpaired t test.   
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4.2.3 Shh signalling promotes cell divisions of aNSCs  

Shh signalling role in proliferation can also be explained by a role in preventing 

aNSCs to return to quiescence by increasing the number of cell cycles that an aNSC can 

achieve. This function would be in addition to the role in activating dormant and resting 

aNSCs that I stablished in the previous sections. Active aNSCs typically reenter three 

times into cell cycle before becoming depleted through either neuronal differentiation or 

astrocytic differentiation (Encinas, J. M., et al. 2011, Pilz, G. A., Bottes, S., et al. 2018). 

Previous studies have shown that the activity of the ubiquitin ligase HUWE1 induces the 

degradation of the proactivation factor ASCL1. ASCL1-degradation HUWE1-mediated 

inhibits active aNSCs to reentry into the cell cycle and cells return to quiescence instead 

(Urban, N. et al. 2016). It is unknown, however, what extrinsic signals promote reentry 

into the cell cycle as opposed to return to quiescence. To identify aNSCs that have been 

in two consecutive cell cycles, we can mark one cell cycle with an EdU injection to a 

mouse, cull the mouse 24 hours later and mark a second cell cycle by immunolabeling 

Ki67, since the cell cycle have a duration of 24 hours approximately (Urban, N. et al. 

2016). aNSCs that have been in two consecutive cell cycles will be EdU+ Ki67+. In 

contrast, aNSCs that have been in a first cell cycle, but did not entered into a second cell 

cycle and returned to quiescence, will be EdU+ Ki67-. If Shh signalling prevents the return 

to quiescence and induces cell cycle reentry, then, suppression of Shh signalling will 

increase the population of EdU+Ki67- aNSCs. 

To determine whether Shh signalling prevents the return to quiescence, I 

performed five daily tamoxifen injections in Ctrl and Smo cKO mice, followed by a single 

EdU injection two days later and, subsequently, by labelling EdU and Ki67 24 hours later 

(Fig. 4-5.A, B). On brain sections of these mice, I performed immunolabeling of GFAP 

and SOX2 to mark aNSCs (GFAP+; SOX2+), EdU to determine a first cell cycle division 

(EdU+), and Ki67 to determine whether the aNSC entered to a second cell cycle (EdU+; 

Ki67+) or returned to quiescence (EdU+; Ki67-) (Fig. 4-5.C-C’’’). I determined the aNSC 
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percentage that returned to quiescence and found that in Smo cKO animals there was a 

larger population of aNSCs that returned to quiescence compared to Ctrl animals (P £ 

0.05) (Fig. 4-5.D). This increase in the number of aNSCs returning to quiescence in Smo 

cKO indicates that Shh signalling is required for aNSC keep in cell cycle, and it also 

indicates that Shh signalling inhibits the formation of resting aNSCs (Fig. 4-5.F).  

To test whether Shh signalling is sufficient to prevent aNSCs to return to 

quiescence, I conducted the same experiment above, but using Ctrl and Smo GOF mice 

(Fig. 4-5.A, B). I performed the same immunolabelling to identify aNSCs returning to 

quiescence and aNSCs that had two cell cycles. I determined the aNSC percentage that 

returned to quiescence and found a reduced aNSC population that returned to 

quiescence in Smo GOF animals compared to Ctrl animals (P £ 0.05) (Fig. 4-5.E). This 

decrease of aNSCs returning to quiescence in Smo GOF shows that Shh signalling is 

sufficient to prevent aNSC to return to quiescence and to promote aNSC cell cycle (Fig. 
4-5.F). 
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Figure 4-5: Shh signalling regulates cell-cycle re-entry of aNSCs and formation of 

resting aNSCs 

 (A) Young adult mice (2M of age) of the mouse strains Smo cKO and Smo GoF were used to 
analyse the impact of suppressing or activating Shh signalling in the cell-cycle re-entry of aNSCs. 
Mice were subjected to five daily tamoxifen injections followed by a single intraperitoneal (IP) 
injection with EdU seven days after the initial tamoxifen injection. Mice were culled 24 hours later 
to the EdU IP injection. (B) Scheme showing that active aNSCs would incorporate EdU and if they 
continue in the cell cycle they would be EdU+ Ki67+ (blue and red nucleus in cartoon), but if they 
return to quiescence (become resting) they would be EdU+ Ki67- (blue nucleus in cartoon).   (C-
C’’’) Immunostaining for GFAP to mark aNSCs, EdU detection to identify cells that entered into a 
first cell-cycle, and immunostaining for Ki67 to identify cells that re-enter to the cell cycle (red 
arrowhead) or retuned to quiescence (blue arrowhead). (D) Pie chart showing the percentage of 
cells that return to quiescence in Smo cKO and Ctrl animals. (E) Pie chart showing the percentage 
of cells that return to quiescence in Smo GoF and Ctrl animals. (F) Model for the role of Shh 
signalling in the inhibition of active aNSC to return to quiescence, that results in the re-entering to 
the cell-cycle of aNSCs. Scale bars: (C-C’’’) 25 μm. N=3 for each genotype. All mice were males. 
*P<0.05, unpaired t test.       
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4.2.4 Conditional deletion of Smo has an effect in the number of 
adult-born neurons produced  

The number of new-born neurons generated are controlled by the balance 

between quiescent and proliferating aNSCs, in addition to the regulation of other stages 

in the lineage progression from IPCs to neurons (Urban, N. & Guillemot, F. 2013). 

Therefore, Shh signalling manipulation on aNSC proliferation might result downstream on 

the production of new-born neurons. New-born neurons in the adult brain follow a well 

characterized pattern of differentiation and maturation, where molecular markers specific 

for each stage on this differentiation and maturation (IPCs, neuroblast, and immature 

neurons) have been identified. Two markers for initial differentiation are Tbr2, which 

marks IPCs, and Doublecortin (Dcx), which marks neuroblasts (Hodge, R. D., et al. 2008; 

Brown, J. P. et al. 2003). If Shh signalling controls aNSC proliferation, very likely this will 

result in a downstream effect in IPCs and neuroblasts. 

To test Shh signalling effect in the production of IPCs and neuroblasts, I performed 

five daily tamoxifen injections in Ctrl and Smo cKO mice, followed by immunolabeling with 

TBR2 and DCX antibodies one month later (Fig. 4-6.A-C). Quantification of TBR2+ 

immunolabeled cells revealed fewer positive cells in Smo cKO animals compared to Ctrl 

animals (Fig. 4.6.D). Quantification of DCX+ immunolabeled cells also revealed fewer 

positive cells in Smo cKO animals compared to Ctrl animals (Fig. 4.6.E). This apparent 

decrease in TBR2+ and DCX+ cells in Smo cKO, although not significant likely due to the 

lack of more sample quantification, indicates that Shh signalling role in proliferation 

possibly has a downstream effect on the IPCs and neuroblasts produced (Fig. 4.6.F) (see 

Chapter 6). 
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Figure 4-6: Analysis of Shh signalling role in the generation of adult-born neuroblasts 

(A) Young adult mice (2M of age) of the mouse strain Smo cKO were used to analyse the impact 
of suppressing Shh signalling in the generation of neuroblasts. Mice were subjected to five daily 
tamoxifen injections and culled 1 month after the initial tamoxifen injection. (B-B’) Immunostaining 
of Tbr2 to mark neuroblasts shows an apparent higher number of intermediate progenitor cells 
(IPCs) in Ctrl than in Smo cKO animals. . (C-C’) Immunostaining of Dcx to mark maturing 
neuroblasts shows an apparent higher number of maturing neuroblast in Ctrl than in Smo cKO 
animals. (D) Quantification of Tbr2+ cells per DG in Smo cKO (n=2) and Ctrl animals (n=3). (D) 
Quantification of Dcx+ cells per DG in Smo cKO (n=2) and Ctrl animals (n=3). (F) Model of the 
regulation of Shh signalling in adult aNSCs and the putative downstream effect in the generation 
of neuroblasts. Scale bars: (B-B’) and (C-C’) 25 μm. N= number of red dots for each genotype.               
 
4.3 Hh signalling promotes proliferation of AH-NSCs 
 

4.3.1 Hh signalling stimulation in AH-NSC cultures grown under 
quiescent conditions induces proliferation 

Shh signalling has a role in aNSC proliferation in vivo, but given the complexity of 

the hippocampal stem cell niche, it is challenging to define specific cellular responses to 

specific niche signals. The hippocampal niche is highly heterogeneous and manipulations 
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of signalling pathways affect both quiescent and proliferative populations, as it is in the 

case of Glast-CreERT2 (Mori, T. et al. 2006). In addition, manipulations using Glast-CreERT2 

induces recombination in other cell types such as astrocytes, and it is therefore difficult 

to distinguish between direct and indirect effects. In vitro systems have the advantage 

that we can control acute treatments and test the impact on the specific cells being 

cultured. If Shh signalling has a role in aNSC proliferation independently of the interaction 

with other cell types such as astrocytes or their signals, then aNSCs treated with Shh 

signalling agonists should have an impact in proliferation and the associated molecular 

responses. 

To test whether SAG induces proliferation in aNSCs in vitro in quiescent conditions, 

I induced quiescence for 72 hrs, followed by acute SAG treatment (BMP4+SAG samples) 

or continuous quiescent conditions (BMP4 samples), and then fixed 24, 48 and 72 hours 

later, with an EdU pulse one hour before collection in each instance (Fig. 4-7.A). 

Immunolabeling with Ki67 and EdU (Fig. 4-7.B-B’), revealed that only after 72 hours of 

treatment there were increases in the population of Ki67+ in the BMP4+SAG treated 

samples compared to the BMP4 samples (16.1% ± 0.6% Ki67+ cells in BMP4 samples 

vs. 22.4% ± 1.2% Ki67+ cells in BMP4+SAG) (Fig. 4-7.C). Similarly, there were increases 

in the population of EdU+ in the BMP4+SAG treated samples compared to the BMP4 

samples only after 72 hours of SAG treatment (6.2% ± 1.1% EdU+ cells in BMP4 samples 

vs. 9.4% ± 1.9% EdU+ cells in BMP4+SAG samples) (Fig. 4-7.D).   This result shows that 

hegdgehog signalling stimulation induces proliferation of aNSCs independently of the 

interaction with other cell types.    

 
4.3.2 Hh signalling stimulation in AH-NSC cultures grown under 

quiescent conditions induces gene expression changes 

Hedgehog signalling stimulation induced proliferation only after 72 hrs after the 

initial treatment. To test whether hedgehog signalling stimulation have an earlier effect, I 

tested gene expression changes. To this end, I conducted the same experiment where I 
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induced quiescence for 72 hrs, followed by acute SAG treatment, and then harvested 

cells after 24, 48 and 72 hours (Fig. 4-7.A). I extracted RNA from the collected 

BMP4+SAG samples and BMP4 samples, and made cDNA to test gene expression by 

quantitative PCR. To test whether SAG treatment induces changes in gene expression 

associated with cell cycle, I analysed the gene expression of the cell cycle markers such 

as Cyclin D and ASCL1 (See Chapter 2 Material and Methods) (Fig. 4-7.F). I observed 

that even though there were no significant changes in proliferation (Ki67+ cells) within the 

first 48 hours of SAG treatment, there was a significant increase of 1.5-fold-change in the 

gene expression of Cyclin D mRNA, as early as 24 hours in the BMP4+SAG samples 

compared to the BMP4 samples. This increase in gene expression was not mirrored by 

ASCL1 mRNA (see Chapter 5). This result suggests that hedgehog signalling stimulation 

induces cell cycle as early as 24 hours after induction. 

To test whether hedgehog signalling stimulation results in the decreased 

expression of quiescent markers, I conducted the same experiment. In this new 

experiment, I analysed the gene expression by qPCR of quiescent markers Apoe and Id4, 

which are well described markers of quiescence in aNSCs (Shin, J. et al. 2015). Gene 

expression data revealed that both had decreased transcripts between one half and one 

quarter in the BMP4+SAG samples compared to the BMP4 samples (Fig. 4-7.G-H). This 

decreased was observed as early as 24 hours after SAG treatment, and two days before 

significant changes in aNSC proliferation. Additionally, I tested the protein levels of CcnD1 

and ID4 after 48hours of treatment (Fig. 4-7.I). I observed that the protein levels of Id4 

changed significantly and that the protein levels of CcnD1 tended to increase but not 

significantly. These results indicate that Shh signalling induces gene expression decrease 

of the quiescent marker Apoe and the quiescence regulator Id4, and together with the 

CcnD induction, they precede the observed proliferation phenotype. 
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Figure 4-7: Hedgehog signalling role in the proliferation of AH-NSCs 

 (A) Scheme of the experimental design. AH-NSC cultures were maintain on FGF (20ng/ml) for 
24 hours followed by treatment with 1ng/ml BMP4 for 72 hours. In BMP4 samples, AH-NSCs were 
continued to be treated with 1ng/ml BMP4 concentration, whereas BMP4+SAG samples were 
treated with 1ng/ml BMP4 concentration plus 1uM SAG. In BMP4 and BMP4+SAG samples, 
harvesting was performed 24, 48 and 72 hours after the initial 72 hours of quiescence treatment. 
EdU treatment was carried out one hour before each harvest (not shown in scheme). (B and B’) 
Immunostainings for Ki67 and EdU detection in BMP4 and BMP4+SAG samples in AH-NSC 
cultures harvested 72 hours after induction of quiescence for 72 hours. (C) Bar graph showing 
percentage of Ki67+ cells in BMP4 and BMP4+SAG samples in AH-NSC cultures harvested 72 
hours after induction of quiescence for 72 hours. (D) Bar graph showing percentage of EdU+ cells 
in BMP4 and BMP4+SAG samples in AH-NSC cultures harvested 72 hours after induction of 
quiescence for 72 hours. (E) Bar graph showing gene expression changes of CcnD upon HH 
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signalling stimulation after 24, 48 and 72 hours. (F) Bar graph showing gene expression changes 
of ASCL1 upon HH signalling stimulation after 24, 48 and 72 hours. (G) Bar graph showing gene 
expression changes of Apoe upon HH signalling stimulation after 24, 48 and 72 hours. (H) Bar 
graph showing gene expression changes of Id4 upon HH signalling stimulation after 24, 48 and 
72 hours. (E, F, G, H) Gene expression changes are represented as fold change (F.C.) relative 
to the BMP4 sample at a given time point. (I) Western blot analysis of CcnD1 and ID4 in BMP4 
and BMP4+SAG conditions. (J) Quantification of CcnD protein levels as determined by Western 
blot. n=3. (K) Quantification of Id4 protein levels as determined by Western blot. n=3. (E, F, G, H, 
J, K) Bar graphs show mean ± SEM of data from at least three replicates. *P<0.05, **P<0.01, 
***P<0.001, n.s. not significant, unpaired t test. Scale bars: (B, B’) 100 μm.      
 

4.3.3 Transcriptomic analyses of AH-NSC cultures grown under 
quiescent conditions stimulated with Hh signalling  

Hedgehog signalling stimulation induces gene expression up-regulation of CcnD 

(marker and regulator of the cell-cycle) and down-regulation of Apoe and Id4 (markers of 

quiescence). However, it is highly likely that other genes also have changes in their gene-

expression. RNA sequencing experiments offer the possibility to analyse gene expression 

changes in a global manner. Therefore, RNA sequencing is a suitable tool to analyse 

global gene expression changes of aNSCs treated with SAG under quiescent conditions. 

If Shh signalling has a role in proliferation, then a global change in the transcriptomic 

profile of aNSCs should be observable, and not only on a few transcripts. Additionally, 

since Gli1 gene is the main transducer of Shh signalling, Gli1 would be expected to be 

highly enriched in the SAG treated samples and could be used as a validation of the 

quality of the experiment.   

In order to determine the global changes in the transcriptomic profile of hedgehog 

signalling stimulation that precedes the induction of proliferation, I performed RNAseq 

experiments. These experiments would support the proliferative role of Shh, and would 

inform on the transcriptional changes that lead to proliferation. To do so, I induced 

quiescence in three replicates of AH-NSC cultures for 72 hours and then treated them 

with SAG under quiescent conditions (BMP4+SAG samples) or left the cultures untreated 

under shallow quiescent conditions (BMP4 samples) for 48 hours before harvest. RNA 

extraction was performed from SAG treated samples, and from BMP4 samples (Fig. 4-
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8). In the RNA sequencing data analysis, using a significance q-value < 0.05 a threshold 

to call a gene as differentially expressed gene (Ortiz, M. et al. 2014), I identified 1,097 

differentially expressed genes in the SAG treated samples. I found that 677 genes had 

increased gene expression and 420 genes had reduced gene expression (Table A1). It 

is important to mention that Gli1, which is the main transducer of Shh signalling, was 

found to be at the top of the up-regulated genes, validating the quality of the data (Lee, 

J., et al. 1997) (Table 3). Conversely, Gli3, the gene that encodes a main Shh signalling 

repressor, was found to be down-regulated, further validating the quality of the data 

(Welscher, P., et al. 2002) (Table 3). These results indicate that Shh induces a broad 

change in the gene expression profile of AH-NSCs, and that the data is consistent with 

expected changes in the transcription of Gli1 and Gli3. 

 
Figure 4-8 Design of RNA-sequencing experiment to analyse SAG treatments on AH-NSC 

cultures 

Scheme of the experimental design use to prepare samples of AH-NSC cultures for RNA-
sequencing analysis. 457 transcripts were found to be enriched in BMP4 samples and 656 
transcripts were found to be enriched in BMP4+SAG samples.   
 

To determine the function of the genes with change in their expression, I first 

performed a targeted approach by analysing candidate genes with change in their 

expression. In this targeted approach, I selected genes related to the cell cycle and genes 

related to quiescence (Shin, J, et al. 2015). I asked whether genes related to cell cycle 

were upregulated in the BMP4+SAG samples (Table 3). In the group of genes with 

upregulated expression, I found cell cycle related genes. I identified a number of genes 

encoding for Cyclin proteins and for Cdk proteins, consistent with the proliferative role of 

Shh in the aNSC control. Conversely, in the group of down-regulated genes in 

BMP4+SAG samples, I found genes associated with quiescence such as Hopx, Apoe and 
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Id4 (Shin, J., et al. 2015; Blomfield, I. et al. 2019) (Table 3). In addition, I found that genes 

encoding critical components of Notch signalling, which has been associated with 

quiescence, (Kawaguchi, D., et al. 2013) were down-regulated. Interestingly, Wnt 

signalling regulators were also found to be down-regulated, although Wnt signalling has 

been shown to promote quiescence and  proliferation (Lie, D. C., et al. 2005; Chavali, M., 

et al. 2018). This targeted approach shows that gene expression changes related to cell 

cycle and quiescence precede significant changes in aNSC proliferation upon hedgehog 

signalling stimulation. 

 
Table 3: Selected transcripts enriched in BMP4+SAG samples or in BMP4 samples. 

To explore functional themes among the up-regulated genes in the BMP4+SAG 

samples, I searched for enriched gene ontology (GO) annotations (Huang, D.W. et al. 

2009) (Table 4). For biological processes, almost the entirety of the GO terms was related 

to the cell cycle, coinciding with Shh signalling role in proliferation. Three of the other most 

enriched GO terms were related to metabolic processes such as the glycolytic pathway 

and oxidation-reduction process. These metabolic pathways are known to be involved in 

the activation of quiescent stem cells (Shin, J., et al. 2015), and their enrichment in the 

BMP4+SAG samples, supports the role of Shh signalling in the activation of quiescent 

aNSCs. Finally, only two of the enriched GO terms were related to the nervous system, 

perhaps as a result of Shh signalling in neurodevelopment, a well characterized role of 

Shh signalling (Briscoe, J., & Ericson, J. 2001). For molecular functions, most enriched 

Hopx
Apoe
Id4
Gli3
Notch2
Dll3
Dll4
Wnt3
Lrp4

1.7898
4105.61
41.4953
7.74882
23.971
16.103
1.50565
0.694715
9.678

0.587381
2938.67
23.6893
4.3717
13.4556
10.9774
1.03306
0.381717
7.39398

-1.60743
-0.582433
-0.808709
-0.595071
-0.534865
-0.552791
-0.543464
-0.863917
-0.388357

0.00130114
0.00130114
0.00130114
0.00790854
0.00790854
0.00130114
0.0471543
0.00707352
0.00238846

Gene
Name

FPKM
BMP4

FPKM
BMP4+SAG

log2 Fold
Change

q
Value

Sparcl1 12.5745 8.33498 -0.593253 0.00130114

Gli1
Gtse1
Ccna2
Cdkn2d
Cdk1
Ccnb1
Mki67
Ccnb2
Ccnd1
Ccnd2

0.225172
2.71183
15.9755
12.2446
21.1103
12.4763
6.62594
4.48863
10.6223
25.8755

1.14805
7.74479
44.2235
18.4711
55.4154
32.5226
16.7728
11.0686
23.7333
39.6067

2.35009
1.51396
1.46895
1.593128
1.39234
1.38225
1.33993
1.30212
1.15982
1.614156

0.00130114
0.00130114
0.00130114
0.00130114
0.00130114
0.00130114
0.00130114
0.00130114
0.00130114
0.00130114

Gene
Name
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GO terms related to protein binding and catalytic activity. This enrichment could reflect an 

up-regulation in the protein regulators of the cell cycle upon Shh signalling, as previously 

described for Shh signalling in other systems (Kenney, A. M., & Rowitch, D. H. 2000; 

Kenney, A. M., et al. 2004; Pusapati, G. V., et al. 2018). Additionally, it was notably that 

upregulation of genes that regulate cell fate was not observed. This is possibly due to the 

culturing of cells with FGF, which is a strong regulator of stemness (B. Reynolds and S. 

Weis, 1992) and possibly inhibits the upregulation of cell fate genes.   

 
Table 4: GO terms of transcripts enriched in BMP4+SAG samples. 

Finally, I explored GO themes among the down-regulated genes in the BMP4+SAG 

samples (up-regulated in BMP4 samples), which revealed limited insight into the 

functionality of these genes (e.g. multicellular organism development, membrane) (Table 

5). Nonetheless, all of the GO terms in the BMP4+SAG samples seem to be related to 

cell cycle
cell division
mitotic nuclear division
DNA replication
chromosome segregation
nervous system development
cellular response to DNA damage stimulus
metabolic process
oxidation-reduction process
mitotic sister chromatid segregation
axon guidance
DNA replication initiation
G1/S transition of mitotic cell cycle
mitotic metaphase plate congression
mitotic cytokinesis
cell proliferation
spindle organization
mitotic spindle organization
tricarboxylic acid cycle
glycolytic process

127
88
75
38
29
57
58
45
71
11
27
11
16
12
11
31
8
10
10
11

1.41E-37
5.02E-29
1.13E-28
8.63E-15
3.07E-11
6.47E-09
1.74E-07
3.52E-06
2.31E-04
2.71E-04
2.92E-04
4.42E-04
0.001777004
0.00221239
0.004998024
0.007816741
0.020616639
0.022321701
0.030788271
0.031240647

Gene Ontology Terms in BMP4+SAG N. of Genes P. value adj

*Cell cycle related GO terms; *Metabolism related GO terms
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neuronal development, perhaps revealing a broad distribution on their function and be 

classified on the only thing in common they have which is neural stem cell biology. Further 

hypothesis formulation and gene-by-gene analyses is needed to understand why Shh 

induced the down-regulation of these genes and how this down-regulation impacts Shh 

signalling role in promoting aNSC proliferation. Overall, research on the functional themes 

among the up-regulated genes in the BMP4+SAG samples confirms that gene expression 

changes related to cell cycle precede significant changes in aNSC proliferation upon 

hedgehog signalling stimulation.  

 
Table 5: GO terms of transcripts enriched in BMP4 samples. 

4.4 Discussion 

In this Chapter, I provide evidence that Shh signalling promotes aNSC proliferation 

in the DG. Understanding the signals that control aNSC proliferation gives insights into 

the mechanisms that contribute to the depletion of the aNSC pool. In addition, this study 

critically expands the limited molecular knowledge on aNSC proliferation in the 

hippocampus. In this thesis, the first evidence of Shh signalling role in proliferation comes 

nervous system development
axon guidance

multicellular organism development
neuronal cell body
membrane
postsynaptic density
plasma membrane
cell junction
axon
cell surface
dendrite
cell projection
protein binding
axon guidance receptor activity

43
21
51
40
211
24
156
41
26
34
29
36
156
5

5.50E-15
1.73E-07
1.94E-04
2.32E-08
2.51E-07
2.18E-06
9.10E-06
3.42E-05
4.97E-04
0.002257381
0.002859797
0.004725327
1.79E-10
0.022968749

Gene Ontology Terms in BMP4 N. of
Genes

P. value adj
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from analyses of induced Smo loss-of function and gain of function experiments, where I 

observed reduction and increase in aNSC proliferation respectively. The results of these 

experiments support the role of Shh signalling in promoting aNSC proliferation. 

Although LOF and GOF experiments indicate Shh signalling function in aNSC 

proliferation, the phenotype does not seem to impact in all of the aNSCs at the stages 

analysed. This is reflected in the LOF experiment where proliferation is reduced only by 

half, and in the GOF experiment where, not all of the aNSCs seem to be proliferating. 

Why is the penetrance of the phenotype incomplete? One possible explanation is that 

Smo alleles did not recombined in all of the aNSCs. This explanation is unlikely since the 

aNSC pool is preserved in aged mice of  Smo mutants, suggesting that most aNSCs did 

not activate and became depleted, and therefore suggesting that most aNSC had Smo 

recombined (see Chapter 6). However, the best experiment to probe whether Smo alleles 

are recombined in all cells, is to analyse Smo gene expression. Suitable antibodies that 

mark Smo protein expression are limited, therefore, the suitable experiment is to perform 

in situ hybridization experiments to detect Smo. A second more compelling explanation 

for the incomplete penetrance in proliferation of Smo is that Shh signalling requires other 

up-regulated proliferative signals or down-regulated quiescent signals in order to induce 

proliferation, in other words, Shh signalling does not have a dominant effect (See Chapter 

7).  Likely candidates of this complementarity are proliferative signals such as canonical 

Wnt and IGF, and quiescent such as non-canonical Wnt, BMP4 and GABA. Experiments 

to address interactions with these complementary signals, would involve genetic epistasis 

experiments, or in vitro experiments with the caveat that not all of cells respond to Shh 

signalling. Nevertheless, Shh signalling role in proliferation is prominent and its long-term 

impact is addressed and discussed in Chapter 6. 

Evidence for Shh signalling role in proliferation comes from the observed decrease 

and increase of Ki67+ aNSCs in Smo LOF and GOF experiments respectively. This result 

might be due to two reasons: 1) Shh inducing activation of quiescent aNSCs; 2) Shh 



Results 2: Role of Shh signalling in aNSC proliferation of young mice 

 112 

inducing self-renewing cell cycles that an active aNSC can have. This study provided the 

first evidence of a signal implicated in the activation of quiescent aNSCs. As mentioned 

before, this is of critical relevance since disruptions (due to illness or non-homeostatic 

changes) in the activation of quiescent stem cells would disrupt the aNSC pool size and, 

by consequence, lifelong neurogenesis. 

The experiment to analyse directly the activation of quiescent aNSCs query only 

the activation of dormant aNSCs. In this experiment, it was not possible to analyse the 

activation of resting aNSCs, since the immunolabeling combination of GFAP+; SOX2+; 

EdU+; Ki67+ would result in the numbers of activated resting cells, summed to the number 

of cells that reenter to the cell cycle. In order to test the activation of the resting population 

indirectly, I tested the resting aNSC population size after inducing Smo loss-of-function 

and Smo gain-of-function. The caveat of this experiment is, that the number of labelled 

retained NSCs can be due to not only changes in the resting aNSC activation, but also 

its associated proliferation. This means that resting aNSCs would activate equally in Smo 

mutants and Ctrl, but in Smo mutants activated resting aNSCs would return to quiescence 

sooner and in Ctrl activated resting aNSCs would become depleted. Nevertheless, since 

Shh has an impact in the activation of dormant aNSC, and since resting aNSCs are easier 

to activate than dormant aNSCs (Urban N. et al. 2016), I gravitated towards the 

conclusion that Shh has a role in the activation of resting aNSCs.       

The second possible explanation for Shh signalling impact in proliferation is an 

impact in the number of self-renewing cell cycles that an active aNSC can achieve before 

being depleted or before returning to quiescence. Experiments on Smo GOF and LOF, 

also show Shh signalling role in the number of aNSC self-renewal cycles. This is of 

relevance since aNSC cell cycles is directly link to the inhibition of the return to 

quiescence, and in turn to the resting population formation. It has been shown that the 

resting population is an important stem cell population to maintain adult neurogenesis 

middle aged mice (Urban N. et al. 2016). Interestingly, the resting population becomes 
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more important with ageing (see Chapter 7, Harris, L., Ortiz, M.A. et al. unpublished). 

These results, not only show Shh signalling role in proliferation, but suggests a prominent 

role in the maintenance of aNSCs and the lifelong neurogenesis by controlling the resting 

aNSC population. 

A more direct link between Shh signalling and neurogenesis was reached by 

analysing population changes of neuroblasts. As mentioned before, a likely explanation 

for the non-significant change between Smo LOF and Ctrl, are the few brains analysed 

(n=3 and n=2, respectively). Finishing this analysis is undoubtedly a necessary task. 

Additionally, analysis of Tbr2+ and Dcx+ cells in Smo GOF animals would confirm the link 

between Shh signalling and the number of IPCs and neuroblasts produced. Additionally, 

it is also possible that aNSC would differentiate into another cell type upon suppression 

or overactivation of Shh signalling. The best experiment to test whether Shh signalling 

has a role in aNSC differentiation, would be to use genetic lineage tracer such as 

recombination of RYFP in Smo LOF and Smo GOF experiments, and quantify different 

cell types. Nevertheless, the results so far suggest a direct link between Shh signalling 

and the number of neurons produced in the adult brain. 

The increase of proliferative cells when AH-NSCs are treated with SAG under 

quiescent conditions supports the role of Shh signalling in promoting aNSC proliferation. 

This increase in the proliferative population, however, was strikingly low. The simplest 

explanation is that Shh signalling has a minor role in promoting proliferation. However, I 

observed a wide impact in proliferation upon suppression or overactivation of Shh 

signalling in vivo. Another explanation is that aNSCs are unable to sense Shh signalling. 

In favour of this hypothesis, I have shown that only 30 percent of aNSCs grown in vitro 

are ciliated. 

If thirty percent of cells are ciliated, why the percent of proliferating cells do not 

increase by 30 percent when SAG is added to the cell culture? One possible explanation 
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is that Shh signalling requires other signals in order to promote proliferation, signals that 

are absent or limited in the aNSC cultures. Additionally, it is possible that aNSCs in vitro 

have other limitations in order to respond to Shh signalling. A limiting component of Shh 

signalling is cholesterol, and it has been shown that upon cholesterol depletion, SAG has 

decreased potency (Myers, B. R., et al. 2013). It would be suitable to test whether aNSCs 

treated with cholesterol and SAG have a more prominent proliferation response, or a 

faster response. Nevertheless, Shh induces a significant proliferation phenotype after 72 

hours of treatment, a similar time that it takes to induce quiescence upon BMP4 treatment 

(48 hours) and a similar time that it takes for the reactivation of AH-NSCs after removal 

of BMP4 (Bloomfield I. et al. 2019), suggesting that  this is the time (48-72 hours) that 

aNSCs require for changing their proliferative state.  

Additionally, I observed that Shh induces proliferation response at the molecular 

level by inducing CcnD gene expression increase by 200%. This is a considerable amount 

taking in to account that only 30% of cells can respond to Shh. Moreover, I observed that 

quiescent markers were down-regulated, suggesting that quiescent aNSCs activate.  

However, why is it that the molecular changes do not increase overtime? It is possible 

that hedgehog signalling stimulation is only able to induce activation of “Shallow” 

quiescent stem cells, but not of “deep” quiescent stem cells, since it has been shown that 

deep quiescent stem cells are less able to activate than the shallow quiescent stem cells 

(Kwon, J. S., et al. 2017; Chapter 1).  I conclude that Shh is able to induce proliferation 

at the molecular level even after 24 hours of treatment. It would be important to test earlier 

timepoints to define the mechanisms that link Shh signalling with proliferation. 

Finally, I performed RNAseq experiments to investigate the transcriptional profile 

of the BMP4+SAG treated aNSCs. In this experiment, I found that Shh signalling induced 

a broad transcriptional program related to the cell cycle, additionally to the down-

regulation of markers and regulators of quiescence. A caveat of this experiment is that it 

was performed after 48 hours of SAG treatment where changes not directly related to 
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Shh might occur. For instance, I showed that Shh decreases components of Notch and 

Wnt signalling, and it is possible that these signals might be the direct effectors on 

proliferation. Nevertheless, this experiment shows that Shh can initiate broad changes in 

the transcriptome of aNSCs where cell cycle related genes are induced. Moreover, the 

GO analyses revealed that GO terms related to DNA replication were among the ones 

more prominently and significantly up-regulated. This is of relevance since DNA 

replication is the subsequent step on activation of quiescent stem cells, and I provided 

evidence in vivo that Shh signalling controls activation of quiescent stem cells. In addition, 

metabolic pathways related to activation of quiescent stem cells (Shin, J., et al. 2015) 

were also up-regulated. Finally, to generate a hypothesis on how Shh induces aNSC 

proliferation, one way would be to perform RNA-seq on samples treated with SAG at 

earlier timepoints to determine changes preceding the upregulation of cell cycle genes.   
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Chapter 5. Results 3: Role of Shh signalling in the control 
of ASCL1 expression 
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5.1 Aims of Chapter 5 

1. Determine whether there is an epistatic interaction of shh and huwe1 in the 

regulation of ASCL1. 

2. Determine whether Shh signalling regulates transcription of ASCL1. 

 

5.2 Epistatic interaction of Shh and Huwe1 in the regulation of ASCL1 
 

Shh signalling promotes the proliferation of granule neuronal precursors in the 

cerebellum by inhibiting the degradation of ATOH1 by HUWE1 (Forget, A., et al 2014). I 

hypothesised that if Shh stabilizes ATOH1 to promote proliferation, a similar mechanism 

might regulate ASCL1 to promote aNSC proliferation in the DG. Furthermore, it has been 

shown that degradation of ASCL1 by HUWE1 is responsible for the formation of resting 

aNSCs (Urban, N. et al 2016). A likely hypothesis is that Shh and Huwe1 regulate ASCL1 

through the same genetic pathway to induce aNSC proliferation in the DG. 

 

To test whether Shh signalling and HUWE1 regulate ASCL1 through the same 

genetic pathway, I performed epistatic experiments where I tested the impact of Shh 

signalling suppression coupled to HUWE1 activity suppression on the number of ASCL1+ 

aNSCs. I first generated single and double mutants for Smo and Huwe1. I crossed the 

mouse strain Smofl/+; Glast-CREERT2 with the mouse strain Huwe1fl/X to generate the 

single mutants Smo cKO/Huwe1 Ctrl (Smofl/fl; Huwe1+/X; Glast-CREERT2) and Smo 

Ctrl/Huwe1 cKO (Smo+/+; Huwe1fl/X; Glast-CREERT2), in addition to the double mutant Smo 

cKO/Huwe1 cKO (Smofl/fl; Huwe1fl/X; Glast-CREERT2) and the wild type control Smo 

Ctrl/Huwe1 Ctrl (Smo+/+; Huwe1+/X; Glast-CREERT2). In 2-month old mice from these 

strains, I induced recombination by means of 5 daily tamoxifen injections and analysed 

the mice one month later, as previously reported for the HUWE-1 mouse strain (Urban, 

N. et al 2016) (Fig. 5-1.A). In order to analyse the impact of these manipulations on 

ASCL1 regulation, I performed immunostainings on brain sections of these mice, using 



Results 3: Role of Shh signalling in the control of ASCL1 expression 

 118 

antibodies against GFAP and SOX2 to mark aNSCs, and against ASCL1. Quantification 

of the number of ASCL1+ aNSCs revealed that, as expected, there was a decrease in 

Smo cKO/Huwe1 Ctrl animals compared to Smo Ctrl/Huwe1 Ctrl animals (P < .01), and 

an increase in Smo Ctrl/Huwe1 cKO animals compared to Smo Ctrl/Huwe1 Ctrl (P < .01) 

as shown before (Urban, N. et al 2016) (Fig. 5-1.B). Analyses of the double mutant 

showed that there was an increase of ASCL1+ aNSCs compared to Smo Ctrl/Huwe1 Ctrl 

animals (P < .01), and when compared to Smo cKO/Huwe1 Ctrl (P < .001). Crucially, 

however, there were no significant changes of ASCL1+ aNSCs in the double mutant 

compared to Smo Ctrl/Huwe1 cKO (Fig. 5-1.B). Since there was not a partial rescue in 

the number of ASCL1+ aNSCs in the double mutant compared to Smo Ctrl/Huwe1 cKO, 

which would indicate that Shh regulates ASCL1 through a parallel pathway, these results 

suggest that Huwe1 regulates genetically ASCL1 downstream to Shh signalling. 

 

To test whether Shh signalling also regulates aNSC proliferation via Huwe1, I 

performed immunolabeling against this protein and against GFAP and SOX2 to mark 

active aNSCs in these different genetic lines. These analyses revealed a similar pattern 

to ASCL1 analysis, where as expected, there was a decrease of Ki67+ aNSCs in Smo 

cKO/Huwe1 Ctrl compared to Smo Ctrl/Huwe1 Ctrl animals (P<0.05), and an increase in 

Smo Ctrl/Huwe1 cKO compared to Smo Ctrl/Huwe1 Ctrl (P < .01) (Fig. 5-1.C). 

Additionally, analyses of the double mutant shown that there was an increase of Ki67+ 

aNSCs in the double mutant compared to Smo Ctrl/Huwe1 Ctrl (P<.01) and compared to 

Smo cKO/Huwe1 Ctrl (P<.01), but not between Smo Ctrl/Huwe1 cKO and the double 

mutant (Fig. 5-1.C). These results support an epistatic interaction of Shh signalling and 

HUWE1 activity for the regulation of aNSC proliferation.  

 

To confirm the epistatic interaction of Shh signalling and Huwe1, I tested whether 

Shh signalling activation have an additive effect to Huwe1 cKO on ASCL1 up-regulation. 

To do so, I tested the impact on proliferation of HUWE1 loss-of-function mutant and Smo 

gain-of-function single and double mutants. To this end, I crossed the mouse strain 

SmoM2fl stop/+; Glast-CREERT2 with the mouse strain Huwe1fl/X to generate the single 
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mutants Smo GOF/Huwe1 Ctrl (SmoM2fl stop/fl stop; Huwe1+/X; Glast-CREERT2) and Smo 

Ctrl/Huwe1 cKO (Smo+/+; Huwe1fl/X; Glast-CREERT2), in addition to the double mutant Smo 

GOF/Huwe1 cKO (Smo fl stop/fl stop; Huwe1fl/X; Glast-CREERT2) and the wild type control 

strain Smo Ctrl/Huwe1 Ctrl (Smo+/+; Huwe1+/X; Glast-CREERT2 ). In. 2-month old mice from 

these strains, I induced recombination by means of 5 daily tamoxifen injections and 

analysed the mice of different strains one month later (Fig. 5-1.A). I analysed the impact 

on ASCL1 regulation by immunostainings using antibodies against GFAP and SOX2 to 

mark aNSCs, and against ASCL1. Quantification of the number of ASCL1+ aNSCs 

revealed that there was an increase in Smo GOF/Huwe1 Ctrl animals compared to Smo 

Ctrl/Huwe1 Ctrl (P< .01), and in Smo Ctrl/Huwe1 cKO compared to Smo Ctrl/Huwe1 Ctrl 

animals (P< .01) (Fig. 5-1.D). Analyses of the double mutant strain revealed that there 

was an increase of ASCL1+ aNSCs in the double mutant compared to Smo Ctrl/Huwe1 

Ctrl (P< .01), but there were no significant differences between the single mutants and 

the double mutant (Fig. 5-1.D). These experiments indicate that there is no additive effect 

between Huwe1 and Shh signalling on the upregulation of ASCL1, and confirm that they 

act in the same genetic pathway possibly by stabilizing ASCL1 protein. 

 

I next tested whether the epistatic interaction of Huwe1 cKO with the Smo GOF 

allele, is also observed when measuring aNSC proliferation. In brain sections of the 

described mice, I performed immunolabeling against Ki67 to mark cells in proliferation 

and against GFAP and SOX2 to mark aNSCs. Quantifications of the Ki67+ aNSCs 

showed similar results to the results seen when quantifying ASCL1 aNSCs. Specifically, 

there was an increase of ASCL1+ aNSCs in Smo GOF/Huwe1 Ctrl compared to Smo 

Ctrl/Huwe1 Ctrl animals (P<.05), and in Smo Ctrl/Huwe1 cKO compared to Smo 

Ctrl/Huwe1 Ctrl animals (P<.01) (Fig. 5-1.D). Similar to the analyses on ASCL1, analyses 

of the double mutant revealed that there were no significant differences among the single 

mutants and the double mutant on Ki67+ aNSCs (Fig 5-1.D). These results show no 

additive effect between the proliferative phenotypes of Smo cKO and Huwe1 cKO, very 

likely a downstream effect of the epistatic interaction on ASCL1 regulation. Altogether, 

these results support a model where Shh signalling inhibits the formation of resting 
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aNSCs, or in other words, the return to quiescence of active aNSCs by preventing ASCL1 

degradation induced by HUWE1 activity. 

 
Figure 5-1: Epistatic analysis of Huwe1 and Shh signalling in the regulation of ASCL1 

(A) Mouse strains Smo cKO and Smo GoF were crossed with Huwe1 mouse strain to generate 
the double mutants Smo cKO/Huwe1 cKO and Smo GoF/Huwe1 cKO (See text for details) for 
the analysis of epistatic interaction of Huwe1 and Shh signalling in the control of ASCL1 and 
proliferation. Young adult mice (2M of age) of these strains were subjected to five daily tamoxifen 
injections, were culled 1month after the initial tamoxifen injection. (B) Bar graph showing 
quantifications of ASCL1+ aNSC in Ctrl and single and double mutants of Smo cKO and Huwe1 
cKO (+ = Ctrl; - = cKO). (B) Bar graph showing quantifications of Ki67+ aNSC in Ctrl and single 
and double mutants of Smo cKO and Huwe1 cKO (+ = Ctrl; - = cKO). (D) Bar graph showing 
quantifications of ASCL1+ aNSC in Ctrl and single and double mutants of Smo GoF and Huwe1 
cKO (+ = Ctrl; - = cKO; ++ = GoF). (B) Bar graph showing quantifications of Ki67+ aNSC in Ctrl 
and single and double mutants of Smo cKO and Huwe1 cKO (+ = Ctrl; - = cKO; ++ = GoF). To 
note, in (C and E) the SEM lines shows a widespread deviation from mean in the double mutants, 
thus, power test might be necessary to validate the epistatic effect in proliferation. (F) Model 
proposed where Shh signalling inhibit ASCL1 degradation by HUWE1 resulting in the 
maintenance of active cells in cell cycle and inhibition of resting aNSC formation. (B, C) N=4 (D, 
E) N= 3 for each genotype *P<0.05, **P<0.01, ns = not significant, unpaired t test.                
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5.3 Shh signalling does not regulate ASCL1 transcription 
 
  The previous experiments performed show that Shh signalling and Huwe1 

regulate ASCL1 through the same genetic pathway, and since HUWE1 is a ubiquitin 

ligase, it strongly suggests that the regulation is postranlational. However, it is still 

possible that Shh signalling also would regulate ASCL1 transcriptionally. It has been 

shown that ASCL1 mRNA levels are similar between quiescent and active stem cells 

(Blomfield I. et al. 2019). However, it is possible that Shh might also contribute to the 

regulation of ASCL1 transcription.  

 

To test this possibility, I knocked out Smo in a mouse strain carrying an ASCL 

transcription reporter in which a nuclear localized GFP allele has replaced the entire 

coding region of ASCL1. I crossed the mouse strain SmoFl/+; Glast-CreERT2 with the mouse 

strain ASCL1Ki-GFP to generate Smo cKO ASCL1Ki-GFP (SmoFl/Fl; Glast-CreERT2; ASCL1Ki-

GFP), and Smo Ctrl ASCL1Ki-GFP (Smo+/+; Glast-CreERT2; ASCL1Ki-GFP). I performed five 

daily tamoxifen injections on 2-month old mice of these strains to induce Smo 

recombination, and analysed one month later GFP expression (Fig. 5-2.A). I performed 

immunolabeling against GFAP and SOX2 to mark aNSCs, and against GFP to mark cells 

expressing ASCL1 (Fig. 5-2.B, B’).  Quantification of the GFP+ aNSCs and total aNSCs 

revealed that there were no significant differences in the percentages of GFP+ aNSCs 

between Smo Ctrl ASCL1Ki-GFP and Smo cKO ASCL1Ki-GFP animals (Fig. 5-2.C). This 

analysis shows that Shh do not play a major role in regulating ASCL1 transcription, 

instead it suggests that the main role of Shh signalling might be to post-translationally 

increase the levels of ASCL1 (Fig. 5-2.D). 
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Figure 5-2: Analysis of ASCL1 transcription regulation by Shh signalling 

(A) Mouse strain Smo cKO was crossed with the mouse strain carrying a reporter of ASCL1 
transcription (ASCL1 KiGFP) to generate Smo cKO ASCL1KiGFP and analyse the impact of Shh 
signalling suppression in the transcription of ASCL1. Young adult mice (2M) were subjected to 
five daily tamoxifen injections, and were culled 1month after the initial tamoxifen injection. (B, B’) 
Immunostainings for GFAP and SOX2 to mark aNSCs and for GFP to mark cells expressing the 
reporter of ASCL1 transcription (ASCL1KiGFP). (C) Bar graph showing the percentage of GFP+ 
aNSCs in Smo cKO ASCL1KiGFP and Ctrl animals. (D) Model for the regulation of ASCL1 by Shh 
signalling at the protein level. Scale bars: (B, B’) 25 μm.  N=4 for each genotype, n.s. = not 
significant, unpaired t test.       
 

5.4 Analysis of ASCL1 regulation by hedgehog signalling in AH-NSC 
cultures 
 

To confirm the results in the hippocampus in vivo, where I observed that Shh 

regulates ASCL1 independently of transcription, I induced hedgehog signalling 

stimulation on aNSC cultures and tested whether ASCL1 protein is induced independently 

of ASCL1 transcription. I administered SAG (chemical agonist of Shh signalling) to 

primary cultures of aNSCs under quiescent conditions and analysed ASCL1 protein by 

immunofluorescence experiments. To do so, I induced quiescence for 72 hrs with 1ng/ml 

BMP4, followed by acute SAG treatment (BMP4+SAG samples) or continuous quiescent 

conditions (BMP4 samples) for 48 hours before fixation (Fig. 5-3.A). Immunolabeling of 

ASCL1 revealed a graded signal in all of the cells, making it difficult to quantify ASCL1+ 

cells (Fig. 5-3.B, B’, C, C’). To call a cell as ASCL1+, a cell had to hold an ASCL1 intensity 
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above 15 in arbitrary units of intensity. The 15 A.U. intensity was chosen because below 

this range was considered as background intensity (immunostaining without first antibody 

revealed a signal intensity of 15 in pilot experiments). Considering this criterion, I found 

that the average signal intensity of the positive cells was higher in the BMP4+SAG 

samples compared to the BMP4 samples (P < .0001) (Fig. 5-1.D). However, because this 

result might be skewed for higher number of cells in BMP4+SAG samples, I performed a 

second analysis.  In this second analysis, I found that 65 ASCL1+ aNSCs in BMP4+SAG 

samples had a signal intensity above the 99th percentile of the aNSCs of BMP4 samples. 

To confirm these results, I analysed the expression of ASCL1 by flow cytometry in 

a cell line expressing ASCL1 tagged with a Venus tag (ASCL1-venus) (Blomfield, et al. 

2019). I fixed cell cultures grown in BMP4 and BMP4+SAG conditions of this ASCL1-

venus cell line, and dye them with a GFP antibody. Additionally, in order to detect venus+ 

NSCs, I fixed cell cultures of a WT cell line. I analysed the dyed cells by flow cytometry 

and discriminated the positive cells (GFP+) vs the negative cells (Fig. 5-1.E). Then, by 

overlapping the histograms of the NSCs grown in BMP4 vs the BMP4+SAG conditions, I 

found that a significant population of GFP+ cells in the BMP4+SAG conditions had a 

higher intensity than the majority of the of the GFP+ cells in the BMP4 (Fig. 5-1.H). Then, 

I analysed only the cells that had a signal intensity higher than 1041. I found that 8.3% +/- 

3.1%  of the BMP4+SAG samples had higher intensity and only 3.6% +/- 2.1% of the 

BMP4 samples had a similar intensity (Fig. 5-1.I). These results suggest that ASCL1-

venus is more expressed when hedgehog signalling is stimulated.  

 

 Altogether, these results show that hedgehog signalling induces ASCL1 protein 

and this induction is transcriptionally independent, since in aNSC cultures there is no 

increase of ASCL1 transcription upon Hedgehog signalling stimulation (Chapter 2). 
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Figure 5-3 Analysis of ASCL1 regulation by hedgehog signalling in AH-NSC cultures 

(A) Scheme of the experimental design. AH-NSC cultures were maintain on FGF (20ng/ml) for 24 
hours followed by treatment with 1ng/ml BMP4 for 72 hours. In BMP4 samples, AH-NSCs were 
continued to be treated 1ng/ml BMP4 BMP4 concentration, whereas BMP4+SAG samples were 
treated with 1ng/ml BMP4 BMP4 concentration plus 1uM SAG. In BMP4 and BMP4+SAG 
samples, harvesting was performed 48 hours after the initial 72 hours of quiescence treatment. 
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EdU treatment was carried out one hour before each harvest (not shown in scheme). (B, B’ and 
C, C’) Immunostainings for ASCL1 in BMP4 and BMP4+SAG samples in AH-NSC cultures 
harvested 48 hours after induction of quiescence for 72 hours. (D) ASCL1 signal intensity in 
arbitrary units (A.U)  for each ASCL1+ cell in AH-NSCs of the BMP4 and BMP4+SAG samples. 
Blue dash line represent threshold of ASCL1 intensity to be considered as ASCL1 expression 
(See text). (E-I) Representative Flow Cytometry (FC) analysis of NSCs cultures in BMP4 and 
BMP4+SAG conditions (n=3). (E) FC analysis of WT NSCs containing gate for GFP+ cells. (F) 
FC analysis of NSCs expressing ASCL1-venus in BMP4 conditions. (G) FC analysis of NSCs 
expressing ASCL1-venus in BMP4+SAG conditions. (H) Histogram of FC analysis of NSCs 
expressing ASCL1-venus in BMP4 (blue) and BMP4+SAG conditions (red). Gate for the brightest 
10% of NSCs. (I) Histogram of FC analysis of NSCs expressing ASCL1-venus in BMP4 (blue) 
and BMP4+SAG conditions (red) showing only the brightest 10% of NSCs. Scale bars: (B, B’, C, 
C’) 100 μm. Unpaired t test.    
 

5.5. Discussion 
 
In this Chapter, I provide evidence that Shh signalling promotes ASCL1 protein 

stability by inhibiting its degradation induced by HUWE1. ASCL1 plays a central role in 

the activation of quiescent aNSCs, and in maintaining them in an active state (Andersen, 

J. Urban, N. et al. 2014; Urban, N. et al. 2016). Since I have shown that Shh signalling 

promotes aNSC proliferation by controlling these two processes, it was logical to 

hypothesize that Shh might act by regulating ASCL1. Published work has shown that Shh 

signalling control proliferation by promoting the stability of the BHLH protein ATOH1 in 

granule neuronal precursors in the cerebellum (Forget, A. et al 2014). In this system, Shh 

induces the dephosphorylation of ATOH1 blocking its interaction with HUWE1 which is 

phosphorylation dependent and therefore, preventing ATOH1 ubiquitination and further 

degradation. In the adult hippocampus, it has been shown that HUWE induces ASCL1 

degradation resulting in the inhibition of cell cycle re-entry of active cells. 

 

I tested whether Shh signalling controls proliferation by interfering with the 

degradation of ASCL1 by HUWE1. I analysed the effect on ASCL1 in Smo and Huwe1 

single and double loss-of-function mutants. In these experiments, HUWE1 activity 

suppression (Huwe1 cKO) induces proliferation, and Shh signalling suppression (Smo 

cKO) reduces proliferation. One possibility would have been that in the double mutant 

(Smo cKO /Huwe1 cKO) the reduced proliferation induced in Smo cKO would prevent the 
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proliferation induced in Huwe1 cKO, which would mean that Shh signalling act in a 

different pathway. However, I observed the opposite, whereby the proliferation induced 

by HUWE1 prevented the reduced proliferation induced in Smo cKO, meaning that 

Huwe1 is downstream in the genetic pathway to regulate ASCL1. Also, I confirmed that 

both are in the same genetic pathway to regulate ASCL1 by analysing the Smo gain-of-

function and Huwe1 single and double mutants. The results of these experiments showed 

that there was no additive effect on ASCL1 between inducing solely or in combination 

Huwe1 suppression and Shh signalling activation. This led me to conclude that Shh 

signalling and Huwe1 were in the same genetic pathway to control ASCL1.  

 

There is the possibility that despite being in the same genetic pathway, Shh would 

also regulate ASCL1 transcription. However, I showed that Shh does not have an effect 

on the transcription of ASCL1. This result supports the hypothesis that Shh signalling 

promotes ASCL1 expression solely by inhibiting its degradation by HUWE1 activity, 

where HUWE induces ASCL1 degradation by recognizing phosphorylated ASCL1. 

However, it remains to be tested whether in the Smo GOF ASCL1KiGFP expression is 

induced. Additionally, it remains to be confirmed that Shh signalling indeed induces 

ASCL1 stability by preventing its phosphorylation, in a similar manner that Shh signalling 

induces a phosphatase that dephosphorylate ATOH in granule neural precursors.   

 

In regard to the regulation of ASCL1 protein stability by Shh signalling, I confirmed 

the results obtained in the hippocampus in vivo by using aNSC cultures and testing 

ASCL1 protein upon Shh signalling stimulation. I found that there was a significant larger 

number of ASCL1+ cells in cell cultures maintained in quiescent conditions treated with 

SAG compared to untreated samples. In addition, I found that the intensity of ASCL1 was 

higher in BMP4+SAG samples compared to control samples, suggesting a larger amount 

of ASCL1 in SAG treated samples. Since ASCL1 transcription is not induced by SAG 

treatment, this suggests that ASCL1, as in the in vivo experiments, is stabilised by 

hedgehog signalling stimulation. These observations were at 48 hours after initial SAG 

treatment, which reveals that ASCL1 protein upregulation precedes proliferation. These 
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results suggest that Shh signalling regulates ASCL1 to promote aNSC proliferation in a 

similar manner that Shh signalling regulates ATOH1 to promote proliferation in granule 

neural precursors, by inhibiting the degradation of ASCL1 induced by Huwe1. 
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Chapter 6. Results 4: Role of Shh signalling in the age-
related depletion of the aNSC pool and source of SHH in 
the DG 
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6.1 Aims of Chapter 6 

The general aim of this chapter is to characterize Shh signalling role in the control 

of aNSC proliferation with age, and the possible sources of SHH for the adult 

hippocampus.  The specific aims of Chapter 6 are: 

1. Determine whether Shh signalling promotes aNSC proliferation in ageing. 

2. Determine what is the possible source of Shh signalling in the adult 

hippocampus. 

3. Determine whether there are age related associates changes in the source of 

SHH. 

 

6.2 Role of Shh signalling in the age-related depletion of the aNSC pool 
  

6.2.1 Shh signalling contributes to the rapid depletion of aNSCs in 
young mice 
 

The age-related depletion of the aNSC pool is the result of activation of quiescent 

aNSCs followed by a limited number of cell divisions that lead to aNSC differentiation. I 

have shown that Shh signalling promotes the activation of quiescent aNSCs, and the cell 

divisions of aNSCs. It is possible then, that Shh signalling contributes to the age-related 

depletion of the aNSC pool. If Shh signalling contributes to this depletion, then Shh 

signalling suppression in young aNSCs would result in the preservation of the aNSC pool 

in older animals. Additionally, under the same hypothesis constitutive overactivation in 

aNSCs would drive the depletion of the aNSC population.   
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To test whether proliferation induced by Shh signalling drives the depletion of the 

aNSC pool performed Shh signalling suppression in young mice and analysed the effect 

in ageing mice. To this end, I performed five daily tamoxifen injections to 2-month old Ctrl 

and Smo cKO animals. I culled mice at 3, 6 and 12 months of age and quantified the 

number of aNSCs (Fig. 6-1.a). Brain sections of mice were immunolabeled with GFAP 

and SOX2 antibodies to mark aNSCs (GFAP+; SOX2+). Quantification of the total 

number of aNSCs over time in Ctrl animals, showed that there was a significant decrease 

between 3M to 6M and 12M of age (P < 0.05.) (Fig. 6-1.B, B’; Fig 6-1.C), consistent with 

the literature describing the aNSC depletion associated with ageing (Encinas, J. M. et al. 

2011). However, in Smo cKO animals, there was no significant decrease of aNSCs 

between 3M to 6M (P > 0.05), and there was only a slight decrease between 3M to 12M 

(P < .01) (Fig. 6-1.B, B’’; Fig 6-1C). Since in young mice activation of quiescent aNSCs 

is followed by consuming divisions of aNSCs that leads to their differentiation resulting in 

aNSC pool depletion, this data supports the finding that Shh signalling promotes 

activation of quiescent aNSC, and contributes to the age-related attrition of the aNSC 

pool. 

 
Figure 6-1: Suppression of Shh signalling in young aNSCs prevents the age-related 

depletion of the aNSC pool 

(A) Young adult mice (2M  of age) of the mouse strain Smo cKO were used to analyse the impact 
of suppressing Shh signalling in the depletion of the aNSC pool. Mice were subjected to five daily 
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tamoxifen injections and culled at 3M, 6M or 12M of age. (B) Immunostaining for GFAP to mark 
aNSCs of 3M old Ctrl animals. (C) Immunostaining for GFAP to mark aNSCs of 12M old Ctrl 
animals. (D) Immunostaining for GFAP to mark aNSCs of 12M old Smo cKO animals, showing 
similar number of aNSCs to Ctrl animals 3M old. (E) Graph showing quantification of aNSCs in 
Smo cKO and Ctrl animals at 3, 6 and 12 months of age. To note, the only comparisons without 
significant differences were in Smo cKO from 3M to 6M of age, suggesting suppression of the 
age-related aNSC depletion, and in Ctrl animals from 6M to 12M of age, suggesting that depletion 
of the aNSC pool is mainly during the first months of age of the mice. ANOVA analysis was carried 
out to analyse the significance of the differences in aNSC population between the Smo CKO and 
the Ctrl animals at all stages. Scale bars: (B, C, D) 25 μm. N=4 for 3M and 12M, N=3 6M for each 
genotype  *P<0.05, **P<0.01, n.s. not significant, unpaired t tests for comparing between two 
timepoints, ANOVA for comparison of overall difference between Ctrl and Smo cKO.           
 

To confirm the contribution of Shh signalling to the depletion of the aNSC pool, I 

performed five daily tamoxifen injections to 2-month old Ctrl and Smo GOF animals. I 

culled mice at 3- and 4-months of age and quantified the number of aNSCs (Fig. 6-2.A). 

Brain sections of mice were immunolabeled on GFAP and SOX2 to mark aNSCs (GFAP+; 

SOX2+). Quantification of the total number of aNSCs revealed that after four months of 

age, there was a significant depletion of the aNSCs in Smo GOF animals compared to 

control (P < .05) (Fig. 6-2.B, B’; Fig. 6-2.C). The premature depletion in Smo GFO 

confirms that Shh signalling contributes to the age-related attrition of the aNSC pool. 

 
Figure 6-2: Shh signalling overactivation induces the depletion of the aNSC pool. 

(A) Young adult mice (2M  of age) of the mouse strain Smo GOF were used to analyse the impact 
of activating Shh signalling in the aNSC pool. Mice were subjected to five daily tamoxifen 
injections and culled at 3M, or 4M of age. (B) Immunostaining for GFAP to mark aNSCs of 4M 
old Ctrl animals. (C) Immunostaining for GFAP to mark aNSCs of 4M old Smo GoF animals, 
showing high levels of depletion of the aNSC pool. (D) Graph showing quantification of aNSCs in 
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Smo GoF and Ctrl animals at 3M and 4M of age. ANOVA analysis was carried out to analyse the 
significance of the differences in aNSC population between the Smo GoF and the Ctrl animals at 
both stages. Scale bars: (B, C) 25 μm. N=4 for 3M and 12M, N=2 4M for each genotype  *P<0.05,  
ANOVA for comparison of overall difference between Ctrl and Smo GoF.    

 

6.2.3 Shh signalling contributes to the generation of adult born 
neurons that endure in mature mice 
 

I hypothesized that if activation of aNSCs was prevented in Smo cKO animals, 

then the total number of neurons produced in aged Smo cKO mice would be lower than 

in Ctrl mice. In order to test this hypothesis, I quantified the total number of neurons 

produced in 6-month old Smo cKO and Ctrl animals injected with tamoxifen at 2 months 

of age (Fig 6-3.A). Immunolabeling of NeuN and YFP. NeuN would mark mature neurons, 

and YFP would mark the lineage of cells where Glast-Cre induced recombination. Glast-

Cre induced recombination marks neurons produced from 2-months of age to 6-months 

of age. Double labelling of NeuN and YFP revealed that there was a lower number of 

neurons produced in Smo cKO animals compared to Ctrl animals (P < .01) (Fig 6-3.B, 
B’; Fig 6-3.C). In line with the results showed thus far, these results support a model 

whereby Shh signalling activate aNSCs to promote neurogenesis in young mice, and it is 

reflected in a population of adult-born neurons in aged mice and a depleted aNSC pool 

(Fig. 6-3.D). 
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Figure 6-3: Shh signalling contributes the production of adult born neurons that endure 

in aged mice 

(A) Young adult mice (2M  of age) of the mouse strain Smo cKO (SmoFl; Glast-Cre; RYFP)  were 
used to analyse the impact of suppressing Shh signalling in young mice on the production of new 
neurons through the mouse lifespan up to 6M of age. Mice were subjected to five daily tamoxifen 
injections and culled at 6M of age. (B, C) Immunostaining for NeuN to mark nucleus of mature 
neurons and for GFP to mark cells that have derived from the aNSCs that recombined RYFP. 
These immunostainings show more mature neurons produced in Smo Ctrl than in Smo cKO 
animals (blue arrowheads). (D) Bar graph showing quantifications of NeuN+ YFP+ cells per mm3 
in Smo Ctrl and in Smo cKO animals. (D) Model of the role of Shh signalling in the generation of 
adult born neurons along the mouse lifespan, as a result of its role in the aNSC proliferation 
dynamics. Scale bars: (B, C) 20 μm. N=4 for Ctrl and N=3 for Smo cKO,  **P<0.01, unpaired t 
test.     
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6.2.4 Shh signalling control of aNSC proliferation is more prominent 
in young adult mice compared to old mice 
 

aNSC depletion is the result of aNSC differentiation after a limited number of 

divisions upon activation of quiescent aNSCs. From the first adult neurogenesis study of 

Altman and Das in 1963, it was revealed that rate of aNSC depletion was higher in young 

mice than in older mice. More recently, it was found unexpectedly that while the rate of 

depletion of active aNSCs is constant over time, the rate of depletion of quiescent aNSCs 

is high in young mice compared to old mice (Encinas, J. M. et al. 2011) (Fig. 6-4.A).  This 

could indicate that, as mice mature, quiescent aNSCs that activate no longer differentiate 

after cell division, resulting in no depletion of aNSCs. What happens to these quiescent 

cells that become active, but do not differentiate in ageing? A likely explanation is that as 

mice mature, these quiescent aNSCs that activate return to quiescence instead of divide 

and differentiate (Fig. 6-4.B). This increase of return to quiescence in ageing (or 

increased in resting formation as explained in Chapter 1 and Chapter 3), mirrors the effect 

of Smo cKO in young mice, where there is also an increase in return to quiescence 

enlarging the resting aNSC population. This led me to hypothesise that if Shh signalling 

is more prominent in young mice than in aged mice, then its inhibition in young mice would 

cause a larger effect in proliferation than its inhibition in older mice where there would 

have a minor effect in proliferation.  

 
Figure 6-4: Depletion rates of aNSCs and possible contribution by Shh signalling 

(A) Rate of depletion of the active aNSCs (ANPs) and the quiescent aNSCs (QNPs) across the 
mouse lifespan, showing relatively constant depletion levels of active aNSCs, but declining 
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depletion levels of quiescent aNSCs with age (Figure reproduced with the right holders of 
Encinas, J.M., et al. 2011). (B) Model proposed to explain the higher levels of depletion in juvenile 
mice, where high levels of Shh signalling induces the depletion of aNSCs by activating dormant 
aNSCs and promoting re-entering to the cell-cycle, whereas in low levels of depletion in mature 
mice are lower due to low levels of Shh signalling that promote the formation of the resting aNSC 
pool.       
 
  

To test whether the regulation of aNSC proliferation by Shh signalling is larger in 

young vs old animals, I performed five daily tamoxifen injections to 1-month, 2-month and 

5-month old Ctrl and Smo cKO mice and analysed the effect on proliferation at each age. 

I culled the mice one month after tamoxifen injections at each age, quantified the 

percentage of proliferative aNSCs, and calculated the fold difference of the proliferative 

aNSC population between Ctrl and Smo cKO mice (Fig. 6-5.A). Brain sections of mice 

were immunolabeled on GFAP and SOX2 to mark aNSCs (GFAP+; SOX2+) and of Ki67 

to mark proliferative aNSCs (GFAP+; SOX2+; Ki67+). I found that the decrease of Ki67+ 

aNSCs in Smo cKO compared to Ctrl animals was stronger in younger animals compared 

to older animals (ANOVA P < 0.01) (Fig. 6-5.B). This supports the hypothesis that Shh 

signalling has a more prominent role in proliferation in the young brain compared to the 

old brain. 

To confirm the major role of Shh signalling in the control of aNSC proliferation at 

young ages compared to older ages, I analysed the percentage of ASCL1+ aNSCs on 

brain sections of Smo cKO compared to Ctrl animals. To this end, I performed 

immunolabeling of GFAP and SOX2 to mark aNSCs (GFAP+; SOX2+) and of ASCL1 to 

mark proliferative aNSCs (GFAP+; SOX2+; ASCL1+). Analysis of the aNSC 

quantifications mirrored the results of Ki67+ aNSCs. I observed a major decrease in the 

percentage of ASCL1+ aNSCs in Smo cKO animals compared to Ctrl animals in younger 

mice but only a minor decrease in old mice (Fig. 6-5.C). These results together with 

previous results support a model where in young mice the strong effect of Shh signalling 

results in higher aNSCs expressing ASCL1 and more active aNSCs leading to a larger 

depletion, in contrast to aged mice where Shh signalling is weaker and results in lower 
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numbers of aNSCs expressing ASCL1 that results in more cells in a resting state that do 

not become depleted (Fig. 6-5.D). 

 
Figure 6-5: Shh signalling has a greater impact in the proliferation of young animals than 

in mature animals 

(A) Animals from the mouse strain Smo cKO were analysed at different stages to test the impact 
in proliferation of Shh signalling suppression in young and more mature animals. Mice were 
subjected to five daily tamoxifen injections at 1M, or 2M or 5M of age, and analysed one month 
later for each age. (B) Bar graphs showing the fold change decrease  of Ki67+ aNSCs in Smo 
cKO compared to Smo Ctrl animals from experiments carrying out at 2M, 3 or 6M of age. This bar 
graph shows a progressive decline of the impact in proliferation that Shh signalling suppression 
causes in aNSCs (P<.01). To obtain this F.C., Immunostainings for GFAP and Ki67 were 
performed on brain sections of mice from the experiments described in (A), followed by 
quantification of Ki67+ aNSCs in Smo cKO and Ctrl animals, and subsequent calculation of the 
F.C. difference. (C) Bar graphs showing the fold change decrease  of ASCL1+ aNSCs in Smo 
cKO compared to Smo Ctrl animals from experiments carrying out at 2M, 3 or 6M of age. This bar 
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graph shows a progressive decline of the impact in ASCL1 expression that Shh signalling 
suppression causes in aNSCs (P<.01). To obtain this F.C., Immunostainings for GFAP and 
ASCL1 were performed on brain sections of mice from the experiments described in (A), followed 
by quantification of Ki67+ aNSCs in Smo cKO and Ctrl animals, and subsequent calculation of 
the F.C. difference. (D) Model for the more prominent role of Shh signalling in young mice in the 
control of aNSC proliferation, and a decreased role of Shh signalling in the aNSC proliferation of 
older mice. In all cases at least 3 mice were used, except for the analysis at 2M in (B) (n=2), and 
for the analysis at 1M in (C) (n=1). One way ANOVA analysis was carried out to analyse the 
significance of the progressive F.C decline.   
 

6.2.5 Decreased Shh signalling transduction in old mice 
 

  A possible explanation for the larger effect of Shh signalling on in young compered 

to matured animals is that aNSCs are less efficient at transducing Shh signalling in young 

animals. Previous studies have shown that aNSCs transduce signals or respond to them 

differently in ageing (Kalamakis, G. et al. 2019; Seib, DRM. et al. 2013). It is unknown, 

however, whether response to Shh signalling by aNSCs decreases with age. If Shh 

signalling transduction in aNSCs decreases with age, then this would explain the smaller 

effect in aged Smo cKO mice.  

To test whether Shh signalling transduction decreases with age, I used the mouse 

reporter line Gli1LacZ described in Chapter 4, and quantified the number of Gli1LacZ+ 

aNSCs. On brain sections of 0.5-month, 1-month, 2-month and 6-month old Gli1LacZ 

mice, I performed immunolabeling with antibodies against GFAP and SOX2 to mark 

aNSCs (GFAP+; SOX2+) and against LacZ to mark Gli1LacZ+ aNSCs (GFAP+; SOX2+; 

LacZ+) (Fig. 6-6.A). Analyses of these immunostainings revealed that there was a 

progressive decline in the proportion of aNSCs expressing Gli1LacZ (P < .0001) (Fig. 6-

6.B; Fig. 6-6.C). This progressive decline in the percentage of Gli1LacZ+ aNSCs 

suggests that the signal transduction of Shh signalling declines with age. Additionally, this 

decline in Shh signal transduction might explain the reduced effect in aNSC proliferation 

of the Smo cKO, and the increased rate of return to quiescence and reduced depletion of 

aNSCs with age. 
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Figure 6-6: Shh signal transduction by aNSCs declines with age 

(A) Brains from the mouse strain Gli1LacZ were obtained from mice of 0.5M, 1M, 2M and 6M of 
age. (B) Immunostainings for GFAP to mark aNSCs and for LacZ to mark cells expressing the 
Gli1 transcription reporter showing a LacZ+ aNSC (white arrowhead). (C) Bar graph showing the 
number of LacZ+ aNSCs per DG at different ages of the mouse lifespan. ANOVA analysis was 
carried out to analyse the significance of the progressive differences in LacZ+ aNSC population 
across the different ages analysed. Scale bar: (B) 25 μm. N=2 for .5M and N=3 for 1M-6M.    
 

6.2.6 aNSC are ciliated in the ageing DG 
 

One possible explanation for the decline in Shh signal transduction is that aNSCs 

are unable to sense Shh. This inability to sense Shh in vivo would be reminiscent to the 

inability of aNSCs to respond to Shh in vitro, where a large fraction of aNSCs are unable 

to transduce Shh likely as a consequence of primary cilium absence. Additionally, 

increased absence of ciliated aNSCs correlates with increased concentration of BMP4. 

Moreover, in vivo, there is evidence suggesting that BMP signalling increases with age 

(Yousef, H., et al. 2015). An attractive hypothesis is that with age, BMP4 signalling 

increases resulting in a larger population of non-ciliated aNSCs. This increase in the non-

ciliated aNSC population would result in the inability of aNSCs to sense Shh and, in 

consequence, to respond to Shh signalling and proliferate. 

To test the hypothesis that and increasing fraction of aNSCs in the ageing brain 

are non-ciliated, I performed immunostainings of the primary cilium in brain sections of 
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12-month old wild type mice (Fig. 6-7.A). I immunolabeled brain sections with antibodies 

against ARL13B to mark the primary cilium, and against GFAP to mark aNSCs. 

Quantification of the ciliated and non-ciliated aNSCs revealed that 95.2% of the aNSCs 

were ciliated, whereas only 4.8% were non-ciliated, a difference of 1% compared to young 

mice (Fig. 6-7.B, C). Additionally, I tested whether the non-ciliated cells were undergoing 

proliferation, and although I did not performed quantification, I observed that Ki67+ 

aNSCs were consistently non-ciliated (Fig. 6-7.B, B’). This result indicates that aNSCs 

are ciliated in aged mice as much as they are in young mice, it also shows that if the 

increase of BMP4 in aged mice indeed takes place, then it does not affect the ciliation of 

aNSCs as it does in vitro. 

 
Figure 6-7: aNSC are ciliated in the ageing DG 

(A) Brains from WT 12M old mice were obtained to analyse the ciliation of aNSCs. (B, B’) 
Immunostainings for GFAP to mark aNSCs, for ARL13B to mark aNSCs, and for Ki67 to mark 
cells in cell cycle. These immunostainings show that most aNSC are ciliated as in young mice 
(white arrowheads), and an example of a non-ciliated aNSC that is in cell-cycle (yellow 
arrowhead). (C) Pie chart showing the percentage of ciliated and non-ciliated aNSCs in 12M old 
mice. To note, these percentages differed only by 1% with the percentage in 2M old mice. Scale 
bar: (B, B’) 20 μm.      
 
6.2.7 aNSCs respond to Shh signalling pathway activation in the ageing brain 
 

Another possible explanation for the decline in Shh signalling transduction by 

aNSCs  with age, is that the abundance of Shh declines in the hippocampal niche with 

age. As mentioned previously, the source of SHH in adult stages is unknown. However, 

an indirect experiment to address this question, is to activate Shh signalling transduction 

in the ageing brain. If Shh signalling is overactivated in the ageing brain and results in 
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increased proliferation and neurogenesis to comparable levels to young animals then this 

would argue that the decrease in Shh is not due to an intrinsic defect in older aNSCs but 

more likely to a reduction in SHH available in the niche. 

To whether aNSCs are able to respond to increased Shh signalling in the older 

brain as in the younger brain, I performed 5 daily tamoxifen injections to 6-month old Ctrl 

and Smo GOF animals. I culled the mice eight days after the first tamoxifen injection, and 

analysed aNSC proliferation (Fig. 6-8.A). To this end, I performed immunostainings using 

antibodies against GFAP and SOX2 to mark aNSCs, and against Ki67 to mark cells in 

the cell cycle (Fig. 6-8.B, B’’; Fig. 6-8.C, C’’). Quantification of aNSCs and Ki67+ aNSCs 

revealed that there was an increase in the number of ASCL1+ aNSCs and Ki67+ aNSCs 

in Smo GOF compared to Ctrl animals (P < .001 and P < .01 respectively) (Fig. 6-8.D, 

E). Additionally, I quantified the intensity of ASCL1 immunostaining as described 

previously (Urban, N. et al. 2016), and observed that the signal intensity of ASCL1 

immunofluorescence was higher in Smo GOF animals compared to Ctrl animals, 

suggesting that ASCL1 protein expression or stability was higher 2016 (Fig. 6-8.F). 

Additionally, the average ASCL1 signal intensity in Smo GOF reached similar and higher 

levels of intensity (5 in A.U.) to the young wild type animals analysed in Urban, N. et al. 

(2016) (materials and methods are comparable). These results indicate that the 

stimulation of Shh signalling in ageing aNSCs is still able to induce proliferation, and 

therefore aNSCs in ageing mice do not present intrinsic defects in Shh signalling, 

suggesting that their reduced proliferation reflects changes in their niche environment. 

This highlights that despite the increase of quiescence signals in ageing mice, the 

decrease of Shh signalling might be a major driving force for lower aNSC activation in 

ageing (Fig. 6-8.G, H). 

 Additionally, Shh signalling interact epistatically with HUWE1 as described in 

Chapter 3, and Shh signalling declines with age, we can hypothesise that HUWE1 activity 

increases with age (see Chapter 7) (Fig 6-8.H). In support of this hypothesis, suppression 

of HUWE1 activity by induced recombination of huwe1, induces higher proliferation in 

older animals compared to younger animals (Harris et al. unpublished).  
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Figure 6-8: aNSCs of mature mice respond to Shh signalling activation 

(A) Mature mice from the mouse strain Smo GoF were used to analyse the impact in over-
activating Shh signalling in mature mice. Mice were subjected to five daily tamoxifen injections an 
analysed 7 days after the initial tamoxifen injection. (B-B’’, C-C’’) Immunostainings for GFAP and 
SOX2 to mark aNSCs, and for Ki67 and ASCL1 to analyse proliferation. (D) Bar graph showing 
percentage of ASCL1+ aNSCs in Smo Ctrl and Smo GoF animals. (E) Bar graph showing 
percentage of ASCL1+ aNSCs in Smo Ctrl and Smo GoF animals. (F) ASCL1 intensity in A.U. in 
aNSCs of Ctrl and Smo GoF animals. (G, H) Model proposed where in juvenile stages there are 
high levels of SHH that results in higher levels of aNSC proliferation, unlike in older mice where 
there are lower levels of SHH and therefore, lower levels of aNSC proliferation. Scale bar: (B-B’’) 
and (C-C’’) 10 μm. N=3 for each genotype  *P<0.05, **P<0.01, unpaired t test.               
 
 
 
6.3 Source of SHH in the adult DG 
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6.3.1 Oligodendrocytes are the main source of SHH in the young DG 
 

To determine whether the decline in aNSC depletion and reduced Shh signalling 

reflects a reduction in Shh present in the niche, I needed to first determine the source of 

Shh in the niche. A number of studies have investigated the sources of Shh in the adult 

brain, although without focusing on the adult DG. In these studies, they found that in the 

postnatal brain the source of Shh is primarily neuronal and is distributed among different 

areas of the brain, including the septum, the basal forebrain, the CA3 hippocampal area 

and the substantia nigra (Gonzalez-Reyes, Luis E. et al. 2012; Ihrie, R.A. et al. 2011; 

Traiffort, E. et al. 1998; Traiffort, E. et al. 1999). Relevant to this work, one study that had 

included analysis of the source of SHH in the developing DG, found that mossy cells of 

the postnatal hilus express SHH (Li, G. et al.2013). However, this study did not make 

clear whether Shh expression by mossy cells persisted in adult stages.  

To determine the source of SHH in the adult DG, I performed immunolabeling 

using an antibody against SHH in 2-month old mice. Surprisingly, this immunolabeling 

revealed SHH+ cells with oligodendrocyte morphology (outward cell processes from cell 

body, and cell process along putative neuronal axons) in the DG and hilus, rather than 

what I expected, which was labelling of cells with neuronal morphologies in the 

hippocampal hilus (Fig. 6-9.A, A’). To confirm this initial finding, I performed 

immunolabeling using antibodies against Olig2 that predominantly marks 

oligodendrocytes (and some astrocytes), as well as with Sox10, which is a highly specific 

marker of the oligodendrocyte lineage (Zhou, Q., et al. 2001; Stolt, C. C., et al. 2002). 

Triple labelling with these antibodies together with Shh, revealed that the vast majority of 

SHH+ cells (95.49% ± 1.4%), were oligodendrocyte cells (Fig. 6-9.A, A’, B). In addition, 

because of the previous studies suggesting that Shh source in the DG is neuronal, I 

performed double immunolabeling with Shh antibody to mark cells producing SHH and 

with NeuN to mark neuronal cells (Fig. 6-9.C, C’). Quantification of this immunolabeling 

revealed that only a small fraction of the SHH+ cells were SHH+ NeuN+ (4.2% ± 0.35%) 

(Fig. 6-9.D). This result suggests that oligodendrocytes produce SHH, and that 
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oligodendrocytes are the main type of cells producing SHH in the adult DG. To confirm 

that the antibody used thus far was specific SHH detection, I used a different antibody 

against SHH that previously has been used to detect SHH in the striatum (Ihrie, R. A., et 

al. 2011). The first antibody against SHH recognizes the region surrounding Glu53 (Cell 

Signalling, U. S. Patent No. 5,675,063), whereas the second antibody recognizes the 

region surrounding Asp84 of SHH (Genentech, U. S. Patent No. 2010/0003239A1). I 

performed immunostainings against Sox10 and against SHH using the new antibody and 

found that SHH signal colocalizes with SOX10 signal, supporting that both antibodies 

detect SHH and that oligodendrocytes express SHH.   

Expression of SHH by oligodendrocytes has never been described in the adult 

brain. To confirm whether SHH is produced by oligodendrocytes by independent means, 

in situ hybridizations against shh and oligodendrocytes was performed, but not signal 

against shh has been detected (data not shown). Additionally,  I researched in the 

literature for databases publicly available of single cell RNA sequencing analysis of 

oligodendrocyte cells to query whether shh is expressed in these cells. The most 

comprehensive database is from Marques and collaborators (Marques, S., et al. 2016). 

In this database, according to gene expression analyses specific for each of the phases 

of the oligodendrocyte lineage progression, oligodendrocytes are classified into: 

precursors (OPC, COP), newly formed (NFOL), myelin forming (MFOL) and mature 

oligodendrocytes (MOL). I queried Shh expression and found that Shh is indeed 

expressed in oligodendrocytes along the different phases of the oligodendrocyte lineage 

progression and that Shh is enriched in newly formed oligodendrocytes (NFOL1, NFOL2). 

This data, although not specific for the DG, independently confirms that in the adult brain 

of the mouse, Shh is expressed by oligodendrocytes. Additionally, Shh has been detected 

in a proteomics study of brain cells (Sharma et al. 2015) 
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Figure 6-9: The vast majority of cells expressing SHH are oligodendrocytes. 

(A, A’) Immunostainings for SOX10 and OLIG2 to detect oligodendrocytes, and for SHH. (B) Bar 
graph showing the percentage of SHH+ cells expressing SOX10 (N = 2).   (C, C’) Immunostainings 
for NeuN to detect neurons, and for SHH to detect expression. (D) Bar graph showing the 
percentage of SHH+ cells expressing NeuN (N = 2). (E) Staining of SHH with a different antibody 
against SHH (Genentech) (N=3). (F) Query of Shh expression in a published database of single 
cell RNA-sequencing performed on oligodendrocytes, showing shh expression across different 
stages of the oligodendrocytes maturation.  Scale bar: (A-A’’) 10 μm, (C-C’’) 15 μm, (E) 50 μm.          
   
 
   
6.2.2 The fraction of oligodendrocytes that express SHH decline with age. 
 

Shh signal transduction declines with age as revealed by Gli1LacZ+ aNSC 
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constant (Yung, M. S., et al. 2014). If oligodendrocytes remain constant with age, but Shh 

signal transduction in aNSCs declines, then, it is possible that the proportion of 

oligodendrocytes that produce SHH would decline with age.  

To test whether SHH expression by oligodendrocytes decline with age, I quantified 

the number of oligodendrocytes producing SHH and quantified the proportion of these 

oligodendrocytes in brain sections of 1-month, 2-months, 6-months, and 12-months old 

mice. To this end, I performed immunolabeling of these brain sections using antibodies 

against OLIG2 to mark glial cells and with SOX10 to mark oligodendrocytes (Fig. 6-10.A, 
B). Quantification of the total number of oligodendrocytes (SOX10+ OLIG2+ cells) 

revealed, surprisingly, that there was a significant progressive decline in the number of 

Oligodendrocytes that express SHH except from 6-month to 12-month of age (1M to 2M 

P<.001, 2M to 6M P<.001, 6M to 12M P = n.s.) (Fig. 6-10.C). This progressive decline in 

the number of SHH+ oligodendrocytes suggest that SHH abundance declines with age. 

To gain insights on whether oligodendrocytes that produce SHH decline with age, I 

quantified the proportion of oligodendrocytes that produce SHH in each of the stages 

analysed in the previous analysis. These analyses revealed that in young 1-month old 

mice 6.8% of oligodendrocytes produced SHH, in 2-months old mice the production of 

SHH by oligodendrocytes declined almost by half to 3.9%, and again to half of this 

proportion in 6-months old mice to 1.5%. Interestingly, in 12-months old mice the 

proportion of oligodendrocytes producing SHH did not change significantly compared to 

6-months old mice (1M to 2M P<.001, 2M to 6M P<.001, 6M to 12M P = n.s.) (Fig. 6-

10.D). This is interesting because previous studies and I have observed that after 6 

months of age, aNSC depletion plateau,  and is consistent with the lower role of Shh 

signalling in aged mice (Encinas, J. M. et al. 2011). I conclude that the production of SHH 

by oligodendrocytes declines with age, in line with the role of Shh signalling decline and 

its downstream effects on the dynamics of the aNSC pool. 
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Figure 6-10: The number of oligodendrocytes expressing SHH declines with age 

(A) Immunostainings for SOX10 and OLIG2 to mark oligodendrocytes and for SHH on a brain 
section of a juvenile mice. Note the high number of cells expressing SHH (yellow arrowheads) 
(B) Immunostainings for SOX10 and OLIG2 to mark oligodendrocytes and for SHH on a brain 
section of an old mature mice. Note the low number of cells expressing SHH (yellow arrowhead) 
(C) Bar graph showing the quantification of oligodendrocytes expressing SHH in mice 1M, 2M, 
3M, 6M and 12M old. There was a significant decrease in the number of oligodendrocytes 
expressing SHH from 1M to 2M of age and from 2M to 6M of age, but not from 6M to 12M of age. 
(D) Bar graph showing the quantification of the proportion of oligodendrocytes expressing SHH in 
mice 1M, 2M, 3M, 6M and 12M old. There was a significant decrease in the proportion of 
oligodendrocytes expressing SHH from 1M to 2M of age and from 2M to 6M of age, but not from 
6M to 12M of age. In all cases bar represent mean of 2 mice, except for 12M where it is mean 
from 3 mice. Scale bar: (A, B) 40 μm.  
    
 

 

6.2.3 Shh is expressed mostly by newly formed oligodendrocytes 
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myelinating oligodendrocytes. Activation of oligodendrocyte progenitor cells and 

oligodendrocyte maturation are controlled by different stimuli from the environment 

(Jensen, S. K., et al. 2018; Sugawa, M., et al. 2002; French, H. M., et al. 2009). Because 

of this, not all of the oligodendrocyte progenitor cells mature into myelinating 

oligodendrocytes. This results in regional differences in the brain, where the relative size 

of each maturation phase of the oligodendrocyte lineage varies. For example, 6.3% of 

oligodendrocyte cells in the corpus callosum are OPCs, but 32.7% of oligodendrocyte 

cells in the cortex are OPCs (Rivers, L. E., et al. 2008). Therefore, the proportion of each 

of the maturing stages might be different in the DG, and SHH production by 

oligodendrocytes might be at any stage of the oligodendrocyte maturation progression. 

To determine the proportion of each of the maturing stages of oligodendrocytes, 

and at which point of the oligodendrocyte lineage SHH is produced, I performed 

immunostainings with antibodies marking oligodendrocyte progenitor cells (PDGFRa), 

newly formed oligodendrocytes (BCAS1) and mature oligodendrocytes (MBP) on brains 

sections of .5-months old mice (Fig. 6-11.A, B). I first performed triple immunolabeling 

with antibodies against Sox10 to mark oligodendrocyte cells, against PDGFRa to mark 

oligodendrocyte progenitor cells and against Shh to mark cells producing Shh. This triple 

labeling showed that 79.3% ± 2.2% of Sox10+ cells were PDGFRa+, and from the cells 

producing PDGFRa, none of them were Shh+ (Fig. 6-11.C, F). Then, I performed triple 

immunolabeling of SOX10 to mark oligodendrocyte cells, BCAS1 to mark newly formed 

oligodendrocytes and SHH to mark cells producing SHH. This triple immunolabeling 

revealed that 46.6% ± 1.2% of SOX10+ cells were BCAS1+, and that 31.5% ± 4.3% of 

BCAS1+ SOX10+ cells, were SHH+ (Fig. 6-11.D, F). Additionally, the majority of the 

SHH+ cells (91.7% ± 0.7%) were BCAS1+ (Fig. 6-11.G). Finally, I performed triple 

immunolabeling against SOX10, SHH and the maturing marker MBP (myeling basic 

protein). This labelling revealed that a small fraction of SOX10+ cells were myelinating 

oligodendrocytes, since only 16.2% ± 1.3% of SOX10 + were MBP+ cells, and from this 

Sox10+MBP+ cell population, 64.2% ± 5.7% were SHH+ (Fig. 6-11.E, F). If Shh 

expression from BCAS1+ oligodendrocyte phase would be maintained, then a similar 
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90% BCAS1+ proportion of Shh+ cells would be positive for MBP. However, I found that 

the percentage of SHH expressing cells that are myelinating oligodendrocytes is 75.6% 

± 3.7% (Fig. 6-11.G). These results show that the majority of Shh producing cells are 

newly formed oligodendrocytes, and raises the possibility that these newly formed 

oligodendrocytes BCAS1+ are the main source Shh at least in the adult DG. 

 
Figure 6-11: SHH expression in oligodendrocytes cells. 

(A) WT mice .5M old were used to analyse at which point of the oligodendrocyte maturation, SHH 
is expressed. (B) Scheme of the maturation progression of oligodendrocytes and the 
corresponding marker of each phase, where PDGFRa marks oligodendrocytes progenitor cells 
(OPCs), BCAS1 marks premyelinating and myelinating oligodendrocytes and MBP marks 
myelinating and mature myelinating oligodendrocytes. (C) Immunostaining for PDGFRa and SHH 
showing no colocalization between SHH and PDGFRa. (D) Immunostaning of BCAS1 and SHH 
shows cells with colocalization of SHH and BCAS1. (E) Immunostaining of SHH and MBP shows 
some cells with colocalization of SHH and MBP. (F) Bar graph showing the percentage of 
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oligodendrocytes that express PDGFRa, BCAS1 or MBP. In each population, it is indicated the 
percentage that express SHH. (G) Pie charts showing the percentage of the SHH+ cell population 
that expresses PDGFRa, BCAS1, or MBP. Scale bar: (C, D, E) 40 μm. N=2 for each bar.        
 
 
6.3 Discussion 
 

In this chapter, I first examined the effect in the maturing aNSC pool that Shh 

signalling  suppression in young animals would have. These analyses showed that, while 

the number of aNSCs decreased dramatically in Ctrl animals between 2 months and 6 

months of age, the total population of aNSCs in Smo cKO did not change in the same 

period of time, and it decreased only slightly at 12 months of age. As the age-related 

depletion of hippocampal aNSCs is mainly the result of consuming aNSC divisions, the 

maintenance of aNSCs in Smo cKO mice supports the roles of Shh signalling in the 

activation of aNSCs and in the inhibition of return to quiescence of aNSCs. Furthermore, 

I showed that the age-related aNSC depletion can be accelerated in Smo GOF animals 

by increasing aNSC proliferation in young animals. This result also supports the roles of 

Shh signalling in the activation of aNSCs and in the inhibition of return to quiescence of 

aNSCs.  

Another observation arguing for the role of Shh in the activation and proliferation 

of aNSCs, is the reduction in the number of neurons produced in aged Smo cKO mice 

compared to Ctrl animals. One cannot exclude, however, the possibility that Shh is 

associated with neuronal survival, but this can easily be addressed by looking at the 

proportion of IPCs to DCX+ cells and to NeuN+ cells. If the ratios are inconsistent, then 

cells are dying at one stage of the maturation process. Nonetheless, given the several 

lines of evidence provided thus far, I conclude that Shh contributes to the depletion of the 

aged aNSC pool and its associated downstream effect on the production of the total 

number of neurons produced in aged mice. 

In the experiments where I analysed mature stages, I observed a dramatic decline 

in the number of aNSCs between 3-months and 6-months old Ctrl animals, but this decline 
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was less prominent in aged mice between 6-months and 12-months of age. This 

observation has been described since the first study on adult neurogenesis of the 

mammalian brain (Altman, J. Das M, 1963). More recently it has been shown that aNSC 

depletion weakens with age (Encinas, J. M. et al. 2011). Since depletion is the result of 

consuming divisions of aNSCs, those results led me to hypothesise that the role of Shh 

signalling in the regulation of aNSC proliferation might be greater in young adults 

compared to older animals. In support of this hypothesis, I found that the effect in 

proliferation of Smo cKO was greater in young animals compared to mature animals. 

Furthermore, I found that, by analysing the mouse reporter line of Gli1 expression at 

different ages, there was a decrease in the number of aNSCs responding to Shh 

signalling, but a plateau between 6 months and 12 months of age. This led me to conclude 

that Shh signalling decreases with age, but stabilizes later in life. These results also 

suggest that the rapid decline of active aNSCs in young mice and the slowing down in the 

aNSC depletion rate might be due to a decrease in Shh signalling. To address this 

hypothesis, I overactivated Shh signalling in older mice, and I observed that aNSC 

proliferation was induced, and although not explored in this work, very likely this would 

lead to the depletion of the aNSC pool. These results support the hypothesis that Shh 

signalling decline as mice mature induces the homeostatic decline of aNSC proliferation 

preventing the total depletion of the aNSC pool. 

What controls the regulation of Shh signalling in aNSC proliferation in young and 

old adults? To address this question, it is of critical relevance to determine Shh sources 

in the dentate gyrus. Although the literature indicates that in embryonic and postnatal 

stages neurons are the main suppliers of SHH in the dentate gyrus, I determined by 

immunofluorescence experiments that the great majority of cells producing SHH in the 

adult dentate gyrus were oligodendrocytes. In support of this finding, I found that in public 

single-cell RNA-sequencing databases of oligodendrocytes for the whole brain, Shh is 

found to be expressed along the different stages of the oligodendrocyte maturation.  

According to my immunostaining experiments, I found that SHH was expressed by 

oligodendrocytes in maturing and myelinating oligodendrocytes, but not in OPCs. The 
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discrepancy between single-cell RNA-sequencing data and my immunostainings might 

be due to the fact that OPCs express SHH, but in brain areas other than the hippocampus. 

Additionally, I found that almost all of SHH positive cells were maturing oligodendrocyte 

cells, and a high proportion were myelinating oligodendrocytes. This could reflect stage 

specific expression of SHH, and that SHH expression starts to be lost as oligodendrocytes 

advance in their maturation. If the 64.2% of MBP+ cells that express SHH also expresses 

BCAS1, then this would confirm that SHH expression starts to be lost as oligodendrocytes 

advance in their maturation towards myelination, since BCAS1 is expressed only in 

maturing oligodendrocytes. 

A future experiment to directly test whether oligodendrocytes are the source of 

SHH is to generate a mouse strain carrying the alleles Sox10-CreERT2; ShhFl, induce 

recombination with tamoxifen in adult mice and analyse the impact on aNSC proliferation. 

Nonetheless, since the majority of the cells producing SHH were oligodendrocytes, and 

the dynamics of SHH expression with age are in line with the dynamics of aNSC 

processes (e.g. decline of activation, resting formation), we can hypothesise that SHH 

produced by maturing oligodendrocytes might be the main source of Shh signalling 

controlling aNSC behaviour and the dynamics of the aNSC pool throughout life. 
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Chapter 7. General discussion 
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7.1 Discussion  
  

Although the role of Shh signalling in the control of aNSC proliferation might seem 

trivial, it has profound implications in the regulation of the aNSC pool throughout life. My 

results indicate that Shh signalling regulates two essential processes in the regulation of 

aNSC proliferation: 1) The activation of quiescent aNSCs, and 2) The formation of a 

resting aNSC population. Moreover, the dynamics of SHH availability throughout the 

lifespan control the dynamics of both processes from youth to mature stages. In juvenile 

mice, SHH abundance is high resulting in high activation of quiescent aNSCs and high 

levels of neurogenesis, but in matured mice, SHH abundance is low resulting in low 

activation of quiescent aNSCs and low levels of neurogenesis, with the advantage that 

the aNSC pool is preserved. Finally, I have discovered that SHH secreted from 

oligodendrocytes might control these dynamics. 

 

7.2 Heterogeneity of aNSC and Shh signalling 
 

7.2.1 Heterogeneity in the ciliation of aNSCs in the response to Shh 
signalling 

 

Since aNSC heterogeneity has been observed in the DG, it was necessary to 

address the possibility of heterogeneity in the ciliation of aNSCs as found in other systems 

(Chang, C. H., et al. 2019). I observed that indeed there was heterogeneity in the ciliation 

of aNSCs, but this heterogeneity was associated with the cell cycle state, where all non-

ciliated aNSCs were in the cell cycle. Importantly, all quiescent aNSCs were ciliated, and 

therefore able to sense Shh signalling. 

 

This observation in vivo is in contrast to what I observed in primary cultures of AH-

NSCs, where a third of the AH-NSCs maintained in either proliferative or quiescent 

conditions are ciliated. In vivo, aNSCs possess a defined polarity where the primary cilium 

is localized between the cell body and the radial process, in vitro, however, AH-NSCs do 

not show the same polarity. This lack of polarity might explain the lack of primary cilium. 
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Since primary cilium is essential for canonical Shh signalling, and it has been implicated 

in other signalling pathways such as Wnt and PDGF signalling, it is crucial to consider the 

design and interpretation of in vitro experiments when analysing these signalling 

pathways.  

 

7.2.2 Heterogeneity of aNSCs in response to Shh signalling 
 

My analysis of Gli1 expression in vivo, the main transducer of Shh signalling, 

suggests aNSC heterogeneity in the expression of this gene. I observed that aNSCs 

expressing Gli1 were enriched in caudal parts of the DG. This result indicates that either 

SHH is more abundant in the caudal DG or that its transduction is inhibited in the anterior 

DG.        

One possibility is that Shh signalling has nuances in the regulation of aNSCs along 

the septotemporal axis of the DG.  In the V-SVZ, Gli1 expression is enriched in ventral 

regions. This heterogeneity of Shh signalling in the V-SVZ serves for instructing the type 

of cells and neurons that aNSCs are going to generate (Tong, C. K., et al. 2015). Although 

in the DG all adult-born neurons differentiate into a single type of glutamatergic neurons, 

differences in the connectivity, behaviour, and function of neurons along the axis of the 

DG have been extensively reported  (Wu, M. V., et al. 2015). It would be interesting to 

perform manipulations of Shh signalling specifically in septal or temporal regions of the 

DG and address what the effects in the function of the hippocampus are. For instance, it 

has been found that septal areas of the hippocampus are related to pattern recognition, 

whereas the temporal regions are implicated in mood regulation (Fanselow, M. S., & 

Dong, H. W. 2010). Shh signalling might have specific implications in either of the DG 

functions. 

 

7.3 Regulation of aNSC proliferation by Shh signalling 
 

Shh signalling has been proposed to play a proliferative role in the control of 

aNSCs. I have found that Shh signalling controls the proliferation of aNSCs and that Shh 
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signalling plays a critical role in the control of three types of aNSCs, 1) dormant aNSCs, 

2) Active aNSCs, and 3) Resting aNSCs. 

 

Dormant aNSCs comprise the population of quiescent aNSCs that entered into 

quiescence since the establishment of the aNSCs pool. In mice, the establishment of the 

aNSC pool is at 0.5-month of age. I found that Shh signalling plays a critical role in the 

activation of dormant aNSCs. The implications for this finding are profound since 

activation of quiescent stem cells is different from the implications of solely promoting 

divisions of the active aNSCs. The reason for this is that activation of the quiescent stem 

cell pool induces the continuing attrition of the aNSC pool. Consistent with this idea, 

conditional activation of Shh signalling in young mice caused the premature depletion of 

the aNSC pool. Conversely, suppression of Shh signalling in young mice, prevents the 

age-associated depletion of the aNSC pool. Finally, Shh signalling also activated resting 

aNSCs. Altogether, this thesis shows a molecular signal that activates quiescent NSCs in 

the adult DG, and controls the age-associated depletion of the aNSC pool. 

 

Additionally, I found that Shh signalling controls the formation of resting aNSCs. 

Resting aNSCs are cells that activated and entered into the cell cycle, but have returned 

to quiescence. This type of cells has the remarkable property of being able to go back to 

the cell cycle. I found that Shh signalling promotes the cell cycle re-entry of aNSCs 

preventing cells from returning into quiescence and as a result, the formation of the resting 

aNSC pool. 

 

7.4 Molecular mechanism of Shh signalling in the control of aNSC 
proliferation 

 

Previously, it has been shown that the intrinsic factor HUWE1 regulates the 

formation of resting aNSCs (Urban, N., et al. 2016). HUWE1 is a ubiquitin ligase known 

to induce the degradation of the proactivation factor ASCL1. ASCL1 degradation is what 

causes the return to quiescence of active aNSCs. HUWE1 activity seems to be 
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constitutive, but the intrinsic or extrinsic factors that prevent HUWE1 activity were 

unknown. 

 

I hypothesised that Shh might inhibit HUWE1 activity in a similar way to another 

system in the cerebellum (Forget, A., et al. 2014). Indeed, Shh signalling prevents the 

inhibition of ASCL1 by HUWE1 promoting its protein stabilization, as Shh signalling has 

an epistatic interaction with Huwe1 in the regulation of ASCL1. This epistasis indicates 

that Shh signalling and Huwe1 regulates ASCL1 in the same genetic pathway. Moreover, 

Shh signalling does not control the transcription of ASCL1 in vivo. Additionally, given the 

fact that Huwe1 is a ubiquitin ligase, altogether these lines of evidence suggest that Shh 

signalling prevents the induced degradation of ASCL1 by HUWE1 activity. In support of 

these findings, I found that in experiments using primary cultures of aNSCs in vitro, 

hedgehog signalling stimulation induces ASCL1 protein expression without inducing 

ASCL1 transcription. Altogether these results strongly support a model whereby Shh 

signalling inhibits the degradation of ASCL1 induced by HUWE1 activity. 

 

Since Huwe1 has been implicated only in return to quiescence of active aNSCs, 

Shh signalling might control the activation of dormant aNSCs by a different pathway. 

Moreover, since activation of dormant cells has a lower contribution to the overall 

proliferation of aNSCs, perhaps this contribution would escape to the analysis of Ki67+ 

aNSCs in the experiment analysis epistasis of HUWE1 and Shh signalling. A suitable 

experiment to directly test this hypothesis is to examine the activation of dormant cells in 

Huwe1 cKO mice compared to Wt mice. If Huwe1 cKO has an effect in the number of 

activated dormant aNSCs, then Shh signalling would regulate the activation of the 

dormant population by also inhibiting ASCL1 degradation induced by HUWE1. 

 

Additionally, I showed that hedgehog signalling stimulation induces proliferation in 

vitro. This proliferation is preceded not only by the induction of ASCL1 protein stabilization 

but also by the expression of genes associated with the cell cycle. This result confirms 

that Shh induces proliferation of aNSCs. 
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7.5 Shh signalling and the dynamics of the aNSC pool from youth to 
mature age 
 
 7.5.1 Shh signalling declines with age 

 

The activation of quiescent aNSCs that results in the generation of new neurons 

in youth is prominent, and it declines rapidly in maturing mice, reaching shallow levels in 

ageing (Kempermann, G. 2015). Concomitantly I found that in juvenile mice, Shh 

signalling is abundant and declines in maturing mice. Moreover, Shh signalling deletion 

results in a broader impact in the aNSC proliferation of young mice compared to mature 

mice. These results suggest that high levels of Shh signalling control the broader 

activation of quiescent aNSCs that results in strong neurogenesis in juvenile mice, and 

this results in the age-associated depletion of the aNSC pool. The less prominent 

activation of quiescent stem cells coupled to its downstream effect in low neurogenesis 

in mature animals is the result of Shh signalling decline with age. 

 

Supporting the prominent role of Shh signalling in juvenile mice compared to 

mature animals, the amount of activation of dormant aNSCs declines with age (Ortiz, M. 

and Harris, L. et al. unpublished). Evidence indicate that the size of the aNSC population 

that returns to quiescence (the resting aNSC population) increases with age (Harris, L. 

and Ortiz, M., et al. unpublished). These two observations correlate with Shh signalling 

decline with age. Since Shh signalling activates dormant aNSCs, and controls  resting 

aNSC formation in young mice (Chapter 3), we can infer that Shh signalling decline 

causes the lower activation of dormant aNSCs and increased resting aNSC population 

that takes place in ageing. 

 

We cannot exclude the possibility, however, that other signals are involved in the 

behaviour and dynamics of the aNSC pool. For instance, decreased activation of dormant 

aNSCs with ageing might be explained by the previously reported increase in the 

quiescent BMP4 signalling with ageing (Yousef, H., et al. 2015). Additionally, the increase 
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in the return to quiescence might be explained by the decline in the canonical Wnt 

signalling, which has been recently shown to have a proliferative role in the DG 

(Kalamakis, G., et al. 2019). Yet, in support of the crucial role of Shh signalling decline in 

the control of the homeostatic adult neurogenesis decline, activation of Shh signalling in 

aged mice induces the activation of quiescent aNSCs at similar levels as in young mice. 

This result indicates that the decline of Shh signalling is a key player in the decline of 

proliferation in mature mice. However, other signals present in the niche maybe needed 

for the proliferation induced by Shh signalling as in other stem cell systems (Ouspenskaia, 

T., et al. 2016). Shh conditional mutants show incomplete penetrance in proliferation, 

consistent with the current knowledge that other signals promote proliferation in the DG 

(Kempermann, G., Song, H., et al. 2015). I conclude that although other signals might 

play a role in regulating the behaviour and dynamics of the aNSC pool, Shh signalling 

dynamics is critical for the homeostatic decline of neurogenesis. 

 

7.5.2 Sharp decline of neurogenesis in early stages of lifespan 
 

This transition of neurogenesis, where early in life is prominent, but rapidly falls 

and remains low throughout the rest of the lifespan, has the same pattern across all the 

species reported in the literature. In humans, although adult neurogenesis is still highly 

controversial, it has been consistently shown that neurogenesis in the DG of children is 

prominent, but declines as children grow older and become young adults (Sorrells, S. F., 

et al. 2018; Spalding, K. L., et al. 2013; Snyder, J. S. 2019). If the lifespan of primates 

and rodents is normalized, then we can observe that neurogenesis peaks before birth in 

primates unlike in rodents where it peaks in postnatal stages, possibly revealing that 

primates, unlike rodents, are born with a more matured brain (Fig. 7.1) (Snyder, J. S. 

2019). Relevant to this thesis, we can also observe a rapid decline of neurogenesis from 

the 10% of the total rodent and primate lifespans (2 months in rodents/7 years in humans) 

to the 20% stage (4 months in rodents/14 years in humans) followed by an ongoing 

reduced neurogenesis that remains low but stable onwards.  Therefore, the transition of 

high to low neurogenesis, that in mice is controlled by Shh signalling reduction, appears 
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to be conserved in humans and might be controlled by Shh signalling, or other signals 

with a similar proliferative role. 

      

 
Figure 7-1: Rate of neurogenesis during the murine and primate lifespans 

(A) Graph showing the progression of neurogenesis across the lifespan of mice, rats, primates 
and humans. The main peaks in neurogenesis in humans and primates occur before bird, but in 
mice and rats, important peak in neurogenesis occur after birth. (B) Magnification of the 10%-
20% of their lifespan, shows that  rate of neurogenesis declines dramatically from the 10% to the 
20% of their lifespan, but later in life, neurogenesis remains low and stabilizes.      
 

 

7.6 SHH expression in the adult DG 
 
  7.6.1 Oligodendrocytes express SHH in the adult DG 

 

Oligodendrocytes appear to be the primary source of SHH in the DG of young 

mice. Previously, it has been shown that SHH sources in the postnatal brain are varied, 

including sources of neuronal, glial and epithelial origin (Li, G., et al. 2013; Favaro, R., et 

al. 2009; Choe, Y., 2015). For instance, it was found that mossy cell neurons in the hilus 

and neurons of the medial entorhinal cortex that project axons to the postnatal DG were 

marked by a constitutive lineage tracer of Shh expression (Shh-GFP:Cre; Ai14tdTomato), 

and that Shh suppression in these and other local neurons results in a poor development 

of the DG (Li, G., et al. 2013). In addition to these neuronal sources in the postnatal brain, 

it has been examined the expression of SHH in glial cells (Favaro, R., et al. 2009). Shh 

expression colocalizes with Sox2+ cells on P0 neurogenic regions, including the DG, and 

A B
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Shh expression is lost in Sox2null mutants. Finally, it has also been reported that epithelial 

cells supply SHH to the perinatal DG via platelets, and that suppression of SHH in 

epithelial cells leads to a reduction in the cells responding to SHH in the developing DG 

(Choe, Y., 2015). Unexpectedly, I found that in young mice of 2-months of age 

approximately 95% of SHH+ cells were oligodendrocytes, and only 5% were neuronal. 

An experiment where I suppress SHH specifically in oligodendrocytes and measure the 

impact in aNSC proliferation is essential to confirm the relevance of SHH expressed by 

oligodendrocytes in adult neurogenesis. This experiment would consist in examining 

Ki67+ aNSCs in mice of the genotype Sox10-Cre;ShhFl where Cre-induced 

recombination of ShhFl allele has been induced by tamoxifen administration. Nonetheless, 

given that most cells SHH+ are oligodendrocytes, SHH of oligodendrocyte origin likely 

plays a prominent role in adult neurogenesis. 

 

7.6.2 Heterogeneity in the expression of SHH by oligodendrocytes 
 

Another striking observation is the heterogeneity of oligodendrocytes expressing 

SHH. I found that oligodendrocyte precursors do not express SHH, but a fraction of 

maturing oligodendrocytes and myelinating oligodendrocytes do. I found that 45% of 

oligodendrocytes in the juvenile DG  were maturing oligodendrocytes, and although only 

31% of them express SHH, this represents 91% of the total number of cells expressing 

SHH. What could be the reason for the heterogeneity in the expression of SHH? Three 

possibilities might explain such heterogeneity. The first is that there is a specific stage in 

the maturation of oligodendrocytes, where SHH is expressed. If the proportion of cells 

expressing SHH within each maturation stage remain the same across different areas of 

the brain and different stages of the mouse lifespan, then this would suggest that SHH is 

specific for a given maturation stage. The second possibility is that SHH is expressed 

upon stimulation of oligodendrocytes. It has been shown that oligodendrocytes connect 

to neurons via synapses, and it has been shown that oligodendrocytes respond to active 

neurons via NMDA receptors (Saab, A. S., et al. 2016). It is possible that oligodendrocytes 

might express SHH upon neuronal stimulation, and this can be tested by stimulating 
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neurons with chemical agonists, such as kainic acid, and analysing SHH expression. The 

third possibility is that the developmental origin of oligodendrocytes dictates whether an 

oligodendrocyte will express SHH. It has been shown that the first oligodendrocyte 

population generated during embryonic stages (NKX2.1-derived oligodendrocytes) 

declines with age (Kessaris, N., et al. 2005). It is possible that this population of 

oligodendrocytes are the only population able to express SHH. To test this possibility, a 

lineage tracing of NKX2.1-derived oligodendrocytes (i.e., Nkx2.1-Cre; RYFP) coupled to 

the examination of SHH expression would indicate if this is the case. Alternatively, it might 

be possible that SHH expression results from a combination of the three possibilities, 

where only maturing oligodendrocytes derived from NKX2.1 progenitors can express 

SHH upon neuronal stimulation. 

 

Interestingly, I found that the proportion of oligodendrocytes expressing SHH 

declines with age, concomitantly with the decline in the levels of adult neurogenesis due 

to the decline of SHH signalling. Since I did not analyse the percentage of SHH 

expression other than in young mice, I cannot exclude the possibility that SHH has other 

origins apart from oligodendrocytes in other stages. Additionally, I cannot exclude the 

possibility that SHH expressed by the small percentage of neurons plays a substantial 

role in the control of aNSC proliferation. Nonetheless, the correlation in the decline of the 

proportion of oligodendrocytes expressing SHH with the decline in Shh signalling, 

suggests that SHH expressed by oligodendrocytes controls the dynamics of the aNSC 

pool through the different stages of adult neurogenesis. 

 

7.7 Model of Shh signalling in the control of the aNSC pool 
 

 7.7.1 Working model 
 

I propose a model where prominent Shh signalling in youth inhibits HUWE1 activity, 

which results in the stabilization of ASCL1. ASCL1, in turn, promotes the activation of 

quiescent aNSCs and promotes the cell cycle re-entry of aNSCs. Since it has been shown 
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that aNSCs have a limited number of divisions before they differentiate, the proliferation 

induced by Shh signalling in youth causes the homeostatic reduction of the aNSC pool. 

With increasing age, Shh signalling activity declines resulting in increased HUWE1 

activity and decreased ASCL1 levels. Low levels of ASCL1 in mature mice result in lower 

aNSC activation and increased probability of aNSC in returning to quiescence, which in 

turn expands the resting aNSC population. This expansion of the resting aNSC population 

and low levels of aNSC activation prevents the complete depletion of the aNSC pool, and 

maintains low levels of neurogenesis in ageing. Additionally, I suggest that the age-related 

decline of Shh signalling is a result of the decline in the proportion of oligodendrocytes 

expressing SHH (Fig. 7.2). 

 

 
Figure 7-2: Working model 

 
 

7.7.2 Working model in the context of DG neurogenesis across lifespan 
 

Neurogenesis in the DG is constant throughout life. In embryonic stages, 

neurogenesis starts in the embryonic stage E17.5 when the embryonic DNE proliferate 

and generate neurons that form the DG. In postnatal stages, neurogenesis continues to 

form the mature DG. However, aNSCs start to become quiescent and the levels of 



General discussion 

 163 

neurogenesis peak in the second week of the mouse lifespan. After this point, most of the 

stem cells are quiescent, and the NSC niche is considered to have reached adult maturity, 

yet neurogenesis continues. Previous work has shown that Shh signalling plays a 

prominent role in the embryonic and early postnatal stages. The work presented in this 

thesis shows that Shh signalling continues to play a critical role in the proliferation of the 

NSCs from juvenile to mature stages. 

 

Recently, it has been suggested that neurogenesis in the embryonic and adult DG 

follows a proposed model called “the continuous neurodevelopment hypothesis” (Berg, 

D. A., et al. 2019). In this hypothesis, neurogenesis starts in embryonic stages and 

continues in postnatal and adult stages without clear boundaries between developmental 

and adult neurogenesis. In support of this model, the results reported in the literature and 

this work suggest a continuous role of Shh signalling in the control of neurogenesis with 

the critical difference that from juvenile mice to mature mice Shh signalling declines, 

resulting in reduced neurogenesis. 

  

A striking difference between perinatal and subsequent stages in Shh signalling is 

the origin of SHH. The literature shows evidence for several sources of SHH in perinatal 

stages, including neuronal, glial and epithelial origin. In contrast, I found that in young 

mice, oligodendrocytes cover the majority of cells expressing SHH, with a minimal 

contribution from neurons to this population of cells expressing SHH. It is possible to 

speculate that in perinatal stages, several sources of SHH are needed in order to 

generate the number of neurons needed to develop the DG. However, with age, a lower 

number of cell types expressing SHH are needed. 

 

Moreover, once the DG is fully developed, neurogenesis stops to serve for the 

development of the DG and starts to play roles in pattern recognition and mood regulation. 

Additionally, adult neurogenesis has been proposed to be controlled by nutrition, physical 

exercise, and enriched environment. It is possible that SHH signalling needs to be 

controlled by cells that change their behaviour according to the needs and constraints of 



General discussion 

 164 

the brain. Neurons and oligodendrocytes fall in such category of plastic cells, and 

although much less is known about oligodendrocytes than about neurons, it has been 

shown that the behaviour of oligodendrocytes is controlled by their environment and also 

by neurons. 

 

7.8 Future directions   
 
This work has shown that Shh signalling plays a critical role in the regulation of 

aNSC behaviour and dynamics. However, other signalling pathways and aNSC behaviour 

have been shown to control adult neurogenesis. Additionally, this work only examined the 

role of Shh signalling in homeostatic behaviour. Finally, this work emphasized the analysis 

of Shh signalling role in juvenile and mature mice but did not extensively study Shh 

signalling in aged mice. Future directions would cover the limitations of this work. 

     

One first question would be what the interplay between Shh signalling and other 

signals controlling aNSCs behaviour is. For instance, it has been shown that other 

proliferative signals are active in the adult DG. It would be of relevance to test whether 

other proliferative signals rescue proliferation partially in the absence of Shh signalling. 

Additionally, it would be relevant to test what other signalling pathways contribute to the 

proliferative role of Shh signalling, for instance, Wnt signalling acts together with Shh 

signalling to control the proliferation of stem cells in the hair follicle. Not only are 

proliferative signals worth studying, but signalling pathways associated with quiescence 

might also control whether aNSCs respond to Shh signalling, for instance, decrease in 

BMP4 signalling might contribute to the activation of aNSCs. These interactions among 

molecular signalling pathways can be analysed by performing epistatic experiments. 

Besides, by using primary cultures of aNSCs we can also test the effects of stimulating 

more than one signalling pathway simultaneously. 

     

In addition to the examination of aNSC proliferation, the mode of division remains 

to be tested across the lifespan of mice. It has been shown that in the V-SVZ, Shh 
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signalling promotes symmetric divisions, and that asymmetric divisions of aNSCs 

increase with age (Ferent, J., et al. 2014; Obernier, K., et al. 2018). It is possible that 

changes in the mode of division also occurs in the maturing and ageing DG, and it remains 

to be tested whether, Shh signalling also promotes symmetric divisions. Moreover, since 

Shh signalling declines with age, it is possible that a switch to asymmetric divisions takes 

place. 

  

Finally, examination of Shh signalling in mice 12-month of age and older would 

give insights in the regulation of aNSC behaviour in ageing. It has been shown that 

neurogenesis, although very low, continues through the rest of the mouse life. It would be 

of relevance to analyse whether Shh signalling controls neurogenesis in these old stages, 

or whether other signals control those reduced levels of neurogenesis. 

 

7.9 Conclusions 
 

Stem cells form tissues during development, maintain the tissue homeostasis in 

adulthood, regenerate injured tissues, and in some instances, play significant roles in the  

everyday life of living organisms. This is the case of aNSCs in the mouse hippocampus, 

where aNSCs generate new neurons involved in memory formation and mood regulation. 

Careful control of aNSC activity is critical for the continuous generation of neurons along 

with the mouse life span. This thesis reveals Shh signalling as a crucial regulator of the 

homeostatic aNSC activity that induces the correct levels of neurogenesis according to 

age. 

     

In the context of the regulation of aNSCs, this thesis makes a bridge between the 

extrinsic and intrinsic regulation of aNSC activity. I show that Shh signalling induces the 

transcription factor ASCL1, which is central for the activation of quiescent aNSCs. 

Mechanistically, Shh signalling inhibits the degradation of ASCL1 induced by the ubiquitin 

ligase HUWE1, which results in the inhibition of the formation of resting aNSCs. 
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Additionally, this thesis uncovers oligodendrocytes as a possible new component 

of the aNSC niche. The role of oligodendrocyte would be the regulation of SHH 

expression in the adult DG. Moreover, SHH expression by oligodendrocytes has never 

been described before. It is possible that expression of SHH by oligodendrocytes has 

different roles in different areas of the brain.            

 

Finally, the promised therapeutic potential of stem cells makes stem cell research 

vital. This is the case for aNSC research and their niche, where understanding the 

homeostatic mechanisms that regulate aNSCs makes possible the directed manipulation 

of such mechanisms for therapeutic purposes. For instance, it has been shown that 

enhanced neurogenesis ameliorates depression symptoms. This work has contributed to 

the basic understanding of the aNSC niche of the hippocampus, that hopefully will serve 

for generating new approaches in human medicine. 
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Table A 1: Genes significantly regulated in RNAseq data. 

Gene BMP4 control BMP4 SAG 

log2 
(BMPcontrol/BMP
SAG) q_value 

Calca 3.92667 20.4206 2.37864 0.00130114 
Gli1 0.225172 1.14805 2.35009 0.00130114 
Slfn9 0.120344 0.604714 2.32909 0.00130114 
Cdc6 0.290062 1.37267 2.24255 0.00130114 
Dscc1 0.296595 1.30054 2.13255 0.00130114 
Gm20667 0.35716 1.53797 2.10638 0.00130114 
Sncb 0.217239 0.904821 2.05835 0.00874523 
Aunip 0.301236 1.10138 1.87034 0.00130114 
Ptprv 0.258724 0.931846 1.84868 0.0326978 
Tk1 4.21493 14.9788 1.82934 0.00874523 
E2f7 0.384243 1.3528 1.81585 0.00130114 
Ska3 1.18365 4.11855 1.79889 0.00130114 
Ip6k3 0.14006 0.479672 1.776 0.00527083 
Exo1 0.281086 0.949794 1.7566 0.00130114 
Esco2 1.61091 5.43826 1.75527 0.00130114 
Rad51ap1 1.29966 4.22976 1.70244 0.00130114 
Neurl1b 1.36821 4.45064 1.70172 0.00130114 
Gsg2 0.606228 1.92519 1.66707 0.00130114 
BC030867 0.45786 1.44227 1.65536 0.00130114 
Neil3 1.38229 4.29635 1.63605 0.00130114 
AC102494.1,Gm5593 0.538946 1.66149 1.62426 0.00130114 
Ccnd2 25.8755 39.6067 1.614156 0.00130114 
Clspn 0.943248 2.87252 1.60661 0.00130114 
Cdkn2d 12.2446 18.4711 1.593128 0.00130114 
Fbxo48 0.544679 1.63847 1.58887 0.00130114 
Kntc1 0.883783 2.65188 1.58525 0.00130114 
Rad51 1.44101 4.32066 1.58417 0.0242567 
Bub1 3.16168 9.47032 1.58272 0.00130114 
Necab3 0.289649 0.867588 1.58271 0.0471543 
Rrm2 7.70003 22.7288 1.56159 0.00130114 
Birc5 7.58285 22.314 1.55714 0.00130114 
Pbk 13.5062 39.7138 1.55602 0.00130114 
Depdc1a 3.74666 10.9667 1.54946 0.00130114 
Tcf19 1.85435 5.41567 1.54622 0.00130114 
Ska1 1.0368 2.99116 1.52856 0.00130114 
Gtse1 2.71183 7.74479 1.51396 0.00130114 
Sgol1 1.53923 4.38085 1.509 0.00130114 
Fancd2 1.09452 3.06726 1.48665 0.00130114 
Aurkb 4.84413 13.5478 1.48375 0.00130114 
Arhgef39 3.27119 9.11228 1.478 0.00130114 
Ube2c 18.2424 50.7038 1.4748 0.00130114 
Asf1b 1.4497 4.02082 1.47174 0.00130114 
Ccna2 15.9755 44.2235 1.46895 0.00130114 
Ankle1 1.18625 3.27652 1.46575 0.00130114 
Espl1 1.21892 3.36568 1.4653 0.00130114 
Stxbp2 0.337495 0.931771 1.46511 0.0322894 
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Hmmr 2.47506 6.83138 1.46471 0.00130114 
E2f2 0.309263 0.85225 1.46244 0.00130114 
Iqgap3 1.40868 3.87525 1.45994 0.00130114 
Nuf2 6.75553 18.4883 1.45247 0.00130114 
Pif1 1.41124 3.8606 1.45186 0.00130114 
Melk 2.34954 6.4092 1.44777 0.00130114 
Parpbp 1.13402 3.09121 1.44672 0.00130114 
Kif15 1.74853 4.76333 1.44583 0.00130114 
Depdc1b 1.21962 3.31488 1.44253 0.00130114 
Fam64a 9.7674 26.537 1.44196 0.00130114 
Top2a 20.2271 54.9056 1.44066 0.00130114 
Gm12895 15.8108 42.625 1.43079 0.00130114 
Cdc20 11.3214 30.4867 1.42913 0.00339288 
Ect2 5.36316 14.4401 1.42892 0.00130114 
Plk1 8.39623 22.5281 1.42391 0.00130114 
Gm10222,RP23-8J15.7 1.81501 4.86343 1.422 0.0126836 
Steap3 0.531632 1.42289 1.42032 0.00130114 
Ung 0.448351 1.19865 1.41872 0.0103074 
Bard1 0.543267 1.45044 1.41675 0.00130114 
Mcm10 0.910358 2.42294 1.41225 0.00130114 
Gmnn 2.63524 7.00605 1.41067 0.00130114 
Fam111a 1.08177 2.86965 1.40748 0.00130114 
Mybl2 0.998537 2.64729 1.40663 0.00130114 
Spc25 9.01144 23.7926 1.40068 0.00130114 
Xkr5 0.629703 1.66023 1.39864 0.00130114 
Mcm5 2.70786 7.13901 1.39857 0.00130114 
Mboat1 0.255051 0.671179 1.39591 0.00430299 
Ndc80 2.56991 6.74618 1.39235 0.00130114 
Cdk1 21.1103 55.4154 1.39234 0.00130114 
4930427A07Rik 1.22681 3.21904 1.39172 0.00130114 
Aurka 4.40285 11.5157 1.3871 0.00130114 
Cdca8 9.06163 23.6642 1.38487 0.00130114 
Spc24 2.36331 6.16335 1.38291 0.00130114 
Ccnb1 12.4763 32.5226 1.38225 0.00130114 
Ckap2l 5.79508 14.9607 1.36828 0.00130114 
Shcbp1 3.50689 9.05238 1.36811 0.00130114 
Uhrf1 3.4766 8.96431 1.36652 0.00130114 
Cdca3 16.2604 41.8666 1.36443 0.00130114 
Cenpi 2.57308 6.59782 1.35849 0.00130114 
Plekhd1 0.425664 1.09021 1.35682 0.00130114 
Nusap1 7.90915 20.2045 1.35308 0.00130114 
Brca1 0.789932 2.01611 1.35177 0.00130114 
Cdc25c 1.71167 4.36681 1.35118 0.00130114 
Ttk 2.56331 6.539 1.35106 0.00130114 
Kif11 6.33606 16.0686 1.34259 0.00130114 
Mki67 6.62594 16.7728 1.33993 0.00130114 
Sgol2 2.37131 6.00015 1.33931 0.0170989 
Fignl1 2.25526 5.69926 1.33748 0.00130114 
Ube2t 1.67065 4.21139 1.33388 0.00130114 
Kif22 5.69759 14.2363 1.32115 0.00130114 
Nek2 2.57483 6.41488 1.31694 0.00130114 
Prc1 15.2076 37.7862 1.31306 0.00130114 
Kif23 3.71414 9.21822 1.31146 0.00130114 
Rtkn2 1.24425 3.08669 1.31078 0.00130114 
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Ccnb2 4.48863 11.0686 1.30212 0.00130114 
Casc5 1.19372 2.94018 1.30044 0.00130114 
Cdca2 2.00652 4.93956 1.29969 0.00130114 
Ccnf 3.92582 9.64292 1.29648 0.00130114 
Nrgn 0.87447 2.13633 1.28866 0.0103074 
Pttg1 16.5535 40.2679 1.28249 0.00130114 
Lig1 2.89081 7.01484 1.27894 0.00130114 
E2f8 1.35037 3.26073 1.27184 0.00130114 
Pole 1.44868 3.47437 1.26201 0.00130114 
Cenpm 5.08368 12.1597 1.25817 0.00130114 
Atad2 1.5367 3.66483 1.25391 0.00130114 
Cenpf 7.05731 16.8241 1.25334 0.03588 
Cdca5 2.34207 5.58218 1.25304 0.00130114 
Racgap1 13.2441 31.4647 1.24839 0.00130114 
Ncapg2 1.67338 3.95178 1.23973 0.00130114 
Kif2c 4.26465 10.0642 1.23874 0.00130114 
Cenpa 13.5877 32.0517 1.2381 0.00130114 
Cep55 4.25134 10.0195 1.23681 0.00130114 
Cenph 2.12682 4.9991 1.23297 0.00130114 
4933413G19Rik,Foxm1 6.01994 14.0935 1.22721 0.00130114 
Aspm 3.78009 8.81314 1.22124 0.00130114 
Nsl1 0.90895 2.11537 1.21863 0.00130114 
Cks2 20.8545 48.4912 1.21736 0.00130114 
Emp3 0.565228 1.31334 1.21633 0.0411986 
Troap 2.10454 4.88996 1.21632 0.00130114 
Gas2l3 1.2692 2.93948 1.21164 0.00130114 
Stil 1.01943 2.35531 1.20815 0.00130114 
Camk2b 4.22612 9.75489 1.20679 0.00130114 
Diap3 0.81106 1.87198 1.20669 0.00130114 
Sapcd2 2.13242 4.90556 1.20193 0.00130114 
Lingo3 0.318903 0.732844 1.20039 0.00130114 
Incenp 6.78721 15.5952 1.20021 0.00130114 
Ckap2 17.1341 39.3685 1.20018 0.00130114 
Cox6a2 1.05426 2.42235 1.20017 0.00707352 
Kif4 2.74715 6.28111 1.19308 0.0381012 
Ncapd2 12.9481 29.5885 1.1923 0.00130114 
Gm4737 0.220155 0.501887 1.18884 0.0119039 
Spdl1 1.04491 2.38137 1.18842 0.00130114 
Mad2l1 9.8475 22.4276 1.18744 0.00130114 
Cit 1.96037 4.44178 1.18001 0.00130114 
Tpx2 10.4499 23.5578 1.17271 0.00130114 
Prr11 2.67095 6.02035 1.17249 0.00130114 
Syt12 0.561855 1.26595 1.17195 0.0312815 
Cenpk 2.827 6.34984 1.16745 0.00130114 
Ercc6l 0.693441 1.55253 1.16278 0.00130114 
Ccnd1 10.6223 23.7333 1.15982 0.00130114 
Matn2 1.79073 3.99723 1.15846 0.00130114 
Mastl 1.59666 3.5608 1.15715 0.00130114 
Dtl 1.11434 2.48386 1.15639 0.00130114 
Zwilch 4.9318 10.9866 1.15556 0.00130114 
AY036118 42.3897 94.3354 1.15409 0.00130114 
Col6a1 0.73155 1.62744 1.15358 0.00130114 
Cenpe 2.48475 5.50523 1.1477 0.00130114 
Cenpn 3.23679 7.12454 1.13823 0.00130114 
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1190002F15Rik 6.20451 13.6559 1.13814 0.00130114 
Kifc5b 1.42973 3.14469 1.13718 0.00130114 
Anln 4.57926 10.0573 1.13506 0.00130114 
Cdkn3 2.44783 5.31872 1.11958 0.00130114 
Mcm3 3.57695 7.75766 1.11689 0.00130114 
Acot11 1.12168 2.42793 1.11406 0.00130114 
Gm26917 162.742 352.216 1.11387 0.00130114 
4632434I11Rik 2.02483 4.3757 1.11171 0.00130114 
Mtfr2 0.84842 1.83196 1.11054 0.00130114 
Pygm 3.22279 6.95656 1.11006 0.00130114 
Kif14 0.748868 1.6081 1.10257 0.00130114 
Igfbp2 489.966 1049.04 1.09832 0.00130114 
Hs3st2 0.306111 0.654326 1.09595 0.00130114 
Blm 1.16216 2.47806 1.0924 0.00130114 
Kifc1 3.50239 7.44108 1.08717 0.00130114 
Smtn 2.63393 5.58843 1.08523 0.00130114 
Naaladl1 0.223338 0.471713 1.07868 0.00430299 
Plk4 2.86975 6.05199 1.07648 0.00130114 
Tubb6 6.65435 14.0297 1.07611 0.00130114 
Hmgb2 26.0538 54.593 1.06722 0.00130114 
Phf1 0.715707 1.49851 1.06609 0.00130114 
2700099C18Rik 3.81664 7.98636 1.06523 0.00130114 
Mis18bp1 4.92615 10.2822 1.06162 0.00130114 
Pycr1 3.25789 6.78657 1.05874 0.00130114 
Kif20b 2.67805 5.53123 1.04642 0.00130114 
Trip13 1.48076 3.05344 1.04409 0.00130114 
Mms22l 1.96446 4.04369 1.04154 0.00130114 
Cenpl 2.59509 5.34163 1.04149 0.00130114 
Gcat 2.17936 4.47587 1.03827 0.00130114 
Bub1b 5.56807 11.4317 1.03779 0.00130114 
Adamts14 0.297739 0.607369 1.02852 0.00130114 
Vegfa 26.0126 53.005 1.02692 0.00130114 
Timeless 1.73546 3.53263 1.02543 0.00130114 
Polq 0.734673 1.4901 1.02023 0.0326978 
Scn1b 7.72808 15.6715 1.01996 0.00130114 
Arhgap11a 5.54449 11.2298 1.0182 0.00130114 
Chek2 2.07075 4.18208 1.01407 0.00130114 
Kif18a 3.60785 7.27326 1.01146 0.00130114 
C330027C09Rik 6.41396 12.8603 1.00364 0.00130114 
Tacc3 12.8236 25.6197 0.998449 0.00130114 
Chaf1b 1.13506 2.26061 0.99394 0.0163668 
Slc9a5 1.22978 2.44591 0.991969 0.00130114 
Rasef 0.345565 0.68654 0.990387 0.00130114 
Dctd 0.98169 1.94673 0.98771 0.0212447 
Polr3g 1.3086 2.58899 0.984362 0.00130114 
H2afx 35.97 70.8738 0.978459 0.00130114 
Gfpt2 8.95465 17.5954 0.974492 0.00130114 
4930452B06Rik 0.637794 1.25234 0.973461 0.00130114 
Cdc7 4.22806 8.30054 0.97321 0.00130114 
Gcnt4 0.338609 0.662759 0.968864 0.00130114 
Prex2 0.525008 1.02461 0.964655 0.00339288 
Igfbp4 65.2945 127.27 0.962862 0.00130114 
Dhfr 1.82447 3.54916 0.959998 0.0317721 
Pola1 1.65196 3.21341 0.959927 0.00130114 
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Pold1 4.13246 8.01752 0.956155 0.00130114 
Fam83d 5.11991 9.91237 0.953112 0.00130114 
Cdca7l 1.26416 2.44616 0.95234 0.00130114 
Pole2 0.940333 1.81087 0.94544 0.00130114 
Clec2l 1.30574 2.50763 0.941459 0.00130114 
Pmf1 8.20599 15.6668 0.93296 0.00130114 
Recql4 0.459189 0.868751 0.919855 0.0133592 
Gm12856 0.709867 1.33794 0.914396 0.0212447 
Lrrtm3 0.839446 1.57476 0.907619 0.0452813 
Haus4 1.73955 3.25436 0.903658 0.00130114 
Knstrn 13.3345 24.8242 0.896581 0.00130114 
Fsbp,Rad54b 2.71762 5.0522 0.894567 0.00130114 
Gen1 0.924454 1.71806 0.894103 0.00130114 
Ncaph 6.959 12.9073 0.891231 0.00130114 
Dut 7.74613 14.3247 0.886953 0.00130114 
Smpdl3b 2.21488 4.08793 0.884141 0.00130114 
Tuba1b 41.3465 76.2293 0.88258 0.00130114 
Foxr2 0.463362 0.851643 0.878108 0.00621 
Tnfaip8l1 0.876687 1.60958 0.876552 0.00130114 
Dctpp1 8.01917 14.703 0.87459 0.00130114 
Gm10039 3.93453 7.20051 0.871907 0.00430299 
Mcm6 5.43616 9.91166 0.866538 0.00130114 
Impa2 1.85275 3.37707 0.866105 0.00130114 
Igfbp3 47.7178 86.6947 0.861416 0.00130114 
Ttc39a 0.776946 1.40508 0.854764 0.0126836 
Ccdc18 0.906035 1.63513 0.851768 0.00130114 
Pmp22 3.93032 7.08397 0.849909 0.00130114 
Espn 1.08756 1.95349 0.844957 0.00130114 
Adam12 9.16804 16.4578 0.844088 0.00130114 
Rangap1 18.0638 32.4 0.842887 0.00130114 
Mreg 0.699352 1.25044 0.838342 0.00130114 
Rrm1 18.4076 32.8686 0.836403 0.00130114 
Ecm1 2.98596 5.31552 0.832015 0.0261547 
Pdk1 4.40273 7.83664 0.831838 0.00130114 
Abcb9 1.18588 2.11079 0.831827 0.0103074 
Bora 2.48074 4.41462 0.831517 0.00130114 
Gap43 11.9887 21.3318 0.831336 0.00130114 
9030617O03Rik 5.60769 9.96761 0.829841 0.00130114 
Bok 3.64362 6.46823 0.827999 0.00130114 
Cenpw 2.38069 4.2258 0.827845 0.00130114 
Neurl1a 1.99868 3.54749 0.827748 0.00130114 
Mmgt2 3.91947 6.9538 0.827145 0.00238846 
Gm4724 1.5348 2.72117 0.826178 0.0392275 
Smc2 7.17335 12.7114 0.8254 0.00130114 
Diras2 0.261886 0.463707 0.824274 0.00707352 
Arhgap19 3.97654 7.01506 0.818941 0.00130114 
Wdhd1 1.19514 2.10488 0.816561 0.00130114 
Ddx11 1.56046 2.74088 0.812665 0.00130114 
Rerg 0.867535 1.52348 0.812376 0.0322894 
Fam81a 2.60532 4.57196 0.811352 0.00130114 
Fen1 4.65394 8.16351 0.810735 0.0471543 
Raver1 23.0365 40.4044 0.810589 0.00130114 
Lgals1 142.1 248.59 0.806867 0.00130114 
Tmem97 6.82007 11.9301 0.806747 0.00130114 
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Hrc 0.278706 0.487463 0.806548 0.0148881 
H2-K1 3.44881 6.02649 0.805222 0.00130114 
Aebp1 0.632646 1.1043 0.803661 0.0176664 
Mdc1 3.87534 6.74329 0.79913 0.00130114 
Fancb 0.812872 1.41298 0.79764 0.00130114 
Rad18 1.63031 2.8295 0.7954 0.00130114 
Chek1 2.31811 4.0197 0.794135 0.0103074 
Pold2 8.80385 15.2096 0.788772 0.00130114 
Fbxo5 3.80832 6.56242 0.785074 0.00130114 
Cryl1 1.82514 3.12849 0.777455 0.00130114 
Tyms 7.85927 13.456 0.77578 0.00238846 
Dlgap5 4.28605 7.32824 0.773819 0.00130114 
S100a4 18.9087 32.2364 0.769636 0.00130114 
Nup210 9.31376 15.8519 0.767224 0.00130114 
Slc2a1 9.37668 15.8961 0.761528 0.00130114 
Cdk9 25.7397 43.5548 0.758837 0.00130114 
Psrc1 17.185 29.0091 0.755357 0.00130114 
Gins1 2.5737 4.3346 0.752056 0.00339288 
Mpp6 2.82014 4.74411 0.750369 0.0148881 
Gpd1 19.8849 33.4348 0.749677 0.00130114 
Atp10a 1.2417 2.08398 0.747027 0.00130114 
Ankrd29 3.28452 5.51117 0.746675 0.00130114 
Mcm8 1.52526 2.55799 0.745953 0.0156435 
Atp5g1 63.2211 105.488 0.738606 0.00130114 
Mutyh 1.51465 2.52709 0.738489 0.0279897 
Apln 5.18376 8.63346 0.735941 0.00130114 
Efcab11 1.16333 1.93084 0.73096 0.0103074 
Prim1 4.47381 7.41982 0.72988 0.00130114 
Tpi1 130.35 215.667 0.726416 0.00130114 
Parm1 0.714181 1.18122 0.725916 0.00130114 
Tmem176a 45.7958 75.7221 0.725499 0.00130114 
Ak3l2-ps 1.62635 2.68646 0.724067 0.0392275 
Pemt 2.64636 4.36911 0.723333 0.0156435 
Fdxr 4.37196 7.21795 0.723307 0.00130114 
Fbln7 0.903655 1.4917 0.723114 0.00238846 
Atp1a3 2.6929 4.44197 0.722037 0.00130114 
Pex5l 1.33072 2.19063 0.719136 0.0111375 
Ttf2 1.51246 2.48782 0.717987 0.0176664 
Syt7 2.34025 3.84326 0.71567 0.00130114 
Insl3,Jak3 1.33517 2.18925 0.713405 0.00130114 
Tmem241 5.17737 8.47287 0.71063 0.00874523 
Nupr1 9.96191 16.2831 0.708883 0.00130114 
Cxcl14 2.86827 4.656 0.698908 0.00130114 
Kcnq4 0.911559 1.47454 0.693862 0.00339288 
Dbf4 7.29923 11.8066 0.69378 0.00130114 
Poc1a 1.6436 2.65673 0.692788 0.0176664 
Yam1 28.0882 45.3738 0.691897 0.0190903 
Csrp2 1.75614 2.83279 0.689819 0.0223183 
Cdkn1a 34.5633 55.5682 0.685017 0.00130114 
Lgals3bp 3.01416 4.83966 0.683152 0.0176664 
Bmp7 3.105 4.98157 0.682011 0.00130114 
Pcna 35.8255 57.458 0.681522 0.00130114 
Gm26694 43.6176 69.9203 0.680801 0.0317721 
Kpna2 37.4791 60.0744 0.680662 0.00130114 
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Mb21d1 0.498203 0.797554 0.678849 0.03588 
Nqo1 1.41875 2.2647 0.674695 0.0176664 
Cmc2 8.38616 13.3634 0.672204 0.00790854 
Akr1b3 7.26928 11.5792 0.671647 0.00238846 
Lmcd1 2.491 3.9664 0.671107 0.00130114 
Tubb4b 40.1927 63.8776 0.668378 0.00130114 
Tmed3 27.8914 44.3203 0.668149 0.00130114 
Ldha 114.064 181.086 0.666823 0.00130114 
Fam162a 34.9374 55.196 0.659791 0.00130114 
Tle6 6.30873 9.96524 0.659554 0.0369243 
Traip 1.38196 2.18047 0.657925 0.00130114 
Pgam1 177.831 280.333 0.656632 0.00130114 
Mcm4 6.4513 10.1691 0.656533 0.00130114 
Aaas 12.1426 19.1328 0.655971 0.00130114 
Gins3 1.59393 2.51103 0.655687 0.00238846 
Polh 3.50636 5.52122 0.655013 0.00130114 
Gm12138 2.43502 3.8338 0.654839 0.00874523 
Aqp11 2.5275 3.9772 0.654043 0.00790854 
Necab2 1.16886 1.83535 0.650948 0.0095941 
Mis18a 5.9752 9.37687 0.650119 0.00130114 
Gale 4.42998 6.92907 0.645362 0.00238846 
Hjurp 21.6745 33.7297 0.638023 0.00130114 
Rbl1 4.05437 6.30498 0.637013 0.00130114 
Unc5b 0.329863 0.510924 0.631242 0.0133592 
Trim59 9.25678 14.3273 0.630184 0.00130114 
Hn1l 6.00348 9.2908 0.630003 0.00130114 
Pfkl 16.0893 24.888 0.629346 0.00130114 
Calr3 3.30071 5.09367 0.625931 0.00238846 
Dna2 1.32695 2.0461 0.624765 0.03588 
Fndc1 17.181 26.4904 0.624655 0.0095941 
Gfra2 1.09059 1.68033 0.623633 0.00430299 
E2f1 1.72579 2.65649 0.622263 0.00130114 
Ssc5d 2.04533 3.14715 0.621709 0.00130114 
Pgam1-ps2 7.15115 10.9728 0.617687 0.00238846 
Eva1c 1.43714 2.20345 0.616563 0.0103074 
H2afz 104.863 160.601 0.614984 0.00130114 
Ccng1 72.9929 111.79 0.614963 0.00130114 
Prim2 7.31076 11.1607 0.610338 0.00130114 
Sulf2 57.3992 87.5435 0.608969 0.00130114 
E030019B06Rik 1.23457 1.87813 0.605294 0.0163668 
Rpl9-ps7 3.40731 5.1766 0.603373 0.0489273 
Shmt2 33.51 50.858 0.601884 0.00130114 
Cnih2 23.3971 35.4484 0.599389 0.0286194 
Fam110a 7.34787 11.1239 0.598263 0.00130114 
Trib3 1.26857 1.91924 0.597332 0.0223183 
Galk1 8.68622 13.1334 0.596437 0.00130114 
Clybl 16.5753 25.0339 0.594852 0.00130114 
Lpo 9.2133 13.8853 0.591774 0.00130114 
Gbp6 0.55749 0.839859 0.5912 0.0348876 
Acsl5 1.50648 2.26883 0.590763 0.00339288 
Mthfd2 8.62385 12.9777 0.589631 0.00130114 
Svop 2.95233 4.44131 0.589129 0.00238846 
Gpr162 18.3477 27.5991 0.589027 0.00130114 
Higd1a 21.617 32.516 0.588985 0.00130114 
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Cks1b 14.4301 21.6623 0.586103 0.00130114 
Got1 17.1874 25.789 0.585402 0.00130114 
Ccne1 3.21111 4.81381 0.584107 0.00339288 
Kcnma1 6.52863 9.76241 0.580458 0.00130114 
Fdps 34.6283 51.6427 0.576612 0.00130114 
Zgrf1 0.805822 1.20097 0.575666 0.00339288 
Txn1 310.562 462.441 0.574388 0.00130114 
Uqcr10 214.135 318.457 0.572582 0.00130114 
Mapkapk3 2.35586 3.49164 0.567649 0.0141392 
Gbp4,Gbp8,Gbp9 2.32739 3.44695 0.566605 0.00130114 
Mif 177.879 263.337 0.566016 0.00130114 
Zfp365 3.42547 5.07092 0.565948 0.00339288 
Fam122b 5.61595 8.29557 0.562812 0.00130114 
Rpa2 5.94279 8.77452 0.56218 0.00130114 
Dnajc9 24.7895 36.5982 0.562044 0.00130114 
Olfml3 1.08784 1.60584 0.561866 0.0242567 
Gm10123 17.5186 25.8411 0.560781 0.00238846 
Mre11a 3.51984 5.18928 0.560025 0.0183719 
Ldlr 4.69803 6.92292 0.559325 0.00130114 
Adcy1 1.9031 2.80346 0.558857 0.00130114 
Gpc6 5.77248 8.50257 0.558706 0.00130114 
Dhcr7 24.1335 35.4866 0.556236 0.00130114 
Actr3b 5.65829 8.31845 0.555948 0.00130114 
Gm12141 1.70831 2.5109 0.555636 0.0486125 
Cdh22 8.21351 12.0524 0.553253 0.00130114 
Ak1,Eng 34.1625 50.0849 0.551962 0.00130114 
Lama5 9.09531 13.3209 0.550496 0.0301801 
Camk1g 1.78846 2.6112 0.545995 0.0141392 
Atad5 1.95186 2.84767 0.544938 0.0448041 
Ccbe1 1.19814 1.74739 0.544398 0.0103074 
Nt5dc2 33.5202 48.8737 0.544027 0.00130114 
Lmnb1 26.8604 39.1394 0.543138 0.00130114 
Dcxr 16.6216 24.2124 0.542691 0.00130114 
Nucks1 17.3647 25.2858 0.542171 0.00130114 
G0s2 10.746 15.5836 0.53623 0.00130114 
RP24-376E14.1 80.5593 116.765 0.53549 0.00130114 
Uqcrq 180.44 261.213 0.533708 0.00238846 
Grm5 18.135 26.2479 0.533422 0.00130114 
Mgmt 5.3281 7.67833 0.527172 0.0183719 
Cep72 2.08136 2.99815 0.526542 0.00430299 
Lin54 3.40932 4.90628 0.525147 0.00339288 
Asah2 2.30857 3.31808 0.52335 0.00430299 
Htra3 7.53521 10.8057 0.520069 0.0307505 
Mcm2 6.85503 9.82903 0.519886 0.00130114 
Fut10 3.40177 4.87743 0.519834 0.00238846 
Slc7a1 3.88698 5.56875 0.518703 0.00130114 
Kcnc1 12.6118 18.0327 0.515839 0.00130114 
Stk17b 2.27444 3.24931 0.51462 0.0103074 
Aldh1l2 8.10787 11.5749 0.5136 0.00130114 
Klhdc7a 1.65526 2.35828 0.510677 0.00238846 
Sdc1 2.70081 3.84733 0.510467 0.00790854 
Slc25a34 3.90708 5.5595 0.508864 0.00130114 
Tdp1 10.9396 15.566 0.50883 0.0261547 
Gm11492,Sept4 5.9543 8.46598 0.507747 0.0133592 
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Uaca 1.60292 2.27702 0.506441 0.00130114 
Spry4 3.03203 4.30579 0.505997 0.00130114 
Olfm2 74.8928 106.325 0.505579 0.00130114 
Scarb1 9.27289 13.1504 0.504014 0.00130114 
4933404O12Rik 2.74482 3.89075 0.503335 0.00527083 
Ablim1 9.90519 14.0202 0.501246 0.00130114 
Papln 1.63962 2.32036 0.500986 0.00430299 
Phlda3 15.5707 22.0287 0.500551 0.00130114 
4930579G24Rik 3.03353 4.29005 0.499999 0.0326978 
Prr5 3.50323 4.94904 0.498465 0.0111375 
Bcam 2.72016 3.84202 0.498172 0.0312815 
Npnt 1.76501 2.49236 0.497835 0.00874523 
Pdia5 3.40804 4.80618 0.495946 0.00790854 
Arhgap33 4.77511 6.72567 0.494144 0.00130114 
Mrpl12 24.5309 34.5278 0.493161 0.00130114 
Atp5k 240.958 338.918 0.492155 0.00130114 
Ptpla 18.423 25.9073 0.49185 0.00238846 
Tlr3 13.4211 18.8338 0.488823 0.00130114 
Fam84a 5.06902 7.11138 0.488424 0.00130114 
Ube2s 65.6186 91.917 0.486226 0.00130114 
Tmem256 107.331 150.293 0.485715 0.00130114 
Ndc1 10.3492 14.4674 0.483296 0.00130114 
Mcam 2.36688 3.30496 0.481648 0.0103074 
Haus3,Poln 5.58395 7.79551 0.481358 0.0119039 
Pck2 13.2938 18.5049 0.477157 0.00130114 
Nenf 20.2074 28.062 0.473738 0.00238846 
Usmg5 363.653 504.809 0.473176 0.00130114 
Ephx1 97.5244 135.372 0.473089 0.00130114 
Tmem143 11.4861 15.9406 0.472807 0.0190903 
Sod3 9.64318 13.3725 0.471693 0.00130114 
Naglu 7.73326 10.7048 0.469109 0.00790854 
Man2a1 1.81103 2.50663 0.468939 0.0242567 
Ppa1 16.6101 22.958 0.466936 0.00238846 
Brca2 1.00894 1.39422 0.466614 0.00130114 
Fam46a 1.3451 1.85813 0.466143 0.0236913 
Nsdhl 31.7099 43.7632 0.464787 0.00130114 
Gm20390,Nme1,Nme2 168.067 231.831 0.464036 0.00130114 
Nceh1 3.76251 5.18945 0.463886 0.00790854 
Gapdh 300.943 414.711 0.462616 0.00130114 
Cycs 27.1795 37.4472 0.462341 0.00130114 
Ccdc34 20.545 28.2894 0.461476 0.00130114 
Scd1 95.2935 131.028 0.459422 0.00130114 
Bnip3 16.4784 22.6429 0.45848 0.00130114 
Net1 1.71241 2.35294 0.458442 0.0354046 
Eldr 11.6793 16.0111 0.455116 0.0348876 
Mef2c 3.28133 4.47836 0.448687 0.00430299 
Itga5 1.95246 2.66334 0.447943 0.00790854 
Uqcr11 283.353 386.519 0.447935 0.00130114 
Susd4 2.48522 3.38839 0.447229 0.0156435 
2010107E04Rik 315.346 429.764 0.446609 0.00130114 
Ctsc 9.3842 12.7751 0.445028 0.00430299 
Eif4ebp1 18.7755 25.557 0.444866 0.00621 
Haus6 2.63684 3.58285 0.442296 0.04224 
Lsm4 31.3461 42.5619 0.441274 0.00238846 
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Pou3f1 2.4678 3.35073 0.44125 0.0133592 
Agfg2 5.35101 7.25852 0.439866 0.0397073 
Tmem117 4.011 5.43133 0.437345 0.0170989 
Mvk 15.661 21.1981 0.436761 0.00238846 
Tmpo 24.858 33.6397 0.436454 0.00130114 
Gm15920 96.7469 130.826 0.435366 0.0261547 
Hat1 18.2518 24.6652 0.43444 0.00339288 
Ddit4 56.0188 75.65 0.433429 0.00130114 
Acad10 2.30748 3.11609 0.433419 0.0301801 
Gm4735 29.9022 40.3769 0.433276 0.00130114 
Gbe1 6.95963 9.3935 0.432651 0.0279897 
Fh1 44.7985 60.4586 0.432497 0.00130114 
Ndufa3 222.493 299.774 0.430118 0.00130114 
Clpb 27.2276 36.6848 0.430112 0.0437132 
Haus1 12.9598 17.4588 0.429918 0.0126836 
Gsg1l 1.37961 1.85742 0.42904 0.0402218 
Pla2g12a 9.11857 12.2687 0.428101 0.0126836 
Selm 17.663 23.7581 0.427692 0.00621 
Kcnip3 16.2724 21.8663 0.426283 0.00130114 
Atp1b1 6.65409 8.93706 0.425559 0.0095941 
Tipin 12.5516 16.8484 0.42474 0.0111375 
Idh3a 52.7231 70.6857 0.422983 0.00130114 
Sirpa 11.2538 15.0818 0.422395 0.0198239 
Ndufb4 37.5323 50.2883 0.422091 0.00339288 
Hpcal1 19.572 26.2159 0.421649 0.00430299 
Atp5e 234.155 313.233 0.41977 0.00130114 
Cyc1 131.283 175.606 0.419667 0.00130114 
Rtn4ip1 6.9093 9.24131 0.419557 0.00430299 
Dusp5 5.20554 6.96237 0.419531 0.0133592 
Asns 20.817 27.8273 0.418741 0.00707352 
Sdhb 88.7841 118.625 0.41803 0.00130114 
Fam73b 14.8774 19.866 0.417178 0.0339078 
Cdh13 49.0769 65.5149 0.416781 0.00621 
Mesdc1 2.27488 3.03478 0.415805 0.0369243 
Primpol 4.32152 5.76465 0.415693 0.0369243 
Fyb 12.9484 17.2538 0.414145 0.0230348 
Tmem158 7.07861 9.43052 0.413871 0.0291157 
Uxs1 12.532 16.6847 0.412917 0.0348876 
Fam129c,Pgls 43.7486 58.1227 0.409866 0.00707352 
C1qtnf6 27.7505 36.8625 0.409642 0.00238846 
Grin3a 4.73031 6.27994 0.408815 0.00621 
Yif1b 13.2127 17.5217 0.407221 0.0344007 
Acat1 61.0782 80.9821 0.406947 0.0261547 
Ssbp4 28.2036 37.3702 0.406007 0.00238846 
Cyp39a1 4.59935 6.09118 0.405294 0.0236913 
Uqcrc1 112.122 148.452 0.404931 0.00130114 
Sac3d1 10.2306 13.5407 0.404415 0.0204766 
Id1 17.569 23.2518 0.404312 0.0126836 
Fam114a1 3.43796 4.54888 0.403958 0.0218011 
Acss2 12.0281 15.901 0.402712 0.0467351 
Aen 17.0346 22.5121 0.402231 0.00339288 
Chrna4 6.06279 8.01186 0.402155 0.00430299 
Srl 6.44246 8.51274 0.402014 0.0344007 
Oxct1 105.31 139.122 0.401705 0.00130114 
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Lrrc40 16.9691 22.4129 0.401416 0.0176664 
Egfl7,Fam69b,Gm20532 9.71761 12.8341 0.401305 0.042776 
Rps27l 117.214 154.648 0.399849 0.00339288 
Vdac1 144.172 190.071 0.398741 0.00130114 
Cox6b1 543.355 715.465 0.396987 0.00130114 
Cox7a2 168.75 222.164 0.396737 0.00339288 
Adora1 19.5321 25.6886 0.395282 0.0141392 
Dusp6 16.1831 21.2838 0.395266 0.00238846 
Atp5b 703.93 925.634 0.39501 0.00130114 
Apoo 34.936 45.929 0.394692 0.0103074 
Eda2r 17.6749 23.2148 0.393347 0.00238846 
Dtymk 38.7563 50.89 0.392952 0.00430299 
Pgk1 161.366 211.829 0.392558 0.00238846 
Fam181b 75.1262 98.5524 0.391575 0.00130114 
Spidr 5.5855 7.32504 0.39115 0.0183719 
Efhd1 12.9836 17.0197 0.39051 0.0163668 
Etv4 66.796 87.54 0.39018 0.0467351 
Mipep 8.77325 11.497 0.39007 0.0133592 
Sv2a 5.68595 7.43802 0.387517 0.0126836 
Mdh1 118.766 155.337 0.387277 0.00339288 
Gpr37l1 12.5203 16.3682 0.386629 0.00621 
S100a11 23.6416 30.906 0.386561 0.0431845 
Atp5j 236.764 309.327 0.385682 0.04224 
Rab34 21.947 28.6433 0.384173 0.0176664 
Ttpa 12.7134 16.5923 0.38417 0.0103074 
Aard 10.4108 13.5821 0.383622 0.0326978 
Gstm1 354.83 462.633 0.382742 0.00130114 
Hmox1 27.4715 35.8177 0.382738 0.00339288 
Trap1 43.2686 56.3856 0.382006 0.00238846 
Gpi1 193.699 252.277 0.381198 0.00130114 
Vrk1 3.59264 4.6763 0.380322 0.04224 
Aldh18a1 28.4294 37.0043 0.380309 0.00527083 
Aes 122.042 158.774 0.379595 0.00130114 
Chac1 5.38224 6.99817 0.37877 0.0411986 
Cenpc1 9.96862 12.958 0.378378 0.00790854 
Dnmt1 10.491 13.6314 0.377786 0.00527083 
Ndufs8 90.2079 117.125 0.376724 0.00238846 
Ndufa4 359.378 466.186 0.375406 0.00130114 
Egln3 8.8345 11.4562 0.374905 0.0156435 
Slc16a1 12.6336 16.3565 0.372596 0.00430299 
Cs 218.581 282.928 0.372269 0.00130114 
Pkm 353.985 457.853 0.371198 0.00430299 
Mecr 14.4797 18.6916 0.368361 0.0498159 
Acsbg1 199.059 256.918 0.36811 0.00339288 
Adora2b 7.91374 10.1802 0.363337 0.0475696 
Dbt 15.1314 19.4513 0.362314 0.0119039 
Olfr287 9.77832 12.5544 0.360531 0.0381012 
Ogdhl 18.6706 23.9649 0.36015 0.00130114 
Banf1 122.868 157.589 0.359055 0.00621 
Anp32e 80.8977 103.753 0.358986 0.0133592 
Rfc2 13.386 17.1621 0.3585 0.0218011 
Tkt 55.7264 71.3692 0.356939 0.00430299 
Gatm 95.9137 122.763 0.35607 0.00339288 
Pola2 7.13944 9.13649 0.355828 0.0261547 
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Aldh4a1,Gm21969,Iffo2,Tas1r2 13.3593 17.0763 0.354153 0.00874523 
Ndufa8 70.1275 89.6134 0.353735 0.00621 
Atp5g3 517.34 661.071 0.35369 0.00430299 
Cd44 8.4554 10.7969 0.352679 0.0126836 
Idi1 20.4179 26.0663 0.352352 0.0204766 
Rpl22l1 94.7667 120.85 0.350761 0.0279897 
Gpc1 32.9973 42.0769 0.35068 0.00339288 
Uqcc2 77.9351 99.3698 0.350533 0.0163668 
Mdh2 221.048 281.783 0.350226 0.00238846 
Cox7b 188.291 239.576 0.347519 0.0126836 
Ckb 2518.97 3204.79 0.347394 0.0301801 
Cd109 6.14054 7.81058 0.347065 0.0176664 
Mrpl42 87.6751 111.497 0.346764 0.00430299 
Mcc 5.15264 6.55138 0.346486 0.0170989 
Cyp51 34.965 44.4145 0.345116 0.0291157 
Arhgap18 15.5159 19.6898 0.343701 0.0236913 
Kcnk1 8.64475 10.9614 0.342536 0.0467351 
Cspg5 152.397 193.222 0.342426 0.00339288 
Gm13394 139.171 176.327 0.341396 0.00430299 
Ptgfrn 7.00983 8.8786 0.340952 0.0148881 
Tuba1c 8.65028 10.952 0.340369 0.0471543 
Med30 23.5149 29.7431 0.33898 0.0463119 
Taco1 13.9283 17.6151 0.338797 0.0339078 
Hspd1 101.119 127.881 0.33874 0.0242567 
Msmo1 60.1557 76.0758 0.338737 0.0163668 
Arhgap4,L1cam,Naa10 22.7301 28.7252 0.337713 0.0411986 
Slc25a25 14.3971 18.1914 0.337484 0.0489273 
Ndufa12 76.2567 96.3316 0.337146 0.0223183 
Fgf1 15.5647 19.6621 0.337138 0.0417009 
Prps2 13.5105 17.0526 0.33591 0.042776 
Slc25a39 85.5076 107.841 0.334778 0.0218011 
Chst7 32.1837 40.5682 0.334019 0.0103074 
S100a16 23.7352 29.9068 0.333446 0.0471543 
Nde1 35.2409 44.4007 0.333333 0.0190903 
Eno1b 39.4683 49.6969 0.332462 0.00430299 
Cspg4 2.80922 3.53649 0.332149 0.0312815 
Nup205 8.17108 10.2801 0.331261 0.0307505 
Mrps16 50.6696 63.7454 0.331202 0.0431845 
1500015O10Rik 45.4063 57.109 0.330826 0.0223183 
Ndufc2 229.84 289.056 0.330714 0.0133592 
Ndufv2 112.112 140.951 0.330255 0.0119039 
Mpc1 99.3611 124.603 0.326589 0.0218011 
Atp5l 296.72 371.659 0.324878 0.0095941 
Dscam 3.74396 4.68882 0.324663 0.0256163 
Snapc2 33.4083 41.8041 0.323437 0.024925 
Sil1 14.3549 17.9549 0.322828 0.0307505 
Lars2 6.32802 7.90917 0.321773 0.0467351 
Sesn2 22.9618 28.6875 0.321186 0.0133592 
Ildr2 6.55679 8.18493 0.31998 0.0296678 
Ogdh 32.4912 40.4034 0.314427 0.0111375 
Rimbp2 8.50271 10.5665 0.313509 0.0223183 
Ndufs7 92.9826 115.465 0.312422 0.0296678 
Glrx5 45.4555 56.4327 0.312077 0.0411986 
Sdhd 102.676 127.448 0.311819 0.0176664 
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Tubg1 15.3038 18.9773 0.310387 0.0489273 
Mthfd1 20.2023 25.0486 0.310216 0.0204766 
Aldoa 294.395 364.812 0.309403 0.0141392 
Cisd1 40.203 49.8014 0.308882 0.0344007 
Cox5a 254.549 315.161 0.308149 0.0354046 
Cox5b 273.711 338.869 0.308074 0.0230348 
Echs1 80.7478 99.9555 0.307864 0.024925 
Olig1 1085.22 1343.09 0.307561 0.0326978 
Tspan5 62.9785 77.8669 0.306151 0.0223183 
Ndufa13 85.3474 105.473 0.305449 0.0218011 
Sord 19.937 24.626 0.304737 0.0344007 
Arl6ip1 207.81 256.06 0.301213 0.0190903 
Cox7c 427.313 526.33 0.300675 0.0291157 
Got2 50.8893 62.6769 0.300574 0.0218011 
Sae1 49.7823 61.2874 0.299958 0.0312815 
Ptprj 6.72481 8.26554 0.297616 0.0354046 
Tmem123 24.7964 30.4618 0.296871 0.0498159 
Cox8a 984.985 1209.19 0.295869 0.0223183 
Sel1l3 12.1615 14.8943 0.29243 0.0431845 
Chchd3 61.0563 74.7609 0.292144 0.0301801 
Cx3cl1 15.8061 19.3495 0.291822 0.0381012 
Atp5j2 180.733 220.803 0.288897 0.0486125 
Ipo5 32.1258 39.2193 0.287832 0.0322894 
Eif5a 161.147 196.541 0.28645 0.0392275 
Cyb5r3 47.8464 58.3206 0.285597 0.0364228 
Hip1 40.4843 49.3229 0.284896 0.0392275 
Aldh5a1 22.139 26.9383 0.283065 0.0431845 
Epdr1 52.65 64.025 0.2822 0.0348876 
Stmn1 133.57 162.358 0.281581 0.0402218 
Fam171a1 17.0926 20.7548 0.280074 0.0431845 
Uqcrfs1 146.913 178.187 0.278435 0.0369243 
Vegfb 61.1314 74.1289 0.278123 0.0486125 
Rasa3 46.252 56.0512 0.277229 0.0448041 
Sep9 104.799 126.796 0.274883 0.0475696 
Tmem229a 69.6134 84.1287 0.273234 0.0452813 
Suclg2 71.5768 86.4784 0.272849 0.0402218 
Hspa9 132.716 159.504 0.265246 0.0489273 
Dtx4 51.7026 43.0212 -0.265188 0.0498159 
Vps37b 54.39 45.1022 -0.270144 0.0494184 
Smarcc2 56.6795 46.8864 -0.273657 0.0381012 
Zmat2 57.6174 47.6399 -0.274333 0.0494184 
Tspan7 502.567 415.127 -0.275765 0.0437132 
Spag9 186.248 153.687 -0.277234 0.0417009 
Mapre2 50.6339 41.6992 -0.280084 0.0463119 
Nova1 52.5583 43.25 -0.28122 0.0407323 
Cdk5 43.8345 36.0353 -0.282657 0.0498159 
Erbb2ip 39.1729 32.1778 -0.283793 0.0348876 
Fmn2 14.6479 12.0271 -0.284405 0.0392275 
Mxi1 33.2111 27.2568 -0.285046 0.042776 
Fzd3 23.9771 19.6478 -0.287289 0.0392275 
Antxr1 23.3383 19.1054 -0.288718 0.0397073 
Zfp384 24.0302 19.65 -0.29032 0.0475696 
Ppp1r9a 14.845 12.1377 -0.290486 0.0268333 
Dip2b 18.2562 14.9265 -0.290506 0.0279897 



Appendix 

 205 

Mex3a 19.6949 16.0927 -0.291415 0.0322894 
Tpcn1 23.8524 19.4891 -0.291471 0.0296678 
Fam32a 69.7802 57.014 -0.291503 0.0307505 
Ptbp2 65.2186 53.2566 -0.292324 0.0236913 
Dhx9 79.1839 64.6417 -0.292742 0.0364228 
Magi1 31.5336 25.7394 -0.292914 0.0317721 
Dnajc3 21.5873 17.62 -0.292965 0.0369243 
Mat2a 131.858 107.621 -0.29302 0.0291157 
Sesn3 82.0958 66.9339 -0.294572 0.0279897 
Kif3a 31.3753 25.5779 -0.294731 0.0317721 
Slc7a2 16.4355 13.3919 -0.295461 0.0354046 
Kdm6a 16.221 13.2166 -0.295515 0.0364228 
2610203C20Rik 89.2571 72.6966 -0.296079 0.0279897 
Marcks 605.447 492.95 -0.296559 0.0242567 
Cpsf7 43.4015 35.3224 -0.29716 0.0326978 
Socs7 10.0956 8.21425 -0.297529 0.0397073 
Syngap1 10.3655 8.433 -0.297667 0.0489273 
Pink1 97.3288 79.1007 -0.299176 0.0218011 
Slc6a11 399.541 324.559 -0.299862 0.0326978 
Ddx17 183.723 149.221 -0.300082 0.0183719 
Irx1 27.1881 22.0775 -0.300399 0.0291157 
Fubp1 57.1146 46.2953 -0.302992 0.0256162 
Adamts4 9.1386 7.40301 -0.303862 0.0452813 
Cpsf6 46.6795 37.8033 -0.304277 0.0317721 
Satb1 24.3947 19.7546 -0.304379 0.0312815 
Ctdsp1 45.1661 36.5061 -0.307104 0.0223183 
Rfx3 17.074 13.7823 -0.308982 0.024925 
Mbtd1 31.2684 25.234 -0.309333 0.0286194 
Sh3pxd2b 28.0645 22.6357 -0.310146 0.0119039 
Fez1 145.987 117.713 -0.310572 0.0111375 
Col4a3bp 9.07744 7.3189 -0.310658 0.0448041 
Dbn1 69.3223 55.8451 -0.311888 0.0489273 
Nbl1 31.6421 25.4685 -0.313131 0.0296678 
Timp3 132.366 106.511 -0.313534 0.0119039 
Col5a2 25.3535 20.3838 -0.314757 0.0176664 
Boc 11.3847 9.15278 -0.31482 0.0236913 
Itm2b 374.911 301.39 -0.31492 0.0148881 
Fat3 4.72398 3.79735 -0.315011 0.0176664 
Wasf1 25.3159 20.3303 -0.316416 0.0230348 
Wbp5 54.4215 43.663 -0.317766 0.0326978 
Sparc 329.452 264.183 -0.318533 0.0148881 
Cyp4f17 23.1325 18.5425 -0.31909 0.0381012 
Tet2 6.20951 4.97651 -0.319346 0.0242567 
Sema6a 57.4672 46.0457 -0.319673 0.0141392 
Gpam 114.933 91.9925 -0.321201 0.0148881 
Tmem50b 32.2496 25.7861 -0.322688 0.0301801 
Tmem47 214.725 171.585 -0.32357 0.0261547 
Plekhb1 52.4595 41.8873 -0.32469 0.0463119 
Usp6nl 9.06488 7.23749 -0.324798 0.0448041 
Zbtb1 4.88291 3.89501 -0.326113 0.0326978 
Calr 312.152 248.782 -0.327365 0.0170989 
Ephb3 20.5009 16.3308 -0.328091 0.0183719 
Arl4c 11.3682 9.05409 -0.328358 0.0322894 
Klhl25 19.7054 15.6914 -0.328618 0.0198239 
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Parp8 10.799 8.59161 -0.329903 0.0333047 
Dnajb9 39.25 31.2213 -0.330165 0.0261547 
Ptprs 125.975 100.204 -0.330198 0.00790854 
Upf2 13.4931 10.7257 -0.331151 0.0481592 
Scg3 54.9332 43.6651 -0.331199 0.00707352 
Fhl1 116.21 92.3452 -0.331626 0.00621 
Soga3 10.9971 8.73759 -0.331818 0.0242567 
Mxra8 76.5584 60.8197 -0.332021 0.0344007 
Iqgap2 9.32326 7.40413 -0.332505 0.0170989 
Zfp609 16.0126 12.6993 -0.334463 0.00707352 
Notch2 16.971 13.4556 -0.334865 0.00790854 
Gja1 323.062 256.025 -0.335528 0.00238846 
Slc25a42 41.8207 33.1257 -0.336266 0.0170989 
Sema4c 6.32967 5.01101 -0.337027 0.0411986 
Ubtd2 24.6411 19.5027 -0.337389 0.0407323 
Chd7 32.8602 26.0014 -0.337749 0.0204766 
Serinc5 86.9508 68.8013 -0.337764 0.0103074 
Vangl2 38.034 30.0835 -0.338316 0.0268333 
Cd24a 80.2351 63.3669 -0.340505 0.00707352 
Ogt 246.809 194.82 -0.341251 0.0119039 
Zswim6 8.18673 6.4596 -0.341842 0.0133592 
Ncoa5 28.6558 22.5972 -0.342684 0.0348876 
Sox21 44.1161 34.7603 -0.343864 0.0111375 
Sh3d19 20.6092 16.2366 -0.344041 0.00707352 
Gas7 8.49864 6.6935 -0.34447 0.0339078 
Rnf122 39.4872 31.0973 -0.344595 0.00790854 
Sobp 5.62621 4.42766 -0.345618 0.0354046 
Cadps 6.38779 5.02524 -0.346125 0.0183719 
Gjc3 12.3291 9.69554 -0.346669 0.0407323 
2310022B05Rik 53.6687 42.1859 -0.347321 0.00339288 
Pcdhb10 6.7731 5.30513 -0.352427 0.0494184 
Acot1 247.164 193.575 -0.352575 0.00238846 
Eepd1 5.30815 4.15717 -0.352609 0.0452813 
Max 43.4409 34.0075 -0.353199 0.00707352 
Tmsb4x 1295.89 1014.45 -0.353249 0.00130114 
Fgd4 3.78892 2.96499 -0.35376 0.0256162 
Eps15 67.9103 53.127 -0.354185 0.0317721 
Rnd3 7.02827 5.49598 -0.354792 0.0417009 
2610035D17Rik 15.1489 11.8349 -0.356159 0.0261547 
Zc3h12c 3.11101 2.42886 -0.357106 0.0467351 
Tmeff2 16.5133 12.8877 -0.357632 0.00790854 
Tcp11l2 10.5374 8.22261 -0.357847 0.0279897 
Nid1 5.66322 4.41796 -0.35824 0.0148881 
Igdcc3 5.28762 4.12206 -0.359252 0.03588 
Zfp608 11.0354 8.5853 -0.362198 0.00874523 
Pde9a 28.0918 21.8422 -0.363031 0.0141392 
Mar03 15.7163 12.2097 -0.364235 0.0437132 
Tnc 6.773 5.26055 -0.36458 0.00874523 
Cacnb3 23.3684 18.1377 -0.365566 0.00339288 
Prox1 7.8349 6.07965 -0.365928 0.00707352 
Dock10 40.5568 31.4648 -0.366207 0.00707352 
Mpped2 13.7153 10.6405 -0.36623 0.0279897 
Fam13b 17.7392 13.7507 -0.36743 0.00707352 
Akap8l 21.7766 16.8727 -0.368084 0.00339288 
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Syf2 42.9957 33.3105 -0.368217 0.00707352 
Nr2f1 119.473 92.536 -0.368595 0.0489273 
Myo1e 16.2892 12.6164 -0.368611 0.00527083 
Rtn1 160.448 124.264 -0.368703 0.0397073 
Emp2 25.8605 20.0032 -0.370518 0.00130114 
Cdkn2aip 9.03779 6.98877 -0.370932 0.0301801 
Spag1 4.75611 3.67772 -0.37097 0.0322894 
Nfib 52.0056 40.1546 -0.373101 0.00130114 
Lpcat1 41.2687 31.8546 -0.373547 0.0223183 
Rapgef6 5.13451 3.96248 -0.373823 0.0475696 
Ackr3 30.8699 23.8219 -0.37391 0.00130114 
Lxn 194.967 150.363 -0.374782 0.00430299 
Casp6 24.0271 18.5259 -0.375117 0.0218011 
Rin2 20.1173 15.4983 -0.376326 0.0156435 
Clk1 287.84 221.737 -0.376418 0.0095941 
Sh3bp4 54.3923 41.8872 -0.376895 0.00130114 
Plxnb1 56.4732 43.481 -0.377181 0.00238846 
Sirt2 166.883 128.373 -0.378494 0.00130114 
Pnn 55.5812 42.7366 -0.379124 0.00339288 
Calcoco1 47.2398 36.3181 -0.379313 0.00238846 
Tcf12 116.106 89.1605 -0.380962 0.0095941 
Scrn1 44.373 34.0741 -0.381009 0.00238846 
Sorcs2 16.6629 12.7828 -0.38244 0.00238846 
Clip3 91.9163 70.311 -0.386571 0.0307505 
Igf1r 5.01227 3.83019 -0.388049 0.0111375 
Lrp4 9.678 7.39398 -0.388357 0.00238846 
Srsf5 462.865 353.536 -0.388736 0.00130114 
Jam3 45.1758 34.494 -0.389206 0.00238846 
Numb 11.5513 8.81478 -0.390057 0.00874523 
Csdc2 45.1919 34.4625 -0.391036 0.00130114 
Map1b 1.85356 1.41281 -0.391727 0.0103074 
Agt 29.8817 22.7521 -0.393263 0.00238846 
Klhl11 6.0114 4.57622 -0.393544 0.0301801 
Tram2 3.63207 2.76363 -0.394226 0.0176664 
Gli3 5.74882 4.3717 -0.395071 0.00790854 
Rnf152 1.64162 1.24713 -0.396513 0.0463119 
Sh3rf1 7.08169 5.37621 -0.397505 0.00430299 
Flrt2 4.38985 3.32915 -0.399016 0.00527083 
Cyp4v3,Klkb1 3.55812 2.69839 -0.399016 0.0279897 
Zfp36l1 59.0333 44.7296 -0.400299 0.0242567 
Kcnd2 13.1223 9.91578 -0.404221 0.00130114 
Pcdhb20 5.74319 4.33708 -0.405129 0.0198239 
Snn 142.527 107.631 -0.40514 0.00130114 
C130071C03Rik,Mir9-2 109.227 82.4147 -0.406353 0.00130114 
Mamld1 10.772 8.12707 -0.40648 0.00130114 
B3gat1 87.1529 65.7504 -0.40655 0.00130114 
Dok6 7.80333 5.88098 -0.408031 0.0397073 
Hnrnph1 377.34 284.039 -0.409776 0.0119039 
Wsb1 346.72 260.976 -0.409852 0.00130114 
Rimklb 46.2926 34.8241 -0.410697 0.0190903 
Rnf145 39.3863 29.6195 -0.411146 0.0204766 
Ednrb 379.026 284.883 -0.411926 0.00130114 
Trp53i11 27.6651 20.7635 -0.414016 0.00130114 
Ppp1r1a 16.3303 12.2442 -0.415443 0.00339288 
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Lypd1 22.2319 16.6657 -0.415752 0.0204766 
Pald1 17.0018 12.7404 -0.416279 0.00130114 
Ap1s2 21.027 15.7513 -0.41677 0.0103074 
Rhbdl3 31.0308 23.2365 -0.417308 0.00130114 
Vcam1 65.5739 49.0389 -0.419196 0.00130114 
Cpe 570.213 426.073 -0.420402 0.00130114 
Atp1a1 122.929 91.763 -0.421847 0.00130114 
Plce1 8.9416 6.66299 -0.424364 0.00130114 
Glis3 7.66212 5.70461 -0.425613 0.00621 
Mt1 1395.07 1038.25 -0.426183 0.00130114 
Mnt 7.89416 5.8722 -0.426884 0.0296678 
Rgma 129.615 96.2494 -0.429388 0.00130114 
Prpf38b 59.2121 43.9273 -0.430774 0.00430299 
S1pr1 103.21 76.5637 -0.430854 0.00130114 
Epha5 18.3183 13.5805 -0.431756 0.00130114 
Epha4 13.8309 10.2517 -0.43204 0.00430299 
Erbb4 18.5725 13.7661 -0.432046 0.00130114 
Sep3 19.6527 14.5657 -0.432149 0.00130114 
Epb4.1 22.1698 16.4295 -0.432313 0.00130114 
Slc38a1 9.14257 6.76635 -0.434222 0.00130114 
Nr2f2 7.96003 5.89006 -0.434491 0.0279897 
Kif5a 1.60472 1.18676 -0.43529 0.0133592 
Me3 21.2909 15.7375 -0.436028 0.00339288 
Slc14a2 123.486 91.2366 -0.436663 0.00130114 
Sec14l2 13.2019 9.74812 -0.437548 0.00339288 
Basp1 42.6518 31.4847 -0.437957 0.00130114 
Grid2 2.26293 1.67016 -0.438203 0.0312815 
Mt2 1346.78 993.86 -0.438398 0.00130114 
Adamts10 8.82932 6.51251 -0.439089 0.0176664 
Robo1 7.07049 5.20739 -0.441249 0.00130114 
Bhlhe22 4.03279 2.96908 -0.441763 0.0218011 
Meis3 13.1946 9.70809 -0.442687 0.0317721 
Osbpl5 17.9568 13.1764 -0.446569 0.00130114 
Cst3 2068.46 1516.96 -0.44738 0.00130114 
Cmya5 0.514251 0.377076 -0.447617 0.03588 
Ankrd6 2.7041 1.97729 -0.451619 0.0275691 
Aqp4 7.22096 5.27378 -0.453354 0.00130114 
Dlgap3 4.6023 3.35871 -0.454446 0.00527083 
Klf11 12.8271 9.35392 -0.455548 0.00130114 
Glul 485.058 353.577 -0.456135 0.00130114 
Taf7 5.19952 3.78391 -0.458501 0.0119039 
Lrp8 14.5826 10.5862 -0.462069 0.0223183 
Gnao1 56.1176 40.6106 -0.466599 0.00238846 
Ctnna2 18.8277 13.6224 -0.466875 0.00130114 
Pcdhb6 18.7252 13.5469 -0.467017 0.00130114 
Cxcr4 37.8384 27.2769 -0.472171 0.00238846 
Cd1d1 34.03 24.5306 -0.472225 0.00339288 
Pdgfrl 10.5681 7.57129 -0.481104 0.00130114 
Il1r1 3.84304 2.75174 -0.481903 0.00130114 
Apoe 4105.61 2938.67 -0.482433 0.00130114 
Clec3b 8.30626 5.94451 -0.482643 0.0286194 
Amotl2 31.9498 22.7931 -0.487206 0.00238846 
Pisd-ps1 13.7154 9.77365 -0.488829 0.0333047 
Efnb2 1.90417 1.35513 -0.490732 0.0268333 
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Gadd45g 151.12 107.446 -0.492088 0.00130114 
Tmem86b 8.92667 6.34096 -0.493419 0.00621 
Draxin 66.5847 47.2673 -0.494348 0.00130114 
Mapk8ip2 2.89944 2.05609 -0.495873 0.00874523 
Fxyd6 20.3449 14.3546 -0.503155 0.00130114 
Gdap1l1 13.3714 9.42831 -0.504079 0.00130114 
Kdm7a 6.02187 4.24315 -0.505076 0.00130114 
Crebrf 8.00951 5.64055 -0.505877 0.00130114 
Grik2 13.657 9.60455 -0.507848 0.00130114 
Gm26587 4.30247 3.02386 -0.508773 0.0486125 
Galr2 3.97341 2.78953 -0.510356 0.0279897 
Myt1 11.2609 7.90042 -0.511315 0.00238846 
Bcl2l11 9.815 6.8857 -0.511385 0.0204766 
Ifi30 11.9825 8.38676 -0.514745 0.00238846 
Ccdc96 1.42064 0.993928 -0.515329 0.03588 
Rims2 2.69172 1.8824 -0.515955 0.00238846 
Nrbp2 57.704 40.3407 -0.516435 0.00130114 
Slc35f1 15.3904 10.7532 -0.517263 0.00130114 
Sncaip 46.2922 32.2905 -0.519663 0.00130114 
Camk2a 11.1711 7.78925 -0.520213 0.00130114 
Zfp715 6.23634 4.34267 -0.522117 0.0163668 
Eda 1.41844 0.987707 -0.52215 0.0458413 
Plxna3 21.3972 14.8742 -0.524604 0.0291157 
Adamts6 7.57321 5.26321 -0.524961 0.00130114 
Fabp7 5008.16 3480.03 -0.525181 0.00130114 
Fgfbp3 7.43033 5.16147 -0.525646 0.00430299 
Bend7 4.28317 2.9732 -0.526661 0.0095941 
D130058E05Rik 4.92904 3.42129 -0.526765 0.0291157 
Cd1d2 4.39307 3.0413 -0.530541 0.0198239 
Ccdc3 2.25783 1.56231 -0.53126 0.0286194 
Maml3 0.811325 0.560721 -0.532998 0.0223183 
Camkk1 1.90806 1.31537 -0.536637 0.00707352 
Gdpd3 24.7561 17.0505 -0.53797 0.00130114 
Ctsl 121.289 83.5176 -0.538293 0.00130114 
Psd2 5.57147 3.82311 -0.54331 0.00130114 
Dll4 1.50565 1.03306 -0.543464 0.0471543 
Ndrg2 216.73 148.693 -0.543565 0.00130114 
Dpysl5 9.81359 6.72516 -0.545212 0.00130114 
Daam2 14.6895 10.0631 -0.545714 0.00130114 
Dll3 16.103 10.9774 -0.552791 0.00130114 
Setbp1 7.31936 4.97578 -0.556793 0.00130114 
Fxyd1 6.91046 4.69704 -0.557029 0.0431845 
Tmeff1 12.3145 8.36173 -0.558481 0.00130114 
Apba1 3.99032 2.70862 -0.55895 0.00130114 
Capn1 2.25876 1.53098 -0.561078 0.00527083 
Prss23os 133.414 90.3477 -0.562355 0.00130114 
Kit 6.59845 4.46592 -0.563169 0.0407323 
Adcyap1r1 102.742 69.2519 -0.569093 0.00130114 
Ly6h 10.2924 6.93372 -0.569875 0.00527083 
Ets1 22.5998 15.2039 -0.57187 0.00130114 
Prss23 52.4107 35.2251 -0.573255 0.00130114 
Atxn1 2.23383 1.50134 -0.573267 0.00130114 
Prkcq 20.2092 13.5714 -0.574438 0.00130114 
Iqub 0.860633 0.577913 -0.574547 0.0417009 
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Ryr3 6.87024 4.58321 -0.584001 0.0364228 
Rxfp3 2.10776 1.40605 -0.584066 0.00238846 
Abca1 69.6093 46.3486 -0.586753 0.00130114 
Gabra4 5.0704 3.37347 -0.587867 0.00130114 
Dapk1 8.75257 5.81127 -0.590853 0.00130114 
Sparcl1 12.5745 8.33498 -0.593253 0.00130114 
Mylip 0.877393 0.580824 -0.595121 0.0458413 
Lrfn2 2.21627 1.4656 -0.596646 0.00130114 
Pxdn 29.7026 19.6355 -0.597125 0.0095941 
Fam184a 14.8914 9.81966 -0.600734 0.00130114 
Gpr37 1.08776 0.714378 -0.606598 0.0163668 
Tnr 2.83144 1.85679 -0.608724 0.00130114 
Adamts12 18.1538 11.8893 -0.610604 0.00130114 
Adcy8 8.86971 5.80709 -0.611071 0.00130114 
E130102H24Rik,Mir101a 5.62393 3.6796 -0.612031 0.0402218 
Thbs1 1.11438 0.728032 -0.614162 0.00527083 
Insm1 2.53878 1.65714 -0.615441 0.00430299 
Plp1 14.371 9.37506 -0.616258 0.00130114 
St5 16.6953 10.8748 -0.618448 0.00130114 
Camk2n1 10.8585 7.06146 -0.620781 0.00130114 
Fmo1 13.8069 8.97434 -0.621509 0.00527083 
Pcgf2 14.3675 9.32596 -0.623481 0.00130114 
Kcne1l 2.34302 1.52038 -0.623939 0.0133592 
Smarca1 1.80407 1.16875 -0.626292 0.0443233 
Nkain4 12.5129 8.05958 -0.634646 0.00130114 
Ppp2r2b 37.5891 24.2053 -0.634991 0.00130114 
Hey2 2.32778 1.49745 -0.636444 0.00130114 
Adarb2 1.67621 1.07795 -0.636914 0.00130114 
Nrep 171.363 110.2 -0.636922 0.00130114 
Pdzrn3 1.15389 0.741859 -0.637293 0.0475696 
Mfsd7c 2.40293 1.5442 -0.637932 0.00130114 
Dok5 17.5254 11.2435 -0.640354 0.00130114 
Gabrb1 0.706439 0.45055 -0.648879 0.0498159 
Gucy1b2 1.86762 1.18737 -0.653435 0.00430299 
Pfkfb3 7.38547 4.68766 -0.655823 0.00130114 
Dcc 2.76201 1.74576 -0.661863 0.00130114 
Kcnn2 14.8125 9.36179 -0.66196 0.00130114 
Gmpr 46.7087 29.4755 -0.664173 0.00130114 
Fam189a2 15.7353 9.92465 -0.664917 0.00130114 
Tmem200a 3.50958 2.21239 -0.665696 0.00130114 
Mturn 3.68932 2.32406 -0.666705 0.00130114 
Rab39 1.73726 1.09377 -0.667512 0.00790854 
Paqr8 51.9195 32.6578 -0.668852 0.00130114 
Ephb2 9.81324 6.17134 -0.669147 0.00130114 
Rgag1 1.00876 0.633502 -0.671167 0.00339288 
6330403K07Rik 54.6812 34.2969 -0.672967 0.00130114 
Bank1 10.1522 6.31016 -0.686039 0.00130114 
Cnn2 12.5766 7.79901 -0.689385 0.00130114 
9130213A22Rik 3.0543 1.89255 -0.690506 0.0296678 
Gdpd2 61.2698 37.8678 -0.694203 0.00130114 
Igsf9b 3.63875 2.24176 -0.69881 0.00130114 
Spef2 1.1905 0.731301 -0.70303 0.0344007 
Naaa 6.25919 3.83971 -0.70498 0.00130114 
Ccdc151 2.09347 1.28106 -0.708556 0.00130114 
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Pnma2 1.64871 1.0047 -0.714571 0.00527083 
Htr3a 10.0676 6.1304 -0.715666 0.00130114 
Gm14866 16.7764 10.1855 -0.719923 0.0095941 
Col9a2 3.16292 1.91045 -0.72734 0.00130114 
Myl9 17.1 10.3232 -0.728108 0.00130114 
Angpt1 1.96767 1.18379 -0.733076 0.00130114 
Tmem132b 11.6974 7.02755 -0.735089 0.00130114 
Nrp2 2.41125 1.44733 -0.736388 0.00130114 
Egr1 9.6359 5.77908 -0.73758 0.00130114 
Chst1 0.885604 0.525838 -0.752045 0.00874523 
Rgs16 0.933867 0.553067 -0.755763 0.0133592 
Helt 3.42079 2.01583 -0.762957 0.00130114 
Kcnk10 0.673962 0.396581 -0.76505 0.024925 
Fli1 0.892272 0.52483 -0.765632 0.00527083 
Prelp 8.96321 5.26745 -0.76691 0.00130114 
Trim29 0.604778 0.355068 -0.768309 0.0119039 
Plxnb3 16.5967 9.70855 -0.773566 0.00130114 
Prune2 1.59724 0.931095 -0.778581 0.00130114 
Lix1 1.39887 0.815318 -0.778824 0.00130114 
Tm6sf2 1.92887 1.12325 -0.780074 0.0156435 
Camk2d 9.15226 5.32518 -0.781299 0.00238846 
Afap1l2 1.22574 0.709352 -0.789077 0.00339288 
E130309D14Rik 0.789206 0.45602 -0.791305 0.00238846 
Ptprd 11.8222 6.81566 -0.794575 0.00130114 
Rgs2 11.4488 6.57638 -0.799835 0.00130114 
St8sia2 3.19991 1.83232 -0.804355 0.00130114 
Id4 41.4953 23.6893 -0.808709 0.00130114 
Igsf11 22.6709 12.9163 -0.811648 0.00130114 
Kcnj12 0.784049 0.446469 -0.812386 0.0103074 
Srpk3 5.5881 3.18009 -0.813291 0.00790854 
Fam134b 1.78308 0.995803 -0.840442 0.00130114 
Gm27031 3.99419 2.23037 -0.840619 0.00130114 
Pth1r 1.25776 0.697579 -0.850427 0.00430299 
Tmem28 1.64793 0.913668 -0.850916 0.00130114 
Scd3 0.723184 0.40088 -0.851193 0.00339288 
Wnt3 0.694715 0.381717 -0.863917 0.00707352 
Csmd1 1.94265 1.06401 -0.868508 0.00130114 
Plscr4 5.83501 3.19408 -0.869336 0.00130114 
Gm16701 1.84403 1.00658 -0.873393 0.00874523 
Scd4 8.787 4.78861 -0.875765 0.00130114 
Drc1 0.549904 0.296781 -0.889784 0.00339288 
Cntn6 0.999257 0.532449 -0.908213 0.00130114 
Chd3 23.3114 12.4148 -0.908972 0.00130114 
Gpr17 2.59371 1.36685 -0.924167 0.00130114 
Slc8a1 1.68596 0.885084 -0.929681 0.00130114 
Grasp 5.07848 2.64755 -0.939737 0.00130114 
Lrrc36 0.880014 0.454961 -0.951783 0.0291157 

Sep-01 2.22556 1.13877 -0.966691 0.00621 
Mycn 1.18736 0.601519 -0.981082 0.00130114 
Gabbr2 7.75197 3.92321 -0.982529 0.00130114 
Mfge8 347.418 175.167 -0.987938 0.00130114 
Gsx1 2.67647 1.32027 -1.0195 0.00130114 
Lipg 10.2658 5.01078 -1.03474 0.00130114 
Gm13479 1.8775 0.915499 -1.03619 0.00130114 
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Pak3 1.11029 0.541116 -1.03693 0.00238846 
Mc5r 1.85852 0.905555 -1.03728 0.00430299 
Kcnk2 1.43881 0.699472 -1.04054 0.00130114 
Zmynd10 0.729056 0.353729 -1.04339 0.00707352 
Rnase1 3.77194 1.82273 -1.04921 0.00130114 
Syt5 0.567608 0.272509 -1.05859 0.0333047 
Cadm3 2.3459 1.10676 -1.0838 0.00130114 
Dlc1 0.568068 0.268002 -1.08382 0.0218011 
Ephb1 15.2908 7.1849 -1.08962 0.00130114 
Lair1 2.0865 0.977294 -1.09422 0.00238846 
Pkd2l1 2.38982 1.11531 -1.09946 0.00130114 
4932438H23Rik 1.64756 0.760364 -1.11557 0.00130114 
Efhd2 7.74957 3.55839 -1.12289 0.00130114 
Sv2c 3.14133 1.38583 -1.18062 0.00130114 
Kndc1 0.546539 0.238732 -1.19493 0.00238846 
Slco2b1 0.769563 0.333831 -1.20492 0.00430299 
Tnfrsf25 1.60242 0.678248 -1.24037 0.00130114 
Shisa9 10.1341 3.99417 -1.34325 0.00130114 
Apcdd1 4.30609 1.64982 -1.38407 0.00130114 
Noxred1 1.05181 0.381994 -1.46126 0.0103074 
F730043M19Rik 1.09804 0.387403 -1.50302 0.00430299 
Chrm4 1.68992 0.578322 -1.54701 0.00130114 
Hopx 1.7898 0.587381 -1.60743 0.00130114 
Ppp1r10 66.007 20.1123 -1.71454 0.00130114 
Ppm1h 13.2936 1.94222 -2.77495 0.00130114 

 


