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Summary 
 

Throughout the lifespan of most vertebrates, new neurons are continuously generated, 

playing a crucial role in the development and homeostasis of the nervous system. This 

neurogenesis is driven by neural stem and progenitor cells (NSPCs), which have the potential 

to divide, differentiate, or self-renew. In embryos, NSPCs are highly proliferative but gradually 

become quiescent, a state that is predominant in adult NSPCs. Extensive research demonstrated 

that Notch signaling is involved in the control of NSPC states and fates, however, the precise 

mechanisms by which it maintains NSPCs remain only partially understood. In Dr. Laure Bally-

Cuif’s laboratory, we investigate the molecular, cellular, and population-level principles that 

balance NSPCs maintenance and neurogenesis, using the zebrafish brain as our model system. 

 

My PhD research focused on the role of the Notch3 signaling pathway in NSPCs. The 

canonical Notch pathway is activated through interactions between a transmembrane Notch 

receptor and a ligand, both exposed on neighboring cells. This triggers cleavage of the 

intracellular domain of the receptor (NICD), which then translocates into the nucleus to activate 

target genes’ transcription. Understanding Notch3 signaling is complicated by its diverse roles 

across different tissues and life stages, as well as its varying effects both at the plasma 

membrane and in the nucleus. Previous studies have shown that Notch3 is critical for 

maintaining NSPC progenitor status during development and promoting NSPC quiescence in 

adulthood. However, existing methods have not met the combined objectives of enabling 

conditional, long-term, and tractable Notch3 loss-of-function in NSPCs, nor have they 

effectively targeted only the nuclear functions of Notch3. 

 

To address this, I adapted the Ab-SPOP technique, which relies on a GFP tag fused to 

the protein of interest (POI). This tag is recognized by a modified nanobody that promotes in 

vivo ubiquitination and proteasomal degradation of the POI. Using CRISPR-Cas9, I generated 

an endogenous notch3-GFP fusion by inserting GFP at the extremity of the NICD coding 

region and validated the functionality of the Notch3-GFP fusion protein. This GFP tag enabled 

me to monitor Notch3 signaling dynamics in NSPCs and assess the feasibility of quantifying 

nuclear NICD-GFP as a proxy of the canonical Notch3 signaling activity. 
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After preliminary validations of the functionality of the nanobody tool, I created a 

transgenic line conditionally expressing the modified nanobody and an expression marker in 

NSPCs under Cre-loxP recombination. I then crossed these transgenic fish with the notch3GFP 

knock-in (KI) line. I confirmed the efficiency of NICD-GFP degradation in the nuclei of NSPCs 

in 6 days post-fertilization larvae. I also validated the inducibility of the transgene expression 

directly in adult fish and the formation of transgene-expressing cell clones in the telencephalon. 

Moreover, adult fish induced as embryos exhibited large transgene-expressing cell clones, 

including a few NSPCs and many differentiated cells.  

 

My work prepared the analysis of Notch3 functions and set up a method easily 

transposable to other proteins. To continue my project, I will quantify NICD-GFP in the nuclei 

of transgene-expressing adult NSPCs to validate the efficiency of the system in adult cells. 

Additionally, I have developed and conducted initial validations of notch3 shRNAs as an 

alternative method for medium-term and tractable knock-down -although not restricted to 

nuclear signaling-. Ultimately, I will use these new tools to induce Notch3 loss-of-function in 

NSPCs, and analyze the resulting phenotypes inside the clones and their neighboring cells. 
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Résumé 
 

Chez la plupart des vertébrés, de nouveaux neurones sont continuellement générés au 

cours de la vie, jouant un rôle essentiel dans le développement et l'homéostasie du système 

nerveux. Cette neurogénèse provient des cellules souches et progénitrices neurales (CSPNs), 

qui ont le potentiel de se diviser, et se différencier, ou s'auto-renouveler. Chez l'embryon, les 

CSPNs sont prolifératives et deviennent progressivement quiescentes, un état dominant des 

CSPNs adultes. La voie de signalisation Notch est impliquée dans la régulation des CSPNs, 

mais les mécanismes précis par lesquels il maintient les CSPNs ne sont encore que partiellement 

compris. Dans le laboratoire du Dr Laure Bally-Cuif, nous étudions les processus moléculaires, 

cellulaires et populationnels qui contribuent à l’équilibre entre le maintien des CSPNs et la 

neurogenèse, en utilisant le cerveau du poisson zébré comme système modèle. 

 

Mes recherches doctorales ont porté sur le rôle de la voie Notch3 dans les CSPNs. La 

voie canonique est activée par l’interaction entre un récepteur transmembranaire Notch et un 

ligand, les deux exposés sur des cellules voisines, déclenchant le clivage du domaine 

intracellulaire du récepteur (NICD), qui se déplace ensuite dans le noyau pour activer la 

transcription de gènes cibles. Etudier Notch3 est complexe en raison de ses multiples rôles dans 

plusieurs tissus et stades de la vie, ainsi que par ses activités à la fois à la membrane plasmique 

et dans le noyau. Des études ont montré que Notch3 est essentiel pour maintenir le statut de 

progéniteur des CSPNs au cours du développement, et pour promouvoir leur quiescence à l'âge 

adulte. Cependant, ces méthodes ne permettent pas de combiner la perte de fonction 

conditionnelle de Notch3 à la possibilité d’une perte de fonction à long-terme, qui soit traçable 

dans les CSPNs, et ciblant efficacement uniquement les fonctions nucléaires de Notch3. 

 

Pour créer cette méthode, j'ai adapté la technique Ab-SPOP, qui utilise une étiquette 

GFP fusionnée à la protéine d’intérêt (POI), et un nanobody modifié qui reconnait GFP et 

promeut in vivo l'ubiquitination et la dégradation de la POI par le protéasome. Par CRISPR-

Cas9, j'ai créé le gène notch3-GFP en insérant GFP à l'extrémité de la région codante du NICD 

endogène, puis j'ai validé la fonctionnalité de la protéine de fusion Notch3-GFP. Cette GFP m'a 

permis d’approcher la dynamique de la signalisation Notch3 dans les CSPNs, et de valider la 

faisabilité d’utiliser la quantité de NICD-GFP dans le noyau comme indicateur de l'activité de 

la signalisation Notch3. 
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Après validation du nanobody, j'ai créé une lignée transgénique exprimant, de manière 

conditionnelle le nanobody modifié et un marqueur d'expression dans les CSPNs via Cre-loxP. 

J'ai ensuite croisé ces poissons transgéniques avec la lignée KI notch3GFP. J'ai confirmé 

l'efficacité de la dégradation de NICD-GFP dans les noyaux de CSPNs sur des larves de 6 jours. 

J'ai validé l'expression du transgène, après induction chez le poisson adulte, et observé la 

formation de clones de cellules exprimant le transgène dans le télencéphale. De plus, les 

poissons adultes induits en tant qu'embryons présentaient de grands clones, comprenant 

quelques CSPNs et de nombreuses cellules différenciées. 

 

Mes travaux ont préparé l'analyse des fonctions de Notch3 et mis en place une méthode 

transposable à d'autres protéines. Dans la suite de mon projet, je quantifierai NICD-GFP dans 

les noyaux des CSPNs adultes exprimant le transgène afin de valider l'efficacité du système 

dans les cellules adultes. De plus, j'ai développé et effectué les premières validations de 

shRNAs ciblant notch3 comme méthode alternative (bien qu’efficace sur des échelles de temps 

moindres et ne ciblant pas spécifiquement les fonctions nucléaires de Notch3). Finalement, 

j'utiliserai ces outils pour étudier la perte de fonction de Notch3 dans les CSPNs, en analysant 

la composition des clones et leurs cellules voisines. 
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Introduction 
 

General introduction 

 

Neurogenesis is a multistep and multifactorial process by which new functional neurons are 

generated from neural stem and progenitor cells (NSPCs) in the nervous system (Götz et al., 

2016; Bond et al., 2015). It involves several stages: commitment of NSPCs to a neuronal 

lineage, cell cycle exit, differentiation into specific neuron types, migration to appropriate brain 

regions, and functional integration into neural circuits (Lim and Alvarez-Buylla, 2014; Urbàn 

and Guillemot, 2014). Neurogenesis also involves some degree of amplification or self-renewal 

of NSPCs to maintain the progenitor pool, at least temporarily. 

 

In NSPCs in the brain, neurogenesis is regulated by a complex interplay of intrinsic genetic 

programs (e.g., sub-cellular organization, cell morphology, transcription factors…) and 

extrinsic environmental factors (e.g., secreted signals, cell-cell interactions), which change 

significantly from the embryonic to the adult brain, and can include systemic states such as 

physical exercise, enriched environment, diet, stress or aging (Toda and Gage, 2018; Chen et 

al., 2016; Pérez-Domínguez et al., 2018, Kempermann et al., 2015). It evolves from being 

widespread and dynamic in embryonic neurogenic domains, to being more restricted in adult 

neurogenic niches, and it plays distinct roles at these different life stages (Lim and Alvarez-

Buylla, 2016; Navarro Negredo et al., 2020). In embryos, it is involved in brain growth, regional 

specification, and neuronal circuit formation. During development, it supports brain maturation, 

and the refinement of brain functions, including learning and memory formation (Götz et al., 

2016; Bond et al., 2015). In the adult mouse, neurogenesis is necessary for hippocampal 

function, mood regulation and brain plasticity, balancing neural circuit homeostasis with neural 

stem cell protection (Ming and Song, 2011; Toda et al., 2019).  

 

In addition to these fundamental physiological functions, neurogenesis can go astray, often with 

dramatic consequences. For example, it is believed that the derailment of NSPCs can lead to 

the development of brain tumors, and abnormal neurogenesis has also been implicated in 

various neurodegenerative and psychiatric diseases, such as Alzheimer's disease and Major 

Depressive Disorder (MDD) (Loras et al., 2023; Fontán-Lozano et al., 2020; Yelle et al., 2019; 

Azzarelli et al., 2018; Winner et al., 2011; Berger et al., 2020). However, in humans, the 
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existence of adult neurogenesis participating in brain homeostasis remains controversial (Zhou  

et al., 2022b; Kempermann et al., 2018). 

 

Most in vivo studies of neurogenesis have been conducted in rodents, notably the mouse, which 

offers powerful genetic tools for lineage tracing and functional assays, and standardized 

behavioral assays to probe neurogenesis output at the organismal level (Pereira et al., 2019; 

Yamakawa et al., 2020; Hoffman, 2018; Lyon et al., 2021). Until 15 years ago or so, the 

zebrafish with its transparent embryos and rapid development, was mainly used to study 

developmental neurogenesis. However, the discovery of its prominent adult neurogenesis, and 

the development of interventional and imaging methods to transiently perturb and film NSPCs 

in the zebrafish adult dorsal telencephalon (pallium), more recently pushed it to become an 

important complementary model to mouse (Kizil et al., 2012; Schmidt et al., 2013). The 

zebrafish is the model I have been using, and which I will also introduce below, with details on 

its advantages but also technical limitations as I started my PhD. 

 

The outstanding importance of neurogenesis for organismal functionality and health makes it 

fundamental to understand its control mechanisms in time and space. In the Bally-Cuif lab, a 

specific focus is placed on Notch signaling, a pleiotropic pathway controlling cell fate decisions 

in particular in the nervous system: in the brain, Notch signaling contributes to maintaining 

NSPC populations, balancing proliferation and quiescence, and regulating differentiation. The 

lab more specifically identified one Notch receptor, Notch3, as a regulator of neural stem cell 

quiescence from juvenile stages onwards in the zebrafish telencephalon. A lot however remains 

to be studied to understand Notch3 function “in context”, i.e., its effect in individual vs 

populations of NSPCs, its specific impact at different stages of life and in different brain 

territories, and the long-term consequences of its invalidation, in vivo. This is the context of my 

PhD work. 

 

Within this frame, I will briefly cover the following points in my introduction: I start with 

general definitions (1) and then touch upon three major subjects: neural progenitors (NPs)  and 

neural stem cells (NSCs) (2), the Notch signaling pathway (3), and methodologies used to probe 

gene function, notably in the specific case of Notch3 signaling in adult NSPCs (4).   
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1 Definitions 

 

1.1 Progenitor versus stem cells 

Neurogenesis is extensively studied, and depending on the type of progenitor cell, their cellular 

hallmarks, the developmental stage, or the species, the nomenclature varies. Here we will adopt 

a simple rule, which mostly reflects the cell neurogenic potential, the lifetime of the cell and 

the developmental stage. In sum, within NSPCs, NPs will define cells with a limited (typically 

a few weeks in a vertebrate model species such as zebrafish or mouse) or unknown neuron-

generation potential, and NSCs will define cells with an extensive long-term potential (typically 

a few months or more). Both NPs and NSCs can generate neurons and glial cells via the 

production of more committed and proliferating progenitors that will exhaust at short term. 

When committed to generate neurons, the latter progenitors will be defined as intermediate 

neuronal progenitors (IPs). NPs typically refer to embryonic cells and NSCs to post-embryonic 

and adult cells.  

 

1.2 Nomenclature along lifetime progression in zebrafish and mouse 

The embryonic periods of brain development in zebrafish and mouse have different durations, 

but the two species have comparable lifespans in the wild (2-3 years). In mouse, the embryonic 

period covers the gestation time, around 20 days, whereas in zebrafish, which have an external 

development in the chorion, the embryonic period covers the time before hatching, i.e., 48 hours 

(Figure 1A) (Kaufman, 1992; Kimmel et al., 1995). While, in animals, the adult age is 

considered the age at which the individual can reproduce, the age at which the brain is 

considered adult does not necessarily coincide with sexual maturity. The human brain is 

generally considered to reach adulthood around the age of 25 (Sowell et al., 2004). This is when 

the prefrontal cortex, responsible for executive functions like decision-making and impulse 

control, is fully developed. The mouse brain is considered to reach adulthood around 2-3 

months of age, when it reaches a stable structure and function with continued but slower-paced 

neurogenesis (Semple et al., 2013).  

 

In zebrafish, the situation is complicated by the fact that sexual maturation, as well as overall 

body and brain growth, strongly depend on external stimuli such as temperature, food and 

physical space (Singleman and Holtzman, 2014). Under standard laboratory conditions, the 

zebrafish is considered to reach sexual adulthood around 3 months of age, and this also 
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coincides with a plateauing in brain growth and slowed-down neurogenesis (Figure 1A) 

(Labusch et al., 2020; Singleman and Holtzman, 2014; Parichy et al., 2009). At this stage, the 

brain is believed to be fully functional, including in the telencephalon, where protracted 

neurogenesis in the hippocampal area starts at around 2-3 weeks of age (Dirian et al., 2014; 

Valente et al., 2012). In mouse, between embryonic and adult stages, individuals are named 

juveniles (Figure 1A). In zebrafish, an intermediate “larval” stage is also identified, between 3 

and 21 days post-fertilization approximately (Figure 1A) (Stednitz and Washbourne, 2020; 

McMenamin and Parichy, 2013).  

 

 

Figure 1: Neurogenic domains and niches in zebrafish (Danio rerio) and mouse (Mus musculus) brains at 

different ages, and comparison of forebrain anatomies (see references in text) 

(A) Chronology of the different life steps in zebrafish and mouse, and coronal sections of forebrain neurogenic 

domains and niches. In mouse, the neural tube is created by the evagination of the neural plate. In zebrafish, the 

neural plate forms a neural keel generating a neural rod, and finally forms a lumen to create the neural tube. In 

zebrafish, at the level of the future pallium, the neural tube is everted: the tube is turned outward, exposing dorsally 

the cells lining its ventricular surface. By this mechanism, the dorsal tela choroida, represented as a dark grey line, 

is stretched to cover the ventricle. NEs are represented in dark blue (also indicated by arrows) and RGs in green. 

am, amygdala, c, cortex, Dc, dorso-central pallium, Dd, dorso-dorsal pallium, Dl, dorso-lateral pallium, Dm, 

dorso-medial pallium, Dp, dorso-posterior pallium, l, lumen, ls, lateral septum, lv, lateral ventricle, nt, neural tube, 

P, pallium, sb, subpallium, SVZ, subventricular zone, v, ventricle. 
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(B) Sagittal section of the anterior neural tube in early embryos, and neurogenic domains. The anterior neural tube 

is regionalized into three primary brain vesicles: the forebrain, the midbrain, and the hindbrain. Black dotted lines 

separate these regions. The hindbrain region is subdivided into rhombomeres, each with its own identity, and 

separated by rhombomeres boundaries (grey dotted lines). The neurogenic domain covers the ventricular surface 

of the neural tube and contains NEs represented in blue (also indicated by arrows) and RGs represented in green. 

The blue square represents a coronal section presented in A (left pictures). fore, forebrain, hind, hindbrain, mid, 

midbrain, MHB, midbrain-hindbrain boundary, r1/2, rhombomere 1/2. 

(C) Sagittal section of the zebrafish adult brain, and neurogenic niches. The adult zebrafish brain contains many 

neurogenic niches, which are represented in green here. Black dotted lines separate these regions. In the pallium, 

which is the equivalent of the mammalian dorsal telencephalon, neurogenesis is spread along the dorsal surface 

(indicated by the green dots). A grey dotted line separates the pallium from the subpallium. The blue square 

represents a coronal section presented in A (upper right picture). ce, cerebellum, fore, forebrain, hind, hindbrain, 

mid, midbrain, ob, olfactory bulb, ot, optic tectum, p, pallium, sp, subpallium. 

(D) Sagittal section of the mouse adult brain, and neurogenic niches. The adult mouse brain contains two main 

neurogenic niches, which are represented in green here: the subgranular zone of the dentate gyrus of the 

hippocampus, and the subventricular zone of the lateral ventricles. From the latter, newly generated cells migrate 

toward the olfactory bulb via the rostral migratory stream. The blue square represents a coronal section presented 

in A (lower right picture). ce, cerebellum, c, cortex, fore, forebrain, hind, hindbrain, mid, midbrain, hi, 

hippocampus, hy, hypothalamus, lv, lateral ventricle, ob, olfactory bulb, RMS, rostral migratory stream, SGZ, 

subgranular zone, SVZ, subventricular zone. 

 

2 The neurogenesis process 

 

2.1 Progenitor cells over a lifetime  

At early developmental stages (before embryonic day 10 -E10- in mouse, and before 10 hours 

post-fertilization -hpf- in zebrafish), NPs are neuroepithelial cells (NEs), readily specified from 

the neuroectoderm (Figure 2A) (Pinto and Götz, 2007; Neely and Lyons, 2021). After a phase 

of self-amplification, they elongate, express astroglial markers together with progenitor 

markers, and become radial glial cells (RGs) (Figure 1A-D, 2B,C). Embryonic NEs and RGs 

are very similar between species, although, compared to mouse, zebrafish NEs polarize 

relatively late and the transition from NEs to RGs is blurred. The transition from NEs to RGs 

takes place around E10-E12 in mouse, and during the first 10-18 hours post fertilization in 

zebrafish (focusing in that case on the acquisition of a polarized and elongated morphology), 

and is accompanied by the reduction of the cells potency (Figure 1A) (Götz and Huttner, 2005; 

Pinto and Götz, 2007; Neely and Lyons, 2021). Embryonic RGs are actively dividing to 

generate IPs and neurons in the neural tube.  

 

In mouse, most neurogenic activity by NEs and RGs is terminated at birth (NPs are then 

transformed into other glial cells such as astrocytes, or in ependymal cells (Akdemir et al., 2020; 

Spassky et al., 2005; Kramer-Zucker et al., 2005), except for some limited forebrain territories, 

the future adult neurogenesis niches (Figure 1D). In zebrafish, numerous embryonic neurogenic 

niches persist into adulthood (Figure 1C). At least in zebrafish, some NEs with long-lasting 
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neurogenic capacity are also maintained at the boundaries between neural tube subdivisions at 

mid- to late embryogenesis, and persist in the adult brain where they stay highly proliferative 

to generate new NSCs and NEs (Figure 1A,B) (Ganz et al., 2010; Kaslin et al., 2017). 
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Figure 2: Neurogenic niches in the early embryo, the adult zebrafish pallium, and the adult mouse SVZ 

(adapted from Taverna and Huttner, 2010; see other references in text)  

(A) NEs in the early embryonic neural tube. Nuclei from proliferating cells are represented in pink. NE, 

neuroepithelial cell, pial s, pial surface, SVZ, subventricular zone, ven s, ventricular surface, VZ, ventricular zone. 

(B) Neurogenic niche of the adult zebrafish pallium. Two short red lines represent some examples of direct cellular 

interactions. Nuclei from proliferating cells are represented in pink. AJC, apical junction complex, aNSC, activated 

neural stem cell, api mb, apical membrane, BBB, blood-brain barrier, csf, cerebrospinal fluid, IP, intermediate 

progenitor, OPC, oligodendrocyte progenitor cell, qNSC, quiescent neural stem cell, tc, tela choroidea, PVZ, 

periventricular zone, par, parenchyma, ven, ventricle, ven s, ventricular surface, VZ, ventricular zone. 

(C) Neurogenic niche of the adult mouse SVZ. Two short red lines represent some examples of direct cellular 

interactions. Nuclei from proliferating cells are represented in pink. AJC, apical junction complex, aNSC, activated 

neural stem cell, BBB, blood-brain barrier, csf, cerebrospinal fluid, IP, intermediate progenitor, OPC, 

oligodendrocyte progenitor cell, qNSC, quiescent neural stem cell, RMS, rostral migratory stream, SVZ, 

subventricular zone, ven, ventricle, ven s, ventricular surface, VZ, ventricular zone. 

 

Overall, embryonic and juvenile NPs are more proliferative, plastic and neurogenic compared 

to juvenile and adult NSCs that are more quiescent, and with a more limited capacity for 

neurogenesis and plasticity  (Labusch et al., 2020). These adult characteristics are acquired from 

around E13.5 to E15.5 in the mouse subventricular zone (SVZ) with an acceleration of 

proliferation decline at birth, and from 5 and 10 days post-fertilization (dpf) in the zebrafish 

pallium (Figure 3A) (Furutachi et al., 2015; Alunni et al., 2013; Than-Trong et al., 2018).  

A further transition can be observed from adult NSCs to aging NSCs. It is linked with reduced 

neurogenesis potential and proliferation, and correlates with altered extracellular matrix 

integrity, and increased senescence, inflammation, and apoptosis. In mouse, depending on the 

genetic background, the environment, and the health status, this transition begins around 

approximately 12-18 months, whereas in zebrafish, this transition is less pronounced and may 
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occur later (Encinas and Sierra, 2012; Lupo et al., 2019). It has been described in 3-year-old 

animals (Edelmann et al., 2013; Van Houcke et al., 2021).  

 

 

Figure 3: Chronology of neural stem and progenitor cells in zebrafish (Danio rerio) and mouse (Mus 

musculus), and illustration of their division modes using the example of the zebrafish dorsal pallium (see 

references in text)  

(A) Different neural stem and progenitor cell (NSPCs) types follow one another during the first two weeks of life 

of zebrafish and mouse. At least in zebrafish, some neuroepithelial cells (NEs) are maintained until adulthood. The 

neurulation step is indicated with a star. dpf, day post-fertilization, E, embryonic day, hpf, hours post-fertilization, 

NE, neuroepithelial cell, NP, neural progenitor, NSC, neural stem cell. 

(B) NSPC divisions and state transitions in the zebrafish dorsal pallium. NEs divide exclusively in a symmetric 

amplifying manner. When NEs become radial glia cells (RGs), they can follow the three division modes: 

symmetric amplifying, symmetric neurogenic, and asymmetric. In the zebrafish dorsal pallium, NSCs have lost 

their ability to generate OPCs. Division-independent differentiation from RGs to neurons also exists. Nuclei from 

proliferating cells are represented in pink. aNSC, activated neural stem cell, IP, intermediate progenitor, n, neuron, 

NE, neuroepithelial cell, NP, neural progenitor, qNSC, quiescent neural stem cell. 

 

2.2 NPs and NSCs localization and neurogenic domains  

Embryonic NEs and RGs distribute broadly along the neural tube ventricle, in a pattern 

comparable between vertebrate embryos in different species (Figure 1B). A progressive 

restriction of the neurogenic regions occurs at juvenile stages, and neurogenic niches in adults 

display a species-specific distribution, much broader in zebrafish than in mammals (Figure 

1C,D).  
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In mouse, two major niches, restricted to the forebrain and especially active in the young adult 

are the SVZ of the forebrain lateral ventricle, and the subgranular zone (SGZ) of the dentate 

gyrus (DG) of the hippocampus (Figure 1D) (Diotel et al., 2020; Obernier and Alvarez-Buylla, 

2019; Altman, 1969; Altman and Das, 1965; Altman, 1963; Miale and Sidman, 1961; Uzman, 

1960). In contrast, 16 neurogenic niches, distributed in all brain subdivisions, exist in the adult 

zebrafish as well as in the retina, and are active until a comparably late age (Figure 1C) (Diotel 

et al., 2020; Labusch et al., 2020; Byrd and Brunjes, 1998; Marcus et al., 1999; Byrd and 

Brunjes, 2001; Zupanc, 2001; Pellegrini et al., 2007; Grandel et al., 2006; Adolf et al., 2006; 

Kaslin et al., 2009; Ito et al., 2010). In the SVZ, immature neurons generated by NSCs travel 

long distances along the rostral migratory stream (RMS) and integrate into existing neural 

circuits in the olfactory bulb (OB) (Figure 1D) (Ming and Song, 2011). These new neurons 

participate in olfactory functions and their activity is modulated by environmental factors. In 

the SGZ, new neurons are continuously generated, contributing to hippocampal functions 

(learning, memory, mood regulation) (Ming and Song, 2011). 

 

In adult zebrafish, neurogenesis is observed across the entire ventricular surface of the 

telencephalon, both dorsally (pallium) and ventrally (subpallium) (Figure 1C) (Grandel et al., 

2006; Adolf et al., 2006; Diotel et al., 2020; Labusch et al., 2020). The pallium contains regions 

homologous to the mammalian amygdala (Dm), hippocampus (Dl), cortex (Dc) and olfactory 

cortex (Dp) (Figure 1A) (Ganz et al., 2014; Anneser et al., 2024; Mueller et al., 2011). This 

broad neurogenic domain therefore encompasses territories homologous to SVZ and SGZ of 

mammals. In the ventral domain of the subpallium, a region homologous to the mammalian 

lateral septum, immature neurons generated by NSCs can migrate tangentially in an RMS-like 

stripe to reach the OB, where they differentiate into GABAergic and other neuron subtypes to 

participate in olfactory functions (Mueller et al., 2011; Ncube et al., 2022; Kishimoto et al., 

2011; Grandel et al., 2006; Zupanc et al., 2005). Some other immature neurons settle in the 

subpallium, which contains neurons co-expressing GABA and Acetylcholine and is implicated 

in social orienting behavior, similarly to the mammalian lateral septum (Grandel et al., 2006; 

Anneser et al., 2024; Ncube et al., 2022; Stednitz et al., 2018). 

 

Due to a morphogenetic process of eversion taking place during pallial development in the 

zebrafish embryo, the pallial neurogenic niche becomes exposed dorsally, with a mediolateral 

inversion in the relative position of homologous pallial subdivisions compared to mammals 



 

21 

 

(Figure 1A,C,D) (Folgueira et al., 2012). In the adult pallium, immature neurons do not migrate 

but rather accumulate under their mother NSCs, following an outside-in organization (Furlan 

et al., 2017). In the pallium, superficial neurons (e.i. young neurons) are small and stellate with 

widely branching dendrites receiving ascending sensory input, whereas deep neurons in the Dc 

domain are large and efferent, receiving input from the more superficial neurons and projections 

to the optic tectum (Furlan et al., 2017). The adult pallium contains a lot of glutamatergic 

neurons and some GABAergic neurons, and is involved in odor stimulation response (Dp), 

emotional response (Dl and Dm), and motivational response (Dm), similarly to the mammalian 

olfactory cortex, hippocampus and amygdala (Anneser et al., 2024; Jacobson et al., 2018; von 

Trotha et al., 2014).  

 

The everted morphology of the zebrafish pallium has many advantages. In vivo, the ventricle 

surrounding pallial NSCs is easily reachable dorsally for drug or plasmid injections, and the 

NSCs can be directly imaged in mutant fish with transparent skin (e.g., casper mutants (White 

et al., 2008)). Moreover, after brain extraction, whole-brain stainings and imaging is sufficient 

to analyze NSCs without the need for brain sections. 

 

Some niches, such as the zebrafish telencephalon and the mouse SGZ, display continuous 

neurogenic activity during the transition from embryo to juvenile and to adult, and therefore a 

continuous transition from NPs to NSCs (Figure 3A,B) (Diotel et al., 2020; Urbán and 

Guillemot, 2014; Obernier and Alvarez-Buylla, 2019). Other niches, such as the mouse SVZ, 

derive from NPs that are set aside and neurogenically silent from mid-embryonic stages 

onwards (Fuentealba et al., 2015; Furutachi et al., 2015). 

 

2.3 Molecular markers 

In situ, cells in neurogenic domains or niches can be identified by their location and 

morphology, as well as by specific markers indicating their identity or state (proliferating or 

quiescent). Interestingly, due to the evolutionary gene conservation among vertebrates, similar 

cell-type markers can be used for the study neurogenesis in mouse and zebrafish (Howe et al., 

2013; Labusch et al., 2020). In the following, I will non-exhaustively indicate the more 

frequently used markers. 

 



 

22 

 

NEs exhibit characteristics typical of epithelial cells and express genes encoding transcription 

factors that indicate both their neural and progenitor states, such as SRY-Box transcription 

factor 2 (sox2) (Figure 2A), and members of the Hairy/Enhancer-of-split (Hes/her) family, 

particularly her9/Hes4. NEs also express neural progenitor cytoskeleton components like 

Nestin. During the transition of NEs to RGs, the expression of genes encoding astroglial 

markers, such as the structural and membrane proteins Glial fibrillary acidic protein (gfap) 

(Figure 2B,C) and Vimentin (vim), the cytosolic Ca2+-binding protein S100 calcium-binding 

protein beta (S100β), and proteins involved in energetic processes of glycogen synthesis and 

fatty acid oxidation, such as Glutamine synthetase (GS), and Fatty acid binding protein 7 brain 

a (fabp7a, also named blbp), begins. NPs and NSCs also express transcription factors involved 

in stemness and/or quiescence, such as Hes5 in mouse and her4 in zebrafish.  Adult NSCs and 

astrocytes share the same astroglial molecular markers, such as GS and Fapb7a (Morizet et al., 

2024). 

 

Newly formed IPs rapidly lose astroglial markers. Downstream of IPs, cells can be identified 

by transcription factor-encoding genes such as Neurogenin (Neurog) (Figure 2C), and consist 

of immature neurons that specifically express the Deoxyribonucleic acid (DNA)-binding 

protein Distal-less homeobox (DLX, in mouse) and ELAV-like neuron-specific RNA binding 

protein (Elavl3, also named Hu, in zebrafish) genes, particularly HuC/D, and mature neurons, 

which among other markers, express the RNA binding fox-1 homolog 3a (rbfox3a, also named 

neuN) gene (Figure 2B). 

 

2.4 NPs and NSCs morphology  

Embryonic NEs and RGs are polarized cells that contact the ventricle on one side (apical 

surface) and the pia (outer surface of the developing brain) on the other side (basal endfoot) 

(Figure 2A-C) (Kriegstein and Alvarez-Buylla, 2009).  

 

In adults, the majority of NSCs across species are radial astroglia, frequently referred to as RG-

like cells (RGL) (Götz and Huttner, 2005). They share with embryonic NEs and RGs a radial 

shape and therefore an apicobasal polarity. In mouse, non-radial astroglial NSCs coexist with 

radial NSCs in the neurogenic niches, in slightly lower proportions (Doetsch et al., 1999). As 

at earlier stages, adult RGL NSCs of the SVZ are in contact with both the ventricular surface 

and the pial surface, whereas in the SGZ, RGL NSCs processes extend through the granule cell 
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layer but their apical surface does not contact the brain ventricle (Kriegstein and Alvarez-

Buylla, 2009; Fuentealba et al., 2012). Likewise, in the adult zebrafish brain, some neurogenic 

niches are in contact with the brain ventricles, such as the pallium and the tectal proliferation 

zone, while others are not, such as in the cerebellum (Labusch et al., 2020; Kaslin and Brand, 

2022). 

In the embryonic neural tube, the mouse SVZ, and the zebrafish pallium, the NP/NSC soma is 

oriented toward the ventricular surface and exposes its primary cilium inside the ventricle 

(Figure 2A-C) (Sirerol-Piquer et al, 2019; Labusch et al., 2020; Louvi and Grove, 2011). In the 

mouse SVZ, this cilium is an important contact of the NSC with the ventricle, as the ventricular 

zone (VZ) is overlaid by ependymal cells (Sirerol-Piquer et al, 2019). The transcription factors 

involved in cilium assembly, such as Forkhead box J1b (foxj1b) are common ependymal cell 

markers. The primary cilium, a microtubule-based organelle that is derived from the mother 

centriole of the centrosome at the level of the basal body, is present in interphasic and quiescent 

cells, senses the ventricular environment, and is essential for the proper functioning of signaling 

pathways that regulate neurogenesis (Sokpor et al., 2022; Pala et al., 2017). During mitosis, 

primary cilia are resorbed or partially internalized (Sokpor et al., 2022). Additionally, 

embryonic NPs and zebrafish adult pallial NSCs directly contact the ventricular surface via a 

significant apical membrane portion covered with signaling receptors to allow the transduction 

of cerebrospinal fluid (CSF) signaling molecules, influencing cell differentiation, migration, 

etc. (Figure 2B) (Sokpor et al., 2022).  

 

Neighboring NEs or RGs are maintained in close contact at the level of the apical junction 

complexes through tight junctions (TJs, also called zonula occludens) and apical junctions (AJs, 

also called zonula adherens) (Figure 2A-C) (Sokpor et al., 2022). TJs seal neighboring cells 

together to prevent leakage of molecules between them while AJs link the actin cytoskeleton of 

neighboring cells via the transmembrane glycoprotein Cadherin 2 (Cdh2, also named N-

cadherin) (Hartsock and Nelson, 2008). The latter is often used as an AJ marker whereas 

Zonula-occludens 1 (ZO1) is a TJ marker. The maintenance of apical junction complexes is 

necessary to maintain the proper ventricular localization, proliferation, and fate choice of the 

NSPCs and their daughter cells (Sokpor et al., 2022). 

 

NSPCs basal processes contact blood vessels in the brain parenchyma or the basal surface via 

extending/retracting dynamic branches, and develop short lateral processes, enhancing the 
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sensing surface of the cell (Figure 2B,C) (Yokota et al., 2010; O'Brown et al., 2018). The blood-

brain barrier (BBB) site is the capillary endothelial cells connected by TJs and in close contact 

with brain pericytes (Figure 2B,C). Endothelial cells and pericytes can be identified by marker 

genes such as Kinase insert domain receptor-like (kdrl) and Platelet-derived growth factor 

receptor beta polypeptide (pdgfrβ), respectively. In mouse, the RGL end feet enwrap these cells 

whereas in zebrafish, the NSC processes only touch the endothelial cells and NSC roles in the 

BBB have not been well characterized (Figure 2B,C) (O'Brown et al., 2018).  

Together, the radial morphology of the NSPCs allows multiple cell-cell contacts and 

interactions with the local environment. 

 

2.5 NPs and NSCs local environment 

The microenvironment surrounding NSPCs varies over time and in the different neurogenic 

regions. The first interface between NSPCs and their environment is the extracellular matrix 

(ECM), regulating cell behavior by influencing cell adhesion, migration, signaling (such as the 

Notch pathway), differentiation, and maintenance of the neurogenic environment, and the 

cerebrospinal fluid, containing many circulating molecules (Long and Huttner, 2019; 

Rasmussen et al., 2022). During development, the CSF contains elements supporting brain 

development, such as growth factors and nutrients (Figure 2B,C) (Bueno et al., 2020). Besides 

its protective, nutritive, and recycling roles, the CSF can also transport molecular information 

over long distances (Lehtinen et al., 2011; Bueno et al., 2020). While the CSF flow is essentially 

driven by pulsatile movements of blood in the neural tube, the generation of multiciliated 

ependymal cells participates in the flow by ciliary movement in later stages (Spassky et al., 

2005; Kramer-Zucker et al., 2005). In adult zebrafish forebrain, the ependymal cells are 

regionalized in the tela choroidea, the forebrain choroid plexus, and the midline of both the 

pallium and the subpallium (D’Gama et al., 2021). Physical interaction between the tela 

choroidea epithelium, which is underlined by blood vessels and contributes to CSF production, 

and the pallial NSCs, remains to be proven. From early developmental stages, NSPCs also 

exchange with the blood, at the level of the BBB. At the BBB, endothelial cells secrete factors 

like Vascular endothelial growth factor (VEGF), which influence NSC behavior and 

neurogenesis (Shen et al., 2004).  

 

Over time, NSCs develop more stable interactions with the cells around them, they contact 

more cells that are also more mature. In the adult zebrafish pallium, NSCs also develop lateral 
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processes that reach NSCs and IPs beyond their immediate neighbors (Figure 2B) (Bally-Cuif 

lab, unpublished). NSCs generate immature neurons that can migrate out of the neurogenic 

niche or stay, and signal back to the NSCs (Figure 2B,C) (Nóbrega-Pereira and Marín, 2009; 

Sun et al., 2010; Schmidt et al., 2013, Zhang et al., 2021a).  

The NSPCs microenvironment also includes neighboring cells and can dynamically change 

during development or after injury, or be more constant in adults, depending on cell migration, 

cell diversity, and cell number. After early neurogenesis, cellular diversity increases in the 

NSPCs local environment with the generation of other glial cells, such as oligodendrocytes and 

astrocytes (Figure 2B,C), and the colonization by microglia, which are resident immune cells 

of the central nervous system (CNS) that originate from the yolk sac (YS) in mouse and the 

anterior-lateral-plate-mesoderm (ALPM) and in the intermediate cell mass (ICM) in zebrafish 

(Kuhn et al., 2019; Schebesta and Serluca, 2009; Akdemir et al., 2020; Casano and Peri, 2015).  

 

Microglia in the brain parenchyma can be spotted using immunity-related markers like 

Macrophage expressed 1, tandem duplicate 1 (Mpeg1). Mature “branched” microglia, watch 

over for brain immunity but are also necessary for neural circuit refinement by synaptic pruning 

(elimination of the excess synapses) and apoptosis, and the release of chemokines, cytokines, 

and growth factors that influence neurogenesis and differentiation of NPs (Araki et al., 2021). 

Adult microglia, generated from embryonic microglia cells, continue the tissue surveillance but 

also promote or inhibit neurogenesis depending on the context (Pérez-Rodríguez et al., 2021). 

Oligodendrocytes come from activated parenchymal Oligodendrocyte progenitor cells (OPCs) 

that migrate to their final destination and maturate (Kuhn et al., 2019). Oligodendrocytes 

notably contribute to the myelinization of the CNS neurons by enwrapping their axons. The 

oligodendrocyte lineage expresses specific transcription factors such as Oligodendrocyte 

lineage transcription factor 2 (Olig2), while mature oligodendrocytes express markers related 

to their myelination function, such as Myelin basic protein a (Mbpa). 

 

Astrocytes have a branched morphology that allows many contacts to contribute to the neuronal 

activity (tripartite synapse), the structuration of the CNS, the maintenance of the BBB, and the 

immunity (release cytokines and chemokines, modulate microglia activity…) (Khakh and 

Deneen, 2019). Unlike mammals, zebrafish do not have astrocytes but their NSCs exhibit 

spontaneous calcium transients and respond to damage in the CNS and therefore assume 

astrocyte functions (Jurisch-Yaksi et al., 2020).  
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2.6 Division process and division modes  

Embryonic NPs and RGs exhibit interkinetic nuclear migration (INM), where the nucleus 

migrates between apical (G2 and M phases) and basal positions (G1 and S phases) during the 

cell cycle and allows the cells to divide while maintaining a dense packing (Taverna and 

Huttner, 2010; Miyata et al., 2014). In particular, this was documented in the mouse embryonic 

cortex and retina, in the zebrafish embryo hindbrain and retina, and in the adult regenerative 

retina (Miyata et al., 2014; Fousse et al., 2019; Kawasoe et al., 2020; Baye and Link, 2007; 

Leung et al., 2011; Lahne and Hyde, 2016; You et al., 2019; Lahne and Hyde, 2023). In the 

developing mouse brain, NEs nuclei migrate between the apical and basal extremities of the 

cell, while in RGs, nuclei migrate between the apical extremity and the boundary between the 

ventricular or subventricular zone (Figure 2A) (Götz and Huttner, 2005; Taverna and Huttner, 

2010). At adult stage in the zebrafish telencephalon, INM was observed in subpallial NSCs, but 

not in the pallium (Grandel et al., 2006). Moreover, while the basal process is inherited by one 

of the two daughter cells in mouse, this mechanism has not been studied in zebrafish (Miyata 

et al., 2001).  

 

Different division outputs exist. They distinguish NSC/NSC and NP/NP symmetric amplifying, 

NSC/IP and NP/IP asymmetric, and IP/IP symmetric differentiative divisions (Kageyama et al., 

2020). During early development, NEs divide in an NP/NP manner to amplify the pool of 

progenitors, whereas later on most NPs divide asymmetrically (Figure 3B) (Kageyama et al., 

2020). Indeed, in E17-E19 mouse, NP/IP divisions represent 79%, while NP/NP divisions only 

account for 10% (Noctor et al., 2004). In addition, NPs divide in an IP/IP manner during an 

early stage of the zebrafish hindbrain development to generate neurons used to build the first 

larval neuronal scaffold (Hevia et al., 2022, Belmonte-Mateos et al., 2023). The three division 

modes are also observed at adult stage, both in mouse and zebrafish. Similarly to NPs, the 

majority of NSCs in the adult SGZ, VZ-SVZ, and zebrafish pallium divide asymmetrically 

(Bonaguidi et al., 2011; Encinas et al., 2011; Calzolari et al., 2015; Bottes et al., 2021; Than-

Trong et al., 2020). Intravital imaging of mouse SGZ revealed that NSC/NSC divisions 

represent 18%, NSC/IP represent 78%, IP/IP represent 4% (Bottes et al., 2021). However, these 

percentages were changed over consecutive divisions. The situation is different in mouse post-

embryonic VZ-SVZ, where asymmetric divisions of NSCs are rare. Time-lapse imaging and 

lineage tracing methods have shown that about 75% of the NSCs divisions are symmetric 

differentiative (IP/IP), and 25% are symmetric amplifying (NSC/NSC) (Basak et al., 2018; 
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Obernier et al., 2018). These studies suggest that the maintenance of adult NSCs and the 

production of neurons might be regulated at the population level through population asymmetry 

rather than invariant asymmetric divisions.  

Finally, in the adult zebrafish pallium, Than-Trong et al. estimated that among the total number 

of division events, NSC/NSC accounted for 29%, NSC/IP for 42%, and IP/IP for 9%, while 

direct neuronal differentiation accounted for 20% (Figure 4) (Than-Trong et al., 2020). In the 

mouse SGZ, symmetric amplifying divisions never followed asymmetric divisions (Encinas et 

al., 2011; Bottes et al., 2021). In contrast, in zebrafish NSCs, modeling predicts that the choice 

of the mode of division is stochastic (Dray et al., 2021).  

 

 

Figure 4: NSC fate choices in the adult zebrafish pallium (from Than-Trong et al., 2020) 

Results were obtained by intravital imaging on Tg(gfap:dTomato) fish in the casper background. dTomato was 

expressed in the NSCs and was used as a cell tracker. Between 300 and 400 cells were tracked over eight time 

points (23 days) in the pallial Dm region. Nuclei from proliferating cells are represented in pink. n, neuron, NSC, 

neural stem cell, IP, intermediate progenitor. 

 

The molecular mechanisms regulating the modes of division are still poorly characterized. In 

embryos, the symmetric or asymmetric NSPCs modes of division may be influenced by the 

orientation of the mitotic spindle, and subsequent asymmetric partitioning of the apical 

membrane surface (Penisson et al., 2019). The impact of the mitotic spindle angle has not been 

formally demonstrated in vertebrates. In this case, the fate of the daughter cell can be 

determined by the mother cell, which asymmetrically partitions fate determinants. During 

differentiative divisions, the basal body and the ciliary membrane, where signaling receptors 
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are concentrated and isolated from the rest of the plasma membrane, are preferentially inherited 

by daughter cells whose NSPCs identity is to be maintained (Sokpor et al., 2022). Other cellular 

components are asymmetrically inherited by the future NSPC daughter cell and participate in 

fate determination, such as the polarity protein Par3 or Notch pathway-related proteins (Bultje 

et al., 2009; Dong et al., 2012; Coumailleau et al., 2009; Fürthauer et al., 2009; Loubéry et al., 

2014; Kressmann et al., 2015). Moreover, the surrounding cells and niches have been suggested 

to influence neuronal cell fates (Obernier and Alvarez-Buylla, 2019).  

 

In the adult, in vitro experiments on NSCs from the mouse SVZ showed that during asymmetric 

divisions, Notch1 activity is inherited by the daughter cell that is fated to stay a NSC, while 

Notch ligand Delta-like 1 (Dll1) is inherited by the IP (Kawaguchi et al., 2013; Andreu-Agulló 

et al., 2009). In adult zebrafish, the mechanisms controlling NSC division modes remain to be 

addressed. However, recent work from our lab has shown that during symmetric NSC/NSC 

divisions, the Notch ligand DeltaA (Dla) is asymmetrically inherited by one of the two daughter 

cells, and the cell having Dla is fated to neurogenesis (Mancini et al., 2023).  

 

During development and in adults, NSPCs have also the ability to divide asymmetrically to 

generate non-neurogenic cells, which are glial cells, namely OPCs and astrocyte progenitors, 

that further divide to generate oligodendrocytes and astrocytes. This gliogenesis begins during 

embryonic stages with the generation of OPCs at E9.5 in mouse and at 22 hpf in zebrafish 

(Kuhn et al., 2019; Schebesta and Serluca, 2009). In mouse, the generation of the first astrocytes 

arrives later, at E18 (Akdemir et al., 2020). During late embryonic stages (from E14 in mouse 

and 24 hpf in zebrafish), NEs also generate ependymal cells (Spassky et al., 2005; Kramer-

Zucker et al., 2005). In the zebrafish pallium, NSCs have lost their ability to generate 

oligodendrocyte progenitors (which migrate from other neurogenic niches to colonize the 

pallium during embryogenesis then are produced from dispersed parenchymal progenitors in 

adults) (Figure 3B) (Park et al., 2002; Shin et al., 2003; Kirby et al., 2006; Park et al., 2007; 

Buckley et al., 2010; März et al., 2010b; Masson and Nait-Oumesmar, 2023). 

 

2.7 Early delamination and migration processes involved in neurogenesis 

NSPCs differentiation to give rise to IPs or neurons is generally followed by cell delamination 

from the ventricular surface after mitosis (Sokpor et al., 2022). The initiation of delamination, 
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triggered by the expression of proneural genes, essentially depends on the loss of cell adhesion 

and polarity-related factors (Das and Storey, 2014; Sokpor et al., 2022). 

In the differentiating daughter cell, the apical junction complexes are progressively dismantled, 

loosening cell-cell junctions, driving modifications of the cell cytoskeleton, and causing loss of 

the apical membrane by actin-myosin-dependent apical constriction and pinching off of 

extracellular membrane fragments (ectosomes) (Dubreuil et al., 2007; Sokpor et al., 2022). The 

cell moves away from the ventricle surface and loses its apicobasal polarity with the 

disappearance of the apical membrane on one side and the retraction of the basal process on the 

other. The newly formed neuron possibly stays attached to the ventricle surface by a thin cell 

process until abscission, which ends with an abscised particle that remains at the ventricle and 

the withdrawal of the apical neuron’s process, as described in chick (Kasioulis and Storey, 

2018).  

 

After their detachment from the ventricular surface, IPs and/or future neurons become localized 

in the underlying layer and can maintain contact with their NP/NSC of origin. In the mouse 

embryonic cortex, the newly formed neurons migrate along RGs processes to reach the furthest 

neuronal layer (Nóbrega-Pereira and Marín, 2009). In the mouse SVZ, IPs intercalate just under 

the NPs/NSCs layer, form cell clusters through spontaneous homophilic interactions, and 

differentiate to give rise to immature neurons (Figure 2C). Thanks to cytoskeleton 

reorganization, diffusible factors and migratory scaffold formed by astrocytic processes and 

blood vessels, immature neurons migrate in chains along the RMS to the OB where they 

differentiate into olfactory interneurons (Kaneko et al., 2017). 

 

In the zebrafish pallium, both in embryo and adult, despite the presence of RGs processes 

reaching the basal surface, newly formed neurons do not migrate but intercalate in the 

parenchyma under their NPs/NSCs of origin (except for olfactory bulb-fated neurons) (Figure 

2B) (Schmidt et al., 2013). Therefore, the different layers of neurons correspond to different 

ages, with the youngest neurons being the closest to the NPs/NSCs layer (Furlan et al., 2017). 

In the zebrafish pallium, closely related cells stay in contact with their sibling or daughter cells. 

These features make the pallium a good model for clonal and cell fate analysis. 
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2.8 Neuronal lineage progression  

The neurogenic lineage defines the successive differentiation steps from RG NPs or NSCs to 

IPs, immature neurons, and finally mature neurons (Figure 5). In embryos and adults, the 

neuronal engagement of RG NPs is signaled by the expression of neural Sox proteins, such as 

Sox4, and Sox11 within Sox2-positive (Sox2pos) domains (Stevanovic et al., 2021; Kavyanifar 

et al., 2018). NPs also express Notch receptors, and the mechanisms regulating Notch target 

genes create permissive conditions for the generation of IPs. The main neurogenic drivers are 

basic Helix-Loop-Helix (bHLH) transcription factors from Neurog, Atonal (Ato), Achaete-

Scute (Ascl) and NeuroD (specifically Neurod4) families (Baker et al., 2018). For example, in 

the forebrain, the main transcription factors are Neurog1 (ventrally) and Ascl1 (dorsally).  

 

 

Figure 5: Schematic representation of the neurogenic lineage in the adult zebrafish pallium (see references 

in text)  

The successive phases of quiescence, proliferation, commitment and differentiation are represented from the left 

to the right. The implications of Notch3 for the maintenance of NSCs quiescence, and Notch1b for NSCs 

proliferation and differentiation are indicated. Nuclei from proliferating cells are represented in pink. n, neuron, 

NSC, neural stem cell, i n, immature neuron, IP, intermediate progenitor. 
 

IPs are more restricted in their fate than RG NPs, and are programmed to multiply themselves 

in a limited number of time. In embryos, the number of IPs divisions is limited to three 

(Pontious et al., 2008). The amplification potential of IPs varies between adult mouse SVZ, 

where IPs divide three to four times, and SGZ, where IPs only divide once or twice (Ponti et 

al., 2013; Seri et al., 2004; Encinas et al., 2011; Lugert et al., 2012; Labusch et al., 2020). In 

adult zebrafish pallium, the amplification by IPs also consists of only one or two division events 
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(Rothenaigner et al., 2011; Furlan et al., 2017). The differentiation of IPs to immature neurons 

involves transcription factors such as Ascl1, Neurog, and the T-box protein Tbr2/Eomes, a 

specific marker of IPs (Shimojo et al., 2024).  

IPs terminally divide to generate immature neurons expressing a cascade of conserved 

differentiation factors (such as Neuronal differentiation 1 (Neurod1), 2 or 6) and effectors of 

neuronal functionality or identity (cytoskeletal elements, axonal differentiation, synaptic 

components, neurotransmitters, etc.) (Bertrand et al., 2002; Guillemot et al., 2017; Wilkinson 

et al., 2013; Dennis et al., 2017). For example, immature neurons start expressing doublecortin, 

which is essential for neuronal migration. Importantly, the previous factors are also the prime 

activators of the expression of Notch ligand genes, thereby triggering Notch signaling in 

neighboring cells (Vasconcelos et al., 2014).  

 

The final step of neurogenesis involves changes that promote maturation, synaptogenesis, and 

functional integration into neural circuits. In this phase, proteins like NeuroD and Prox1 are 

crucial for promoting the survival and terminal differentiation of neurons (Gao et al., 2009; 

Stachniak et al., 2021). For instance, NeuroD1 regulates dendritic growth and synaptic 

connectivity, while Prox1 is involved in final subtype specification in some neuronal lineages. 

In embryos, RG NPs generate a wide range of neuronal subtypes, including excitatory and 

inhibitory neurons. In adult mouse SVZ, immature neurons migrating to the OB give rise to 

two types of interneurons, GABAergic granule cells, and dopaminergic periglomerular 

interneurons (Alvarez-Buylla and Garcia-Verdugo, 2002), while in adult mouse SGZ, immature 

neurons migrate short distances inside the hippocampus and give rise to one type of neuron, 

granule neurons. In the adult zebrafish pallium, newly generated neurons do not migrate far 

away from the VZ (Adolf et al. 2006; Grandel et al. 2006; Kroehne et al. 2011; Rothenaigner 

et al. 2011). The diversity of their subtypes is just beginning to be unraveled. Different markers 

(ascl1, eomesa, emx1, and emx3) are expressed in a scattered pattern in the VZ and might be 

involved in the differentiation of neuronal pallial subpopulations (Ganz et al., 2014). More 

recently, single-cell data provided resources for future investigations into the neuronal diversity 

of adult zebrafish forebrain (Morizet et al., 2024; Pandey et al., 2023; Mitic et al., 2024).  

 

2.9 Quiescence of NSCs 

During embryonic mouse and larval zebrafish stages, NPs progressively enter a reversible state 

of cell cycle arrest, between the M and G1 phase of the cell cycle, named Gap (G) 0 or 



 

32 

 

quiescence. A quiescence state during the G2 phase in NEs and NPs also exist in medaka and 

drosophila, but whether adult NSCs from mice or zebrafish can enter G2 quiescence remains 

unresolved (Dambroise et al., 2017; Otsuki and Brand, 2018). 

Quiescent NSCs (qNSCs) are negatively revealed by their lack of proliferation markers, such 

as Proliferating cell nuclear antigen (PCNA) (Figure 6) and Minichromosome maintenance 

complex components (Mcm), such as Mcm2.  

 

 

Figure 6: Schematic representation of the quiescence cycle and the cell cycle with associated cell metabolism 

switches (from Labusch et al., 2020) 

Quiescence and cell cycles. The expression of the pre-activation factor Ascl1 and the marker of proliferation PCNA 

are indicated along the cycles. G0, gap 0, G1, gap 1, G2 gap 2, M, mitosis, S, replication. 

Main cell metabolism switches between quiescence and cell cycling. 
 

Quiescence is a prominent state of adult NSCs in both zebrafish and mouse. In the adult 

zebrafish brain, at any given time, 95% of the NSCs are quiescent, and their recruitment 

frequency is heterogenous, from weeks to months (Chapouton et al., 2010; März et al., 2010a; 

Alunni et al., 2013; Than-Trong et al., 2018; Dray et al., 2021; Than-Trong et al., 2020; Mancini 

et al., 2023). Tracking of division events in the pallium of adult zebrafish showed that during 

NSC/NSC divisions from a Notch ligand deltaAneg mother cell, one of the two daughter cells is 

systematically deltaApos, and even if this cell returns to quiescence with its deltaAneg sister, it 

remains quiescent for less time, dividing several times before definitely differentiating by a 

IP/IP division (Mancini et al., 2023). The doubling time for deltaAneg NSCs is estimated to be 



 

33 

 

120 days, and that for deltaApos NSCs 30 days (Than-Trong et al., 2020; Mancini et al., 2023). 

In the mouse adult SVZ, at any given time, around 80% of NSCs are quiescent, and each NSCs 

is activated approximatively every 20 days (Basak et al., 2018). In the SGZ, 60% of NSCs are 

quiescent, and each NSCs is activated every 11 days (Bottes et al., 2021).  

 

Quiescence is believed to be necessary to preserve genome integrity of the NSC and optimize 

their long-term maintenance (Cheung and Rando, 2013; Tümpel and Rudolph, 2019). Quiescent 

cells favor energetic metabolisms that do not produce damaging reactive oxygen species (ROS), 

such as glycolysis and fatty acid oxidation (FAO) (Shin et al., 2015; Llorens-Bobadilla et al., 

2015).  When cells activate, i.e., emerge from their quiescent state to divide, they progressively 

switch for lipogenesis and finally, neurons exclusively use the oxidative phosphorylation 

pathway (OxPhos), which comparatively produces more energy as Adenosine triphosphate 

(ATP) (Figure 6). Other molecular players of NSCs quiescence have been analyzed by 

Ribonucleic acid sequencing (RNAseq) and are in agreement with a protective strategy of the 

qNSCs: pathways involved in transcription, translation, DNA replication and DNA repair, and 

cell cycle progression, are downregulated, while cell-cell communication, cell adhesion, cell 

signaling and lipid metabolism are upregulated (Figure 6) (Labusch et al., 2020). Another aspect 

of quiescent NSCs metabolism is their protein recycling strategy. In the adult mouse SVZ, while 

the lysosomal activity is more important in qNSCs and contributes to maintaining their 

quiescence, the proteasomal activity is more important in activated NSCs (aNSCs) where it 

contributes to the activation potential of the NSCs (Figure 6) (Leeman et al., 2018).  

 

In addition to the differences between qNSCs and aNSCs, the quiescence state is heterogeneous 

in different aspects. As highlighted above for zebrafish, quiescence varies in duration between 

NSCs. Other analyses based on transcriptomic data from mouse SGZ (Harris et al., 2021; Shin 

et al., 2015), mouse SVZ (Basak et al., 2018; Dulken et al., 2017; Llorens-Bobadilla et al., 

2015; Marcy et al., 2023; Mizrak et al., 2019), and zebrafish pallium (Cosacak et al., 2019; 

Lange et al., 2020; Morizet et al., 2024), determined the existence of different quiescent sub-

states in adult NSCs. These results validate previous analyses conducted in zebrafish: by 

pharmacological blockade of the quiescence-promoting Notch signaling pathway for 2 days, 

around 50% of qNSCs entered the cell cycle and it took an additional day for 95% of the cells 

to be proliferative, while the remaining 5% did not respond to the blockage and stayed quiescent 

(Alunni et al., 2013), pointing to asynchronous responses. These results likely reflect different 
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quiescence depths, depending on the ease with which the qNSCs can be activated (Figure 6). 

We can note that shallow quiescent cells are labeled with the marker of pre-activation Ascl1, 

which is necessary for NSCs proliferation, as well as, more broadly, with the Notch ligand 

DeltaA. Interestingly, after Notch signaling blockage, more NSCs express ascl1a and deltaA in 

the adult zebrafish pallium (Morizet et al., 2024). 

 

Multiple molecular pathways are directly implemented in promoting quiescence, such as Notch 

and growth factors related pathways (Bone morphogenetic proteins (BMPs), Neurotrophin-3 

(NT-3), or Pdgfrβ (Kobayashi et al., 2021; Delgado et al., 2021)). For example, Inhibitor of 

DNA binding (Id) protein, such as Id1 in zebrafish and Id4 in mouse, are targets of BMP 

signaling and were shown to promote NSCs quiescence and limit regenerative neurogenesis 

(Roschger and Cabrele, 2017; Rodriguez Viales et al., 2015; Gao et al., 2015; Zhang et al., 

2020; Zhang et al., 2021; Blomfield et al., 2019; Zhang et al., 2019). Interestingly, mouse Id4 

is also a target of the Notch signaling (Li et al., 2012). The role of Notch signaling in quiescence 

will be further detailed in the next chapter. 

  

3 Notch signaling pathway 

 

3.1 Introduction 

The Notch signaling pathway belongs to the juxtacrine type of intercellular signaling, which 

usually involves direct cell-to-cell physical contact between two adjacent cells (Li et al., 2023; 

Zhou et al., 2022a). The transduction event is unidirectional at the molecular level, with a ligand 

on one cell activating a Notch receptor on a neighboring cell (a process referred to as 

transactivation).  

 

The binding of a ligand to a Notch receptor triggers a series of proteolytic cleavages of the 

receptor that results in the release of its intracellular domain (NICD). The latter translocates to 

the nucleus, where, by associating with the transcription factor Recombination signal Binding 

Protein for immunoglobulin kappa J region (RBP-Jκ, also known as Centromere Binding Factor 

1 (CBF1), ortholog of Drosophila Suppressor-of-Hairless) and the co-activator Mastermind-

like transcriptional co-activator 1 (MAML1), it promotes the transcription of target genes (Li 

et al., 2023; Zhou et al., 2022a). The transduction of Notch signaling is direct from the 
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membrane to the nucleus and does not involve intermediate signal amplification, resulting in a 

response proportional to receptor-ligand interactions (Li et al., 2023; Zhou et al., 2022a).  

The Notch signaling pathway has been discovered in Drosophila melanogaster and is widely 

conserved in metazoans (Pinot and Le Borgne, 2024; Chen et al., 2023). It is implicated in fate 

regulation of many cells including NSPCs and its outcomes are context-dependent (Zhou et al., 

2022a; Guo et al., 2023). At the tissue scale, it participates in pattern and boundary formation 

during development. At the cellular scale, the signaling outcomes range from proliferation or 

quiescence to progenitor maintenance to apoptosis. An aberrant Notch pathway leads to several 

human diseases, such as Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts 

and Leukoencephalopathy (CADASIL), Alagille syndrome, Adams-Oliver syndrome, organ-

associated diseases (e.g. heart, muscles), tumorigenesis and cancer progression (e.g. leukemia), 

psychotic disease (e.g. Schizophrenia), and age-related disease (e.g. Alzheimer disease) 

(Sachan et al., 2024; Megaly et al., 2024). 

 

3.2 Canonical pathway 

3.2.1 Receptors  

The Notch receptors are type I transmembrane proteins exposing their N-terminal domain in 

the extracellular space. Drosophila possesses only one Notch receptor, whereas four receptors 

are found in both mammals (Notch1, Notch2, Notch3, Notch4) and zebrafish (Notch1a, 

Notch1b, Notch2, Notch3) (Sprinzak and Blacklow, 2021; Ramesh and Chu, 2023).  

 

The extracellular domain of all Notch proteins contains between 29 and 36 Epidermal growth 

factor (EGF)-like repeats, which permit interactions with the ligands in a Ca2+- and 

glycosylation-dependent manner (Figure 7) (Handford et al. 2018). These are followed by a 

negative regulatory region (NRR) which comprises three Lin12-Notch repeats (LNR) together 

with the heterodimerization domain (HD) (Figure 7). By masking the S2 cleavage site in the 

absence of ligand, the NRR plays a critical role in preventing unspecific receptor activation. On 

the cytoplasmic side, the Notch receptor comprises an RBP-Jκ-association module (RAM), 

followed by a long unstructured linker containing nuclear localization sequences and a series 

of seven Ankyrin (ANK) repeats that, in the nucleus, also contribute to the binding of both 

RBP-Jκ and MAML1. The C-terminus of the receptor contains a loosely defined and 

evolutionarily divergent transactivation domain (TAD), which may contribute to protein-

protein interactions, and terminates with a conserved motif that is enriched in proline, glutamic 
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acid, serine and threonine (PEST) (Figure 7). This motif is implicated in the ubiquitin-

dependent degradation of NICD (Bray and Gomez-Lamarca, 2018). 

 

 

Figure 7: Schematic illustration of the zebrafish Notch3 protein  

In zebrafish, Notch3 protein contains 35 epidermal growth factor (EGF)-like repeats.  The calcium-binding EGF-

like repeats are color-coded in lighter grey. The positions of the proteolytic cleavage sites are indicated (S1-4). 

Protein domains obtained from InterPro (https://www.ebi.ac.uk/interpro/) and SMART 

(http://smart.embl.de/smart/set_mode.cgi?NORMAL=1). ANK, ankyrin repeat, HD, heterodimerization domain, 

LNR, Lin12-Notch repeat, NLS, nuclear localization signals, NRR, negative regulatory region, N3ECD, Notch3 

extracellular domain, N3ICD, Notch3 intracellular domain, PEST, proline glutamine serine and threonine rich 

region, RAM, RBP-Jκ-association module, TAD, transactivation domain, TMD, transmembrane domain. 

 

The highly conserved structure of the receptor is illustrated in Figure 7 with the example of the 

zebrafish Notch3 protein and the extracellular (NECD), transmembrane (TMD) and NICD 

domains. The four cleavage sites are also indicated (S1-4). 

 

3.2.2 Ligands 

Notch ligands are also type I transmembrane proteins exposing their N-terminal domain, 

containing EGF-like repeats and specific ligand domains, into the extracellular space. 

Drosophila possesses two ligands (Serrate and Delta), whereas five ligands are found in 

mammals (Delta-like1, Delta-like3, Delta-like4, Jagged1, Jagged2) and eight in zebrafish 

(DeltaA, DeltaB, DeltaC, DeltaD, Jagged1a, Jagged1b, Jagged2a, Jagged2b) (Sprinzak and 

Blacklow, 2021; Ramesh and Chu, 2023; The Zebrafish Information Network (ZFIN)). Ligands 

are classified into two broad categories based on the presence (Jagged/Serrate) or absence 

(Delta/Delta-like) of a cysteine-rich domain. From what is known, ligands are not specific to 

one type of Notch receptor; rather, their interaction is limited by their expression patterns and 

the glycosylations of their EGF-repeats (Kuintzle et al., 2024; Henrique and Shweisguth, 2019).  

 

3.2.3 Mechanism of action 

After their translation in the endoplasmic reticulum (ER), Notch receptors are transported to 

the Golgi apparatus (GA) for O-linked glycosylation of EGF-repeats, and for the S1 cleavage 

by a furin-like protease (Figure 8) (Zhou et al., 2022a). Mature heterodimers, held together by 



 

37 

 

noncovalent interactions, are transported to the cell membrane where they can bind a 

neighboring Notch ligand.  

 

 

Figure 8: The Notch signaling pathway (adapted from Kopan and Ilagan, 2009; see other references in text)  

On the left of the picture, endocytosis trafficking regulating Notch activation is represented. Notch receptor 

endocytosis depends on the ubiquitination of its intracellular domain by the ubiquitin ligase Deltex. This 

endocytosis, which is favored by Numb, can lead to the recycling of the receptor at the membrane, the lysosomal 

or proteasomal degradation of the receptor, or the ligand-dependent intracellular activation of the receptor in Sara 

endosomes.  

(1) The newly translated Notch receptor protein transits through the GA where it is glycosylated on specific EGF 

repeats and cleaved by Furin protease at the S1 site. The receptor is then targeted to the cell surface.  

(2) The Notch receptor is activated by binding to a ligand presented by a neighboring cell. This interaction triggers 

the endocytosis of the ligand in the neighboring cell after the ubiquitination of the ligand intracellular domain by 

the ubiquitin ligase Mib. The S2 site becomes accessible for cleaving, and ADAM metalloproteases cleave the 

receptor. The extracellular part of the receptor is processed by the neighboring cell. In contrast, the rest of the 

receptor is still anchored at the membrane and forms the Notch extracellular truncation (NEXT) domain. 

(3) The ɤ-secretase complex cleaves the transmembrane domain of NEXT in the S3 and S4 sites and releases the 

Notch intracellular domain (NICD) and the remaining transmembrane domain. The ɤ-secretase cleavages can 

occur at the cell membrane or in endosomal compartments.  

(4,5) NICD is released in the cytoplasm where it can interact with other proteins and signaling pathways before 

being translocated into the nucleus.  

(6) In the nucleus, NICD associates with the DNA-binding transcription factor RBP-Jκ, which recognizes TP1 

sites on DNA, and the co-activator MAML. These interactions release transcriptional co-repressors (Co-R) while 

co-activators (Co-A) are recruited and activate the transcription of Notch target genes, such as hes, hey or her.  

(7) MAML recruits Cyclin C (CycC) and Cyclin-dependent kinase 8 (CDK8), which phosphorylates NICD. 

Phosphorylated NICD is recognized and ubiquitinated by the SCFFbxw7 ubiquitin ligase complex.  

(8) NICD is degraded by the proteasome. For more details, see text. 
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The receptor-ligand interaction followed by ligand endocytosis is thought to generate a 

mechanical force that promotes a conformational change within the receptor and results in the 

exposure of the S2 cleavage site (Figure 8). A Disintegrin and Metalloproteinase domain-

containing protein 10 (ADAM10), located at the cell surface, proceeds to the S2 cleavage of 

the receptor and releases the cleaved Notch extracellular domain that is internalized by the 

signal-sending cell along with the ligand (Figure 8). The remaining membrane-embedded 

Notch extracellular truncation fragment (NEXT) either stays at the plasma membrane (common 

model) or is endocytosed before undergoing S3 and S4 cleavages by the gamma (ɤ)-secretase 

enzymatic complex (consisting of four essential subunits: Presenilins 1 and 2, Nicastrin, 

Anterior pharynx defective 1, and Presenilin enhancer 2) at the transmembrane domain (Figure 

8) (Zhou et al., 2022a; Zhang et al., 2014). Notch activation was also discovered to take place 

in endosomes in Drosophila, and this process appears conserved in the spinal cord of the 

zebrafish embryo (Richard et al., 2024; Kressmann et al., 2015; Coumailleau et al., 2009; 

Fürthauer and González-Gaitán, 2009). There, the neural progenitors dividing asymmetrically, 

segregate Smad anchor for receptor activation (Sara) endosomes, containing Delta ligands and 

Notch receptors, in one of the two daughter cells. In this cell, the Notch signaling is activated 

in a ligand-dependent manner in Sara endosomes and orient the cell towards a progenitor 

identity. After S3 and S4 cleavages, the remaining transmembrane fragment is recycled and 

NICD is released into the cytoplasm of the signal-receiving cell (Figure 8) (Zhou et al., 2022a).  

 

After its release, NICD can directly translocate to the nucleus and acts as a transcription factor 

for its target genes, or before that, crosstalk through protein-protein interactions with other 

signaling pathways, including Nuclear factor-kappa B (NF-κB), Mechanistic target of 

rapamycin complex (mTORC), Phosphatase and tensin homolog on chromosome 10 (PTEN)/ 

Phosphoinositide 3-kinases (PI3K)/ Protein kinase B (AKT), Wnt/β-catenin, Transforming 

growth factor type beta (TGF-β), or BMP, at the cytoplasmic and/or nuclear level to regulate 

the transcription of target genes (Zhou et al., 2022a; Borggrefe et al., 2016). As an example of 

inter-pathway interactions, membrane Notch receptors, and nuclear NICD can inhibit Wnt/β-

catenin signaling, and the nuclear NICD-β-catenin interaction is stabilized by RBP-Jκ (Acar et 

al. 2021).  

 

For its canonical transcription factor function, NICD forms the tripartite activation complex by 

binding to the DNA-binding transcription factor RBP-Jκ and the co-activator MAML (Figure 
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8) (Zhou et al., 2022a). These interactions dislodge the RBP-Jκ-associated co-repressors. The 

DNA-binding sites (TP1 elements) can be found as monomers or dimers arranged in a head-to-

head orientation, and therefore, the NICD can be engaged in dimers that generate a synergistic 

activation of Notch responsive promoters (Gazdik et al., 2024). The tripartite complex 

associates with co-activators, RNA polymerase II, and DNA sequences (promoter and 

enhancers) at the level of transcription “hubs” in a non-stoichiometric manner, which enables 

a small number of transcription factor molecules to drive productive transcription of Notch 

target genes. These include genes encoding transcriptional repressors of the bHLH 

Hairy/Enhancer-of-split (H/E(Spl)) with WRPW motif (Hes/Her) (in mouse/zebrafish) family, 

or with YRPW motif (Hey) family (Kopan and Ilagan, 2009; Demmerle et al., 2023). These 

optimizations could explain why NICD nuclear levels are frequently below the level of 

detection in vivo (Trylinski et al., 2017). The HLH domain of Hes/Her/Hey proteins promotes 

the formation of homo- or heterodimeric protein complexes, while the basic domain binds to 

DNA targets (Hu and Zou, 2022). The C-terminal domain of Hes/Her/Hey proteins recruits co-

repressors, such as histone deacetylases, which alter the chromosomal structure and silence 

transcription. Depending on the tissue and the developmental stage, the Hes/her/Hey genes 

directly targeted by Notch signaling can vary, and Hes/Her/Hey proteins have different target 

genes associated with specific functions. For example, the direct target of Notch involved in 

mouse neurogenesis are Hes1, Hes5, Hey1, Hey2, HeyL (Hu and Zou, 2022; Harada et al., 2021; 

Sakamoto et al., 2003; Satow et al., 2001). We can note that NICD can share the same target 

genes that its interacting pathways, such as Hes1, which acts as a hub for the molecular crosstalk 

among signaling pathways (Hu and Zou, 2022; Borggrefe et al., 2016). In zebrafish, the her 

family is expanded compared to mammals, but until now, only the Hes5 orthologs her4 and 

her15, the Hes6 ortholog her6, and hey1 have been identified as direct targets of Notch involved 

in neurogenesis (Sigloch et al., 2023; Than-Trong et al., 2018; Kageyama et al., 2007). Still 

during neurogenesis, these proteins can target pro-neural genes such as Ascl1 (also called 

Mash1), Dll1, and Neurog2.  

 

Some other direct Notch target genes are Notch itself, the Notch receptor ubiquitin ligase Deltex 

(see part Regulations), as well as the cell cycle regulating Cyclin D1, and the universal 

transcription amplifier C-myc (Borggrefe and Oswald, 2009). 

In parallel to its transcriptional function, the complexed MAML also recruits Cyclin C and 

Cyclin-dependent kinase 8 that phosphorylate the PEST domain of NICD (Figure 8). 



 

40 

 

Phosphorylated NICD is the target for ubiquitination by the nuclear ubiquitin ligase SCFFbxw7 

and subsequent degradation in the proteasome (Qi et al., 2024). Experiments using 

bioluminescence and pulse-chase indicated that the half-life of NICD is around 180 minutes 

(Ilagan et al., 2011; Fryer et al., 2004). 

 

3.2.4 Regulations  

A stock of Notch receptors is kept in the ER-GA system and can be released to the cell 

membrane after the activation or the depletion of Notch receptors at the membrane (Bian et al., 

2023). 

Notch receptors are exposed at the membrane as isolated heterodimers. Their EGF-like repeats 

domain can interact with similar domains in ligands from neighboring cells (trans-activation), 

as well as with ligands from the same cell, inhibiting Notch activation by preventing the 

exposure of the S2 site (cis-inhibition). The balance between trans-activation and cis-inhibition 

defines cells with the highest number of receptors as receiving cells and cells harboring more 

ligands than receptors as sending cells (Bray, 2016). Forced clustering of Delta ligands at the 

cell membrane of the sending cells, leading to clustering of Notch receptors in the receiving 

cell, has also been proven to inhibit the Notch signaling pathway (Viswanathan et al., 2019). 

Before exocytosis of the mature Notch receptor, some O-linked glycosylations of the EGF-like 

repeat (Figure 8) are elongated by the glycosyltransferase Fringes (Fngs), differing in cells by 

number, variants, and activity, and modifying the cis- and trans- ligand-receptor strength of 

interaction (Granados et al., 2024). 

 

The number and the localization of Notch receptors at the cell membrane are finely tuned by 

their endocytosis, activated by the ubiquitination of the intracellular domain of the receptor by 

the E3 ubiquitin ligase Deltex, binding to Notch ANK repeats, and leading to Notch degradation 

via the lysosome, or to Notch recycling via exocytosis (Figure 8). Endocytosis plays similar 

roles for the Notch ligands, with the difference that their intracellular domain is ubiquitinated 

by the E3 ubiquitin ligase Mindbomb (Mib), and that endocytosis also participates in the 

maturation of the ligand (Figure 8). Numb antagonizes Notch signaling by inducing endocytosis 

and proteasomal degradation of the receptor (Figure 8) (Ortega-Campos and García-Heredia, 

2023; McGill et al., 2009; McGill and McGlade, 2003). However, Numb and Notch might also 

have similar functions in maintaining NPs (Luo et al., 2020; Petersen et al., 2002). The shape 
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and polarity of cells also modulate Notch activity (Xu et al., 2023; Perez-Mockus and 

Schweisguth, 2017). 

 

The Notch response is influenced by post-translational modifications of NICD, that regulate its 

protein-protein interactions, its half-life and therefore the NICD-dependent transcriptional 

output. For instance, acetylation of Notch3 NICD increases its ubiquitination and therefore 

decreases its stability, and regulates its proteasomal-dependent turnover (Borggrefe et al., 

2016). In the cytoplasm, NICD can also be targeted to the autophagy degradation pathway 

(Zada et al., 2022). 

 

In the nucleus, NICD/RBP-J interactions do not depend on the DNA-binding activity of RBP-

J, and RBP-J binding to DNA appears to be dynamic and enhanced by its interaction with 

NICD (Ilagan et al., 2011; Castel et al., 2013; Kovall et al., 2017; Skalska et al., 2015; Wang et 

al., 2014a).  

Her/Hes proteins downregulate their expression and the expression of other Notch targets by 

directly binding to promoter sequences (negative feedback) (Sueda and Kageyama, 2020). 

When her/Hes promoters are repressed, both her/Hes messenger RNAs (mRNAs) and 

corresponding proteins disappear rapidly because they are extremely unstable, which cancels 

the negative feedback and autonomously initiates the next round of expression. For example, 

in mouse embryos, Hes1 expression oscillations create a salt-and-pepper pattern of Hes1 

expression among the NPs of the VZ (Sueda and Kageyama, 2020). These oscillatory 

expression patterns reflect the oscillatory behavior of cell fate-determining genes, such as the 

pro-neural genes Ascl1 and Dll1. These oscillations are necessary for sustaining the 

proliferative state of NSPCs and are lost upon differentiation (Kageyama et al., 2023; Sueda 

and Kageyama, 2020; Kageyama et al., 2019; Kageyama et al., 2018; Shimojo and Kageyama, 

2016; Kageyama et al., 2007). The periodicities of the oscillations are respectively 2-3 hours 

(h) in cultured NPs from the telencephalic region of mouse embryos, 1-2 h in NPs from 

zebrafish embryo hindbrain, and 1-3 h in NPs from zebrafish embryo telencephalon 

(Marinopoulou et al., 2021; Imayoshi et al., 2013; Doostdar et al. 2024; Soto et al., 2020). In 

aNSCs of adult mouse SVZ, Hes1 oscillations are maintained in a periodicity of 2-3 h, 

complementary to Ascl1 oscillations, while in qNSCs, the periodicity is higher (5-6 h), as well 

as the levels of Hes1 oscillations, suppressing Ascl1 expression (Sueda et al., 2019). One factor 

maintaining higher levels of Hes1 in qNSCs is the BMP pathway, which induces the expression 
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of Id1, inhibiting Hes1 negative feedback, therefore upregulating Hes1 expression and 

inhibiting neurogenesis (Sueda and Kageyama, 2020). The oscillations of Ascl1 are necessary 

for NSPCs proliferation, while in IPs, where Notch is inactive, the sustained Ascl1 level is 

necessary for differentiation (Sueda et al., 2019). In adult zebrafish, however, the periodicity of 

her/ascl1 expression is still to be proven. 

 

3.2.5 Non-canonical alternatives  

Evidence of non-canonical Notch activity came from ɤ-secretase, ligands, or RBP-Jκ/CBF1 

loss-of-function experiments where some functions of Notch were maintained (Andersen et al., 

2012; Sanalkumar et al., 2010). Across species, non-canonical Notch functions have mostly 

been identified in stem/progenitor cells or embryonic cells, capable of expansion and/or 

differentiation (Andersen et al., 2012). Activations of Notch targets via Notch-independent 

RBP-Jκ activity and hes1 transcription also exist but will not be discussed (Harbuzariu et al., 

2018; Sanalkumar et al., 2010).  

 

In a ligand-independent manner, Notch receptors can be endocytosed, and rather than being 

degraded or recycled, their S2, S3, and S4 sites can be cleaved at the membrane of the late 

endosomes by hydrolases, to which ADAM10 belongs, and ɤ-secretase complex, and 

subsequently release NICD in the cytoplasm (Figure 9) (Hounjet and Vooijs, 2021; Harbuzariu 

et al., 2018). Non-conventional Notch ligands, such as the secreted Y-box binding protein 1 

(YB-1) protein, can trigger Notch signalization by interacting with the Notch3 extracellular 

domain (Figure 9) (Lindquist and Mertens, 2018; D'Souza et al., 2010). In a ligand-dependent 

manner, Notch3 can promote the apoptosis of tumor endothelial cells, independently of 

cleavage and transcription regulation (Zhou et al., 2022a). Full-length Notch receptors were 

also found in the mitochondria's outer membrane where they regulate mitochondrial and 

mTORC activities (Figure 9) (Lee et al., 2013). In the nucleus, non-canonical activations of 

target genes transcription by NICD, independently of RBP-Jκ, are also possible (Figure 9) 

(Harbuzariu et al., 2018; Johnson and Macdonald, 2011).  
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Figure 9: Some examples of non-canonical Notch  

See text for description and references. 

 

At the plasma membrane, Notch receptors can also participate in the activation of the 

PTEN/PI3K/AKT pathway (Figure 9) (Zhou et al., 2022a). Still at the membrane, Notch is 

involved in tissue architecture and cell polarity in a transcription-independent manner (Figure 

9). For example, in stressed blood vessels, Notch transmembrane domain, revealed after the 

ligand-dependent activation of Notch, forms a mechanosensory complex by recruiting other 

proteins, including cadherins, driving adherens junction and cortical actin assemblies, and 

establishing barrier function (Polacheck et al., 2017). Similarly, in the ductal epithelium, where 

Notch is localized at lateral cell-cell contacts, Notch transmembrane domain recruits a protein 

complex, stabilizing epithelial adherens junctions and cortical actin organization (White et al., 

2023). In the retina, adherens junctions and cell-polarity Crumbs complexes contribute to Notch 

activation (Falo-Sanjuan and Bray, 2021; Ohata et al., 2011).  

 

3.3 Functions of the Notch signaling pathway 

3.3.1 General functions  

As a highly conserved pathway, Notch signaling plays crucial roles in various biological 

processes, including organ development, tissue homeostasis, and repair (Zhou et al., 2022a). As 
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main examples, Notch signaling acts for the maintenance of stem cells and their differentiation 

in many tissues, and the development and maintenance of healthy immune and cardiovascular 

systems. Depending on the context, Notch signaling can drive opposite outcomes such as cell 

proliferation or quiescence, growth or differentiation, apoptosis or survival, attachment or 

migration, and more. In so doing, it is involved in the homeostasis, morphogenesis and 

patterning of tissues (Shi et al., 2024; Zhou et al., 2022a; Siebel and Lendahl, 2017). In its role 

as a guardian of tissue homeostasis and organ function, Notch signaling is upregulated in 

response to tissue injury or stress to restore homeostasis by stimulating the proliferation and de-

differentiation of neighboring cells (Zhou et al., 2022a). It is evident that Notch signaling is 

crucial for the remarkable regenerative abilities observed in the zebrafish model (examples in 

the nervous system: Campbell et al., 2022; Diotel et al., 2020; Noorimotlagh et al., 2017). The 

Notch signaling capacity to maintain stem cells, stimulate cell proliferation, and de-differentiate 

cells also contribute to the implication of Notch in various cancers (Zhou et al., 2022a; Pagliaro 

et al., 2020; Teoh and Das, 2018). 

 

Depending on the Notch receptor and the context, the Notch signalization modes and the 

signaling effectors may be different. This complexifies the understanding of the pathway and 

the identification of specific mechanisms responsible for phenotypes observed in Notch-

deficient organisms.  

Human syndromes further illustrate this complexity. For example, CADASIL is the most 

common hereditary cause of stroke and vascular dementia in adults, linked to abnormalities in 

arterioles and loss of vascular smooth muscle (Yuan et al., 2024). CADASIL is mediated by 

mutations in the NOTCH3 gene, which is normally expressed in pericytes and vascular smooth 

muscles but is abnormally folded in patients. However, it still remains unclear whether 

NOTCH3 signaling per se is affected by CADASIL mutations. Additionally, other mutations 

in human NOTCH genes are implicated in cancer, revealing the context-dependent functions of 

Notch signaling in tumorigenesis. For example, in the case of glioma, which are the most 

frequent and aggressive brain tumors in adults, depending on their subtype, Notch signaling 

may act as an oncogene, maintaining cell proliferation and promoting tumor vascularization, or 

as a tumor suppressor, inhibiting cell proliferation (Parmigiani et al., 2020). 
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3.3.2 Early expression and loss-of-function 

The expression patterns of Notch receptors and ligands are tightly regulated and tissue-specific, 

reflecting their roles in various developmental and adult processes. The precise timing and 

spatial distribution of expression ensure the proper coordination of cell fate decisions and tissue 

morphogenesis.  

In mouse embryos, Notch1 is broadly expressed since early developmental stages in many 

tissues, including the neuroepithelium, somites, and developing vasculature, Notch2 is 

prominently expressed in the developing kidney, liver, heart, and vasculature, while Notch3 and 

Notch4 expression are slightly delayed and concern vascular smooth muscle cells and certain 

neural tissues (Notch3) and the endothelium of developing blood vessels (Notch3, Notch4) 

(Batista et al., 2020; Mouse Genome Informatics database (MGI)). In parallel, Jagged ligands 

are expressed before Delta-like ligands, and in the developing central nervous system, only 

Jagged 1 (Jag1), which has the broader expression, and Dll1 are present (Batista et al., 2020; 

MGI). 

 

Dysregulation of the Notch pathway leads to severe developmental abnormalities, embryonic 

lethality, and various pathological conditions. For instance, Notch1- and Notch2-deficient mice 

die prematurely (around E9.5) respectively due to defects in somitogenesis and development of 

various organs. In contrast, Notch3- and Notch4-deficient mice are viable and fertile, with only 

minor defects observed in small arteries in Notch3-deficient mice (Swiatek et al., 1994; Conlon 

et al., 1995; Hamada et al., 1999; Krebs et al., 2003, Krebs et al., 2000). When the deletion of 

one Notch receptor is viable, its activity is frequently redundant with another Notch receptor 

expressed in the same cells and therefore the loss of activity is compensated. 

 

In zebrafish embryos, notch2 is expressed from 5-6 hpf onwards, while the expression of the 

other receptors begins around 9-10 hpf. The first ligand expressed is jagged2 (jag2) (from the 

1-cell stage onwards), and it is followed by the expression of delta C (dlc), delta D (dld), jagged 

1a (jag1a), and jagged 1b (jag1b) at around 4-5 hpf. The last ligands to be expressed are dla 

and delta B (dlb) at around 9 hpf (The Zebrafish Information Network (ZFIN)). All Notch 

receptors and ligands are expressed in the central nervous system of the developing embryo. 

The expression of notch1a is also found in somites and the developing heart; notch1b is found 

in somites and pharyngeal arches; notch2 is found in the developing vasculature and pharyngeal 

arches; and notch3 is also expressed in vascular tissues. 
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Like in mouse, dysregulations of Notch signaling in zebrafish embryos impact the development 

and survival of the fish. For example, notch1a-deficient larvae die around 9-10 dpf from defects 

in somitogenesis secondarily preventing the development of the swim bladder (notch1a is also 

referred to as deadly seven (des), Gray et al., 2001; van Eeden et al., 1998). notch1b-and notch2-

deficient embryos are viable despite highly dysmorphic aortic valves and defects in the vascular 

system, respectively (Faucherre et al., 2020; Ando et al., 2019). notch3-deficient larvae die 

around 10-15 dpf from vascular abnormalities leading to a reduction of the number of pericytes, 

disruption of the BBB, and brain hemorrhages (Wang et al., 2014). 

 

3.3.3 Functions during neurogenesis 

Notch signaling is, in particular, a prominent regulator of neurogenesis. This function was 

initially described in Drosophila, where notch signaling orchestrates a salt-and-peppery 

neurogenesis program in proneural clusters through a lateral inhibition mechanism 

(Bahrampour and Thor, 2020; Bray, 1998). One well-studied example of lateral inhibition is 

the selection of the sensory organ precursor (SOP) cell for the future sensory bristle among 

clusters of competent proneural cells in the Drosophila epithelium. All the cells in the group 

initially express ligands and receptors and can signal to one another. However, subtle 

differences between cells, such as more Delta ligands in one cell that activate more Notch 

receptors in the surrounding cells, are fixed by Notch feedback loops, where the expression of 

Notch is inhibited in the sending cell and stimulated in the receiving cells. The cell “source” of 

ligands is the only one escaping Notch-mediated neural fate inhibition and dividing to give rise 

to the bristle, while the Notch active cell remains non-proliferative (Bray, 1998).  

 

The Drosophila model was also interesting to study the implication of the Notch pathway in 

neuronal lineage decisions. For example, in the SOP lineage, at each division step, only one 

daughter cell inherits Notch activity because of a Numb-dependent inhibition of Notch in other 

daughter cell. This Notch asymmetry determines an oriented Notch signaling between the two 

daughter cells, acquiring two different fates (e.g. Notch is active in the precursor pIIb and not 

in pIIa, and in the glia cell and not in precursor pIIIb), while in the absence of Notch, only 

neurons are formed (Deasy, 2009; Bray, 1998). Notch signaling was also studied for its role in 

the formation of tissue boundaries during Drosophila retina morphogenesis. There, Notch 

signaling make a dorsal-ventral boundary between the two dorsal and ventral cell fields. Notch 

is particularly active at the boundary, considered an organizing center by coordinated growth 
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and patterning of the eye. This occurs because of a dorsoventral asymmetry of activating and 

inhibiting factors, such as Fng, and contributes to the activation of Notch specifically at the 

midline of the eye (Singh et al., 2012).  

 

The works reported below identified and characterized Notch signaling functions during mouse 

and zebrafish neurogenesis. The described experiments and conclusions were preceded by 

verification of Notch expression in the considered neurogenic region, and, most of the time, by 

a widespread inhibition of the Notch pathway, either with a tissue non-specific Notch inhibitor 

(e.g. ɤ-secretase inhibitor) or with a conditional and tissue-specific deletion of Notch pathway 

actors (e.g. RBP-J). After these preliminary results, the contribution of each Notch receptor to 

the observed phenotypes was interrogated in vivo under homeostatic conditions.  

 

3.3.3.1 In mouse 

In the mouse embryo 

In the mouse embryo, expression of Notch receptors and downstream components of the 

pathway starts in the neural tube around E8-9, and continues into the VZ and the SVZ during 

neural development. Embryo NSPCs express Notch receptors Notch1, Notch2, and/or Notch3, 

and the canonical Notch signaling is active based on the expression of the canonical Notch 

target Hes5. IPs also express Notch receptors, but not Hes5, possibly reflecting the activity of 

a non-canonical Notch pathway.  

Notch4 is almost exclusively expressed in vascular endothelial cells, and the viability of the 

mutant suggests that Notch4 has a minor role in embryonic neurogenesis (James et al., 2014). 

Its functions in mouse neurogenesis are less likely to be significant. 

 

Maintenance of NSPCs 

One important role of Notch during neurogenesis is the mechanism of NSPC maintenance. In 

the neural tube of RBP-Jk-deletion mouse mutants, the expression of the effector gene Hes5 is 

downregulated, while the expression of the proneural genes Ascl1 and Dll1 are increased (De 

la Pompa et al., 1997). These results are accompanied by increased and ectopic expression of 

early differentiating neuron markers, such as NeuroD. Interestingly, these results are 

comparable to those in Notch1-deletion mouse mutants. This may well represent premature 

neuronal differentiation and a loss of NSPCs in the nervous system, which cannot be assessed 

in the two mutants due to their early lethality.  
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To circumvent this lethality, several studies have addressed the effect of conditional deletion of 

Notch1 in specific brain structures. Conditional Cre-loxP tamoxifen-dependent RBP-Jk-

deletion in the developing mouse telencephalon highlighted a burst of neuron generation at the 

expense of RGs. In parallel, the VZ is absent (Imayoshi et al., 2010). For the analysis of Notch1 

functions, in one case, Cre-loxP-mediated recombination was used to delete Notch1 in the NEs 

at the midbrain-hindbrain boundary (MHB). Similarly to the Notch1 mutant, this deletion 

induces early expression of early differentiating neuron markers in the cerebellum, and 

increases the expression of two ligands: Dll1 in NEs and Dll3 in neurons (Lütolf et al., 2002). 

In combination with other Cre-loxP-mediated recombination to delete Notch1 (Yang et al., 

2004; Yoon et al., 2004), these results indicate that Notch1 maintains NSPCs, promotes the glial 

fate and prevents precocious neurogenesis in mouse embryos.  

 

Similarly, gain-of-function experiments by the expression of the constitutively active N1ICD 

in NSPCs of the embryonic telencephalon blocked neurogenesis and promoted glial fate, 

indicating an important role for Notch in cell fate decision-making (Gaiano et al., 2000). 

Interestingly, the overexpression of N3ICD in telencephalic NSPCs gives the same phenotype 

(Dang et al., 2006). In the developing spinal cord, notch1, notch2, and notch3 are expressed 

along the dorsoventral axis in the ventricular zone, and their expression is higher in the ventral 

spinal cord (Yang et al., 2006). Conditional deletion of notch1 in spinal cord NSPCs increases 

the ventral spinal cord neuronal population since E11.5, leading to the disappearance of the 

ventral half of the central canal. In parallel, all the progenitor populations along the dorsoventral 

axis are reduced, accompanied by an increased generation of V2 interneurons at the expense of 

motor neurons, and neurons impaired migration (Yang et al., 2006). These results show that 

Notch1 maintains spinal cord NSPCs and participates in binary fate decisions in the pV2 

population.  

 

Notch2 functions during neurogenesis were less studied in vivo. In the roof plate of the 

diencephalon and mesencephalon of Notch2-deletion mutants, the repression of expression of 

proneural genes, such as Ascl1, is lost, while the expression of the effector genes Hes1 and Hes5 

remain unchanged (Kadokawa and Marunouchi, 2002). This result either suggests the use of 

another effector or the activity of a non-canonical Notch2 pathway. Interestingly, Hes5 and 

Notch2 expression were complementary. These data show that Notch2 may have redundant 

functions with Notch1 in the maintenance of NSPCs and in preventing neurogenesis. 
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Notch1, Notch2, and Notch3 are also expressed in the embryonic retina. Notch3 deletion in the 

developing retina leads to neuron number increase and neural progenitor number decrease 

(retinal progenitor cells, RPCs) without affecting the IPs (Riesenberg et al., 2009). After six 

weeks, Notch3-deleted mice show a decrease in the number of neurons (Dvoriantchikova et al., 

2015). However, the effects of Notch3 knockout (KO) are mild: a Notch1 compensation could 

explain this outcome (Riesenberg et al., 2009; Dvoriantchikova et al., 2015). Dvoriantchikova 

et al. suggest that Notch1 activity is major in the retina for the maintenance of RPCs and the 

regulation of the onset of neurogenesis (Dvoriantchikova et al., 2015).   

 

NSPCs viability 

Notch is also implicated in NSPCs viability in the mouse embryo. In one case, N1ICD 

overexpression induces the apoptosis of NSPCs in a p53-dependent manner, while in the 

Presenilin-1-deletion mutant, a marked reduction in NSPCs cell death is observed (Yang et al., 

2004). In another case, Cre-loxP-mediated deletion of Notch1 in mouse embryos increases cell 

death in the forebrain NSPCs and differentiating neurons (Mason et al., 2006). In Notch1- and 

Notch3-deleted double mutants, the increase in cell death is even more important than in the 

Notch1 mutant. This result shows that Notch3 can partially compensate for the survival-

promoting effects of Notch1. These data indicate that Notch is involved in the regulation of 

NSPCs apoptosis. Oishi et al. showed that Notch promotes survival in a Hes-independent 

manner (Oishi et al., 2004).  The opposite results of the two cases may reflect experimental 

context-dependent Notch activity (Mason et al., 2006).  

 

Oligodendrocyte generation 

More recently, Notch signaling has been linked with the mechanism of oligodendrocyte 

generation (oligodendrogenesis) from NSPCs in mouse embryos. Notch pathway inhibition by 

the ɤ-secretase inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycinet-butyl ester 

(DAPT) reduces the number of OPCs independently of cell death events (Tran et al., 2023). 

Electroporation of a dominant negative form of RBP-Jk also reduces the number of OPCs while 

neuronal production increases. Interestingly, Notch overexpression in NSPCs also inhibits 

oligodendrogenesis, suggesting that Notch levels must be precisely balanced to generate the 

oligodendrocyte lineage. Hes1 and Hes5 are responsible for the negative regulation of OPCs 

production by Notch signaling by repressing Ascl1 expression. Together, these results indicate 
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that Notch signaling is important during the transition from neurogenesis to 

oligodendrogenesis. 

 

Roles of Notch ligands 

Dll1, Dll3, and Jag are expressed in NEs, RGs and/or differentiating cells in the neural tube 

(Engler et al., 2018b). Jag1-deleted mutants are embryonic lethal and mice die shortly after 

E10.5. To circumvent this lethality, conditional Cre-loxP-mediated recombination was 

conducted in the MHB of mouse embryos (Weller et al., 2006). This experiment showed defects 

in hippocampal NSPCs migration, which are accumulated in a portion of the cerebellum, and 

consequently, differentiate ectopically. However, this result does not support a role for Jag1 in 

maintaining hippocampal NSPCs as it would be expected that reduced Notch signaling by 

ablation of its ligand should result in precocious differentiation (Lütolf et al., 2002). 

 

Roles of Notch effectors 

The classical Notch effectors in embryonic neurogenesis are Hes1 and Hes5. Hes1 and Hes5-

deleted double mutant embryos show severe defects in neural development: disorganization of 

the neural tube, premature neuronal differentiation, and loss of RGs (Hatakeyama et al., 2001). 

The abnormal phenotype is even stronger than in Hes1 mutants, which die perinatally. In Hes1 

mutants, the elevated Hes5 expression was detected, suggesting the existence of compensatory 

mechanisms between these Notch targets (Yoon and Gaiano, 2005). Moreover, Hes1 is capable 

of almost completely compensating for the lack of Hes5 function in Hes5-deleted mutants. In 

the developing spinal cord, Hes1 and Hes5 are Notch1 immediate targets for the maintenance 

of NSPCs and binary cell fate decisions (Yang et al., 2006). More recently, Hey1 function in 

maintaining a population of NSPCs in a subdomain of the SVZ has been shown (Harada et al., 

2021). Contrary to Hes effector expressions which are probably oscillatory in adult NSCs, the 

expression of Hey1 is non-oscillatory. 

 

In the adult mouse 

In the adult mouse brain, all four Notch receptors are expressed in various cell types, including 

NSCs (Notch1, Notch2, and Notch3), astrocytes (Notch1 and Notch2), neurons (Notch1 and 

Notch2), endothelial cells (Notch1 and Notch4), and vascular smooth muscle cells and pericytes 

(Notch3) (Lampada and Taylor, 2023). As in mouse embryos, IPs and cells downstream in the 
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neuronal lineage can express Notch receptors and ligands but only the NSCs express the 

Hes/Hey classical effectors. 

 

Maintenance of NSCs 

In the adult mouse SVZ and SGZ, Notch plays a pivotal role in the maintenance of NSCs. 

Conditional Cre-loxP tamoxifen-dependent recombination to delete RBP-Jk in NSCs of the 

adult telencephalon and hippocampus resulted in an initial transient increase in neurogenesis 

that is followed by a total depletion of the NSC pool and loss of neurogenesis in the long-term 

(Ehm et al., 2010; Imayoshi et al., 2010; Lugert et al., 2010). These results were comparable to 

those obtained in conditionally Notch1-deleted mutants. In the SVZ and the SGZ of Notch1-

deleted mice, the number of NSCs was decreased, as well as the number of IPs, immature 

neurons, and mature neurons (Ables et al., 2010). These results show that Notch1 is necessary 

for sustained adult neurogenesis in the adult mouse brain. In the adult mouse forebrain, 

astrocytes express Notch1 and Notch2, as well as the effector Hes5, while endothelial cells 

express high levels of Dll4, Jag1, and Jag2 ligands (Cahoy et al., 2008). After spinal cord 

injury, reactive astrocytes down-regulate Notch signaling for the activation of the neurogenic 

program and their astrocyte-neuron transition (Bringuier et al., 2023; Farmer and Murai, 2017). 

In uninjured RBP-Jκ-deleted mutant mice, astrocytes also become neurogenic, whereas the 

overexpression of N1ICD in astrocytes prevents neurogenesis after injury (Magnusson et al., 

2014). These results demonstrate that persistent Notch signaling maintains the quiescence of 

astrocytes and prevent neurogenesis (Farmer and Murai, 2017). 

 

Maintenance of aNSCs 

Notch1 promotes the maintenance of aNSCs in the adult brain. Conditional Cre-loxP 

tamoxifen-dependent Notch1-deletion in NSCs led to selective loss of the aNSCs pool while 

qNSCs remained unchanged (Engler et al., 2018a; Basak et al., 2012). In the adult rodent spinal 

cord, notch3 is expressed in IPs and immature neurons in the grey matter, in a pattern 

complementary to Gfap, while Notch1 and Notch2 are broadly expressed throughout the spinal 

cord white and grey matters in non-neuronal cells (Rusanescu and Mao, 2017). Notch2 is 

described in a subset of Gfappos cells and is excluded from the upper dorsal horn. Interestingly, 

in the grey matter, Notch1 and Notch3 expression are mutually exclusive, found in pairs of 

adjacent cells, and Dll1, Dll4, and Jag1 have expressions complementary to Notch3, while Jag2 

is expressed in the same cells as Notch3. These patterns suggest non-classical lateral inhibition 
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mechanisms segregating individual Notch receptors and individual ligands, and a role of 

Notch3 in promoting neuronal differentiation, in contrast to Notch1 function. In vitro 

experiments showed Notch3 implication in neuronal differentiation, and Notch3-deleted mutant 

mice have impaired neuronal maturation (Rusanescu and Mao, 2017). In vitro, Notch1 was 

shown to promote the proliferation of spinal cord-derived NSPCs (Wang et al., 2018). These 

results indicate that Notch1 regulates NSPCs proliferation, while Notch3 is involved in 

neuronal differentiation in the adult rodent spinal cord. Notch1 is also implicated in the case of 

adult spinal cord injury, where it is upregulated during the acute phase of injury (Patel et al., 

2021).  

 

Maintenance of qNSCs 

Notch1, Notch2, and Notch3 are co-expressed in SVZ and SGZ qNSCs. Conditional Notch2-

deletion in NSCs induces the activation and proliferation of qNSCs and leads to precocious 

differentiation and increased neurogenesis in the SVZ (Engler et al., 2018a). The NSCs pool is 

progressively exhausted, and the neurogenic potential disappears. Interestingly, the Notch1- 

and Notch2-deleted double mutant phenocopies the RBP-jk mutant, highlighting that Notch1 

and Notch2 regulate NSC maintenance with the canonical pathway, at least until RBP-Jk-

mediated transcription (Engler et al., 2018a). Similarly, conditional Notch2 deletion in Hes5pos 

SGZ NSCs induces a rapid loss of qNSCs and decreases IPs, effects that culminate 100 days 

after Notch2 inactivation. These phenotypes were accompanied by the downregulation of 

qNSC-associated genes, such as Notch signaling genes, including Notch2, and the upregulation 

of genes associated with NSC activation (Zhang et al., 2019). Overexpression of N2ICD in SGZ 

NSCs maintains qNSCs, blocks their entry into cell cycle, and decreases the number of IPs and 

neurons (Zhang et al., 2019). These results support the role of Notch2 in the regulation of NSCs 

quiescence.  

 

Numerous other niches in addition to the SVZ and SGZ are under investigation for neurogenic 

potential, and neurogenic qNSCs have already been identified in the dorsal septal wall of the 

lateral ventricle (Lampada and Taylor, 2023; Leal-Galicia et al., 2021). In these cells, Notch2 

deletion increases cell proliferation and the production of IPs and neurons, but these neurons 

do not migrate to the OB (Lampada et al., 2022). These results show that Notch2 functions are 

conserved in the different adult neurogenic niches for NSCs quiescence regulation, and 

prevention of NSCs activation and neurogenesis.  
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Notch3 has at least a partially redundant function with Notch2 in qNSCs. Notch3 is expressed 

by qNSCs located at the lateral and ventral walls of the VZ-SVZ (Kawai et al., 2017). In 

Notch3-deleted mouse, fewer NSCs are present in the SVZ (Kitamoto et al., 2005; Kawai et al., 

2017). The numbers of qNSCs, IPs, and immature neurons are negatively impacted, whereas 

the number of aNSCs remains unchanged. It was suggested that qNSCs in Notch3 KO mice 

increase their activation but fail to complete lineage progression (Kawai et al., 2017). Moreover, 

short hairpin RNA (shRNA)-mediated knock-down (KD) of Notch3 in the lateral ventricle of 

adult mice increases NSCs proliferation (Kawai et al., 2017). Overexpression of Notch3 by 

CADASIL-causing point mutations reduces NSC activation and proliferation without affecting 

levels of neurogenesis in the adult DG (Ehret et al., 2015). Interestingly, while, as expected, the 

overexpression of N3ICD suppresses NSCs proliferation, the same phenotype is observed when 

N1ICD is overexpressed (Basak et al., 2012; Kawai et al., 2017). This result indicates that high 

expression levels of both activated Notch1 and Notch3 are capable of suppressing the 

proliferation of NSPCs.  

 

Roles of Notch ligands 

Dll1 and Jag1 are expressed in the SVZ and the SGZ of adult mouse. Dll1 deletion from the 

SVZ NSCs decreases the number of qNSCs while increasing the number of aNSCs and IPs 

(Kawaguchi et al., 2013). Moreover, Dll1 is expressed in cells negative for NICD and near 

qNSCs. In the SVZ, Jag1 and Notch1 expressions are mutually exclusive. In vitro in adult 

mouse SVZ-derived neurospheres, Jag1 deletion blocks NSCs self-renewal without affecting 

their differentiation, while the reverse is true when Jag1 is overexpressed (Nyfeler et al., 2005). 

These results suggest that Notch function on quiescence regulation may be Dll1- or Jag1-

dependent via lateral inhibition.  

 

Roles of Notch effectors 

Notch effector functions and specificities are still under investigation. As in the embryo, Hes1 

and Hes5 are the most studied in the adult brain. In the SVZ and the SGZ, Hes1 expression is 

higher in qNSCs than in aNSCs, while Hes5 expression level is equivalent in both (Lampada 

and Taylor, 2023). Hes1 has been identified as the main Notch effector regulating quiescence 

versus activation in adult mouse NSCs (Sueda and Kageyama, 2020; Sueda et al., 2019).  
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3.3.3.2 In zebrafish 

In the zebrafish embryo 

In the zebrafish embryo, single-cell transcriptomic data have highlighted the expression of 

notch genes as early as 5 hpf (Liu et al., 2022). At 24 hpf, Gfappos cells express notch1a and 

notch3 at higher levels than notch1b, while notch2 expression is weak. IPs progressively lose 

the expression of gfap and notch genes while accumulating expression of the newborn neuron 

marker huC (Liu et al., 2022).  

 

Maintenance of NSPCs and regulation of neurogenesis 

Notch signaling is implicated in the maintenance of NSPCs and the regulation of neurogenesis 

in the developing zebrafish nervous system. Treating 2 dpf zebrafish embryos for 9 hours with 

the inhibitor of ɤ-secretase LY411575 (LY) caused an almost complete loss of her4-expressing 

RG in the telencephalon, presumably through premature differentiation into neurons (Figure 

10A-C) (Dirian et al., 2014). Loss-of-function mutations in mib decrease the expression of RG 

markers such as Gfap (Jiang et al., 1996). In parallel, the number of newborn neurons is 

increased throughout the CNS, and this phenotype is particularly striking in the Mauthner cells, 

a type of primary hindbrain sensory interneurons (Schier et al., 1996; Jiang et al., 1996). These 

results show that the activities of the ɤ-secretase and Mib contribute to the maintenance of 

NSCPs in zebrafish embryos and the regulation of the onset of neurogenesis. However, ɤ-

secretase cleaves the transmembrane domain of more than 90 type I membrane proteins, and 

Mib might have Notch-independent roles (Lv et al., 2024; Dho et al., 2019), therefore the Notch 

implication in the observed phenotype must be analyzed further.  
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Figure 10: Notch inhibition reduces the number of dorsomedial pallial progenitors (from Dirian et al., 2014) 

(A) Experimental design to assess Notch sensitivity of pallial progenitors at 2 dpf. Tg(her4:ERT2CreERT2; 

ubi:switch) were treated with 4-OHT to induce mCherry expression in progenitors at 1 dpf.  

(B) Medial cross-sections of the telencephalon of 5 dpf larvae treated with DMSO or LY. Magnification of the 

dorsomedial VZ (F’ and F’’’) and lateral VZ (F’’ and F’’’’). mCherry marked ventricular progenitors and their 

progeny, PCNA proliferative cells, HuC/D neurons, and DAPI the nuclei. Arrows and arrowheads highlight, 

respectively, the dorsomedial progenitors (mCherrypos/PCNApos cells) and the lateral progenitors 

(mCherryneg/PCNApos cells). 

(C) Compared number of pallial dorsomedial progenitors (dark gray) and of lateral progenitors (light gray) in 

control (DMSO) and treated (LY) conditions. Values are presented as mean ± 95% confidence interval (ANOVA, 

** p<0.05). 

 

In the hindbrain, notch1a is expressed throughout the rhombomeres and their boundaries. In 

notch1a-deleted mutants, only a small increase in neurogenesis is observed in the CNS, while 

the number of Mauthner cells is also positively impacted (Gray et al., 2001). Interestingly, the 

increased number of Mauthner cells is compensated for by a reduced number of synapses 

formed on target cells in the spinal cord, maintaining overall normal neuronal signals (Liu et 

al., 2003). The phenotype of the increased number of Mauthner cells is rescued by 

overexpressing N1ICD, which indicates that Notch1a contributes to the regulation of 

neurogenesis, at least in the hindbrain. In the developing spinal cord, notch1b and notch3 are 

expressed in NSPCs, while notch1a is expressed in both NSPCs and IPs (Appel et al., 2001). 

When treating embryos with DAPT, or in mib-deleted mutants, the NSPCs of the spinal cord 

are lost and all the progeny generated are neurons (Kim et al., 2008a; Park and Appel, 2003). 

These results show that Notch maintains spinal cord progenitors and prevents their 
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differentiation. Interestingly, in NSPCs, Notch signaling was shown to potentialize Hedgehog 

signaling (Jacobs and Huang, 2019; Huang et al., 2012). 

Still using the mib-deleted mutants, Sharma et al. showed that the inhibition of neurogenesis by 

canonical Notch signaling is essential for the initial formation and apicobasal polarization of 

NSPCs in the dorsomedial domains and not the ventral domains of the anterior spinal cord 

(Sharma et al., 2019).  

 

Maintenance of tissue boundaries 

In the hindbrain, Notch signaling has also been shown to maintain the morphogenetic 

rhombomere boundaries. notch1a is co-expressed with notch1b and notch3 at the centers of 

rhombomeres, whereas at rhombomeres boundaries notch1a is only co-expressed with notch3 

(Qiu et al., 2009). mib deletion induces disruption of the rhombomere boundaries by inhibiting 

Notch signaling, using her4 or her6 as activation readouts (Qiu et al., 2009; Zhang et al., 2007). 

At 24 hpf, notch1a-deleted mutants as well as notch1b and notch3 morphant embryos do not 

show a rhombomere boundary phenotype (Qiu et al., 2009). In the notch1a mutant injected with 

notch3 morpholino (MO), cells aggregate and organize in rosette-like structures in the posterior 

hindbrain, while boundary cells differentiate into neurons therefore reducing the total number 

of boundary cells. These results indicate that Notch1a and Notch3 have redundant functions in 

controlling hindbrain patterning and neurogenesis. notch3 deletion leads to the loss of the 

progenitors at rhombomeres centers, impacting overall neurogenesis, and to the differentiation 

of the majority of rhombomere boundary progenitor cells (Alunni et al., 2013; Belmonte-

Mateos et al., 2023; Hevia et al., 2022). This result reveals that Notch3 is necessary for the 

maintenance of the progenitor state at rhombomere centers and boundaries, which therefore are 

maintained during embryonic development. Interestingly, at boundaries, deltaD is expressed 

underneath NPs, which supports the possibility of a lateral inhibition mechanism along the 

dorsoventral axis, maintaining progenitor cell stemness before their final neurogenic 

differentiation (Hevia et al., 2022).  

 

Binary cell fate choice 

Notch signaling maintains neural progenitors by lateral inhibition, but also mediates binary cell 

fate choices in NSPCs. In the developing zebrafish retina, notch1b and notch3 are expressed by 

differentiating Müller glial cells (dMGs), and jag2b is expressed by photoreceptors (Jin et al., 

2022). jag2b deletion prevents the maturation of the dMGs and generates another type of cells 
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instead, the bipolar cells. Conversely, overexpression of notch3 or notch1b in dMGs increases 

the number of mature MGs. These results indicate that Notch1b/Notch3 and Jag2b participate 

in the regulation of binary cell fate choice by promoting glial fate in the zebrafish developing 

retina. 

 

Other studies have shown that notch3 deletion also decreases the NPs pools and the number of 

OPCs in the medial region of the hindbrain, and increases the number of neurons (Zaucker et 

al., 2013). This result suggests that Notch3 maintains the progenitors in the hindbrain but also 

contributes to the binary cell fate choice by stimulating the generation of OPCs and limiting the 

generation of neurons. Interestingly, heterozygote mutants express higher levels of progenitor 

markers and display elevated cell death compared to wild-type and homozygous mutants 

(Zaucker et al., 2013). This result suggests that the differentiation of some progenitors might 

be delayed by the partial reduction of Notch3 signaling and that some delayed progenitors could 

undergo apoptosis. Further analyses will have to consider the potential dose-dependent effect 

between heterozygote and homozygote mutants.  

 

The developing spinal cord features distinct neurogenic regions along the dorsoventral axis 

(Frith et al., 2024). In the more ventral regions, the progenitors are classified as p3, motor 

neuron progenitors (pMNs) , and p2. The MO-mediated deletion of notch3 reveals its role in 

binary cell fate decision and maintenance of pV2 progenitors together with Notch1a and 

Notch1b (Okigawa et al., 2014). Notch1 was implicated in binary cell fate decision in pMNs 

progenitors by specifying sibling cells for different neuronal fates and contributing to lateral 

inhibition mechanisms maintaining the neighboring pMNs progenitor state (Shin et al., 2007). 

In the P3 domain of the developing spinal cord, Notch regulates binary cell fate choice between 

neurons and perineurial glia, and in the pMN domain, Notch limits the generation of motor 

neurons and promotes the formation of OPCs by respecting a specific timeline (Kim et al., 

2008b; Kim et al., 2008b; Park and Appel, 2003). The importance of the timeline for the fate 

decision is also true in the lateral floor plate (LFP) where the total quantity of Notch signaling 

received by a cell, which depends on the duration of signaling, guides the cell fate toward 

Kolmer-Agduhr (KA) interneurons, V3 interneurons, and LFP progenitors fate in a sequential 

manner (Jacobs et al., 2022). In the p2 domain, where NSPCs divide asymmetrically to give 

rise to V2a and V2b neuron pairs, Delta-Notch interactions between sister cells are crucial for 

the asymmetry (Kimura et al., 2008). 
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Roles of Notch ligands 

Regarding Notch ligands, single-cell transcriptomic data highlights their medium expression in 

NSPCs and their increased expression in IPs (Liu et al., 2022). In the developing hindbrain of 

24 hpf embryos, dla and dld are expressed in stripes adjacent to the rhombomere boundaries, 

while dlc is weakly expressed (Cheng et al., 2004; ZFIN). In the developing spinal cord, dla 

and dld are broadly expressed in all the cells, whereas dlb expression is specific to the newborn 

neurons (Appel et al., 2001). In single dlc- or dld-deleted zebrafish mutants, neurogenesis is 

increased in the hindbrain at similar levels than in the double mutants (Jülich et al., 2005; Holley 

et al., 2000). This result indicates that Dlc and Dld do not have overlapping functions during 

hindbrain neurogenesis, but allow lateral inhibition in distinct cells (Jülich et al., 2005). In the 

ventral spinal cord, Jag, and in particular Jag2b is involved in the maintenance of NSPCs by 

Notch signaling, while Dla has the same function but throughout the dorsoventral domains 

(Jacobs et al., 2022; Yeo and Chitnis, 2007; Appel et al., 2001).  

 

Roles of Notch effectors 

One possible effector of Notch signaling in zebrafish embryos is Her6, whose expression has 

been described since 8 hpf embryos in the hindbrain and the forebrain midline (Pasini et al., 

2001). her6 is expressed in an oscillatory manner (around 2 hours periodicity) in proliferating 

NPs of the embryonic telencephalon. However, the fact that PEST-domain-mediated protein 

destabilization in early embryos only mildly affects neurogenesis was suggested to be due to 

compensation by a cell-cell coupling mechanism (Doostdar et al., 2024). 

 

In the adult zebrafish 

In adult zebrafish, the functions of Notch signaling are mostly studied in the telencephalon, the 

retina, and the spinal cord. In adult zebrafish pallium, notch1a, notch1b, notch2, and notch3 are 

expressed along the telencephalic ventricular zone (Chapouton et al., 2010). In situ 

hybridizations showed that the expression notch1a appeared too weak to be reliably assigned 

to a specific cell type, and notch2 expression was not detectable (Alunni et al., 2013). notch3 

expression is enriched in qNSCs, and co-expressed with notch1b in aNSCs (Chapouton et al., 

2010). 
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Maintenance of NSCs (in larvae) 

The Moens lab generated the notch3fh332 null allele, which harbors a nonsense mutation that 

introduces a premature stop codon in the 8th Notch3 EGF repeat (Alunni et al., 2013; 

https://research.fredhutch.org/moens/en.html). As homozygous notch3fh332 mutants die at 10-15 

dpf, analyses of the effect of a complete genetic blockage of Notch3 signaling were conducted 

in the larval pallium. At 7 dpf, 75% of all NSCs are proliferating. In homozygous notch3fh332 

mutants, on the contrary, 100% of NSCs are activated (Alunni et al., 2013). As in the adult, this 

forced NSCs activation is biased toward symmetric gliogenic divisions. At 10 dpf, the 

proportion of neurons is significantly increased in homozygous notch3fh332 mutants, with a 

concomitant decrease in the proportion of IPs, while in wild-type siblings these values are not 

significantly changed (Than-Trong et al., 2018). Together, these findings indicate that, in 

addition to promoting NSCs quiescence and limiting amplifying NSCs divisions, Notch3 is 

necessary to maintain the NSCs progenitor state. 

 

Maintenance of qNSCs 

In the adult zebrafish pallium, Notch signaling maintains NSCs quiescence via lateral 

inhibition. Treating zebrafish for 2 days with DAPT increases the number of PCNApos cells, 

which represent aNSCs, while the percentage of qNSCs is divided by two (85.8 to 42.5%) 

(Chapouton et al., 2010). Similarly, electroporation or lipofection of constructs inhibiting Notch 

signaling (e.g. expression of Dl1-dominant negative) also increases the percentage of 

proliferating cells. Adult heterozygous notch3fh332 mutants (viable and fertile) were treated with 

suboptimal doses of LY, showing that lower LY treatment was sufficient to induce proliferation 

in a subpopulation of NSCs (Figure 11) (Alunni et al., 2013). In addition, MO-mediated notch3 

deletion increased the proportion of proliferating NSCs (Figure 12A-C) (Alunni et al., 2013). 

These results indicate that Notch signaling, and particularly Notch3, contributes to the 

maintenance of NSCs quiescence.  
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Figure 11: Notch3 inhibition accounts for the effect of Notch blockade on RG activation (from Alunni et al., 

2013) 

(A-F) Triple immunohistochemistry for the radial glia marker glutamine synthetase (GS, green), the proliferation 

marker MCM5 (magenta) and the neuron marker HuC/D (blue) on telencephalic cross-sections from adult 

notch3+/+ siblings and notch3fh332/+ heterozygotes under control conditions (top row) or upon LY treatment (middle 

and bottom rows). Scale bar: 20 μm. Confocal projection images from four optical planes, each 1 μm thick. 

(G) Proportion of RGs in proliferation in the different genotypes and treatment conditions, as well as in the standard 

AB wild-type line. p<0.0001 (n= 3 brains for AB, notch3+/+ and notch3fh332/+, respectively). 
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Figure 12: Notch3 inhibition in isolated pallial neural stem cells induces their proliferation (from Alunni et 

al., 2013) 

(A,B) Adult brains were electroporated (EP) with a fluorescein-tagged splicing MO against notch3 (notch3-MO) 

or a control MO, and the proliferation status of the electroporated cells was analyzed two days after using BrdU 

and immunostaining. S100β marked radial glia (RG). Arrows indicate fluorescein-labeled RG BrdUpos cells. Scale 

bar: 20 μm. Confocal projection images from four optical planes, each 1 μm thick.  

(C) Proportion of BrdUpos cells within the radial glia MO-targeted population. p<0.001 (n= 3 brains for each 

condition). 

 

In the adult zebrafish retina, which displays active proliferative and neurogenic activities 

throughout life, notch3 is expressed in Müller glia cells, while deltaB expression is enriched in 

neurons, and Notch3 is required to maintain the Müller glia in a quiescent state, via its 

interaction with Dlb (Campbell et al., 2022; Hernández-Núñez et al., 2021). In the adult 

zebrafish retina, the other Notch receptors are necessary for proliferation during regeneration 

(Campbell et al., 2021). Similarly, in the adult zebrafish spinal cord, which shows very little, if 

any, proliferation and neurogenesis, Notch signaling is involved in the regulation of cell 

proliferation during regeneration (Hernández-Núñez et al., 2021; Reimer et al., 2008). In 

lesioned spinal cords, the expressions of notch1a, notch1b, and notch2 are increased in the VZ 

(Cardozo et al., 2017; Dias et al., 2012). As indicated by the upregulation of notch1b and her4.1 

in pMNs, Notch signaling is activated in these cells. In the lesion condition, overexpression of 

N1ICD prevents pMNs proliferation around the lesion site, whereas DAPT treatment increases 

their proliferation (Dias et al., 2012). Interestingly, the increased number of motor neurons 

(MN) does not improve the fish recovery. These results show that Notch signaling maintains 
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pMNs in a non-proliferating state, and Notch is precisely regulated to control the onset of 

neurogenesis in the lesioned spinal cord. 

In the adult zebrafish pallium, Notch regulates the onset of neurogenesis. In the DAPT 

condition, the expressions of ascl1a, as well as the IP marker Polysialylated neuronal cell 

adhesion molecule (PSA-NCAM) and the newly formed neurons marker hu are increased 

(Chapouton et al., 2010). Interestingly, even if PSA-NCAM is also detected in S100βpos cells, 

suggesting that the transition from aNSC to IP is accelerated, forced aNSCs follow the same 

schedule as normal progenitors for neural differentiation.  

 

Maintenance of aNSCs 

In the adult zebrafish pallium, Notch maintains aNSCs. Electroporation of a MO mediating 

notch1b blockade does not affect the proportion of proliferating NSCs 2 days after 

electroporation but strongly decreases this proportion by 5 days (Alunni et al., 2013). This 

decrease is mostly due to the acquisition of premature neuronal fate by aNSCs. This result 

shows that Notch1b has a striking different role than Notch3, and prevents the differentiation 

of aNSCs.  

 

Cell fate choice 

In the adult zebrafish pallium, Notch contributes to the cell fate choice of daughter cells. Indeed, 

the aNSCs negative for the expression of dla, divide to generate one dla-negative (dlaneg) NSC 

seemingly identical to its mother, and one dlapos NSC, that will further divide at higher 

frequency and finally generate IPs (Mancini et al., 2023). The mechanisms underlying this 

molecular asymmetry are still unknown. However, Notch signaling may be activated at a higher 

level in the dlaneg cells by lateral inhibition to maintain the NSCs pool over time. 

 

Roles of Notch ligands 

Classically, lateral inhibition preferably relies on Delta ligands and Her, while lateral induction 

involves the Jagged ligand and an Hey1 effector (Yoshihara and Takahashi, 2023). While dla, 

dlb, dld, dll4, jag1a, jag1b, and jag2 are also expressed in the telencephalic VZ, almost all 

dividing cells express dla (Chapouton et al., 2010). Interestingly, in control pallia of the DAPT 

experiment, PCNApos dividing cells are spaced from each other by several cell diameters, and 

most of the newly dividing cells were not in contact with former 5′-bromo-2′-deoxyuridine 

(BrdU)pos dividing cells (Chapouton et al., 2010). In contrast, in DAPT-treated pallia, many 
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newly dividing cells are located close to the former dividing cells. Conversely, overexpression 

of N1ICD is sufficient for the NSCs to enter quiescence. These results demonstrate that Notch 

signaling is activated by dividing neighbors to maintain quiescence. In the lesioned spinal cord 

of adult zebrafish, the expression of jag1b is increased in the VZ, while the expression of dlc is 

increased in newly generated MN (Dias et al., 2012). This result suggests that Notch1b is 

activated in pMNs by its neuronal progeny and that the interaction Notch1b-DeltaC prevents 

pMNs proliferation.  

 

Roles of Notch effectors 

On the side of the effectors, in the adult zebrafish telencephalon, hey1, her4, and her6 are 

expressed at the midline and dorsally, while the expression of her8, her9, and her15 are limited 

to the midline (Than-Trong et al., 2018; Chapouton et al., 2011). As in the hypothalamus and 

the posterior midbrain, these genes are expressed by qNSCs but are generally excluded from 

aNSCs in the telencephalon (Chapouton et al., 2011). In the pallium, it has been shown that 

Notch3 drives the NSC quiescence with the effector Her4, and the NSC stemness with the 

effector Hey1 (Than-Trong et al., 2018). In the adult zebrafish retina, her4 and hey1 are 

expressed in Müller glia cells and her6 in Müller glia cells and retinal IPs, and Notch3 effector 

for the maintenance of quiescence is Her4, possibly with the help of Hey1, whereas Her6 

promotes retinal IPs proliferation and inhibits neurogenesis (Campbell et al., 2022). In the 

lesioned spinal cord of adult zebrafish, the Notch1b effector for maintaining pMNs quiescence 

may be Her4.1 (Dias et al., 2012). 

 

Conclusion 

In general, in the studied neurogenic regions of mouse embryos (neural tube, MHB and 

cerebellum, all forebrain, telencephalon, hippocampus, roof plates of the diencephalon and the 

mesencephalon, spinal cord, and retina) and zebrafish embryos (telencephalon, hindbrain, 

spinal cord, and retina), Notch signaling has redundant functions for maintaining NSPCs, and 

precisely balancing self-renewal and differentiation, therefore gating gliogenesis and 

neurogenesis and participating in binary cell fate decisions. Notch activity also contributes to 

the correct morphogenesis of neural tissues. However, some functions have only been seen in 

one of the two models. In mouse embryos, Notch signaling participates in the regulation of 

NSPCs apoptosis, whereas in zebrafish embryos, Notch contributes to maintaining tissue 

boundaries.   
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In the studied neurogenic niches of adult mice (SVZ,  SGZ, and spinal cord) and adult zebrafish 

(telencephalon, retina, and regenerative spinal cord), Notch signaling still has redundant 

functions for the maintenance of the stemness of NSCs and therefore their sustained neurogenic 

potential, the binary cell fate decisions, the proliferative capacities of aNSCs, and the 

quiescence of qNSCs. In both models, Notch activity also regulates the neurogenic regeneration 

process. Moreover, in adult mouse, Notch maintains astrocytes quiescent and inhibits their 

astrocyte-to-neuron differentiation, while it also participates in neuronal differentiation of IPs 

in the spinal cord.  

 

In embryos, Notch1 and Notch2 in mice, and Notch1a, Notch1b, and Notch3 in zebrafish, play 

at least partially redundant roles in maintaining NSPC progenitor states. In adult mice and 

zebrafish, Notch1 and Notch1b prevent aNSC differentiation. In adult mice, Notch2 keeps 

NSCs in a quiescent state, sharing a partially redundant function with Notch3, while in larval 

zebrafish, Notch3 maintains the progenitor state of NSCs, and in adult zebrafish, Notch3 

ensures that NSCs remain quiescent. 

 

3.4 Why study Notch3 in zebrafish neural progenitors? 

Notch3 signaling sustains neural progenitors throughout life and maintains quiescence in adult 

NSCs, but its precise mechanisms of action and the long-term effects of its invalidation remain 

only partially understood. To gain insight into these aspects, we need to delineate the specific 

characteristics of the Notch3 pathway compared to other Notch pathways in the NSC context, 

including its ligands, targets, and regulatory mechanisms. Additionally, we must distinguish the 

functions of Notch3 in the nucleus, such as the role of N3ICD as a transcription factor, and the 

functions of Notch3 at the membrane, as a signaling pathway modulator or guardian of 

epithelial integrity. Moreover, it is crucial to examine the consequences of Notch3 loss-of-

function using mosaic contexts, to be able to address its effects in both directly invalidated cells 

and the surrounding tissue.   

Traditional KD methods commonly used in our lab to test gene function in adult pallial NSCs, 

present significant limitations hindering the detailed analysis of these aspects. 
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4. Development of a new method to study the functions of Notch3 signaling  

 

I will focus here on loss-of-function methods, which are often more informative than gain-of-

functions to reveal gene function. Indeed, while gain-of-functions provide information about 

what a gene can do (i.e., on sufficiency), overexpression conditions can mimic the activity of 

related genes, can lead to non-physiological responses due to dose effects, and do not 

necessarily reveal what a gene is needed for under physiological conditions (i.e., necessity).  

 

Loss-of-function methods, including both KD and KO approaches, are extensively employed 

in functional genomics to investigate the roles of specific genes in vivo (Zimmer et al., 2019). 

These methods involve either reducing or eliminating gene expression or activity. KD involves 

reducing the amount of functional protein through perturbation at the DNA, RNA, or protein 

level, while KO results in a genetic alteration that entirely abolishes gene function. Gene 

functions are then examined through changes in phenotype, transcriptome, and other molecular 

markers. To study Notch3 signaling functions in zebrafish NSPCs, researchers have used both 

MO-mediated gene KD and genomic notch3 KO mutants (Sidik and Talbot, 2015; Jin et al., 

2022; Zaucker et al., 2013; Pogoda et al., 2006; Alunni et al., 2013; Belmonte-Mateos et al., 

2023; Hevia et al., 2022; Than-Trong et al., 2018). It is worth remembering that 

pharmacological methods, e.g., the use of ɤ-secretase inhibitors, which have been used in 

zebrafish, including by our lab, are not specific to Notch3 (Feng et al., 2024). 

 

When used in the study of NSCs in zebrafish, classic MOs, coupled to a fluorophore or mixed 

with DNA to be charged, are typically injected into embryos at the one-cell stage or injected 

into the ventricle and electroporated into the adult brain (Figure 12A-C) (Alunni et al., 2013). 

Vivo-MOs are injected into the ventricle of the adult brain where they passively penetrate the 

membranes of contacting cells thanks to their delivery moiety, consisting of positively charged 

arginine-rich polypeptides that aggregate at the membrane, promote membrane pore formation 

and stabilization, and eventually cross (Vazdar et al., 2018). Two types of MO applications in 

zebrafish are splice blocking and translational blocking (Bill et al., 2009). MO are antisense 

oligonucleotides designed to bind to an intron/exon boundary of a target gene pre-mRNA, 

blocking splicing through complementary base-pairing, or binding the 5’ Untranslated region 

(UTR) or the sequence containing ATG to prevent ribosomal activity. Both types of MOs are 

used against zebrafish notch3 and almost exclusively in embryos (Kim et al., 2014; Okigawa et 
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al., 2014; Alunni et al., 2013; Mizoguchi et al., 2011; Qiu et al., 2009; Hsiao et al., 2007; Liu 

et al., 2007; Ma and Jiang, 2007).  In the laboratory, we use a splice MO that binds between 

exon 1 and intron 1 and generates a small non-functional polypeptide lacking all the functional 

domains of the Notch3 protein (Alunni et al., 2013). As previously described, this MO revealed 

that Notch3 plays a crucial role in maintaining the quiescent state in adult NSCs (Alunni et al., 

2013). However, both classic and vivo-MOs remain functional for only a few days, depending 

on MO dose, delivery method, metabolism and dilution, and target mRNA turnover, and most 

MO KD are incomplete and result in the formation of small amounts of protein, while increasing 

the injection dose is strongly discouraged (Moulton, 2017; Zimmer et al., 2019; Bill et al., 

2009). Further, MOs are prone to off-target effects, binding to non-target transcripts or causing 

toxicity, which often results in significant non-specific phenotypes in zebrafish, primarily due 

to the activation of p53-mediated apoptosis (Robu et al., 2007). The mechanisms of MO-

induced p53 activation, immune responses, splice defects, and non-target binding are not well 

understood, making it difficult to minimize off-target effects (Zimmer et al., 2019).  

 

Loss-of-function studies were similarly conducted using Notch3 mutants and resulted in similar 

phenotypes as those observed with the notch3-MOs. As described before, analysis of notch3 

mutants revealed the important role of Notch3 in maintaining the progenitor state in NPs 

(Alunni et al., 2013; Belmonte-Mateos et al., 2023; Hevia et al., 2022). The notch3fh332 allele 

has a nonsense mutation that introduces a premature stop codon at amino acid 669 within the 

EGF repeats region, and results in a non-functional truncated protein lacking most of the 

extracellular and all of the transmembrane and intracellular domains of Notch3, and at the origin 

of a complete loss-of-function in homozygous mutants (Alunni et al., 2013). The homozygous 

notch3fh332 mutants die prematurely at the juvenile stage, which prevents their use in adult 

studies (Alunni et al., 2013). Two other notch3 mutants inducing complete loss-of-function 

have been described: notch3ion36h which generates a premature stop codon at amino acid 1303 

within the EGF repeats region, and notch3zm which has a sequence of 158 pb inserted in its 5’-

UTR region (Jin et al., 2022; Zaucker et al., 2013; Pogoda et al., 2006). The hypomorph 

notch3st51 mutant, which mostly forms transcripts with a premature stop in the EGF repeat 

region, also forms a minority of transcripts deleted from 15 pb conserving their reading frame 

and having a residual gene activity (Zaucker et al., 2013). Interestingly, while the notch3 

heterozygotes mutants do not display any overt morphological abnormalities, in the hindbrain 

of 2-3 dpf notch3st51 and notch3zm heterozygotes, the number of RGs progenitors is increased, 
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and apoptosis is exacerbated when compared to WT and homozygotes (Zaucker et al., 2013). 

However, the adult notch3fh332 heterozygote pallium appears normal (Alunni et al., 2013).  

notch3 loss-of-function mutants can have effects starting from early embryonic stages, and for 

a pleiotropic gene like notch3, it affects not only neural progenitors but also other cell types, 

such as brain pericytes (Bahrami and Childs, 2018; Wang et al., 2014). The notch3fh332 larvae 

exhibit a reduced pericyte population, and compromised BBB and brain vascular integrity, 

resulting in brain hemorrhage. This makes it challenging to distinguish the direct effects of 

notch3 KO on NSCs from those in other cell types that contribute to the NSC niche and thereby 

may affect neural progenitor behavior. In heterozygous notch3 mutants, the mild embryonic 

defects may have consequences on adult NSCs and complexify the analysis of the loss-of-

function effects in adults. Further, mutations inducing a premature stop codon have been 

reported to be able to evoke transcriptional adaptation-derived genetic compensation leading to 

complications and confusion in the study of gene functions (Rossi et al., 2015; El-Brolosy et 

al., 2019; Ma et al., 2019). Both MOs and mutants targeting notch3 have technical limitations, 

yet these can be addressed through the use of alternative methods to further dissect Notch3 

function. 

 

4.1 Objectives of the method developed in my PhD 

My PhD research aims to circumvent the limitations of existing methods, particularly for long-

term loss-of-function studies, by developing a new approach to achieve conditional in vivo loss-

of-function of notch3 in zebrafish neural progenitors. I also wished the loss-of-function to be 

tractable in vivo, i.e., monitored using molecular markers to identify the notch3-depleted cells. 

Finally, given the complexity of canonical and non-canonical Notch3 signaling (membrane 

activity, potential cytoplasmic roles, etc.), I also wanted loss-of-function effects to be confined 

to the nucleus, where the activated effector N3ICD acts as a transcription factor, to accurately 

interpret phenotypes resulting from canonical Notch3 activity. 

In summary, the method must meet the following objectives:  

(i) Enable conditional (with cell type and time specificity), long-term, and tractable 

notch3 loss-of-function specifically in neural progenitors 

(ii) Target only the nuclear functions of notch3 
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4.2 Conditional, long-term, and tractable loss-of-function 

Conditional expression systems offer precise control over the timing, duration, extent, chase 

period, and targeted cell types for the induction of gene expression. The Cre-loxP system, 

widely used in mice for conditional genetics, involves two transgenes: one transgene expressing 

Cre, a site-specific recombinase from bacteriophage P1, and one transgene bearing two loxP 

sites, recognized by Cre (Carney and Mosimann, 2018). Each loxP site comprises two 13 base 

pairs (bp) palindromic repeats flanking an asymmetric core spacer (Tian and Zhou, 2021). Cre 

recombinase mediates either excision (if the loxP sites are oriented in the same direction) or 

inversion (if oriented oppositely) of the sequence between the sites (Carney and Mosimann, 

2018). The latter sequence can be an endogenous coding exon ("floxed" allele) or a transgenic 

cassette with stop and/or coding sequences ("switch" allele), allowing for the switching of 

multiple fluorophores, such as in the ubi:loxP-GFP-loxP_mCherry (ubi:Switch) and the 

ubi:zebrabow lines (Mosimann et al., 2011; Pan et al., 2013). Coupling this with a Cre driven 

by a cell-specific promoter enables tissue-specific gene KO or regulation of transgene 

expression. 

 

The timing of Cre activity is controlled using Cre fused to a mutant estrogen ligand-binding 

domain that binds tamoxifen (CreERT2) (Felker et al., 2016). This fusion protein keeps Cre in 

the cytoplasm until chemically induced for nuclear import. ERT2 is insensitive to natural 

estrogen but highly affine to synthetic estrogen mimics like tamoxifen metabolites (4-

hydroxytamoxifen (4-OHT) and N-desmethyl-4-hydroxytamoxifen (Endoxifen)). The choice 

of drug, its concentration, and treatment duration influence the extent of tissue recombination, 

facilitating either mosaic induction for clonal analysis or complete induction in all cells 

expressing Cre. 

 

In mice, many floxed alleles are available for conditional gene deletion, whereas this approach 

has been less common in zebrafish due to challenges in generating endogenous floxed alleles 

(Li et al., 2019). Zebrafish homologous recombination (HR)-mediated KI is less efficient than 

in mice, but recent advances in KI strategies are promising. One-step non-homologous end 

joining (NHEJ)-mediated insertion now provides an alternative to low-efficiency HR insertion 

and multiple KI steps (Shin et al., 2023; Li et al., 2019). This method enables the insertion of a 

dual-function allele for both tagging the protein of interest (POI) and conditional gene KO. 
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In zebrafish, numerous loxP-stop-loxP transgenic lines have been created. These lines prevent 

downstream transgene expression until Cre recombination, allowing for temporal control of 

expression (Carney and Mosimann, 2018). To maximize post-recombination transgene 

expression, ubiquitous promoters like beta-actin2 (bact2) or ubiquitin b (ubi) are used. These 

promoters are broadly and robustly expressed during development, and, except for the 

erythrocyte-specific silencing of the bact2 promoter, their activity remains strong in later stages 

(Lalonde et al., 2022). Cre-mediated recombination is irreversible, ensuring permanent 

transgene expression in recombined cells and their progeny. 

 

Fluorescent cassettes downstream of loxP sites can track recombination in transgenic cells 

(Carney and Mosimann, 2018). For example, when a fluorescent cassette is downstream of 

loxP-flanked stop codons, recombined cells fluorescence can serve as an expression reporter 

for lineage tracing. Conversely, when the fluorescent cassette is between two loxP sites, 

recombination results in a loss of fluorescence. 

 

4.3 Targeting nuclear protein functions 

Loss-of-function techniques targeting DNA (gene editing) or RNA (interfering RNA) are not 

specific to particular cell compartments, whereas methods that directly target a POI can be 

compartment-specific, such as targeting a POI inside the nucleus. Direct protein targeting is 

also faster than targeting DNA or RNA because it does not depend on the presence and the half-

life of RNAs and proteins. In vivo, proteins can be depleted by sequestering (Rothbauer et al., 

2008), neutralizing (Joshi et al., 2023), cleaving (Harder et al., 2008), or degrading (Joshi et al., 

2023; Caussinus et al., 2011). Further, degrading the POI is likely to minimize non-specific 

phenotypes resulting from protein aggregation, hypomorphism, or conserved protein functions 

when compared to the sequestering, neutralizing, and cleaving methods. 

 

Within cells, proteolysis is primarily conducted by the lysosomes and the proteasomes. 

Lysosomes are cellular compartments restricted to the cytoplasm, where they eliminate long-

lived proteins, insoluble protein aggregates, entire organelles, macromolecular compounds, and 

intracellular parasites via endocytosis, phagocytosis, or autophagy pathways (Zhao et al., 2022). 

Proteasomes are protein complexes present in various cell compartments, including the nucleus 

(but excluding the nucleolus), where they eliminate poly-ubiquitinated short-lived proteins and 

soluble misfolded proteins (Zhao et al., 2022). 
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The ubiquitin-proteasome pathway relies on the ATP-dependent covalent attachment of 

multiple ubiquitin molecules to lysine residues of the target protein through a cascade of 

enzymes (E1, E2, and E3) (Nandi et al., 2006). E3 enzymes, known as ubiquitin ligases, are 

crucial for substrate specificity and thus exhibit significant diversity. SKP1-CUL1-F-box 

protein ligase complexes (SCFs) are a type of E3 enzyme. The F-box protein within these 

complexes is responsible for substrate specificity through its interaction motifs and for 

interacting with SKP1 through its F-box domain. 

 

The 26S proteasome, the primary proteasome for protein degradation in both the cytosol and 

nucleus of eukaryotic cells, recognizes poly-ubiquitinated proteins via its 19S regulatory 

particle (Bard et al., 2018). The protein is then de-ubiquitinated and translocated through one 

of the proteasome's axial pores into the 20S core, which contains the proteolytic active sites. 

This process is ATP-dependent. Protein degradation within the proteasome generates short 

peptides, which diffuse out of the proteolytic chamber and are subsequently hydrolyzed to 

amino acids by soluble peptidases (Tanaka, 2009). 

 

Various techniques leverage the ubiquitin-proteasome pathway to deplete endogenous proteins 

and achieve protein KD. One such technique involves antibody-based proteolysis targeting 

chimeras (PROTACs), which consists of a ligand binding to the POI and an E3 ubiquitin ligase, 

connected by a linker (Joshi et al., 2023). This tool binds to the POI, inducing its ubiquitination 

and subsequent degradation. Some PROTACs have been modified by replacing the POI ligand 

with consensus DNA or RNA sequences, enabling efficient targeting of RNA-binding proteins 

and transcription factors (Li et al., 2021; Liu et al., 2021; Samarasinghe et al., 2021). 

 

Other techniques use POI-specific antibodies to direct the protein for proteasomal degradation, 

such as the auxin-inducible degron (AID), zinc finger 1 (ZIF-1), and degrade Green Fluorescent 

Protein (deGradFP) systems, which utilize nanobodies (Yamaguchi et al., 2019; Caussinus et 

al., 2011). Nanobodies (Vhh) are derived from camelid antibodies and have the advantage of 

being small in size, making it easier to access the nucleus or other cellular compartments that 

can be difficult to reach (Harmand et al., 2021). Additionally, nanobodies consist of only one 

Fv portion, simplifying their genomic integration for transgenesis. However, in zebrafish, both 

AID and ZIF-1 have shown inefficiency, with AID also exhibiting leakage and toxicity at high 

doses (Yamaguchi et al., 2019). 
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4.4 deGradFP and related methods 

The deGradFP system operates with two main components: a destabilizer, or degron, fused to 

the POI, and an effector that targets the POI for degradation (Figure 13A) (Caussinus et al., 

2011). The degron is the Green Fluorescent protein (GFP) or one of its derivatives, and the 

effector comprises the F-box domain of the drosophila F-box protein Slimb (NSlmb), fused to 

the nanobody VhhGFP4, which specifically binds GFP. NSlmb interacts with SKP1 of the SCF 

ubiquitin ligase complex, and VhhGFP4 binds to the GFP tag. This arrangement brings the 

tagged protein close to the E3 ligase, facilitating its ubiquitination and subsequent degradation. 

 

 

Figure 13: Three degron-based protein degradation systems: deGradFP, zGrad and Ab-SPOP (from 

Yamaguchi et al., 2019) 

See text for description. 
 

By making use of the proteasomal pathway, the deGradFP system exploits a conserved, 

“universal” protein degradation pathway. Its efficiency has been demonstrated in transfected 

mammalian cells and in vivo in drosophila for nuclear, cytoplasmic, and transmembrane 

proteins (Caussinus et al., 2011). Efficiency was assessed by monitoring GFP degradation in 

fusion proteins, conducting Western Blotting, confirming the phenocopy of the corresponding 

loss-of-function mutations, and partially rescuing these phenotypes using the proteasome 

inhibitor MG132 (Caussinus et al., 2011). 

Although deGradFP is less effective for degrading proteins within large complexes and free 

GFP, it has several advantages (Caussinus et al., 2011). It uses a single nanobody to target GFP-

tagged proteins, eliminating the need to develop a specific nanobody for each target. deGradFP 

is relatively easy to implement due to the availability of libraries of endogenous GFP-tagged 

proteins in zebrafish and requires only one transgene. The GFP tag allows for monitoring the 

presence and localization of the POI through live imaging. Additionally, the effect of deGradFP 

is observable in vivo less than three hours after expression induction (Caussinus et al., 2011). 
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To increase its efficiency for use in zebrafish, deGradFP was adapted by replacing the 

drosophila NSlmb portion of the effector with the F-box portion of the zebrafish ortholog 

Fbxw11b (F-box and WD-40 domain protein 11b), creating a method named zGrad, for 

zebrafish deGradFP (Figure 13B) (Yamaguchi et al., 2019). To test its efficacy, zGrad mRNA 

was injected into one-cell-stage embryos or expressed under the control of a heat-shock 

promoter or a tissue-specific promoter to degrade GFP-tagged proteins in specific tissues. This 

showed that zGrad is effective on nuclear, cytoplasmic, and transmembrane proteins but not on 

secreted proteins, with effects visible within 2-3 hours of expression induction (Yamaguchi et 

al., 2019). 

Additionally, zGrad phenocopies loss-of-function mutations in developing embryos, showing 

phenotype severities inversely proportional to the remaining quantity of the POI (Yamaguchi 

et al., 2019). The degradation efficiency varied depending on the POI and its localization and 

was affected by the production levels of the tagged POI (not monitored). For instance, the GFP 

signal fused with the plasma membrane protein Cxcr4b (chemokine (C-X-C motif) receptor 4b) 

in the posterior lateral line primordium was reduced by 86% in the presence of zGrad, slowing 

down primordium migration (Yamaguchi et al., 2019). 

 

The initial deGradFP system has also been adapted to specifically target nuclear proteins by 

replacing NSlmb with a portion of the human F-box SPOP (speckle type BTB/POZ protein) 

which includes an F-box sequence and a nuclear localization signal (nls) (Figure 13C) (Shin et 

al., 2015). This adapted technique, named Ab-SPOP, has been successfully used in transfected 

mammalian cells and in vivo in zebrafish. Notably, Ab-SPOP is more efficient than deGradFP 

for nuclear protein degradation and depletes GFP-tagged proteins more rapidly than specific 

RNAi (Shin et al., 2015).  

In vitro, both Ab-SPOP and Ab-SPOPΔnls (lacking the nls signal) were effective for nuclear 

protein degradation (Shin et al., 2015). The mutated SPOPΔnls formed a heterodimer with 

endogenous SPOP, allowing it to enter the nucleus and remain functional for at least two days 

(Shin et al., 2015). Microinjections of Ab-SPOP mRNA into zebrafish embryos rapidly depleted 

nuclear GFP fusion proteins in vivo, creating KD phenotypes without causing developmental 

toxicity (Shin et al., 2015). For example, Citrine fused to Hmga2 (high mobility group AT-hook 

2), a nuclear protein involved in nucleosome and chromatin structure modulation, was 

efficiently depleted, and around 90% of the injected embryos exhibited various defects during 

early embryogenesis (Shin et al., 2015). 
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4.5 Adapting Ab-SPOP for conditional, long-term, and tractable nuclear Notch3 

knock-down in vivo 

In a recent study on planar cell polarity (PCP) signaling components, Jussila et al. conditionally 

expressed the zGrad system in newborn zebrafish embryos (Jussila et al., 2022). This system 

was placed downstream of a loxP-mCherry-stop-loxP sequence and activated using an 

improved Cre (iCre) specific to floorplate cells of the neural tube, driven by the foxj1a 

promoter. They targeted the degradation of a plasma membrane-localized PCP component, 

VANGL planar cell polarity protein 2 (Vangl2), and examined the mispositioning of the basal 

bodies of the floorplate cells (Jussila et al., 2022). The bact2:loxP-mCherry-stop-loxP_zGrad 

transgene was previously integrated into the genome using the tol2/transposase method, while 

Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9 was employed to KI 

the super folder GFP gene (sfGFP) at the endogenous vangl2 locus. The system functioned 

effectively, resulting in a mosaic depletion of sfGFP-Vangl2 fusion protein among floorplate 

cells. This allowed the researchers to highlight the cell non-autonomous functions of Vangl2. 

The depleted embryos exhibited varying severities of axial body curvature, with some surviving 

to adulthood despite having obvious spinal curvature. 

 

Building on this article and previous studies, my goal was to adapt the method to drive the 

conditional expression of the Ab-SPOP system, which targets nuclear proteins, in NSPCs, while 

also tagging endogenous Notch3 with GFP (Figure 14). To achieve this, I needed to generate 

zebrafish containing the KI at the notch3 locus and two specific transgenes. The GFP tag will 

be inserted in the intracellular domain of the Notch3 protein, marking the N3ICD, the only part 

of Notch3 translocated to the nucleus during pathway activation. This setup will also allow us 

to characterize Notch3 localization and the dynamics of Notch3 signaling by creating a tagged 

endogenous Notch3 protein. 
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Figure 14: Adapting Ab-SPOP for conditional, long-term, and tractable nuclear Notch3 knock-down in vivo 

(1) Ab-SPOP, also known as VhhGFP4-SPOP (V) is expressed after the recombination of the loxP-stop-loxP (l) 

cassette by Cre recombinase specifically in her4-expressing neural stem and progenitor cells (NSPCs). The Cre 

recombinase is fused to ERT2 sites and enters the nucleus in the presence of 4-OHT. Together with Ab-SPOP, a 

marker of expression is transcribed: P2A-nlsRFP (P).  

(2) Once translated, Ab-SPOP enters the nucleus, recognizes the GFP-tag on N3ICD and binds the endogenous 

ubiquitin ligase complex (Cul3, Rbx1, E2). N3ICD-GFP is then ubiquitinated (3) and degraded by the proteasome. 

(4) The transcription of Notch3 target genes is knocked down. 

 

The driver transgene, already existing, comprises the ERT2CreERT2 sequence (which includes 

two ERT2 sites to minimize background Cre activity and enhance inducibility) under the control 

of the NSPC-specific her4 promoter (Yeo et al., 2007). The second transgene, which I needed 

to generate, drives the conditional expression of the Ab-SPOP system, along with a fluorescent 

reporter, controlled by the bact2 promoter and a loxP-stop-loxP sequence.  

The degradation system will enable us to knock down Notch3 nuclear functions at various 

developmental stages (timing of treatment), control the number of recombined NSPCs 

(treatment conditions), track recombined NSPCs (via the fluorescence reporter), and monitor 
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Notch3-GFP degradation (using the GFP tag). Most notably, this approach provides the first 

opportunity to study the long-term effects of canonical Notch3 KD in NSPCs. 

 

Hypotheses 

Three main questions particularly motivated the project: 

 1. Among Notch signaling functions in NSPCs, what functions are characteristic of 

Notch3? 

2. What are the functions of Notch3 that are dependent (vs. independent) of nuclear 

NICD activity in NSPCs? 

3. What are the impacts of Notch3 loss-of-function in isolated NSPCs or cell clones? 

 

Question 1 had already been approached in vivo in embryos and young larvae using mutants 

and MOs (Sidik and Talbot, 2015; Jin et al., 2022; Zaucker et al., 2013; Pogoda et al., 2006; 

Alunni et al., 2013; Belmonte-Mateos et al., 2023; Hevia et al., 2022; Than-Trong et al., 2018). 

However, due to the lethality of the mutants and the short-term activity of MOs, the long-term 

effect of the loss-of-function in older larvae, juveniles, and adult NSPCs has never been 

addressed. Notch3 is necessary for setting up quiescence and maintaining the NSPCs in the 

pallium of young larvae, while it maintains quiescence in adults (Alunni et al., 2013). Moreover, 

the numbers of RGs and newborn neurons increase until 3 weeks of LY cyclic treatment and 

tend to normalize after 5 weeks (Figure 15A-E) (Alunni et al., 2013).  However, after 5 weeks 

of LY treatment, the total number of RGs begins to decrease while the percentage of RGs 

among the proliferative cells is stable (Alunni et al., 2013; supplementary material). If we agree 

with the hypothesis that Notch3 is the main LY target, this result could indicate that after 5 

weeks of Notch3 depletion, NSPCs are not only permanently proliferative but also begin to lose 

their progenitor state and differentiate into IPs. However, by targeting only Notch3 signaling, 

we open the possibility of possible compensation by the other Notch receptors for protecting 

the NSPCs pool. I hypothesized that long-term Notch3 loss-of-function in adults will be at the 

origin of NSPCs activation, and after a few weeks of KD, of the progressive NSPCs pool 

depletion. 
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Figure 15:  LY treatments of 3 and 5 weeks highlight a regulation of RG amplification but the maintenance 

of a NSC zone (from Alunni et al., 2013) 

(A-D) Cross-sections of the adult pallial ventricular zone in Tg(gfap:GFP) brains processed in triple 

immunocytochemistry for the detection of GFP (RG, green), HuC/D (neuron, magenta) and MCM5 (proliferation, 

gray). Adult fish were continuously treated with LY (or DMSO for controls) for 3 weeks (A,B) or 5 weeks (C,D). 

The LY solution was exchanged every week, with no loss of efficiency (not shown). Low magnification panels (A 

and B top panels) were used to measure the pallial ventricular surface (between arrows, see F). The horizontal 

yellow bar in A and B indicates the width of the subventricular neuronal domain. Scale bar: 10 μm. Confocal 

projection images from four optical planes.  

(E) Quantification of the total number of RGs per section following control (blue), 3-week (red) or 5-week (green) 

treatments.  

(F,G) Quantification of the pallial ventricular length (F) and width of the subventricular neuronal population (G) 

following control (blue) and 3-week (red) treatments. * p<0.05; ** p<0.001; *** p<0.0001 (n= 3 brains for each 

condition). 

 

Our adapted Ab-SPOP method knocks down the nuclear functions of notch3 only in her4pos 

cells and their progeny. Therefore, we hypothesized that even in the case of an early induction 

of the KD system in all the her4pos cells, the larvae must survive the mutant deadline of 10-15 

dpf, and long-term loss-of-function experiments could be conducted.  

 

Question 2 will be addressed for the first time in zebrafish with the Ab-SPOP method. Indeed, 

while mutants and MOs deplete all Notch3 functions, Ab-SPOP targets only Notch3 nuclear 

functions, including canonical signaling functions (Shin et al., 2015). The zebrafish pallium 

consists of an epithelial layer composed of NSPCs and IPs maintained together by AJCs, and 
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separating the CSF from the brain parenchyma (Sokpor et al., 2022). Moreover, NSPCs 

metabolism is regulated by many signaling pathways, and therefore, actors of different 

signaling pathways can be present at their membrane and in their cytoplasm (Zhou et al., 2022a; 

Acar et al. 2021; Borggrefe et al., 2016). Notch has been implicated in the regulation of cell 

junctional complexes and crosstalk with other signaling pathways, but the Ab-SPOP method 

will not approach these possible functions in NSPCs (White et al., 2023; Zhou et al., 2022a; 

Acar et al. 2021; Polacheck et al., 2017; Borggrefe et al., 2016). However, analyses of her4.1 

expression in adult zebrafish brains revealed that her4.1 is a direct target of Notch3 in NSCs, 

and that the functions of Notch3 in NSCs are essentially the result of the activation of the 

canonical pathway (Alunni et al., 2013). I, therefore, hypothesized that Ab-SPOP-mediated 

Notch3 KD will generate a phenotype close to the MO-mediated loss-of-function. 

 

For question 3, MOs showed that short-term notch3 loss-of-function in isolated adult pallial 

NSCs induces their activation (Alunni et al., 2013). However, the long-term effects of nuclear 

Notch3 depletion in isolated NSCs have never been studied. I hypothesized that after the 

induction of Ab-SPOP, isolated NSCs would activate and form clones of NSCs and more 

differentiated cells. Alunni et al. showed that Notch loss-of-function biased the fate of the 

daughter cells toward a gliogenic fate (Alunni et al, 2013). However, the ventricular surface 

was not increased after 3 weeks of LY treatment, instead, RGs formed multiple layers and the 

population of newborn neurons was increased (Figure 15F-G). Therefore, if we postulate that 

Notch3-depleted NSCs will proliferate and that the ventricular surface will not be increased 

after a long-term loss-of-function of Notch3, I considered four possible situations:  

 If the total number of ventricular NSCs stays constant: 

  i. Notch3-depleted NSCs proliferate and the young NSCs are integrated into the 

NSCs epithelium, forming clones with a measurable ventricular surface, also displaying 

increased neurogenesis. To keep the number of ventricular cells constant, we can hypothesize 

that native NSCs elsewhere in the pallium would compensate by reducing their proliferation or 

increasing their differentiation. In this scenario, in the longer term, the depleted NSCs should 

be in majority in the pallium. 

  ii. Notch3-depleted NSCs proliferate but their ventricular expansion is limited 

by the neighboring cells and the young NSCs accumulate below the NSCs epithelium with their 

progeny.  

 If the total number of ventricular NSCs increases: 
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  iii. Notch3-depleted NSCs proliferate and the increased number of ventricular 

NSCs could be compensated for by a reduction of their apical surfaces.  

  iv. Notch3-depleted NSCs proliferate and finally break the homeostasis of the 

NSCs epithelium, deforming the tissue in a “mini tumor” pattern. 

 

4.6 Alternative method of knock-down: notch3 RNAi 

The development of the main method of KD by adapting Ab-SPOP to notch3 is challenging 

and therefore, I also constructed a tool using RNAi targeting notch3. 

RNAi-mediated gene KD relies on the processing of injected double-stranded RNAs (dsRNAs) 

or shRNAs by cells to ultimately produce small interfering RNAs (siRNAs). These siRNAs are 

incorporated into the RNA-induced silencing complex (RISC), where the antisense siRNA 

strand guides RISC to the target mRNA for degradation or translational repression. siRNA are 

prone to off-target effects, but unlike MOs, many siRNA off-target mechanisms have been 

characterized (Jackson and Linsley, 2004; Seok et al., 2018). Using shRNAs instead of dsRNAs 

generates fewer off-target effects, as shRNA processing utilizes the endogenous miRNA 

pathway and is less likely to trigger immune responses (Rao et al., 2009).   

shRNA-mediated gene KD has been successfully used in the adult zebrafish brain, employing 

a method that allows long-term KD and concomitant tracing of the electroporated cells 

(Labusch et al., 2024; Giacomotto et al., 2015). Notably, the KD effects were still visible 14 

days post-electroporation (dpe). Electroporation of a similar construct containing notch3-

specific shRNA could potentially meet objectives (i) and (ii). However, functional shRNAs 

targeting notch3 in zebrafish have not yet been published.  

  



 

79 

 

Results 
 

1. Tagging endogenous Notch3 to selectively expose its signaling component 

as a target for degradation 

 

Generation of an endogenous notch3GFP fusion by CRISPR knock-in 

To visualize the dynamic regulation of endogenous Notch3 signaling in zebrafish NSCs, I used 

CRISPR-Cas9 genome editing to insert a GFP-encoding cassette into the notch3 locus. Notch3 

C-terminus is conserved among the three zebrafish isoforms (ZFIN). To preserve and track 

Notch3 signaling activity, I aimed to create a Notch3-GFP fusion protein at the C-terminus of 

the Notch3 protein, immediately distal to N3ICD (Figure 16A). Upon Notch3 pathway 

activation, N3ICD, which is the effector part of the receptor, is translocated into the cell nucleus 

where it acts as a transcription factor. 

 

The insertion site was defined as close as possible to the notch3 stop codon to conserve the 

intracellular portion of the protein containing the ANK repeats, important for protein-protein 

interactions, the following low complexity region, whose function is still unknown, but 

excluding the extremity, containing a PEST domain which is found in Notch and Notch-related 

proteins (the protein sequence is available in Ensembl, http://www.ensembl.org/index.html) 

(Figure 16B). Besides the inherent possibility that N3ICD stability is increased by the fusion 

with GFP, this fusion also removed the PEST domain, which is supposed to contain degrons 

that regulate the stability of N3ICD (Kopan and Ilagan, 2009).  

 

I chose the homologous recombination KI method, previously validated in the lab at the same 

locus. The notch3-specific dual-guide RNA, as well as the two homology arms, already existed 

and had been successfully used for the creation of another fish line (Ortica et al., in prep.) 

encoding a tagged-Notch3 protein (Figure 16C). I first validated the dual-guide RNA efficiency 

by injecting it into one-cell stage AB embryos and performing a T7E1 assay at 48 hpf (Figure 

16D,E). Then, to generate the KI allele, AB embryos were injected at the one-cell stage with 

the dual-guide RNA, the Cas9 protein, and the donor vector containing the two homology arms, 

which frame a linker (Hisano et al., 2015) followed by the GFP sequence (Figure 16D,F). The 

linker is composed of glycines and serines that create a linear protein portion to minimize the 

impact of the tag on the conformation of GFP and Notch3 proteins, and on the function of 
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Notch3. The mean percentage of early mortality associated with injections was 49.6% at 48 

hpf. I raised injected fish to adulthood and genotyped 3 adult fish to obtain one founder (named 

F0, for founder F at generation 0), who had the correct insertion (Figure 16F), was fertile, and 

was able to transmit the KI to its offspring. The F1 and F2 generations were used in the next 

experiments. The KI allele will be referred to as notch3GFP (notch3GFP/+: heterozygotes; 

notch3GFP/GFP: homozygotes). 
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Figure 16: Generation of an endogenous notch3-GFP fusion by CRISPR-Cas9 knock-in  

(A) Schematic illustration of the Notch3-GFP protein before the S1, S2 and S3 cleavages and after the S3 cleavage. 

GFP is fused to the Notch3 protein in C-terminal extremity of the intracellular N3ICD. ANK, ankylin repeats, C-

ter, C-terminal, EGF, epithelial growth factor, LNR, cysteine-rich LNR repeats, NLS, nuclear localization 

sequence, NOD/NODP, Notch domain present in many Notch proteins, N-ter, N-terminal, N3ECD, Notch3 

extracellular domain, N3ICD, Notch3 intracellular domain, PEST*, N-terminal part of the domain rich in proline, 

glutamine, serine and threonine residues, RAM, RBP-Jκ-associated module, TM, transmembrane domain. 

(B) notch3 gene locus and target crRNA location. Double-strand break (DSB) occurs 260 bases upstream from the 

stop codon. Exons are represented by squares and introns by lines. 

(C) Schematic illustration of the CRISPR-Cas9 ribonucleoprotein complex and sequence of the crRNA. 

(D) Experimental design to create the CRISPR-Cas9 KI line.  

(E) T7 endonuclease 1 assay (T7E1) to evaluate the cleavage efficiency of the crRNA. 

(F) Donor plasmid and KI of the insert into the 3’ end of the notch3 gene by homology-directed repair after the 

CRISPR-Cas9 mediated DSB. Genotyping gel for a notch3+/+ fish (+/+), a notch3GFP/+ fish (KI/+) and a 

notch3GFP/GFP fish (KI/KI). 

 

Validation of the functionality of the Notch3-GFP fusion in vivo 

Embryos carrying the KI allele showed a GFP signal in the entire body at 28 hpf, with an 

intensity depending on the homozygous or heterozygous status of the notch3GFP allele (Figure 

17A). The expression of notch3 in the nervous and vascular systems in zebrafish embryos 

(ZFIN) explains this broad GFP signal.  

 

To determine whether the Notch3-GFP fusion protein was functional, I compared 

morphological and quantitative cellular phenotypes of notch3GFP/GFP embryos and larvae with 

those described in homozygous notch3fh332/fh332 loss-of-function mutants (Alunni et al., 2013). 
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Morphologically, these mutants develop normally until 3 dpf (Wang et al., 2014), but then slow 

down in growth and the majority dies by 10-15 dpf under normal husbandry conditions. The 

length and the morphology of homozygote and heterozygote notch3GFP larvae appeared normal, 

comparable to wild-type larvae at 10 dpf (Figure 17B). In addition, adult homozygotes and 

heterozygotes notch3GFP fish were viable, fertile, and appeared morphologically normal (data 

not shown).  

 

At the cellular level, the percentage of proliferating Sox2pos cells in notch3GFP/GFP adult pallia 

were comparable to the published percentage in the adult zebrafish pallium (Chapouton et al., 

2010), respectively 8.3% and 8.2% (see Figure 19B). 

Together, these data indicate that the Notch3-GFP fusion protein is functional, at least 

sufficiently to cope with normal development and NPs/NSCs proliferation rate. 
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Figure 17: Notch3-GFP is functional and localized in the central nervous and the vascular system in 

zebrafish embryos 

(A) 28 hpf embryos expressing notch3GFP/GFP, notch3GFP/+ or notch3+/+. The scale bar represents 200 µm.  

(B) Quantification of 10 dpf standard embryo lengths. Bar at median and bracket for interquartile range. Two-way 

ANOVA, Tukey’s multiple comparison test, ns, not significant p= 0.9917 (notch3GFP/GFP vs. notch3GFP/+), p= 

0.8699 (notch3GFP/GFP vs. notch3+/+), p= 0.9226 (notch3GFP/+ vs. notch3+/+). Number of larvea: notch3GFP/GFP n= 

23, notch3GFP/+ n= 24, notch3+/+ n= 22. 

 

The Notch3-GFP protein localizes to the plasma membrane as well as recycling 

vesicles in NSCs  

As a first important application, the notch3GFP KI line offers the possibility to characterize the 

cellular distribution of the Notch3 protein, in the absence of antibodies recognizing zebrafish 

Notch3 in tissues. To characterize Notch3-GFP protein localization, I imaged immunostained 

adult pallia, homozygotes for the KI, and analyzed the GFP signal. 

 

At the level of the entire adult pallium, the Notch3-GFP signal was condensed in the more 

dorsal cell layer, corresponding to the NSC layer. The signal was also visible but weaker in the 

parenchyma and very bright in blood vessels. These results were expected as notch3 expression 

is enriched in NSCs and pericytes, and Notch3 protein is particularly accumulated at the cell 

membranes. Adult pallial NSCs have their soma dorsally located in contact with the ventricle, 

and their long processes cross the telencephalon parenchyma. Thus, we interpret the weak but 

detectable parenchymal signal as Notch3-GFP located at the basolateral membranes of NSCs. 

 

 



 

85 

 

 

A  

 

 

B 

 

 



 

86 

 

C 

 

D 

 

E 

 

 



 

87 

 

F 

 

G 

 



 

88 

 

H 

 

Figure 18: The Notch3-GFP protein localizes to the plasma membrane as well as recycling vesicles in adult 

Sox2pos cells  

(A) Immunostaining of an adult pallium of notch3GFP/GFP fish. The picture is a Z projection over 12 µm. ZO1 

highlights the apical membranes, Sox2 the nucleus of the neural stem and progenitor cells, and GFP the Notch3 

signaling. The scale bar represents 5 µm. 

(B) Horizontal optical section of the notch3GFP/GFP pallium: at 3 µm below the ZO1 level. The dotted squares are 

the regions used in Figures 18C and D. The scale bar represents 5 µm. 

(C,D) Zoomed pictures. The scale bar represents 5 µm. 

(E-H) Immunostaining of adult pallia of notch3GFP/GFP fish using endosome markers (Rab5, Rab7 and Rab11) and 

lysosome marker (LAMP1). The GFP channel was adapted to the co-localization analysis: the minimum intensity 

of the channel was set up to 7000 to remove the pixels with a weak intensity and keep the vesicles. Pictures are Z 

projections over 12 µm. The scale bar represents 5 µm. 

 

Focusing on the NSC cell bodies, the Notch3-GFP signal could be observed in several 

compartments: it was strong and condensed in dots at the membrane and in cytoplasmic punctae 

(Figure 18A,B), and was a weak and more homogenous signal in the nucleus (Figure 18A,B). 

These localizations are consistent, respectively, with the roles of Notch3 as a transmembrane 

receptor, with the dynamic regulation of its membrane presentation (relying on the intracellular 

production and maturation of new receptors, and recycling of old receptors) and with its role as 

a transcription factor. The difference in signal intensities depending on the cell compartments 

could reflect the dynamics of Notch3 signaling: a lot of receptors are integrated into the 

membrane, and their number is regulated by endocytose; the signaling fragment N3ICD, in 
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contrast, is highly regulated and quickly degraded or exported outside the nucleus after 

transcription of target genes. To reinforce these observations in adult NSCs, I compared the 

GFP signal in the notch3GFP line with the AzamiGreen signal in the previously characterized 

notch3AzamiGreen-P2AnlsRFP line (Ortica et al., in prep.), generated using the same gRNA by 

CRISPR-Cas9. I observed that the two signal patterns were globally similar (data not shown). 

To characterize the nature of the GFPpos bright cytoplasmic punctae that I hypothesized to be 

endosomes and lysosomes, I studied the presence of the Ras-related proteins Rab5 for early 

endosomes, Rab7 for late endosomes, Rab11 for recycling endosomes, and the transmembrane 

glycoprotein Lysosomal-associated membrane protein 1 (LAMP1) for lysosomes, and their co-

localization with GFP (Figure 18E-H).  

 

The immunostaining on notch3GFP/GFP adults revealed the presence of Rab5 and Rab7 as small 

dots in the cytoplasm of the cells (Figure 18E,F). The number of these dots, corresponding to 

endosomes, was variable between cells. Rab5 signal was expected close to the plasma 

membrane, where early endosomes are localized and Rab7 signal deeper in the cells. However, 

these pictures did not allow us to observe that. The co-localization channel showed co-

localizations between Rab5 and GFP but almost none between Rab7 and GFP. The 

immunostaining revealed a higher concentration of Rab11 endosomes visible as dots and larger 

punctae, probably corresponding to several neighboring endosomes (Figure 18G). The co-

localization analysis showed that GFP colocalizes with many recycling endosomes (Figure 

18G). 

 

To assess whether some Notch3-containing vesicles were also lysosomes, I studied the LAMP1 

signal. The LAMP1 signal formed big dots of different sizes and bundled together in certain 

cytoplasmic areas (Figure 18H). The signal distribution was broad, which is in agreement with 

the already published LAMP1 protein pattern in adult quiescent NSCs (Kobayashi et al., 2019). 

The co-localization analysis showed that GFP colocalizes with many lysosomes (Figure 18H). 

Sara Ortica (together with Louis Degroux) tested the same markers in the notch3AzamiGreen-

P2AnlsRFP line and obtained similar co-localization patterns. Moreover, by live imaging in 

notch3AzamiGreen-P2AnlsRFP embryos, Sara highlighted the dynamic movements of AzamiGreenpos 

punctae in the cytoplasm of brain cells (Ortica et al., in prep.). 
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To conclude, bright GFPpos cytoplasmic punctae were essentially recycling endosomes and 

lysosomes. However, we cannot exclude that some punctae could be Notch3-GFP receptors 

maturing in the ER or stocked in the GA, or free cytoplasmic N3ICD, slowed down in the 

cytoplasm by interaction with other proteins. 

 

Nuclear N3ICD-GFP levels provide quantitative measures of Notch3 signaling in 

situ 

I next focused on the nuclear GFP signal, interpreted to correspond to the cleaved N3ICD-GFP 

fragment after nuclear translocation. To validate this interpretation and gain insight into the 

dynamics of Notch3 signaling, I treated notch3GFP/GFP adult fish and 3 dpf larvae with the 

inhibitor of ɤ-secretase LY and analyzed nuclear GFP intensity in pallial NSCs. Without ɤ-

secretase, the N3ICD part of the receptor cannot be cleaved, thus GFP should remain 

membrane-bound. NSCs were identified by their ventricular apical surface (surrounded by 

staining for ZO1) and the expression of Sox2, a transcription factor specific to NSCs and neural 

progenitors, which was also used to segment the nuclei after immunohistochemistry (IHC).  

 

The adult fish were treated with LY for 24h and their brains were directly dissected (Figure 

19A). By applying this short treatment to adult NSCs, which are in vast majority in quiescence, 

it was possible to bring them closer to activation yet without reaching the proliferative state. 

Indeed, the percentages of PCNApos cells among the Sox2pos cells (which include both NSCs 

and NPs), were comparable between Dimethyl sulfoxide (DMSO) and LY conditions, 

respectively 8.3% and 9.5% (Figure 19B). In IHC, while ZO1 and Sox2 profiles were 

comparable between DMSO and LY, GFP intensity was higher in the LY condition (Figure 

19C). This observation was striking in cross and horizontal tissue sections (Figure 19D-F): in 

the LY condition, GFP accumulates at the NSC membranes (not quantified), in contrast GFP 

intensity seems reduced in the Sox2pos cell nuclei. To focus on nuclear N3ICD-GFP, I applied 

a segmentation pipeline based on Imaris Surface segmentation (Figure 19G). I found that the 

nucleus of the adult Sox2pos cells treated with LY accumulates significantly less GFP than the 

nucleus in the DMSO condition (Figure 19H). Together, these findings are in agreement with 

nuclear GFP being a qualitative and quantitative tracer of N3ICD-GFP, cleaved by ɤ-secretase 

and translocating into the nucleus as a mediator of Notch3 signaling. Finally, another interesting 

observation is the difference in GFP intensity among Sox2pos cells between PCNApos and 

PCNAneg cells, which is even more striking in the DMSO condition: proliferating cells 
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accumulate less N3ICD in their nucleus (Figure 19I). This is in agreement with previous work 

functionally associating Notch3 signaling with NSC quiescence, while blocking Notch3 

expression in adult NSCs is sufficient to promote NSC proliferation. 
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Figure 19: Nuclear N3ICD-GFP levels provide quantitative measures of Notch3 signaling in situ 

(A) Experimental design to treat adult notch3GFP/GFP fish with DMSO or LY. 

(B) Percentage of proliferating Sox2pos cells in DMSO vs. LY. Total number of cells in DMSO Sox2pos n=660, in 

LY Sox2pos n= 678. 

(C) Immunostaining after the DMSO and LY treatments in the adult pallium of notch3GFP/GFP fish. Both pictures 

are Z projections over 15.6 µm. PCNA highlights the nucleus of the proliferative cells, ZO1 the apical membranes, 
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Sox2 the nucleus of the neural stem and progenitor cells, and GFP the Notch3 signaling. The dotted squares are 

the regions used in Figures 4C, D and E. The scale bar represents 10 µm. 

(D) Optical cross sections in the pallium (15.6 µm tissue deep). The scale bar represents 5 µm. 

(E,F) Horizontal optical sections at two different tissue depths: at the ZO1 level and just below. The scale bars 

represent 5 µm. 

(G) Pipeline for nuclei segmentation and quantification of nuclear GFP using Imaris and Prism. The original 

picture is a Z projection over 15.6 µm. The scale bar represents 5 µm. Mann Whitney test, ns, not significant 

p=0.3906. DMSO n= 22, LY n= 44. 

(H) Nuclear mean GFP intensity in non-proliferating Sox2pos cells in DMSO vs. LY. Each dot is one nucleus 

among 3 pooled brains in DMSO and LY. Bar at median and bracket for interquartile range. Mann Whitney test, 

**** p<0.0001. Number of Sox2posPCNAneg cells from DMSO n= 625, from LY n= 619. 

(I) Nuclear mean GFP intensity in proliferating and non-proliferating Sox2pos cells in DMSO. Each dot is one 

nucleus among 3 pooled brains. Bar at median and bracket for interquartile range. Mann Whitney test, **** 

p<0.0001. Number of cells: PCNAneg n= 625, PCNApos cells n= 35. 

 

I also worked to validate the quantitative measure of Notch3 signaling in NPs at larval stages. 

3 dpf larvae were treated with LY for 24h and directly dissected (Figure 20A). This treatment 

was not validated yet in our hands in embryos. Because of the rapid growth of the zebrafish 

embryos and the absence of detectable quiescence among pallial NPs at this age (Than-Trong 

et al., 2018), a 24-hour time frame is more dynamic, including more cell divisions, migrations, 

and regulations in embryos than in adults. In addition, LY will block all Notch signaling, 

including Notch1, which is necessary for early development. I thus expected a more striking 

phenotype.  
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Figure 20: Notch3-GFP levels highlight the loss of neuronal progenitors in larvae after LY treatment 

(A) Experimental design to treat 3 dpf notch3GFP/GFP  embryos with DMSO or LY.  

(B) Immunostaining after the DMSO and LY treatments in 4 dpf forebrains of notch3GFP/GFP larvae. The picture is 

a Z projection over 60 µm in DMSO and 90 µm in LY (different tissue curvature). PCNA highlights the nucleus 

of the proliferative cells, ZO1 the apical membranes, Sox2 the nucleus of the neural stem and progenitor cells, and 

GFP the Notch3 signaling. The different visible brain regions are indicated in the panel DMSO/ PCNA, ZO1: h, 

habenula, ob, olfactory, P, pallium (inside the blue dotted line), pc, pineal complex bulb. The scale bar represents 

10 µm.  

(C) Horizontal optical sections of the forebrain at 30.1 µm and 50.9 µm from the ventricular surface in DMSO and 

LY respectively (different tissue curvature). The scale bar represents 10 µm.  
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(D) Schematic illustration of optical cross and horizontal sections of the zebrafish larvae midbrain. The optic 

tectum is represented in pink while the underneath tissues are grey. N, neurons, RG, radial glia. 

(E) Horizontal optical sections of 4 dpf midbrains after DMSO or LY treatment at 38.1 µm from the midbrain 

dorsal surface. The pictures are centered on the midline and delimited laterally by the neuropil frontiers and 

longitudinally by the limits of the midline. The scale bar represents 10 µm. 

 

In the DMSO-treated condition, most of the Sox2pos cells, corresponding to NPs, were spread 

all over the dorsal ventricular surface of the pallium and were heterogeneous in their Sox2 

signal intensity (Figure 20B). Some isolated Sox2pos cells were also visible deeper in the 

telencephalon parenchyma and probably correspond to neurons. This cell organization is 

comparable to the adult zebrafish telencephalon. Because the tela choroidea covering the pallial 

surface is difficult to dissect out at this stage, the cellular junctions (ZO1pos) of the tela 

choroidea cells are superposed to the NPs cellular junctions and render the identification of 

NPs apical surfaces difficult (Figure 20B). The Notch3-GFP signal was strong at NPs 

membranes including in their basolateral processes but also inside their nuclei (Figure 20C). 

Interestingly, NPs with a strong Sox2 signal also had a stronger nuclear GFP signal (Figure 

20C). 

 

At the level of the entire pallium, the GFP signal was weaker in LY-treated larvae compared to 

the DMSO-treated larvae (Figure 20B). Focusing on the Sox2pos cells, I observed that their 

number was strongly reduced in the LY condition (Figure 20B; not quantified). Some sparse 

Sox2pos cells were maintained in the dorsal ventricular surface or inside the parenchyma of the 

pallium, but the majority of the remaining Sox2pos cells were located at the midline (Figure 

20B,C). In these cells, Sox2 expression was weaker and the nuclei were localized away from 

the apical surface, i.e., deeper in the parenchyma. These nuclei had also lost their round shape 

for a stretched shape (Figure 20C). These observations are characteristic of a progressive 

differentiation of neural progenitors into neurons. Contrary to control brains, I was only able to 

identify NP apical surfaces at the midline in the ventral most domains, while no ZO1 signal was 

visible in the dorsal pallium (data not shown). Focusing on GFP in the sparse and midline-

located Sox2pos cells, I found that the Notch3-GFP signal was weak and only detected at cell 

membranes, i.e., it was undetectable in nuclei (Figure 20C; not quantified). Although the strong 

phenotype renders a precise analysis difficult, these results confirm that the nuclear GFP signal 

in notch3GFP larvae is abolished in the presence of a ɤ-secretase inhibitor, thus that it reads 

N3ICD-GFP.  
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To extend these observations to another brain territory where radial glia are present although 

no longer actively neurogenic, I analyzed the midbrain of 4 dpf larvae treated with LY for 24h 

at 3 dpf, focusing on RGs located at the midline between the medial tectal proliferation zone 

and the thalamus (Figure 20D). RGs contained in this bracket are normally not proliferative at 

4 dpf (Mueller and Wulliman, 2002). In both hemispheres, the ventricular surface is covered 

by RGs, juxtaposed to numerous layers of neurons. More laterally, the neuropil is composed of 

a dense network of cell processes, notably the basolateral processes of RG, axons, and dendrites 

(Figure 20D). In the DMSO condition, the cells with a strong Sox2 signal were spread among 

the neuronal layers, while the first three layers of nuclei close to the ventricle displayed a weak 

Sox2 signal (Figure 20E). Among the latter, RG nuclei appeared flattened, aligned to the 

ventricular surface, while round-shaped nuclei located more laterally were likely committed 

progenitors or freshly-born neurons. I observed that RGs had a strong N3ICD-GFP signal in 

their nucleus and Notch3-GFP signal at their membrane (Figure 20E).  

 

After LY treatment, similarly to what I saw in the pallium, the Notch3-GFP signal was overall 

weaker. Cells with a strong Sox2pos signal were not excluded from the more ventricular cell 

layers as in the control, and the Notch3-GFP signal was maintained only weakly at the 

membranes of some apical cells. No GFP signal was detectable in nuclei (Figure 20E). These 

results confirm the conclusions drawn in the larval pallium. 

 

Conclusions 

- The Notch3-GFP fusion generated by CRISPR-Cas9 KI at the endogenous notch3 locus is 

functional, in particular in NPs and NSCs; 

- Tracking the GFP signal in notch3GFP embryos, larvae and adults permits to reveal the 

dynamics of Notch3 signaling (membrane targeting, recycling through the endocytic-lysosomal 

pathway, nuclear targeting of N3ICD upon ɤ-secretase cleavage); 

- The nuclear N3ICD-GFP signal permits to quantify variations in signaling intensities and to 

measure Notch3 signaling in situ. Its high levels in quiescent NSCs in the adult pallium, and its 

weaker detection or absence in activated NSCs, are in agreement with the previously 

demonstrated role of Notch3 as a promoter of NSC quiescence; 

- The notch3GFP line can be used to target canonical Notch3 signaling by triggering the 

degradation of N3ICD-GFP.  
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2. Generation of a transgenic nanobody tool selective of nuclear GFP fusion 

proteins and conditionally activatable in NPs/NSCs 

 

Validation of anti-GFP nanobodies targeted to the nucleus for the selective 

degradation of nuclear GFP protein in zebrafish embryos 

To conditionally KD Notch3-GFP fusion protein specifically in the nucleus of NPs/NSCs, I 

aimed to adapt an in vivo GFP-nanobody degradation system targeted to nuclear proteins (Shin 

et al., 2015).  

 

Preliminary validations of the most efficient and selective nanobody tool in the central nervous 

system were necessary. Thus, I tested the capacity of the VhhGFP4 nanobody to degrade GFP 

proteins specifically in the nucleus vs in all the cell, when the nanobody is fused with a fragment 

of hSPOP-nls vs Nfbxw11b protein, respectively.  

VhhGFP4-hSPOP-nls/Ab-SPOP and Nfbxw11b-VhhGFP4 capped mRNAs were injected at the 

one-cell stage in transgenic embryos expressing nuclear or cytoplasmic GFP or other 

fluorophores, and the embryos were screened for fluorescence at 24 or 48 hpf (Figure 21A,D). 

To validate the importance of each element in VhhGFP4-hSPOP-nls, injected embryos were 

also compared to embryos injected with VhhGFP4-hSPOPdelnls, where hSPOP is devoided of 

nls sequence (6 amino acids are deleted from the C-terminal end), or with VhhGFP4mut-

hSPOPdelnls, where additionally to the lack of nls in hSPOP, VhhGFP4 has a deletion mutation 

of one of the three complementarity-determining regions defining the antibody-binding-

specificity. VhhGFP4mut-hSPOPdelnls was considered the negative control in this experiment. 

The efficiency of the three capped-mRNA on cytoplasmic or nuclear GFP degradation was 

tested in Tg(gfap:GFP) or in Tg(gfap:nlsGFP) embryos, expressing GFP in the cytoplasm or 

the nucleus of NPs/NSCs respectively (Figure 21A-C). Injected embryos were generated from 

an outcross between heterozygous transgenic fish and wildtype fish; thus, we expected 50% of 

GFPpos and 50% of GFPneg embryos.  
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Figure 21: VhhGFP4-hSPOP-nls, VhhGFP4-hSPOPdelnls and Nfbxw11b-VhhGFP4 mediate degradation 

of nuclear GFP in embryos 

(A) Experimental design to test the different variants of the nanobody VhhGFP4-hSPOP-nls. 5’-cap_VhhGFP4-

hSPOP-nls, 5’-cap_ VhhGFP4mut-hSPOPdelnls, 5’-cap_VhhGFP4-hSPOPdelnls mRNA are injected with 5’-

cap_kusabira-orange mRNA (injection marker), independently, in embryos coming from crossings between AB 

and Tg(gfap:nlsGFP) or Tg(gfap:GFP) fish, to respectively test nuclear and cytoplasmic GFP degradation. 

(B) 48 hpf embryos coming from crossing between AB and Tg(gfap:nlsGFP) and injected (+, ++) or not injected 

(-, control) with 5’-cap_VhhGFP4-hSPOP-nls. The embryos are still in the chorion. The arrows point the GFP 

fluorescence in the central nervous system of the control embryos. The scale bar represents 500 µm.  

(C) Results of the fluorescent screens at 24 hpf. The Tg(gfap:nlsGFP) and Tg(gfap:GFP) embryos do not have 

transgenic line selection marker but 50% of transgenic embryos with GFP fluorescence in the brain is expected in 

the control condition and less than 50% if the nanobody-mediated degradation is working.  

(D) Experimental design to test the nanobody Nfbxw11b-VhhGFP4. 5’-cap_Nfbxw11b-VhhGFP4 mRNA is 

injected with 5’-cap_kusabira-orange mRNA (injection marker) in embryos coming from crossings between AB 

and TgBAC(miR9-6:nlsGFP-P2A-mCherry-PEST-CG2) to test nuclear GFP degradation, and AB and 

Tg(gfap:GFP) or Tg(deltaA:GFP) to test cytoplasmic GFP degradation. Embryos coming from crossings between 

AB and TgBAC(notch3:notch3-GFP-P2A-nlsRFP) are injected to test the degradation of GFP-tagged Notch3. 

(E) TgBAC(miR9-6:nlsGFP-P2A-mCherry-PEST-CG2) 48 hpf embryos injected (+) or not injected (-, control) 

with 5’-cap_Nfbxw11b-VhhGFP4. The arrow points the GFP fluorescence in the central nervous system of the 

control embryo. The stars highlight the transgenic line selection marker: GFP fluorescence in the heart. The 

expression of mCherry in the central nervous system, visible in the control, is weak. The yolk sac is autofluorescent 

in green. The scale bar represents 500 µm.  

(F) TgBAC(notch3:notch3-GFP-P2A-nlsRFP) 48 hpf embryos injected (+) or not injected (-, control) with with 

5’-cap_Nfbxw11b-VhhGFP4. The arrow points the GFP fluorescence in the central nervous system of the control 

embryo. The stars highlight the transgenic line selection markers: blue fluorescent protein (BFP) fluorescence 

(also visible in green) in the eyes, and the RFP fluorescence in the central nervous system. The injection marker 

is hidden by the expression of RFP in the central nervous system. The scale bar represents 500 µm.  

(G) Results of the fluorescent screens at 24 and 48 hpf. The TgBAC(miR9-6:nlsGFP-P2A-mCherry-PEST-CG2) 

and TgBAC(notch3:notch3-GFP-P2A-nlsRFP) embryos are selected at 24 hpf on their transgenic line selection 
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marker. Tg(gfap:GFP) and Tg(deltaA:GFP) embryos do not have transgenic line selection marker but 50% of 

transgenic embryos with GFP fluorescence in the brain is expected in the control condition and less than 50% if 

the nanobody-mediated degradation is working. 

 

VhhGFP4-hSPOP-nls  

The test for cytoplasmic GFP degradation on Tg(gfap:GFP) at 24 hpf showed that 50% or 48% 

of the embryos injected with VhhGFP4-hSPOP-nls or VhhGFP4mut-hSPOPdelnls, 

respectively, were GFPneg (Figure 21C). This confirmed the absence of cytoplasmic activity of 

VhhGFP4-hSPOP-nls. The test for nuclear GFP degradation on Tg(gfap:nlsGFP) at 24 hpf 

showed that 100% of the embryos injected with VhhGFP4-hSPOP-nls or VhhGFP4-

hSPOPdelnls were GFPneg (Figure 21B,C). These results validate the efficiency of VhhGFP4-

hSPOP-nls to degrade nuclear GFP. Surprisingly, the deletion of the nls signal in VhhGFP4-

hSPOPdelnls did not prevent the depletion of nuclear GFP. This is however in agreement with 

the results reported in the original publication (Shin et al., 2015), where the authors propose  

that hSPOPdelnls creates a heterodimer with endogenous SPOP to generate an active E3 ligase 

complex that targets nuclear proteins. As expected, the negative control VhhGFP4mut-

hSPOPdelnls did not induce nuclear GFP degradation. 

 

To test the stability of the VhhGFP4-hSPOP-nls nanobody, I also monitored GFP fluorescence 

at 48 hpf (data not shown). Some Tg(gfap:nlsGFP) embryos, injected with capped mRNA 

encoding VhhGFP4-hSPOP-nls and GFPneg at 24 hpf, started to re-express GFP at 48 hpf.  

These results together validated the efficiency and specificity of VhhGFP4-hSPOP-nls and 

VhhGFP4-hSPOPdelnls for the selective degradation of nuclear GFP. 

 

Nfbxw11b-VhhGFP4 

To validate the activity of Nfbxw11b-VhhGFP4 on cytoplasmic GFP, I injected its encoding 

capped mRNA into embryos issued from a cross between Tg(gfap:GFP) or Tg(deltaA:GFP) 

(deltaA is expressed in the central nervous system since 10 hpf) heterozygous fish with wildtype 

fish (Figure 21D,G). Among the injected embryos, I respectively obtained 68% and 54% of 

GFPneg embryos at 24 hpf, compared to 58% and 50% in non-injected crosses (Figure 21G). To 

test for Nfbxw11b-VhhGFP4 stability, as above, I compared the proportion of GFPneg embryos 

at 24 hpf and 48 hpf in the Tg(gfap:GFP) context. It decreased from 68% at 24 hpf to 55% at 

48 hpf (Figure 21G). Together, these results showed that the cytoplasmic activity of Nfbxw11b-

VhhGFP4 was weak, and I was not able to validate its efficiency on cytoplasmic GFP 

degradation. 



 

106 

 

 

The tests for nuclear activity of Nfbxw11b-VhhGFP4 were conducted in 

TgBAC(miR9:6:nlsGFP-P2A-mCherry-PEST-CG2) embryos, where GFP is expressed in the 

nucleus of NPs, under control of the miR9:6 (microRNA9:6) promoter, the activity of which 

responds to both progenitor maintenance and commitment cues (Coolen et al., 2012). This line 

was used only for reasons of fish availability and mCherry expression was not considered in 

the analysis. Among injected embryos from a cross between heterozygous 

TgBAC(miR9:6:nlsGFP-P2A-mCherry-PEST-CG2) and wildtype fish, 100% were GFPneg at 

24 hpf, compared to 62% in non-injected embryos (Figure 21E,G). This confirms the efficiency 

of Nfbxw11b-VhhGFP4 for nuclear GFP degradation. 

 

To test the degradation efficiency of Nfbxw11b-VhhGFP4 on transmembrane or nuclear GFP-

tagged protein, and not only GFP alone, I conducted injections into TgBAC(notch3:notch3-

GFP-P2A-nlsRFP) embryos (Ortica et al., in prep.) (Figure 21E,G). This fish line was created 

by Bacteria artificial chromosome (BAC) transgenesis and had integrated a third notch3 allele 

by tol2/transposase. The GFP-tagged notch3 (N3ICD-GFP) is expressed under the control of 

the notch3 regulatory elements in NPs and NSCs. NlsRFP (RFP: Red Fluorescent Protein) 

expression was not considered in this analysis. The data showed that 95% of transgenic BAC 

embryos were GFPneg or GFPweak compared to their non-injected transgenic counterparts at 24 

hpf, but re-expressed Notch3-GFP at 48 hpf (Figure 21G). Thus, Nfbxw11b-VhhGFP4 only 

degrades some Notch3-GFP fusion protein. Considering the results above, it is possible that 

only the nuclear N3ICD-GFP is properly degraded. 

 

Altogether, these results confirmed that Nfbxw11b-VhhGFP4 is efficient on nuclear GFP, but 

showed that it was poorly efficient on cytoplasmic GFP. Its effect on GFP fusion proteins is 

partial and it remains to be determined directly whether this is linked with subcellular 

localization.  

 

Generation of a transgenic line conditionally expressing a tractable anti-GFP 

nanobody upon Cre-loxP recombination 

Next, my goal was to generate an effector line expressing VhhGFP4-hSPOP-nls in an inducible 

and tractable manner, at any stage and in a flexible number of cells. For this, I adapted the in 

vivo GFP-nanobody targeting degradation system (Shin et al., 2015), first by creating a tol2 
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vector containing the VhhGFP4-hSPOP-nls sequence, conditionally expressed in frame with 

P2A-nlsRFP-polyA (containing the marker of expression RFP) under the control of the 

ubiquitous bact2 promoter and a loxP-stop-loxP sequence (Kirchgeorg et al., 2018) (see Figure 

22A). For fish selection purposes, the vector also contains a GFP sequence expressed 

specifically in the heart under the control of the cmlc2 (cardiac myosin light chain 2) promoter 

(see Figure 22A). The bact2 promoter, which is specific to one of the two b-act isoforms 

ubiquitously expressed at all stages, is ubiquitous and was already used for the transcription of 

transgenes in zebrafish lines. In our hands, it was efficient from embryos to adults in driving 

the expression of a fluorescent transgene (Galant et al., 2016). The two loxP sites share the 

same orientation for the deletion of the stop cassette in presence of the Cre recombinase. 
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Figure 22: Generation of transgenic bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP fish, 

validation of the transgene integration and fluorescent screen 

(A,B) Schematic illustration of the Tol2 plasmid and the tol2 transposase mediated random integration of the 

transgene sequence into the genome.  

(C) Genotyping gel for a control (-) or a transgenic fish (+).  

(D) 28 hpf transgenic embryos. The stars highlight the transgenic line selection marker: GFP fluorescence in the 

heart. The scale bar represents 500 µm. 

 

Preliminary validations 

N3ICD degradation by VhhGFP4-hSPOP-nls 

To validate the VhhGFP4-hSPOP-nls efficiency on Notch3-GFP in the notch3GFP line, I 

injected the VhhGFP4-hSPOP-nls-P2A-nlsRFP capped mRNA into homozygous late one-cell 

stage embryos (Figure 23A-C). Based on the degradation assays conducted above, I analyzed 

the resulting larvae at 3 dpf, when pallial NPs are easily tractable in whole-mount and sectioned 

forebrains, and assuming that a sufficient amount of VhhGFP4-hSPOP-nls protein would still 

remain. At this age, the pallial ventricular surface is covered with proliferating PCNApos NPs, 

and the Sox2 signal is visible in the majority of the dorsal most and midline NPs, where notch3 

is expressed (data not shown). In the pallium, the nlsRFP signal tracking of injected cells was 

heterogenous in intensity and distribution, and weaker than in other brain subdivisions around 

(in particular the olfactory bulb, the habenula, and the pineal complex) (Figure 23D). Strikingly, 

in pallial cells, most of the RFP signal was not only limited to the cell nuclei and formed large 

positive areas containing many cells (including both Sox2pos and Sox2neg cells) (Figure 23D).  
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Figure 23: VhhGFP4-hSPOP-nls mediates degradation of N3ICD-GFP in neural progenitor nuclei after 

injection of 5’-cap_VhhGFP4-hSPOP-nls-P2A-nlsRFP into notch3GFP/GFP embryos 

(A) Schematic illustration of the plasmid of origin and VhhGFP4-hSPOP-nls-P2A-nlsRFP capped mRNA. 

(B) Experimental design to test the nanobody VhhGFP4-hSPOP-nls. 5’-cap_ VhhGFP4-hSPOP-nls-P2A-nlsRFP 

is injected in notch3GFP/GFP  embryos to test nuclear N3ICD-GFP degradation. 

(C) RFP fluorescence in 24 hpf notch3GFP/GFP  injected embryos. The embryos are still in the chorion. The scale 

bar represents 500 µm.  

(D) Immunostaining on injected notch3GFP/GFP larvae at 3 dpf. Pictures are horizontal optical sections of the 

forebrain (top panel) and the midbrain (bottom panel) respectively at 30.4 µm and 31.3 µm from the forebrain 

ventricular surface and the midbrain dorsal surface. The pallium (P, inside the blue dotted line) is indicated in the 

panel Forebrain/ PCNA, ZO1. The scale bars represent 20 µm in the forebrain and 30 µm in the midbrain. 

 

I focused my attention on the NPs located at the pallial midline. I could see that the RFPpos NPs 

had less Sox2 signal, and the nuclear N3ICD-GFP signal was lost (Figure 23D).  The membrane 

N3ICD-GFP signal was also lost in midline RFPpos NPs. This loss of nuclear and membrane 

GFP is similar to what I obtained on 3 dpf LY-treated larvae (see Figure 20B). The possibility 

of precocious NPs differentiation could be analyzed by neuronal markers.  

 

I also imaged the midbrain of injected larvae, where the nlsRFP signal was also heterogenous 

and mostly spread among the neuron layers (see the cell organization in the midbrain in Figure 

20D). Some NPs however were still RFPpos. In these cells, the N3ICD-GFP signal in nuclei was 

also lower than in neighboring RFPneg cells (Figure 23D). 

These results confirm the efficient degradation of N3ICD-GFP by VhhGFP4-hSPOP-nls.  
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Expression of VhhGFP4-hSPOP-nls upon loxP-stop-loxP 

recombination 

To verify the possibility of recombining the loxP-stop-loxP sequence in vivo to express 

VhhGFP4-hSPOP-nls, I injected the VhhGFP4-hSPOP-nls-P2A-nlsRFP plasmid (containing 

tol2 sites) (see Figure 22A) together with the capped mRNAs encoding the tol2 Transposase 

and the Cre recombinase into one-cell stage AB embryos, and screened the embryos at 48 hpf 

for nlsRFP fluorescence (Figure 24A). Many nlsRFPpos cells were visible all along the head and 

the body of injected embryos, likely corresponding to clones of cells where the stop cassette 

was recombined (Figure 24B). These results validate the possibility of recombining the loxP 

sites for the deletion of the stop cassette and the expression of the transgene containing the 

expression marker nlsRFP. 
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Figure 24: Validations of the expression of VhhGFP4-hSPOP-nls-P2A-nlsRFP upon loxP-stop-loxP 

recombination 

(A) Experimental design to test the loxP-stop-loxP recombination upon Cre recombinase capped mRNA injection. 

The Tol2 plasmid, the tol2 transposase capped mRNA, and the Cre recombinase capped mRNA are injected into 

AB embryos. The larvae are screened at 72 hpf for RFP fluorescence in their body. 

(B) 72 hpf not injected (control) or injected AB larvae. The star highlights the GFP fluorescence in the heart. The 

yolk sac is autofluorescent in green and red. The scale bar represents 500 µm. 

(C) Experimental design to test the loxP-stop-loxP recombination upon 4-OHT treatment. Tg(bact2:loxP-stop-

loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP) effector fish and Tg(her4:ERT2CreERT2) driver fish are crossed, their 

embryos are selected and treated with 4-OHT, and the RFP fluorescence is attested at 72 hpf. As 

Tg(her4:ERT2CreERT2) embryos do not have a transgenic line selection marker, 50% of larvae with RFP 

fluorescence in their central nervous system is expected. 

(D) Treated 72 hpf transgenic larvae. The stars highlight the GFP fluorescence in the heart. The arrows point the 

RFP fluorescence in the anterior part of the central nervous system. The yolk sac is autofluorescent in green and 

red. The scale bar represents 500 µm. 

 

Generation of the Tg(VhhGFP4-hSPOP-nls-P2A-nlsRFP) line 

To generate the nanobody effector line, I injected the VhhGFP4-hSPOP-nls-P2A-nlsRFP 

construct together with the transposase mRNA into one-cell stage AB embryos and screened 

embryos at 24-28 hpf for their expression of GFP in the heart (Figure 22A-D). By using the 

tol2/transposase transgenesis, I expected the long 11 264 bp insert to integrate randomly into 

the genome, and only once. The mean percentage of early mortality associated with injections 

was around 74% at 48 hpf. A mosaic cardiac GFP signal was visible in 40% of the surviving 
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embryos (representing 11% of the total injected embryos), which were considered potential F0 

founder fish and raised until adulthood. These fish had normal morphology and development 

rate. The adult mosaic F0 transgenic fish were crossed with AB fish and the germline 

transmission of the transgene was tested by screening for the nuclear GFP signal in the heart in 

the offspring at 24 hpf. 23.5% of the F0 fish (n=98) were able to transmit the cmlc2:nlsGFP 

transgene. The percentages of positive embryos were very variable depending on the selected 

F0 parent, and varied between less than 1% to 77.6%. 

 

To select between F0 fish for future analyses, I tested the inducibility of VhhGFP4-hSPOP-nls-

P2A-nlsRFP expression in the central nervous system by crossing some of the selected F0 fish 

with driver Tg(her4.1:ERT2CreERT2) heterozygotes (Figure 24C). The latter transgenic 

animals carry the Cre recombinase sequence fused to two ERT2 sites, allowing a temporal 

control of the Cre translocation inside the nucleus for its recombination activity in presence of 

4-OHT. The her4.1 promoter, here at the origin of the spatial control of ERT2CreERT2 

expression, is a target gene of the Notch pathway (Yeo et al., 2007) involved in glial cell 

specification and activated in NPs/NSCs. The 24 hpf offspring were incubated in 10 mM 4-

OHT overnight and screened at 72 hpf for the expression of nlsRFP (Figure 24C,D). nlsRFP 

appeared weakly expressed in the anterior nervous system in embryos issued from 4 out of the 

9 crosses tested (Figure 24D). As 50% of the embryos carry the her4.1:ERT2CreERT2 

transgene, I expected nlsRFP expression in 50% of the embryos with a nlsGFPpos heart. I 

observed variable percentages of embryos with nlsRFP fluorescence, but it was always inferior 

to 50%. Based on the clutches showing the best correlation, these results allowed the selection 

of 4 different F0 founders for bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP, 

named D, EN, EK, and EH (for now, the latter founder had not been used), that were able to 

transmit the transgene to their offspring and in which I verified the 4-OHT-dependent induction 

of nanobody effector expression. 
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Figure 25: Crossings for the generation of notch3GFP/GFP double transgenic fish and validation of the 

expression of VhhGFP4-hSPOP-nls-P2A-nlsRFP upon loxP-stop-loxP recombination in embryos  

(A) Parallel generation of notch3GFP/+ fish carrying either her4:ERT2CreERT2 or bact2:loxP-stop-loxP-VhhGFP4-

hSPOP-nls-P2A-nlsRFP transgenes (Fn+1) and crossing to obtain notch3GFP/GFP  Tg(bact2:loxP-stop-loxP-

VhhGFP4-hSPOP-nls-P2A-nlsRFP; her4:ERT2CreERT2) fish (Fn+2). Fish carrying notch3GFP/GFP/notch3GFP/+ 

and/or Tg(bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP) are selected at 24-28 hpf. All the fish are 

genotyped for the KI and the transgenes before analysis. notch3GFP/+ Tg(bact2:loxP-stop-loxP-VhhGFP4-hSPOP-

nls-P2A-nlsRFP; her4:ERT2CreERT2) fish are used for comparison (half-capacity of N3ICD degradation). 

notch3+/+ Tg(bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP; her4:ERT2CreERT2) fish are used as 

control.  

(B) Experimental design to test the loxP-stop-loxP recombination upon 4-OHT treatment in Fn+2 fish. 

(C) 96 hpf 4-OHT treated larvae (notch3GFP/GFP or notch3GFP/+). The stars highlight the GFP fluorescence in the 

heart. The arrows point the RFP fluorescence in the anterior part of the central nervous system. The scale bar 

represents 500 µm. 

 

To create the fish line containing (i) the effector transgene bact2:loxP-stop-loxP-VhhGFP4-

hSPOP-nls-P2A-nlsRFP, (ii) the driver transgene her4.1:ERT2CreERT2, and (iii) the KI into 
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notch3 to generate the GFP degron notch3GFP, I first crossed the KI line independently with the 

effector and driver transgenic lines (F1 generations) (Figure 25A). I validated the presence of 

the transgenes and the KI by genotyping. These crossings created F1 parents that were crossed 

to each other to obtain F2 fish carrying the two transgenes and the KI (Figure 25A). I selectively 

grew F2 fish carrying cmlc2:nlsGFP (indicating the presence of the transgene bact2:loxP-stop-

loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP) and expressing Notch3-GFP (recognizable by their 

green body), selected at 24 hpf, to increase the percentage of fish of interest (these embryos 

represent 37.5% of the total of embryos in a clutch, incl. 25% of heterozygotes and 12.5% of 

homozygotes for notch3GFP). I also grew an equal number of embryos that contained the two 

transgenes but did not carry the KI (representing 6.25% of the total of embryos in a clutch). 

  

F2 clutches from the three different bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP 

transgenic founders D, EN and EK contained different percentages of embryos carrying 

cmlc2:nlsGFP. This percentage was always superior to 50% for 15 F1 tested from founder D, 

1 F1 tested from founder EK, and was 50% for 1 F1 tested from founder EN. These results 

suggest multiple insertions of the bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP 

transgene in F1 fish from founders D and EK, while the tested F1 fish from founder EN likely 

carries a single insertion. 

 

Finally, I compared the inducibility of expression of the nanobody effector in F2 embryos, 

selected at 24 hpf on cmlc2:nlsGFP and notch3GFP (green heart and green body), and coming 

from D, EN, or EK F1 fish (Figure 25B). The 24 hpf embryos were treated with 10 mM 4-OHT 

overnight and screened at 72 hpf for nlsRFP fluorescence. I could validate weak nlsRFP 

expression in the brain, comparable to the signal obtained in the inducibility test (see Figure 

24D), and at 96 hpf, the signal was more intense and spread (Figure 25C). As expected in 

absence of her4.1:ERT2CreERT2 selection marker, among the treated F2 larvae with a green 

heart, 50% had red signal. These results validated the inducibility of the expression of the 

nanobody effector in 24 hpf embryos carrying the effector transgene, the driver transgene and 

the KI. 
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Degradation of N3ICD-GFP in vivo using the inducible VhhGFP4-hSPOP-

nls nanobody  

To validate the degradation of nuclear N3ICD-GFP in vivo in the inducible transgenic system, 

I chose to work on 6 dpf F2 larvae from founder EN (Figure 26A). I selected embryos carrying 

the transgenes and/or the KI at 24 hpf, treated the 24 hpf embryos with 10 mM 4-OHT 

overnight, selected larvae showing nlsRFP fluorescence in the head at 72 hpf, and dissected the 

larval brains at 6 dpf while using the larval bodies for genotyping in parallel (Figure 26A). To 

test for leakiness of the system, i.e., possible background recombination at the loxP sites, I also 

screened larvae of the same genotype in the absence of 4-OHT treatment. The latter larvae never 

showed nlsRFP expression, even when revealed using IHC for more sensitivity (n=10, data not 

shown). 
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Figure 26: VhhGFP4-hSPOP-nls-P2A-nlsRFP is expressed in pallial neural progenitors in 6 dpf larvae 

(A) Experimental design to validate the expression of VhhGFP4-hSPOP-nls-P2A-nlsRFP in the pallium of 6 dpf 

larvae after the 4-OHT treatment. 

(B) Immunostaining on a 6 dpf notch3GFP/GFP Tg(bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP; 

her4:ERT2CreERT2) forebrain expressing VhhGFP4-hSPOP-nls-P2A-nlsRFP. Pictures are a Z projection over 55 

µm (top panel) and a horizontal optical section at 13.3 µm from the ventricular surface of the forebrain (bottom 

panel). The pallium (P, inside the blue dotted line) is indicated in the PCNA, ZO1 panels. The scale bars represent 

20 µm. 

(C) Coronal section in the pallium (45 µm tissue deep). The scale bars represent 10 µm. 

 

I used whole-mount IHC for Notch3-GFP, Sox2 and nlsRFP (nanobody induction tracer) on 

dissected larval brains at 6 dpf to quantify N3ICD-GFP in NPs of the pallium. At 6 dpf, Sox2pos 

cells represented the majority of pallial ventricular cells, which were mostly proliferating 

(Figure 26B). The method for segmenting and analyzing pallial NPs in larvae is currently under 

improvement. 

 

The rare non-proliferative ventricular surface cells were all Sox2pos (Figure 26B). These cells 

were likely NPs that already entered quiescence, as suggested in Than-Trong et al., 2018. 

Together, the pallial ventricular surface appeared composed of intermingled activated and 

quiescent NPs, and neurons (mostly Sox2neg). As expected, the Notch3-GFP signal was visible 
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at the membrane and N3ICD-GFP in the nucleus of the majority of cells at the ventricular 

surface (Figure 26B,C). The induced nlsRFP signal was strong in the nucleus of many cells 

including at all depths in the pallial parenchyme, in agreement with the expected neuronal fate 

of her4pos cells in which the transgene was induced prior to the 4-day chase. nlsRFP did not 

delimit nuclei as cleanly as in our previous work using Hmgb1-mCherry expression (mCherry 

fused with the nuclear High-mobility group box 1 protein) (Figure S2). Some Sox2pos,nlsRFPpos 

cells were at the ventricular surface, and their RFP nuclear signal intensity was weaker than the 

deeper RFPpos cells (Figure 26B,C).  

 

I also imaged the midbrains of the treated larvae and I analyzed the zone between the medial 

tectal proliferation zone and the thalamus (see Figure 20D). nlsRFPpos cells were spread in the 

neuron layers and at the midline (Figure 27A). At the midline, RGs had a characteristic 

triangular shape, a flattened nucleus, and were GFPpos (Figure 27A). However, in the RFPpos 

RGs the nuclear GFP intensity seemed weaker than in the RFPneg RGs (Figure 27A). 
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Figure 27: Validation of the VhhGFP4-hSPOP-nls-mediated N3ICD-GFP degradation in the 6 dpf midbrain 

radial glia 

(A) Horizontal optical sections of 6 dpf notch3GFP/GFP Tg(bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-

nlsRFP; her4:ERT2CreERT2) midbrain at 30.2 µm from the ventricular surface, and notch3GFP/+ Tg(bact2:loxP-

stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP; her4:ERT2CreERT2) midbrain at 35.7 µm from the ventricular 

surface, both expressing VhhGFP4-hSPOP-nls-P2A-nlsRFP. The control midbrain corresponds to a 4-OHT 

treated notch3GFP/GFP Tg(her4:ERT2CreERT2) or not transgenic larvae. The scale bars represent 10 µm. 

(B) Pipeline for nuclei segmentation at the midbrain midline and quantification of nuclear GFP using Imaris and 

Prism. The first picture is a horizontal optical section in a 6 dpf notch3GFP/GFP Tg(bact2:loxP-stop-loxP-VhhGFP4-

hSPOP-nls-P2A-nlsRFP; her4:ERT2CreERT2) midbrain. The scale bar represents 10 µm. Mann Whitney test, 

**** p<0.0001. RFPneg n= 33, RFPpos n= 13. 

(C) Nuclear mean GFP intensity in RFPpos and RFPneg radial glia cells in notch3GFP/GFP and notch3GFP/+ midbrains. 

Each dot is one nucleus among 3 pooled brains per condition. Bar at median and bracket for interquartile range. 

Two way ANOVA, Sidak’s multiple comparison test, **** p<0.0001 (control vs. notch3GFP/GFP RFPneg), **** 

p<0.0001 (notch3GFP/GFP RFPneg vs. notch3GFP/GFP RFPpos), *** p=0.001 (notch3GFP/+ RFPneg vs. notch3GFP/+ 

RFPpos), **** p<0.0001 (notch3GFP/GFP RFPneg vs. notch3GFP/+ RFPpos). Number of cells: control n= 152, 

notch3GFP/GFP RFPneg n= 106, RFPpos n= 46, notch3GFP/+ RFPneg n=107, RFPpos n=18. 

 

The easy identification of NPs/RGs via their characteristic nuclear shape, and the absence of 

proliferation in this territory, led me to study N3ICD-GFP degradation in the midbrain. To 

circumvent the weak Sox2 signal defining the NSCs nucleus at the midline, I stained nuclei 

with 4′,6-diamidino-2-phenylindole (DAPI) and used this signal to segment the flattened nuclei 

located at the midline in the region of interest (Figure 27A,B). Upon quantification, I found that 

nlsRFPpos nuclei has significantly lower N3ICD-GFP levels than nlsRFPneg RGs/NPs (Figure 

27B,C). The difference was stronger in larvae homozygous for the KI compared to 

heterozygotes (Figure 27C).  

 

These results validated the efficient in vivo degradation of nuclear N3ICD-GFP by VhhGFP4-

hSPOP-nls when induced by conditional Cre-loxP recombination in her4-expressing RGs/NPs 

at 24 hpf. 

 

Conditional and sporadic loss of Notch3-GFP in embryo creates clones in adult 

Because the absence of Notch3 before 7 dpf does not perturb brain development, we could 

induce Notch3 degradation at 24 hpf and isolate the phenotypes specific to Notch3 functions in 

the adult, by analyzing the grown fish. This would practically reveal Notch3 function from 7 

dpf onwards. Due to the morphodynamics of the pallium, I expect the induced cells to form 

clones of neighboring cells in the adult. 

 

Thus, I induced the expression of VhhGFP4-hSPOP-nls-P2A-nlsRFP in 24 hpf 

driver/nanobody effector and/or KI embryos by bathing them in 4-OHT overnight, selecting the 

larvae with nlsRFP fluorescence at 72 hpf and growing the fish until adulthood. The induced 
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fish grew without any visible morphological phenotype (data not shown). The conditions of 4-

OHT induction on 24 hpf embryos had already been improved for maximal recombination in 

another line with the same driver of expression. Analyzing the pallium 4 days after induction 

(i.e., at 6 dpf) in our line revealed that only a few RFPpos cells remain surface Sox2pos cells 

(Figure 26B,C). The few remaining Sox2posRFPpos cells at 6 dpf are an advantage for the 

obtention of isolated cell clones in the grown brains. 
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Figure 28: Conditional and sporadic loss of Notch3-GFP in embryo creates clones in adult 

(A) Experimental design to induce the expression of VhhGFP4-hSPOP-nls-P2A-nlsRFP in the pallium of 24-28 

hpf embryos with a 4-OHT treatment, and collect the resulting adult brains. 

(B) Immunostaining on a resulting adult driver/nanobody effector control pallium. The picture is a Z projection 

over 28 µm. The scale bar represents 50 µm. 

(C) Optical cross section in the resulting control pallium (25.2 µm tissue deep). The arrow points to a 

Sox2posRFPposPCNAneg nucleus. The scale bar represents 20 µm.  

(D) Immunostaining on a resulting adult driver/nanobody effector and notch3GFP/GFP pallium. The picture is a Z 

projection over 28 µm. The scale bar represents 50 µm. 

(E) Optical cross section in the resulting control pallium (26 µm tissue deep). The scale bar represents 20 µm. 

 

I first induced F2 embryos from founder D and imaged the pallia at 2 and 3 months post-

fertilization (mpf). For control (no KI), and notch3GFP/GFP fish, RFPpos cells were present at all 

parenchymal depths, forming clones of cells including cells located just below the NSCs layer, 

corresponding to recently delaminated neurons. Some Sox2posRFPpos were present at the 

ventricular surface, but their RFP signal was weaker than the non-ventricular RFPpos cells, 

similar to what I observed in induced larvae (data not shown). To know if this phenotype was 

founder-dependent, I tested F2 embryos from the EN founder and imaged the adult pallia at 4 

mpf (Figure 28A-E). The overall brain morphology was similar in the two conditions, despite 

a lot of PCNApos cells in the control, but further analyses would be determinant. As in F2 from 

founder D, deep and large clones were present in the control (Figure 28B) and in the 

notch3GFP/GFP brains (Figure 28D). Most of the RFPpos cells were in the brain parenchyma but 

some Sox2posRFPpos were also present at the ventricular surface and had a weak RFP signal 

(Figure 28C,E). Because of this weak RFP intensity, the identification of RFPpos NSCs and 

therefore the comparison of the number of clones still attached to the ventricular surface 
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between conditions, and the analysis of the composition of the most superficial layers 

(accessible with optic microscopy) of the corresponding clones, is difficult.  

 

Together, these results show that irrespective of the time of analysis (2, 3 or 4 mpf), clones 

generated at 24 hpf always distribute in the parenchyma until subventricular locations, and at 

least some include Sox2pos ventricular cells. This indicates that at least some induced NSC 

mothers generating these clones are still present at the ventricular surface. Indeed, if the mother 

NSCs had been lost, we should observe detached clones deeper into the parenchyma (Furlan et 

al., 2017).  

 

To conclude, I succeeded at inducing the expression of the degradation system and at forming 

clones of induced cells encompassing NSCs. As the weak RFP signal intensity appeared 

sufficient to sign an efficient degradation of N3ICD-GFP in larvae, the system could also be 

efficient in adults (this analysis is planned). However, if the system is working efficiently to 

induce a phenotype, whether long-term Notch3 KD in NPs/NSCs would induce a loss of 

NPs/NSCs (and more generally, which phenotype is triggered by long-term Notch3 KD) still 

needs to be assessed. 

 

Conditional and sporadic expression of the degradation system in adults  

After the validation of Notch3-GFP degradation efficiency in larvae, and the possibility to 

express the system in adult NSCs, I aimed to study the functions of Notch3 signaling in adult 

NSCs. Due to the specific status of chromatin in pallial NSCs/NPs from embryo stages onwards, 

the recombination for the expression of the nanobody effector transgene can be challenging.  

I applied the 4-OHT treatment to 3-month-old adult fish to trigger the expression of the 

nanobody effector. To avoid 4-OHT toxicity in adult fish, I optimized the protocol by testing 

different concentrations and durations. I worked with F2 fish coming from different F1 from 

founder D, and one F2 from founder EN. The next results have been obtained in the latter 

background after a 4-OHT treatment applied three times for 7 hours at 5 μM (Figure 29A).  
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Figure 29: Conditional and sporadic expression of the degradation system in adults 

(A) Experimental design to induce the expression of VhhGFP4-hSPOP-nls-P2A-nlsRFP in the adult brain with 

three successive 4-OHT treatments, and collect the resulting brains. 

(B) Immunostaining on a resulting adult driver/nanobody effector control pallium. The picture is a Z projection 

over 12 µm. The two dotted scares correspond to zooms in C and D. The scale bar represents 30 µm.  

(C,D) Zoomed pictures. The arrows point ventricular Sox2posRFPposPCNAneg cells, the plus (+) point ventricular 

Sox2posRFPposPCNApos cells, and the stars (*) point delaminated RFPpos cells. The scale bar represents 7 µm in C 

and 10 µm in D. 

(E) Immunostaining on a resulting adult driver/nanobody effector and notch3GFP/GFP pallium. The picture is a Z 

projection over 14 µm. The two dotted scares correspond to zooms in F to I. The scale bar represents 50 µm.  

(F,I) Zoomed pictures. (G,I) Horizontal optical sections of the zoomed pictures. The arrows point ventricular 

Sox2posRFPposPCNAneg cells, the plus (+) point ventricular Sox2posRFPposPCNApos cells, and the stars (*) point 

delaminated RFPpos cells. The scale bar represents 10 µm in F and G, and 7 µm in H and I. 

 

The brains of the treated fish (n= 3 for control and notch3GFP/GFP) were analyzed 9 days after 

the treatment and all the dorsal regions of the pallium were screened for RFPpos cells (Figure 

29B-I). The screened pallia had many induced cells, with some cells regrouping and forming 

clones (Figure 29B,E). In agreement with my previous results, the cells with the higher RFP 

signal were in the parenchyma, while the ventricular RFPpos cells had a weaker RFP signal. 

Focusing on clones, I identified some Sox2posRFPpos cells in control and notch3GFP/GFP brains 

(Figure 29C,D,F-I). Some isolated Sox2posRFPpos cells were also present (Figure 29B,E).  

 

To conclude, I improved the induction efficiency in adult NSCs and I obtained clones of cells 

after 12 days of chase. Next, focusing on Sox2posRFPpos cells in the induced notch3GFP/GFP brain, 

I will quantify the amount of nuclear N3ICD-GFP to validate the degradation efficiency in adult 

NSCs. After this validation, I will do the phenotypical analysis to test my hypotheses (see 

Introduction part 5.5, Hypotheses). However, together with the other results, the weak 
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expression of the transgene in NPs/NSCs could limit the degradation, and prevent the 

appearance of phenotypes. 

 

Conditional and sporadic loss of notch3 mRNA in adults  

To study Notch3 signaling functions in the adult NSCs, I also adapted to the study of notch3 

function an electroporation-mediated shRNA silencing method very recently set-up in the lab 

following the publication by J. Giacomotto (Giacomotto et al., 2015; Labusch et al., 2024). I 

built a plasmid containing five different shRNAs against the notch3 3’UTR region, transcribed 

under the control of the Human cytomegalovirus immediate early promoter (CMV), which also 

drives the expression of the H2A-mCherry sequence (Figure 30A). The histone H2A is one of 

the five main histone proteins involved in the structure of chromatin in eukaryotic cells. In our 

plasmid, H2A, fused to the mCherry fluorescent marker, is stably incorporated into the 

chromatin, allowing the selection of the electroporated cells and medium-term tracking.  
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Figure 30: Conditional and sporadic loss of notch3 mRNA in adults  

(A) Schematic illustration of the electroporation plasmid. 

(B) Experimental design to electroporate adult brains, and selection. 

(C) notch3 RNAscope smFISH and immunostaining on an AB fish. The picture is a Z projection over 16 µm. The 

dotted scare corresponds to zoom D. The scale bar represents 30 µm.  

(D) Zoomed picture. The dotted lines correspond to contours of mCherryposSox2posPCNAneg cell apical surfaces. 

The two crosses correspond to areas of the selected cells where RNAscope dots belong to neighboring cells. These 

dots are manually corrected during the analysis process. The scale bar represents 15 µm.  

(E) Pipeline for quantification of the number of RNAscope dots in electroporated and non-electroporated Sox2pos 

cells. Along the process, Imaris, Napari-Python, Big-FISH-Python, and Prism are used.  The first picture is a Z 

projection over 16 µm. The scale bar represents 20 µm. Mann Whitney test, **** p<0.0001. Data from one brain 

electroporated with notch3 shRNAs. Number of cells: mCherryneg n= 19, mCherrypos n= 30. 

(F) Number of notch3 transcripts in adult ventricular Sox2pos cells from AB fish electroporated pallia. Data from 

two brains are pooled in the two conditions (control and notch3 shRNAs). Each dot is one cell. Bar at median and 

bracket for interquartile range. Two way ANOVA, Sidak’s multiple comparison test, **** p<0.0001 

(mCherrynegPCNAneg cells vs. mCherryposPCNAneg cells in the notch3 shRNAs condition and mCherrynegPCNAneg 

cells in the control condition vs. in the notch3 shRNAs condition), ** p= 0.0022 (mCherrynegPCNApos cells vs. 

mCherrynegPCNApos cells in the notch3 shRNAs condition), p= 0.2732 (mCherrynegPCNAneg cells vs. 

mCherryposPCNAneg cells in the control condition), p= 0.9998 (mCherrynegPCNApos cells vs. mCherryposPCNApos 

cells in the control condition), p= 0.0809 (mCherrynegPCNApos cells in the control condition vs. in the notch3 

shRNAs condition). Number of cells from the brains electroporated with notch3 shRNAs: mCherrynegPCNAneg  n= 

94, mCherryposPCNAneg  n=91, mCherrynegPCNApos  n= 14, mCherrynegPCNApos  n= 16;  from the control brains: 

mCherrynegPCNAneg  n= 78, mCherryposPCNAneg  n=75, mCherrynegPCNApos  n= 8, mCherrynegPCNApos  n= 7.  

(G) Number of notch3 transcripts in adult ventricular Sox2pos cells from AB fish electroporated pallia (apical 

surfaces inferior to 70 µm2). Data from two brains are pooled in the two conditions (control and notch3 shRNAs). 

Each dot is one cell. Bar at median and bracket for interquartile range. Two way ANOVA, Sidak’s multiple 

comparison test, **** p<0.0001 (mCherrynegPCNAneg cells vs. mCherryposPCNAneg cells in the notch3 shRNAs 

condition), ns, not significant p= 0.0711 (mCherrynegPCNAneg cells vs. mCherryposPCNAneg cells in the control 

condition), p= 0.0741 (mCherrynegPCNAneg cells in the control condition vs. the notch3 shRNAs condition), p= 

0.9981 (mCherrynegPCNApos cells vs. mCherryposPCNApos cells in the control condition), p= 0.6855 

(mCherrynegPCNApos cells vs. mCherryposPCNApos cells in the notch3 shRNAs condition), p= 0.9884 

(mCherrynegPCNApos cells in the control condition vs. the notch3 shRNAs condition). Number of cells from the 

brains electroporated with notch3 shRNAs: mCherrynegPCNAneg  n= 23, mCherryposPCNAneg  n=40, 
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mCherrynegPCNApos  n= 8, mCherrynegPCNApos  n= 3;  from the control brains: mCherrynegPCNAneg  n= 29, 

mCherryposPCNAneg  n=25, mCherrynegPCNApos  n= 8, mCherrynegPCNApos  n= 7.  

(H) Number of notch3 transcripts in adult ventricular Sox2pos cells from AB fish electroporated pallia (apical 

surfaces superior to 70 µm2). Data from two brains are pooled in the two conditions (control and notch3 shRNAs). 

Each dot is one cell. Bar at median and bracket for interquartile range. Two way ANOVA, Sidak’s multiple 

comparison test, **** p<0.0001 (mCherrynegPCNAneg cells vs. mCherryposPCNAneg cells and mCherrynegPCNApos 

cells vs. mCherryposPCNApos cells in the notch3 shRNAs condition), p= 0.3683 (mCherrynegPCNAneg cells vs. 

mCherryposPCNAneg cells in the control condition), p= 0.0002 (mCherrynegPCNAneg cells in the control condition 

vs. the notch3 shRNAs condition). No cells are mCherrynegPCNApos or mCherryposPCNApos in the control 

condition. Number of cells from the brains electroporated with notch3 shRNAs: mCherrynegPCNAneg  n= 71, 

mCherryposPCNAneg  n=51, mCherrynegPCNApos  n= 6, mCherrynegPCNApos  n= 13;  from the control brains: 

mCherrynegPCNAneg  n= 49, mCherryposPCNAneg  n=50.  

(I) Percentage of proliferating cells among electroporated ventricular Sox2pos cells. Number of cells with apical 

surfaces between 0-70: control n= 32, notch3 shRNAs n= 43; with apical surfaces >70: control n= 50, notch3 

shRNAs n= 64. 

 

To validate the efficiency of the notch3 shRNAs, adult AB fish were electroporated with the 

notch3 shRNAs plasmid or with a control plasmid (directed against GFP), and were dissected 

at 3 dpe (Figure 30B). The pallia presenting a mCherry signal were selected at the fluorescence 

binocular and fixed for subsequent analyses. The efficiency of the electroporation, defined as 

the number of electroporated cells, was very variable from brain to brain. Selected brains were 

processed for an RNAscope single-molecule fluorescence in situ hybridization (smFISH) 

against notch3, to quantify notch3 expression, and immunostained for mCherry for the 

identification of the electroporated cells, for ZO1 for the segmentation of the apical surfaces of 

the ventricular cells, and for Sox2 and PCNA, to identify the Sox2pos ventricular cells and their 

proliferative status (Figure 30C,D). The electroporated cells had variable nuclear sizes and 

mCherry signal intensities but were easily identified (Figure 30C). The notch3 signal was 

widespread in the ventricular cells yet heterogeneous (Figure 30C). Moreover, the number of 

PCNApos cells was increased in notch3 shRNAs electroporated pallia similarly to in control 

pallia, suggesting that this effect was a consequence of the manipulation and not the activity of 

the notch3 shRNAs (not quantified). Focusing on ventricular Sox2pos cells, the number of 

RNAscope dots, corresponding to notch3 mRNA molecules, was variable between cells, but in 

mCherryposSox2pos, the tendency was less notch3 dots than in the non-eletroporated ventricular 

Sox2pos cells (Figure 30D). The sizes of the apical surface of ventricular Sox2pos cells were 

variable (Figure 30D).  

 

To quantify the notch3 signal in Sox2pos cells, I processed the pallia pictures by segmenting the 

apical surface of the cells using the ZO1 signal, and assigning the RNAscope dots to the apical 

surface of their cell of origin (Figure 30E). I compared the number of dots in electroporated and 

non-electroporated cells (in the same pallial region but not in direct contact) (Figure 30F). 
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Moreover, less notch3 signal is expected in PCNApos cells, therefore we also added PCNA 

expression to the analysis. Ventricular PCNAposSox2pos represent a minority of Sox2pos cells, 

and therefore their number is also limited in the analysis. The number of notch3 transcripts after 

the electroporation of notch3 shRNAs, both in PCNAneg and PCNApos cells, was decreased 

(Figure 30F). Previous studies showed that pallial ventricular cells with big apical surfaces 

correspond to qNSCs, which by definition, have higher Notch signaling activity (measuring 

Notch3 activity in big versus small cells using the Notch3-GFP line will be done). Their apical 

surfaces were around 70 μm2 or superior, while the apical surfaces of aNSCs and IPs were 

inferior (Mancini et al., 2023). Therefore, I created two categories: apical surfaces inferior to 

70 μm2 or superior. For cells with apical surfaces inferior to 70 μm2, the only significant 

difference was in notch3 shRNAs electroporated PCNAneg cells compared to non-

electroporated PCNAneg cells (Figure 30G). In bigger cells, the results were significant in 

notch3 shRNAs electroporated PCNAneg and PCNApos cells (Figure 30H). Together, these 

results validate the efficiency of the notch3 shRNAs. 

 

To analyze whether a phenotype is induced by notch3 shRNAs, I counted the percentage of 

proliferating ventricular mCherryposSoxpos cells (Figure 30I). To not include IPs, that do not 

express notch3, I looked at cells with an apical surface superior to 70 μm2, where I expected 

more proliferation if electroporated with notch3 shRNAs. These cells were all quiescent in the 

control, but in the presence of notch3 shRNAs, 20.3% were proliferative (Figure 30I). In 

contrast, among the cells with an apical surface inferior to 70 μm2, fewer cells were proliferative 

in the presence of notch3 shRNAs (Figure 30I). The result obtained in big cells confirmed 

Notch3 function as a quiescence-promoting factor. 

 

To conclude, I validated the notch3 shRNAs efficiency and observed a phenotype in pallial 

Soxpos cells as early as three days after the electroporation. To reinforce these results, I will 

replicate the experiment.  
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Supplementary Figures 

 

Validation of anti-RFP/mCherry nanobodies targeted to the nucleus for the selective 

degradation of nuclear RFP/mCherry protein in zebrafish embryos 

To enlarge our nanobody toolbox for future experiments, I also tested the RFP- and mCherry-

specific nanobody LaM3 (Shin et al., unpublished) fused to hSPOPdelnls, by capped mRNA 

injections into one-cell stage transgenic embryos. The aim was to validate its functionality on 

nuclear proteins for the first time in zebrafish. 
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Figure S1: LaM3-hSPOPdelnls mediates degradation of nuclear mCherry and RFP in embryos 

(A) Experimental design to test the nanobody LaM3-hSPOPdelnls. 5’-cap_LaM3-hSPOPdelnls mRNA is injected 

with 5’-cap_GFP mRNA (injection marker) in embryos coming from crossings between AB and 

Tg(ascl1a:nlsmCherry) to test nuclear mCherry degradation, and AB and TgBAC(notch3:notch3-

GFP_P2A_nlsRFP) to test nuclear RFP degradation. 

(B) Tg(ascl1a:nlsmCherry) 48 hpf embryos injected (++,+) or not injected (-) with 5’-cap_LaM3-hSPOPdelnls. 

The stars highlight the transgenic line selection marker: GFP fluorescence in the heart. The arrows point the 

mCherry fluorescence in the brain of low injected (+) and not injected embryos. The scale bar represents 500 µm.  

(C) TgBAC(notch3:notch3-GFP_P2A_nlsRFP) 48 hpf embryos injected (++,+) or not injected (-) with 5’-

cap_LaM3-hSPOPdelnls. The stars highlight the transgenic line selection marker: BFP fluorescence in the eyes 

(also visible in green). The arrow points the RFP fluorescence in the central nervous system in the absence of 

degradation. The scale bar represents 500 µm.  

(D) Results of the fluorescent screens at 48 hpf.  

 

Tg(ascl1:nlsmCherry) (I. Foucher, unpub.) embryos from a cross between heterozygous parents 

and wildtype fish were injected and screened at 48 hpf (at 24 hpf, the nlsmCherry signal was 

too weak to separate the positive mCherry embryos from the others) (Figure S1A,B). In this 

fish line, nlsmCherry is expressed in the nucleus of NPs expressing the proneural gene ascl1, 

which is important for the regulation of neurogenesis and promotes progenitor proliferation, 

specification, and differentiation into neurons (Andersen et al., 2014). The percentage of 

nlsmCherryneg embryos was 73% in the injected clutch, against 52% in the non-injected clutch 

(Figure S1D). These results validate the capacity of LaM3-hSPOPdelnls to degrade 
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nlsmCherry, although at low efficiency. Different injection doses were also tested to identify 

the dose at which LaM3-hSPOPdelnls was the most efficient for the degradation of mCherry 

(Figure S1B). A dose effect was highlighted: with less capped mRNA injected, protein 

degradation was lower.  

Next, to test the functionality of LaM3-hSPOPdelnls on nuclear RFP, TgBAC(notch3:notch3-

GFP-P2A-nlsRFP) embryos were injected (Figure S1A,C). Because mCherry and RFP proteins 

are more than 90% identical, I expected the same efficiency of degradation. After unsuccessful 

injection assays of LaM3-hSPOPdelnls into embryos where no degradation activity was 

observed, it is only at double dose of capped mRNA that I obtained 95% of BAC-injected 

embryos that displayed, upon visual inspection, less nlsRFP signal than non-injected control 

embryos (figure S1D).  

ascl1 and notch3 promoter activities are different in levels of expression and in number of 

expressing cells. The level of expression of mCherry being weaker than RFP (Figure S1B,C), I 

was not able to conclude on the difference of mCherry or RFP degradation efficiency by LaM3-

hSPOPdelnls, but conclude that LaM3-hSPOPdelnls can degrade both mCherry and RFP 

nuclear proteins. 

These results validated the efficient activity of LaM3-hSPOPdelnls for the degradation of 

mCherry and RFP nuclear proteins, and opened the possibility of studying proteins tagged not 

only with GFP, but also with mCherry and RFP. 
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Figure S2: Expression of Hmgb1-mCherry upon loxP-stop-loxP recombination 

Tg(her4:ERT2CreERT2) fish were crossed with Tg(bact2:loxP-stop-loxP-hmgb1-mCherry). After dechorionation, 

at 24 hpf, the embryos were treated with 4-OHT for 12 h. At 72 hpf, larvae were selected on the presence of 

mCherry fluorescence. The larvae were dissected at 6 dpf and immunostained for PCNA, ZO1, Sox2, mCherry 

and the neuronal marker acetyl-tubulin. The scale bar represents 10 µm. 
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Materials and Methods 
 

Zebrafish husbandry and strains 

All procedures for zebrafish (Danio rerio) care and treatment were conducted following the 

directive 2010/63/EU of the European Parliament and were approved by the CETEA (Pasteur 

Institute Ethics Committee). Adult fish were maintained in 27.8°C water at pH 7.5 and fed 3 

times by day with GEMMA Micro (Skretting). Juveniles until 6 days were maintained in E3 

embryo medium at 28°C. All fish were kept on a 14-hour light/10-hour dark cycle. 

The fish lines used in this study were AB, casper (White et al., 2008), Tg(gfap:nlsGFP) 

(Bernardos et al., 2007), Tg(gfap:GFP) (Bernardos and Raymond, 2006), Tg(deltaA:GFP) 

(Christie et al., 2006), Tg(ascl1a:nlsmCherry) (Bally-Cuif, unpublished), TgBAC(miR9-

6:nlsGFP-P2A-mCherry-PEST-CG2) (Bally-Cuif, unpublished), TgBAC(notch3:notch3-

GFP_P2A_nlsRFP) (Ortica et al., in prep.), Tg(her4.1:ERT2CreERT2) (Boniface et al., 2009), 

Tg(bact2:loxP-stop-loxP-hmgb1-mCherry) (Wang et al., 2011), Tg(bact2:loxP-stop-loxP-

VhhGFP4-hSPOP-nls-P2A-nlsRFP) (this study), notch3GFP/GFP (this study). Combined 

transgenic/KI lines were generated by crossing. 

 

Generation of pXT7_Nfbxw11b-VhhGFP4 

The Nfbxw11b-VhhGFP4 sequence (also called zGrad) was amplified by PCR from pDestTol2-

hsp70l-zGrad-IRES-H2A-TagBFP (Yamaguchi et al., 2019) with the following primers, 

designed to introduce KpnI and BglII restriction sites (underlined): 

KpnI_fwd: 5’- GATCGGTACCATGGAGACGGAGATGGAGGAC -3’ 

rev_BglII: 5’- GATCAGATCTTTAGCTGGAGACGGTGACCTG -3’ 

The PCR product was cloned into pXT7 after digestion by KpnI and BglII and ligation using 

InstantStickyEnds (NEB).  

 

Capped mRNA for embryonic microinjections 

The capped mRNAs were transcribed with mMESSAGE mMACHINE® (ThermoFisher) 

according to Table 1. 1 nl of a mix containing nanobody capped mRNA at 100 ng/µl and the 

injection markers capped mRNA (GFP or kusabira orange) at 10 ng/µl was injected into one-

cell stage embryos from crosses between transgenic and AB or casper fish. Non-injected 

embryos were kept as negative control. 
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Table 1: Capped mRNA for embryonic microinjections 

 

 

Transgenic embryos were selected by their transgenic selection marker. In transgenic embryos 

devoid of a transgenic selection marker, the nanobody activity was determined by counting the 

percentage of non-fluorescent embryos following injection compared with control embryos. 

 

Generation of zebrafish transgenic line bact2:loxP-stop-loxP-VhhGFP4-hSPOP-

nls-P2A-nlsRFP 

The following sequences were amplified by PCR: bact2 promoter using p5E-bactin2 (tol2kit, 

#299), loxP-stop-loxP using pENTR5′_hsp70l:loxP-stop-loxP (Kirchgeorg et al., 2018), 

VhhGFP4-hSPOP-nls using pCS2_Flag-VhhGFP4-hSPOP-nls (Shin et al., 2015), P2A-nlsRFP 

using pCS2-GVG-eGFP-P2A-nlsRFP (Ortica et al., in prep.). All the PCR products were cloned 

by Gibson into pDestTol2CG2 (tol2kit, #395), previously digested by KpnI and SalI, and 

purified on gel.  

For transgenics screening, the expression vector pEXbact2:loxP-stop-loxP-VhhGFP4-hSPOP-

nls-P2A-nlsRFP (14527 base pairs) also contains another GFP sequence expressed under the 

control of the cardiac-specific promoter cmlc2. The sequence of the expression vector was 

verified by different PCR reactions (Table 2). 

The pEXbact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP plasmid (also called Tol2 

plasmid) and the tol2 transposase mRNA (transcribed from pCS2+ TP (provided by Koichi 

Kawakami), previously digested by NotI) were mixed (final concentration of 60 ng/µL each) 

and 1nL was injected into early 1-cell stage AB embryos.  
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Table 2: PCR primers for cloning, sequencing and genotyping 

 

 

Three different steps of screening were needed for the validation of the transgenic line, for: 

1) The integration of the transgene into the genome: embryos containing the plasmid were 

selected at 24 hpf by their green heart and were grown until adulthood. The adults were 

sequenced to validate the correct integration and the sequence of the transgene (Table 2). 

2) The transmission of the transgene to the offspring: transgenic adults were crossed with AB 

fish and the offsprings’ hearts were screened. Some of the transgenic offsprings were kept to 

generate a stable transgenic line. 

3) The efficient recombination of the stop cassette: some transgenic offsprings were bath into 

4-OHT and screened for red fluorescence in the central nervous system (see ‘4-

hydroxytamoxifen treatment’ part). 

 

Generation of pXT7-VhhGFP4-hSPOP-nls-P2A-nlsRFP 

VhhGFP4-hSPOP-nls-P2A-nlsRFP sequence was amplified from pEXbact2:loxP-stop-loxP-

VhhGFP4-hSPOP-nls-P2A-nlsRFP with the following primers, designed to introduce KpnI and 

BglII restriction sites (underlined): 

KpnI_fwd: 5’- ATCGGGTACCCGACCCAAGTTTGATGGATC -3’ 

rev_BglII: 5’- ATCGAGATCTCATCGATGGTACTTAGGCGC -3’ 

The PCR product was cloned into pXT7 after the digestion of both by KpnI and BglII and the 

ligation using InstantStickyEnds (NEB).  

VhhGFP4-hSPOP-nls-P2A-nlsRFP capped mRNA was transcripted by T7 with mMESSAGE 

mMACHINE® (ThermoFisher) and injected at one-cell stage in notch3GFP/GFP embryos. 
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Generation of zebrafish knock-in line notch3GFP/GFP 

The following sequences were amplified by PCR: the plasmid backbone using pDONOR-

left_arm-linker-AzamiGreen-P2A-nlsRFP-right_arm (Ortica et al., in prep.) to conserve the 

two homology arms (left: 892 aa; right: 800 aa) and the linker 

(GGAGGAGGTGGTTCAGGTGGTGGAGGATCTGGAGGTGGAGGTTCA; Hisano et al., 

2015), and eGFP (714 aa) using pCS2-GVG-eGFP-P2A-nlsRFP (Ortica et al., in prep.). The 

PCR products were cloned together by Gibson to obtain pDONOR-left_arm-linker-GFP- 

right_arm (measuring 5225 base pairs) and the plasmid was sequenced (Table 2). 

 

Target-specific Alt-R CRISPR-Cas9 crRNA and common Alt-R CRISPR-Cas9 tracrRNA were 

designed on CRISPOR (crispor.tefor.net) (Ortica et al., in prep.) and ordered on IDT 

(eu.idtdna.com). The crRNA target sequence, located in the notch3 exon 32 among 32, was 5’-

GGGGTAATCCTCTGGGCCTG[CGG]-3’ ([PAM]). Each RNA was dissolved in Duplex 

Buffer (IDT) as 120 µM stock solution and stored at -20°C. The crRNA:tracrRNA duplex was 

prepared by mixing the stock solutions on a 1:1 ratio, heating at 95°C for 5min and letting to 

cool down slowly for the annealing. The 60 µM crRNA:tracrRNA duplex stock solution was 

stored at -20°C.  

Cas9 protein (wild type, active) was ordered on LabOmics-Toolgen (www.labomics.com), 

dissolved in 2 M KCl, H2O and 50% glycerol for final concentrations of 30 µM of Cas9 protein 

and 750 mM of KCl, and stored at -80°C.  

On the injection day, the ribonucleoprotein (RNP) complex was assembled by mixing 2 µL of 

30 µM Cas9 protein, 1 µL of 60 µM crRNA:tracrRNA duplex and 2 µL H2O. The RNP was 

incubated at 37°C for 5 min and then kept on ice before the injections of 1 nL into 1-cell stage 

embryos.   

The crRNA:tracrRNA duplex efficiency was previously validated in the team (Ortica et al., in 

prep.). 

At 48 hpf, injected embryos were screened by PCR to verify the presence of the KI and the 

sequence of the 5’ and the 3’ extremities of the KI cassette (Table 2). Other injected embryos 

were grown until adulthood, sequenced, and screened for germline transmission by crossing 

with AB fish. The F1 KI embryos were selected by the green fluorescence of their body at 24 

hpf and grew to create a stable KI line. 
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RNAi-mediated gene silencing 

notch3 3’UTR region was previously sequenced (Ortica et al., in prep.). To design shRNA, the 

BLOCK-iT™ RNAi Designer (ThermoFisher) was used, and the corresponding double-strand 

gBlocks® Gene Fragments with surrounding sequences containing restricting sites matching 

the entry plasmid p3E_INTRON-EmptyRNAi (Giacomotto’s lab (unpublished)),  were ordered 

in IDT (Table 3). 

 

Table 3: gBlocks® Gene Fragments 

 

 

Each DNA fragments were cloned into pCR™ 2.1-TOPO™ (TOPO™ TA Cloning™ Kit, 

Invitrogen), then digested by XhoI and BamHI and sub-cloned by T4 ligation into 

p3E_INTRON-EmptyRNAi, previously digested by BglII and XhoI. Then, other DNA fragments 

were integrated into p3E_INTRON-fragmentx by the same digestion and ligation steps until the 

generation of a p3E_INTRON -6shRNAnotch3, containing 6 sequences of shRNA. 

The electroporation plasmid was built by Gateway cloning of p3E_INTRON -6shRNAnotch3 

with the following plasmids: p5E-CMV/SP6 (tol2kit, #382), pME-H2AmCherry (#234), and 

pDestTol2pA2 (#394). 

The expression vector pEXCMV:H2Amcherry-6shRNAnotch3 or the control 

pEXCMV:H2Amcherry-6shRNAGFP were electroporated into adult zebrafish brains 

(anesthetized in water containing 0.01% of Tricaine methanesulfonate (MS222; Sigma-

Aldrich), drilled, injected with a solution at 1 µg/µL, and electrocuted (4 × 1sec, 50 V)), and 

the efficiency of the shRNA was validated by RNAscope smFISH (bio-techne) on notch3. 
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Genotyping 

Genomic DNA was recovered from the tail of zebrafish embryos or adults, and processed with 

the Phire Animal Tissue Direct PCR Kit (ThermoFisher) according to the manufacturer’s 

instructions.  

The presence of the bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP transgene was 

verified by the amplification of 1029 bp, containing the sequence VhhGFP4-hSPOP-nls, and 

the presence of the her4.1:ERT2CreERT2 transgene was verified by an amplification of 676 bp 

(described in Than-Trong et al., 2020).  

The locus of the linker-GFP KI was amplified with a forward primer outside the left homology 

arm and a reverse primer inside the right homology arm, to form amplicons of 2322 bp if the 

KI is present or 1552 bp if it is absent. 

 

LY treatment 

notch3GFP/GFP adults and embryos were bathed for 24 hours in fish water or E3 medium 

containing 10 µM of LY411575 (Sigma-Aldrich) diluted in 0.01% DMSO (Sigma-Aldrich), or 

0.01% of DMSO. Fish were immediately dissected after the treatment. 

 

4-hydroxytamoxifen treatment 

Induction in embryos 

At 24 hpf, dechorionated bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP; 

her4.1:ERT2CreERT2 and notch3GFP/GFP transgenic embryos were bathed into E3 medium 

containing 10 µM of 4-OHT (Sigma-Aldrich, T176) and kept in the dark overnight. The 

treatment was replaced by a new E3 medium, and at 72 hpf, treated embryos were screened for 

red fluorescence in their central nervous system. At 6 dpf, larvae were dissected (the brain was 

used for IHC and the tails for genotyping), or kept and grown until adulthood. The grown-

induced adult fish were genotyped and dissected at 4 months for analysis. 

Induction in adults 

Genotyped bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP; her4.1:ERT2CreERT2 

and notch3GFP/GFP, notch3GFP/+ or notch3+/+ transgenic adult (3 to 4 months old) were bathed 

three consecutive days for 7 hours in fish water containing 5 µM of 4-OHT and kept in the dark. 

Each fish was treated in a 50 mL total volume and rinsed for 48 hours before going back to the 

fish facility. At 9 dpi, fish brains were dissected and analyzed. 
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Immunohistochemistry 

Brains were dissected in cold PBS (Fisher Bioreagents) and directly transferred to a 4% PFA 

solution in PBT for fixation. They were fixed for 2h at room temperature (RT) or overnight at 

4°C under permanent agitation. After 3 washes in PBT, brains were dehydrated through a series 

of 25, 50, 75, 100% methanol and kept in 100% methanol at -20°C. Following rehydration, 

brains were processed for whole-mount immunohistochemistry. An antigen retrieval step of 1h 

in HistoVT One (Nacalai Tesque) was performed at 65°C. Brains were washed in PBT and 

bleached for 15min at RT under white light in an H2O2 solution. After other washing, brains 

were pre-incubated for 2h at RT in a blocking buffer (4% Normal goat serum, 0.1% DMSO, 

0.1% Triton (Sigma-Aldrich, X-100), 20 mM Glycine (Sigma-Aldrich, G7126) in PBS), and 

incubated overnight at 4°C under agitation in the primary antibodies diluted in the blocking 

buffer (Table 4). Brains were then washed with PBT and processed the same way for the 

secondary antibodies (Table 4). Before imaging, brains were kept in the dark at 4°C in PBT 

complemented with 0.02% sodium azide.  

 

Table 4: Antibodies 

 

 

Larval brains were incubated with DAPI overnight at 4°C and mounted on glass slides, using 2 

overlaid reinforcement rings (3L Office) as spacers. Adult brains were mounted using iSpacer 

0.5 mm (IS017, SunJin Lab Co.). 

 

RNAscope smFISH against notch3 

The RNAscope experiment was done before the immunostaining. The first steps are the same 

as for immunohistochemistry, but after rehydration, brains were directly bleached. They were 

washed in PBT and pre-incubated in Probe Diluent for at least 1 h at 40°C under permanent 
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agitation. The Diluent was then replaced by the prewarmed Probes and the brains were 

incubated overnight at 40°C under permanent agitation. Brains were then washed in Wash 

Buffer at RT and incubated in AMP1 and AMP2 for 30 min at 40°C, and AMP3 for 15 min at 

40°C. After each amplification step, brains were washed in Wash Buffer at RT. Brains were 

incubated with Multiplex FL v2 HRP-C1 (for notch3) for 15 min at 40°C and washed with TSA 

Buffer for 10 min at RT. The Buffer was replaced by OPAL-520 diluted in TSA Buffer (1:500) 

and incubated for 30 min at 40°C. Brains were washed in Wash Buffer at RT and incubated in 

HRP Blocker for 15 min at 40°C. Finally, brains were washed in Wash Buffer at RT. For the 

following immunohistochemistry, the HistoVT One solution was not used, but the other steps 

were similar. 

 

Image acquisition, processing and cell counting 

The whole embryos and larvae were screened and imaged with an Olympus SZX16 

stereomicroscope equipped with an Olympus DP73 camera. For the measurements of 

embryonic lengths, pictures of larvae and scale bars were done with a Leica M80 

stereomicroscope and the Leica IC80 HD camera, and larval lengths were measured manually 

from the front of the head to the end of the pigments of the tail (corresponding to the standard 

length). 

Immunostained brain pictures were acquired on a confocal microscope (LSM 980, Zeiss) using 

40X oil objective. They were converted into Imaris files for their analysis on Imaris Software 

(version 10).  

For the nuclear segmentation in the DMSO versus LY treated brains, a part of the Dm area was 

chosen and new surfaces were created on the Sox2 channel using the menu Surfaces and 

Automatic creation, followed by manual corrections. 

For nuclear segmentation in the midbrain of 6 dpf larvae, the menu Surfaces and Edit Manually 

was used for each nucleus. The contour of each cell was drawn on the upper and the lower stack 

where the cell appears and in 2-3 stacks in between, and the surface covering the area was 

created. The data coming from the different segmentations were extracted in Excel tables and 

statistically analyzed on Prism. 

For the co-localization analyses, the Coloc tool was applied to the RNAscope and GFP channels 

and a threshold was manually defined for signal selection.  

For RNAscope smFISH quantification, pictures were processed in two Python libraries: Napari 

for Z-projection and cell annotations, and Big-FISH for analysis of single-molecule FISH. 
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Figures were created in PowerPoint (Microsoft) or BioRender (https://www.biorender.com/).  

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 10.2.2. 
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Discussion 
 

 

This work lays the foundations for detailed conditional analyses of Notch3 signaling 

functions in zebrafish NPs/NSCs in vivo. Specifically, I developed two methods of KD to 

understand the precise mechanisms of action and the middle- to long-term effects of Notch3 

invalidation in vivo in NPs/NSCs. The first method consisted of tagging endogenous Notch3 

with GFP, which became a target for degradation in the presence of specific nanobodies. In 

parallel, I created the nanobody tool selective for nuclear GFP fusion proteins and conditionally 

activatable in NPs/NSCs. The alternative method, usable for middle-term notch3 KD, consisted 

of adapting the shRNA method to the study of notch3: I created an electroporation plasmid 

containing notch3 shRNAs and validated its efficiency post-electroporation into adult pallial 

NSCs in vivo. 

  

To generate the notch3GFP line, I tagged the N3ICD domain of the endogenous Notch3 

protein with a GFP by CRISPR-Cas9 KI (Figure 16). In the fusion protein, I validated that GFP 

could be used as a tracer for notch3 expression, and validated Notch3 functionality by assessing 

the correct growth of the larvae and the percentage of proliferating cells in the adult pallium of 

notch3GFP/GFP fish compared to control (Figure 17). Then, I used this new line to follow Notch3 

signaling, by localizing Notch3-GFP protein and its transcriptionally active form N3ICD-GFP 

in Sox2pos adult and larvae pallial cells (Figure 18-20). As expected, the GFP signal was high 

at the plasma membrane, in cytoplasmic vesicles, where it co-localized with recycling 

endosomes and lysosomes, and in the nucleus at a lower intensity level (Ilagan et al., 2011; 

Fryer et al., 2004). I quantified nuclear GFP signal intensity in Sox2pos cells in pallia treated 

with the ɤ-secretase inhibitor LY and obtained a significant decrease in GFP intensity compared 

to the control. I demonstrated that the Notch3-GFP line offers the possibility of measuring  

Notch3 signaling in situ.  

 

Before generating the nanobody line, I tested the efficiency of anti-GFP nanobody tools 

in transgenic embryos expressing GFP or GFP-tagged proteins and I validated VhhGFP4-

hSPOP-nls efficiency and specificity for nuclear protein degradation (Shin et al., 2015) (Figure 

21). Then, at the cellular level, I validated the efficiency of VhhGFP4-hSPOP-nls in 

notch3GFP/GFP larvae (Figure 23). I also verified the efficiency of the loxP-stop-loxP 

recombination in the presence of Cre recombinase for the conditional expression of the 
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nanobody tool (Figure 24). Afterward, by tol2-transposase transgenesis, I generated 

Tg(bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP) fish conditionally expressing 

the nanobody tool and a fluorescent marker of expression, and I selected four different founders 

on their abilities to transmit the transgene to their offspring (Figure 22).  

By successive crossings, I created a fish line containing the conditional nanobody 

effector bact2:loxP-stop-loxP-VhhGFP4-hSPOP-nls-P2A-nlsRFP, the KI notch3GFP/GFP, and 

the genetic expression driver her4.1:ERT2CreERT2, which is specific to NPs/NSCs (Yeo et al., 

2007) (Figure 25). In F2 embryos, I demonstrated that the expression of the degradation system 

was inducible. Above all, I validated the efficiency of in vivo N3ICD-GFP degradation in 

RGs/NPs nuclei of induced larvae midbrains (Figure 27). I also let some induced notch3GFP/GFP 

fish grow until adulthood where I observed large and deep “attached” cell clones encompassing 

some Sox2pos cells (Furlan et al., 2017) (Figure 28). I showed the possibility of forming adult 

KD cell clones from her4.1pos cells in the embryo.  

After that, I validated the possibility of directly inducing the expression of the degradation 

system in adult NSCs of notch3GFP/GFP fish (Figure 29). Twelve days after the induction, I 

observed isolated superficial cells or cell clones of a few cells, some containing Sox2pos cells, 

in the adult pallium. Therefore, I validated the inducibility of the system expression directly in 

adults.  

 

The second method of KD consisted of electroporating notch3 shRNAs into the adult 

pallium (Labusch et al., 2020) (Figure 30). I confirmed the efficiency of the shRNAs by the 

decreased number of notch3 transcripts in electroporated Sox2pos cells. Focusing on cells of 

large apical area, which are NSCs and characterized by deep/long quiescence, I further showed 

that the notch3 shRNAs increased the percentage of proliferating cells. This is the expected 

phenotype of blocking Notch3 signaling (Alunni et al., 2013; Campbell et al., 2022; Hernández-

Núñez et al., 2021; Basak et al., 2012; Ehret et al., 2015; Kawai et al., 2017), confirming the 

role of Notch3 as a promoter of NSC quiescence and concomitantly validating the shRNA 

approach.  

 

By the conclusion of my PhD, I had reached a stage where I could begin investigating 

the role of Notch3 in NPs/NSCs. In this discussion, I will explore the future potential of the 

methods developed in this work. The discussion is structured into three key sections, each 

building on findings from the results: the creation of the notch3GFP line, the development of the 
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nanobody tool, and the design of the notch3 shRNAs tool. I will then outline the specific 

phenotypes and research questions I intend to address shortly using these tools. 

 

The notch3GFP line: a multifunctional tool for studying the Notch3 signaling 

pathway 

A main advantage of the notch3GFP line is the possibility to follow, at the cellular level, 

Notch3 protein in its full-length form and its effector form (N3ICD-GFP), to study Notch3 

signaling dynamics. The GFP tag provides a domain to the fusion protein for spotting Notch3 

when a working antibody against Notch3 is lacking -which is our case in zebrafish-. Equivalent 

lines with tagged intracellular receptor domains have been successfully used to characterize 

Notch signaling in Drosophila (Kawahashi and Hayashi, 2010; Couturier et al., 2012; Pinot and 

Le Borgne, 2024; Loubéry et al., 2014; Trylinski et al., 2017; Couturier et al., 2013; Couturier 

et al., 2014).  

 

In Figure 18A,B, immunostained notch3GFP pallial cells had a dotted GFP signal aligned 

to the apical ZO1 signal, which I identified as a membrane signal. This signal was stronger a 

few micrometers below the ZO1 level in some ventricular cells, in a region where I considered 

that their soma are still in contact. I did not use a marker for membranes (e.g. N-cadherin (Lui 

et al., 2001; Nagashima et al., 2013; Harrington et al., 2007; Raymond et al., 2006; Liu et al., 

2003), or LLGL scribble cell polarity complex component 2  (Llgl2) (Kujawski et al., 2019)),  

therefore the localization of these accumulations of Notch3 receptors at the membrane is 

difficult to determine with precision. Moreover, because of the juxtaposition of NSCs, the GFP 

signal which seems to belong to one cell may belong to the neighboring cell. Due to the dense 

packing of cells in the zebrafish pallium, a basolateral marker signal would be difficult to read 

except if it is expressed in isolated NSCs. Indeed, we still do not know at which basolateral 

level of the cell are happening the main Notch interactions. In Drosophila, the question is 

debated. In SOPs, two pools of Notch receptors are present in the basal and the apical pIIa-pIIb 

interface, and their relative contribution to the signaling might be context-dependent (Bellec et 

al., 2021; Houssin et al., 2021; Trylinski et al., 2017). Indeed, Notch activation can take place 

basally as well as apically (Trylinski et al., 2017; Bellec et al., 2021), but the minor contribution 

of the apical pool of receptors to the Notch activation described in the control situation 

(Trylinski et al., 2017) suggests that apical activation may become preponderant when a given 

threshold of Notch and Delta is reached (Bellec et al., 2021). The differences between apical 
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and basal Notch signaling are unknown. However, due to a shorter distance to the nucleus, the 

time between NICD production and the transcriptional response could be decreased for basal 

signaling compared to apical (Bellec et al., 2021).  

To characterize the localization of membrane Notch3 receptors in adult NSCs, I could 

electroporate a plasmid expressing a fluorescent membrane marker following intracerebral 

injection into the notch3GFP adult pallium (Alunni et al., 2013). To study Notch3 receptors in 

embryonic and larval NPs, I could transplant AB embryos with cells from notch3GFP embryos 

and work on isolated NPs in larvae pallia (Kemp et al., 2009; Gansner et al., 2017; Li et al., 

2011). 

 

In Figure 18A-H, the immunostaining on adult notch3GFP pallium also highlighted the 

presence of GFP signals inside the cytoplasm of ventricular cells, which I characterized as 

endosomes and lysosomes. Endocytosis is a known regulator of Notch signaling activity by 

regulating the number of receptors at the membrane (and by providing a cleavage compartment) 

(Zhou et al., 2022a; Coumailleau et al., 2009; Kressmann et al., 2015; Loubéry et al., 2014). As 

expected, many GFP signals were co-localized with recycling endosomes (Rab11pos), formed 

from early endosomes to target Notch3 receptors to the membrane. Similarly, many GFP signals 

co-localized with lysosomes (LAMP1pos). This result was unexpected because, in acidic 

environments, the GFP signal is normally quenched (Couturier et al., 2014). However, only 

weak co-localizations were observed with a few small early and late endosomes. I hypothesized 

that if the number of Rab proteins present in early and late endosomes is low, all the endosomes 

are not necessarily visible because of the limited size of the signals. The solution would be to 

increase picture resolution. In confocal microscopy, the best resolution that can be obtained is 

generally around 0.2 μm laterally and 0.6 μm axially (Elliott et al., 2020), however, using super-

resolution microscopes would increase the resolution to 0.1 μm laterally and 0.2 μm axially 

(Wu et al., 2021). Another explanation would be that proteins only transit in early and late 

endosomes, and are stocked for longer times in recycling endosomes and lysosomes.  

 

To validate the pattern of endosomes and lysosomes in NSCs, I could redo the 

immunostainings on AB fish. IHC experiments on ex vivo mouse SVZ NSCs, using the 

lysosomal marker LAMP2 and the LysoTracker, showed that qNSCs contain many lysosomes 

with big lumen, especially when compared to aNSCs (Leeman et al., 2018). LAMP2 and 

LAMP1 share similar patterns in the nervous system (Cheng et al., 2018), however, their 
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accuracy for assessing lysosome distribution and trafficking have been questioned because they 

are also distributed in other endosomal compartments (Cheng et al., 2018). The LysoTracker is 

a diffusible marker that stains acidic cell compartments. Therefore, it is not specific to 

lysosomes (Podinovskaia and Spang, 2018). It also stains endosomes, GA, secretory vesicles, 

and phagosomes (Podinovskaia and Spang, 2018; Kellokumpu et al., 2019; Morris, 2020; Yu 

et al., 2022). The solution would be to combine lysosomal hydrolase markers, autophagic and 

endo-lysosomal markers (Cheng et al., 2018). I would then quantify the co-localizations of these 

markers with the GFP signal from the notch3GFP line to determine Notch3 recycling activity. 

However, this experiment would not address Notch3 recycling dynamics. To do so, I could take 

advantage of the transparency of zebrafish embryos and do live imaging on notch3GFP embryos 

carrying fluorescent membrane, endosomal, and lysosomal markers (expressed from injected 

plasmids or transgenes) (Dong et al., 2011; McIntosh et al., 2017).  

 

In Figure 18A,B and 19C-I, I also verified the presence of a GFP signal in NSCs nuclei. 

This nuclear GFP signal was the effector N3ICD-GFP in cells where Notch3 signaling was 

active. In parallel, I could easily identify cells with small apical surfaces that did not accumulate 

N3ICD-GFP in their nuclei. These cells were more proliferative than the bigger cells, and based 

on their small apical area size, I assumed that they were a mix of IPs and NSCs. Using LY-

mediated inhibition of Notch signaling, I verified that the measurement of Notch3 signaling 

activity via the level of nuclear N3ICD-GFP was quantitative (Figure 19). For the 

quantification, I included all the ventricular Sox2pos cells i.e., a combination of IPs, that express 

less notch3, and NSCs. To focus the analysis on NSCs, I could use an NSC marker instead of 

Sox2, such as GS. In parallel to the decreased N3ICD-GFP signal in the nuclei of pallial NSCs 

treated 24 h with LY, the GFP signal at the membrane, which reflected the amount of Notch3 

receptors at the membrane, was increased. In the LY condition, the interactions between the 

Notch3 receptor and its ligands are not interrupted, however, the absence of S3 and S4 

cleavages anchor N3EXT-GFP at the membrane (Zhou et al., 2022a; Zhang et al., 2014). At 

least for 24 h, N3EXT-GFP is maintained at the membrane and is not recycled. Blocking ɤ-

secretase activity is the only way to observe the NEXT fragments because they are short-lived 

under normal circumstances (Mumm et al., 2000; van Tetering et al., 2009; Groot and Vooijs, 

2014). In addition to the lack of Notch3 activity in the nucleus, this accumulation could also 

impact possible non-canonical Notch3 activities, such as cytoskeleton interaction and 

remodeling, which depend on the transmembrane and intracellular domains of the receptor 
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(Polacheck et al., 2017; White et al., 2023). Although equivalent percentages of proliferating 

cells were observed in control and LY brains (Figure 19B), the structure of the epithelium was 

already different. Indeed, arrangements of cells with very large apical areas, surrounded by cells 

of smaller apical area, were present in the LY condition compared to the control (not 

quantified). I also noted that some Sox2pos cells did not respond to LY treatment by decreasing 

the nuclear GFP signal and increasing the membrane signal. These cells could be more resistant 

to Notch inhibition. This result is in agreement with the observation that not all the qNSCs 

responded to Notch3 inhibition by reactivation (Alunni et al., 2013, Than-Trong et al., 2018). 

Moreover, one cluster of adult pallial qNSCs, identified by single-cell RNAseq (Morizet et al., 

2024; Morizet et al., in prep.) was insensitive to an 24 h LY treatment.  

 

I also tested the localization of Notch3-GFP and N3ICD-GFP in NPs of larvae treated 

with LY (Figure 20A-C). Similarly to the adult pallium, the nuclear GFP signal was reduced in 

treated larvae. The membrane GFP signal was still visible but at a lower level than in control 

brains. Another validation of the tight link between the intensity of GFP signal and the amount 

of tagged protein was given in Figure 27A:  in notch3GFP/+ midbrains, the general level of GFP 

signal in RGs was inferior to the control notch3GFP/GFP midbrains. 

Moreover, while the number of Sox2pos cells and the intensity of the Sox2 signal were not 

modified in treated adults, they were modified in larvae. I concluded that this phenotype 

reflected the progressive differentiation of NPs that lose their progenitor features. To reinforce 

this interpretation, Sox2pos cells exited the ventricular layer, which is the NPs niche, and the 

ventricular cells lost the ZO1 signal e.g. their apicobasal polarity, which confirms the loss of 

neuroepithelium integrity. These phenotypes were also visible in the midbrain of the treated 

larvae. In the adult pallium, the effect of the treatment is reversible after a chase period of a few 

days (Alunni et al., 2013), however, the effects were more impacting in the larvae, and I did not 

study the survival or the reversibility of the induced phenotypes.  

In the notch3GFP line, the GFP signal pattern was comparable to the AzamiGreen pattern in 

notch3AzamiGreen line (Ortica et al., in prep.), however, no other zebrafish KI lines were published 

for further comparisons.  

 

Another future application of the notch3GFP line would be the identification of direct 

effectors of Notch3 signaling in NPs and NSCs, taking advantage of the GFP antibody to do 

chromatin immunoprecipitation sequencing (ChIP-Seq). I could first verify the direct N3ICD 
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targets included in the zebrafish Notch3 downstream genes that had been identified in a 

previous study by comparing RNAseq data obtained from 7 dpf notch3+/+ and notchfh332/fh332 

larval heads (Than-Trong et al., 2018), such as her4.1 and hey1. ChIP-Seq experiment using 

N1ICD and RBP-Jκ precipitation and performed on adult hippocampal NSCs provided 

evidence for the fact that Sox2 is a direct target of Notch signaling (Ehm et al., 2010). In 

neurospheres grown from adult mouse SVZ cells, N1ICD and RBP-Jκ precipitation were also 

used to provide evidence for three other target genes: Hes1, Egfr and Gfap (Andreu-Agulló et 

al., 2009). In cells from mouse embryo pituitary gland, RBP-Jκ precipitation highlighted the 

target gene Prophet of PIT-1 (Prop1) (Zhu et al., 2006).  

 

The nanobody tool: a promising method for analyzing the nuclear functions 

of Notch3 protein and many other proteins 

During the preliminary validation of the nanobody tool efficiency for N3ICD-GFP 

degradation in the notch3GFP line (Figure 23A-D), I injected the capped mRNA of the nanobody 

tool in notch3GFP/GFP embryos and studied the 3 dpf pallium and midbrain. As expected, the 

nuclear N3ICD-GFP signal was absent from the cells expressing the nanobody. However, 

unexpectedly, and contrary to what we obtained after LY treatment, the membrane GFP signal 

was also absent in these cells. As these cells had a weaker Sox2 signal compared to their 

neighboring cells, I hypothesized that they were precociously differentiated. This result was 

encouraging for the next clonal analysis. However, I injected high concentrations of capped 

mRNA and I probably obtained an excess of functional nanobody tool proteins compared to 

what I could get with the transgenic line.  

 

The nanobody effector sequence was cloned by using tol2-transposase transgenesis and 

therefore, I ignore where the sequence has been integrated. As the region where the transgene 

set is determining for the possibility of recombining the loxP-stop-loxP cassette, I first 

considered four founders. However, three of the four founders had multiple integrations of the 

transgene and this was a factor of variability in the offspring. Therefore, I chose to work with 

fish coming from the founder EN which has only one integration.  

 

After the creation of the line containing the driver, the nanobody effector, and the KI, I 

induced the expression of the nanobody tool in embryos. The RFP fluorescence intensity and 

fluorescence spreading in the central nervous system were weak at 72 and 96 hpf (Figure 25C) 
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compared to what I got with larvae induced in the same condition and coming from crossings 

between Tg(her4:ERT2CreERT2) and Tg(bact2:loxP-stop-loxP-hmgb1-mCherry), which use 

the same promoters (data not shown).  

In the original paper (Shin et al., 2015), the Ab-SPOP tool was tested in vivo at the scale of 

whole zebrafish embryos for the disappearance of the fluorescent POI, and the appearance of 

abnormal phenotypes, reminiscent of the POI KD. However, they did not study the Ab-SPOP 

activity at the cellular level.  

 

For the validation of the nanobody tool efficiency, I focused my study on 6 dpf larvae, 

i.e., 4 days after the end of the treatment period (Figure 26). A lot of induced cells were present 

in the larval pallia and midbrains. While the nlsRFP signal was expected only in nuclei, it also 

stained the cytoplasm. This result was unexpected because I used a P2A-nlsRFP sequence 

successfully highlighting the nuclei in another line (Ortica et al., in prep), and I sequenced the 

transgene cassette of the EN founder family. However, the nanobody tool also contains a nls 

sequence, and therefore, even if nlsRFP is not properly located, the nanobody should still be 

targeted to the nucleus. Finally, the number of RFPposSox2pos cells was limited.  

For the validation of nuclear N3ICD-GFP degradation, I considered the previous results of the 

LY treatment on 3 dpf larvae which decreases the Sox2 signal intensity in pallial cells (Figure 

20), and I looked at the Sox2 signal in RFPpos pallial NPs in the induced larvae (Figure 26B,C). 

I observed that many RFPpos cells had a lower Sox2 signal compared to neighboring RFPneg 

cells. This effect was accompanied by a decreased nuclear N3ICD-GFP signal. However, the 

fact that most ventricular cells were proliferating complicated the quantification of nuclear 

N3ICD-GFP. Therefore, I validated the nanobody efficiency in the midbrain of induced larvae 

by quantifying the nuclear GFP signal (Figure 27A-C).  

 

As only a few NPs were RFPpos in the induced 6 dpf larvae, I decided to use the same 

induction parameters and grow the larvae to form isolated clones of cells in adults (Figure 28B-

E). Dirian et al. had shown that conditional recombination of the Zebrabow transgene in her4-

expressing NPs in 1 dpf embryos formed different types of clones in adults (Dirian et al., 2014). 

In control pallia, I was expecting many “attached” clones, i.e., clones that contain NSCs and 

still have a neurogenic potential, and more, or only, “detached” clones that have lost their 

neurogenic potential in notch3GFP/GFP pallia (Furlan et al., 2017) (Figure 31). I obtained big 

clones, but I was surprised to see a lot of RFPpos cells just below the Sox2pos nuclei or 
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intercalated between them in the control as well as in notch3GFP/GFP pallia. Due to the absence 

of cell migration in the adult pallium, these cells, which are PCNAneg, must correspond to young 

differentiated (or differentiating) neurons. Despite the size of the clones, only a few ventricular 

Sox2pos cells were also RFPpos in the control and the notch3GFP/GFP pallia. In future analyses, I 

will compare the two conditions for the number of “attached” clones. However, the analysis of 

clones has limitations for three different reasons: first, the clones are deep and prevent the 

analysis of all the cells; second, the clones are large, possibly overlapping, and make difficult 

the identification of each clone; third, the immunostaining was done on whole-mount brains 

and therefore the penetration of antibodies is limited to the more superficial cell layers. For the 

latter issue, the immunostaining could be done after whole-brain clearing (Furlan et al., 2017). 

A solution to the big size of the clones will be to induce the expression of the nanobody tool 

later during development or in adults. To limit the number of differentiated cells to count inside 

deep clones, I could focus on a defined parenchymal layer below the NSC layer, corresponding 

to e.g., two or three weeks of neurogenesis. To visualize this territory, I could pulse 5′-bromo-

2′-deoxyuridine (BrdU) 2-3 weeks before the dissection, which would label, in the parenchyma, 

the layer of neurons born at that time. I would then only consider RFPpos cells within the 

territory delimited by this BrdUpos layer and the ventricular zone.  

 

Figure 31: Individual her4-positive pallial RGs are neurogenic throughout life (from Furlan et al., 2017) 

Tg(her4:ERT2CreERT2;ubi:Zebrabow) embryos were treated at 1 dpf with 4-OHT for 1 h at 5 μM. The 

corresponding adult telencephalons were imaged and cell clones were distributed in 5 different categories. First, 

clones that still contain RGs, are “attached” to the pallial VZ (A-C), while clones empty of RGs are “detached” 

from the pallial VZ (D,E). Second, clones contributing to deep territories (A,D,E) were separated from clones 

confined to more superficial layers (B,C). Among the 34 clones studied (from 4 brains), 27 were “attached”, while 

7 were “detached”. Dc, dorso-central pallium, RG, radial glia. 
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Directly in adults, I validated the inducibility of the nanobody tool and the generation 

of cell clones 9 days after the induction (Figure 29B-I). In adult zebrafish, the published 4-OHT 

condition for switch reporter clonal recombination in Tg(her4.1:ERT2CreERT2; ubi:switch) 

was 10 min in water containing 0.5 μM 4-OHT, and 7 h in five consecutive days at 2 μM 4-

OHT for maximal recombination (Than-Trong et al., 2020). These conditions turned out not to 

be optimal in my case, as I only obtained a few to no induced cells. Therefore, I optimized the 

treatment to get a minimum number of isolated induced cells by pallium in a more reproducible 

manner. Finally, I chose a treatment of 7 h in three consecutive days at 5 μM 4-OHT (Figure 

29). In the future, to count the number of induced cells by pallium to have a reference point for 

the control and notch3GFP/GFP conditions before analyzing phenotypes, I would redo the 

treatment but sacrifice the fish sooner, e.g. at 3 dpi.  

In control and notch3GFP/GFP pallia, 9 days after the treatment, many clones had been generated, 

and no obvious differences were observed between them (Figure 29B-I). However, further 

analyses will be conducted to characterize the number of isolated cells, the number of cells by 

clones, and the composition of the clones. If the nanobody tool does not impact the proliferation 

rate but the fate of the generated cells, I could study the identity of the clonal cells. First, I could 

identify NSCs and IPs by using a stem cell marker, such as GS on top of the Sox2 marker, and 

neuronal markers specific to different neuronal maturation or different neuron types. The 

nanobody tool could also have an impact on the tissue scale. For example, if the clonal NSCs 

are more proliferative than the non-clonal cells, I hypothesized that the cells around could 

compensate by being less proliferative to maintain tissue homeostasis. Therefore, I would study 

the percentage of proliferating NSCs outside the clones and the shape of the NSCs (e.g. apical 

surface…) in the epithelium.  

 

The common issue of the different experiments in larvae pallia and midbrains, and adult 

pallia was the weak RFP signal intensity in Sox2pos cells compared to cells downstream in the 

neurogenic lineage (Sox2neg) (Figure 26C, 27A, 28C, 29C,D,F,G,H,I). This indicated that the 

expression of the transgene was induced in some NPs or NSCs, although at much lower levels 

than in their offspring. A similarly weak RFP signal was obtained from the 3 other nanobody 

tool founders. I hypothesized that in NPs/NSCs, either the degradation of the fluorescent marker 

is increased, or the transgene expression is abnormally low. To test if the quantity of nanobody 

was also weaker in NPs/NSCs, I tested two different antibodies against the nanobody. 

Unfortunately, I failed to validate a working antibody. However, in the laboratory, lower 
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transgene expression levels are observed in NSCs compared to other cells of the lineage in 

many other transgenic lines. The weak fluorescent marker intensity in Sox2pos cells is therefore 

very likely to also reflect this particularity of NPs/NSCs. The chromatin state of NSCs, which 

is nevertheless crucial for the maintenance of adult neurogenesis (Kunoh et al., 2024), possibly 

limits transgenes expression. 

This problem is inherent to the transgenesis methods that randomly integrate DNA into the 

genome because the integration position influences the transgene activity. In mouse, the 

ROSA26 locus is often used for controlled insertion and ubiquitous expression of transgenes 

(Bouabe and Okkenhaug, 2013). Recently, two universal landing sites, allowing consistent and 

uniform expression of transgenes over development and over generations, have been identified 

(Lalonde et al., 2024). These sites are located in chromosomes 14 and 24 where attP sites have 

been integrated. The targeted integration works by injecting into one-cell stage zebrafish 

embryos a vector containing the transgene and an attB site simultaneously as phiC3 integrase 

mRNA. They also established that loxP-based switch reporters showed sensitive and 

reproducible Cre-mediated recombination when integrated at these sites. Using this method for 

integrating the nanobody tool transgene in the zebrafish genome is a perspective to improve the 

concentration of nanobody tools in NPs/NSCs.  

 

The development of the in vivo nanobody tool enables the study of Notch3 functions 

and opens the possibility of studying many other GFP or GFP derivatives-tagged nuclear 

proteins. By taking advantage of the already existing GFP-tagged proteins library, this method 

should be relatively fast to implement for addressing nuclear protein functions. Moreover, the 

nanobody tool could also be a tool for in vivo imaging. In adults, the pigments of the AB 

background prevent in vivo imaging of the zebrafish brain, however, obtaining the notch3GFP 

line in a casper background (White et al., 2008) would create a tool for Notch3 KD in vivo in 

adults (Mancini et al., 2023; Dray et al., 2015; Barbosa et al., 2015). However, this method 

requires multicolor two-photon microscopy (Mancini et al., 2023), which is not available in the 

laboratory. 

 

The notch3 shRNA: an alternative method targeting all Notch3 functions in 

isolated cells or clones 

I created an electroporation plasmid that contains five different shRNA targeting notch3 

3’UTR (Figure 30A). Indeed, only these five shRNA were recovered by following Giacomotto 
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et al. method for the design of shRNA (Giacomotto et al., 2015). However, an increased number 

of different shRNA increases the efficiency of the tool. As an example, Labusch et al. used nine 

different shRNA to efficiently target psap in adult NSCs (Labusch et al., 2024). However, I 

validated the efficiency of the notch3 shRNAs at the molecular level (Figure 30E-G). To 

reinforce this result, I would redo the experiment on more than two brains by condition.  

To test the duration of the shRNAs activity, I would also sacrifice electroporated fish at 15 dpe 

and 30 dpe and verify the presence of the electroporation marker mCherry and the impact on 

the notch3 transcripts. After these validations, I could analyze the induced phenotypes and 

compare them with the ones obtained with the nanobody tool. The induced phenotypes could 

be different between the two methods because they do not impact the Notch3 pathway to the 

same extent; the nanobody tool only targets the nuclear functions while the shRNAs target all 

cellular functions.  

 

The main limitation of the shRNAs is the necessity of using electroporation. This 

invasive method could impact tissue homeostasis at each step: creating a hole in the zebrafish 

skull, injecting the plasmid solution, and using an electric pulse to open the cell membranes. 

Indeed, in both control and notch3GFP/GFP electroporated pallia that I used for the analyses in 

Figure 30, many more proliferating cells were present than in non-electroporated pallia. This 

phenotype was not localized in specific regions but was broad, and I hypothesized that it was a 

consequence of tissue stress. Another limitation of electroporation is the variability of its 

efficiency. A significant number of electroporated fish die after the procedure or do not wake 

up from the anesthesia. Moreover, even when coming from the same session of 

electroporations, some pallia have many electroporated cells, some have only a few, and others 

are not electroporated.  

 

An alternative method to electroporation is the lipofection. This method employs 

charged liposomes (Lipofectamine) that encapsulate the plasmid and rely on endocytosis for 

delivery into the cells. It is successfully used in zebrafish embryos (Terzi et al., 2024; bioRxiv 

preprint). However, in the laboratory, lipofection has been tested and was not efficient (Ortica, 

not published).  
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Conclusion 

This work led us to the point where we can begin questioning Notch3 functions in the 

zebrafish NSPCs with the newly created tools. Shortly, I will test my hypotheses (Figure 32) 

on the phenotypes induced by conditional Notch3 KD in the adult pallium by using the 

nanobody tool and the shRNAs. In particular, I will analyze the impacts of Notch3 loss-of-

function in isolated NSCs or cell clones (Figure 32). 

A better understanding of Notch3 functions in NSCs can enhance our knowledge of NSCs 

maintenance and behavior. It may also help understand the impact of NOTCH3 activity in brain 

tumors such as glioblastoma, and the effect of mutations such as those reported in CADASIL 

or Sneddon patients. 

 

Figure 32: Hypotheses on the phenotypes induced by Notch3 KD in adult clonal NSCs 

(A) After the induction of the nanobody tool expression in isolated NSCs (pink) of notch3
GFP/GFP 

Tg(bact2:lox-

STOP-lox-VhhGFP4-hSPOP-nls-P2A-nlsRFP; her4:ERT2CreERT2) adult pallia, I hypothesize that these cells 

will be activated and divide without entering quiescence (see Introduction part 5.5). I postulate that the surface 

area of the ventricular zone will not be increased by the divisions. After this, there are several possibilities.  

(B,C) If the number of ventricular cells stays constant, then either clonal cells (pink) will enter competition with 

non-clonal cells (green) by proliferating and reducing the proliferation of the non-clonal cells or increasing non-

clonal cells differentiation (B), or the longitudinal expansion of clonal cells will be blocked by non-clonal 

neighboring cells, and therefore NSCs will expand vertically, forming multiple layers of NSCs (C).  

(D) After weeks, I hypothesize that continuously activated NSCs will be exhausted and differentiated.  
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(E,F) If the number of ventricular cells is increased, then either pallial NSCs will reduce their apical surface to fit 

in the unchanged ventricular surface area (E), or the clones will formed mini-tumors, losing cellular junction and 

breaking tissue homeostasis (F).  

(G) Then, I also hypothesize that the fate of the daughter cells will be biased. Clonal cells are represented with a 

pink cytoplasm. aNSC, activated neural stem cell, IP, intermediate progenitor, qNSC, quiescent neural stem cell. 
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Annex 
 

Review article 

During my PhD, I had the chance to participate, together with Dr. Laure Bally-Cuif, in the 

writing of a review requested by the French Academy of Sciences, in which we compared 

embryo and adult neurogenesis in zebrafish and mammalian models.  

In the review, we focused on Neural progenitor cells (2), Lineages and niches (3), Embryonic 

and adult neurogenesis cascade(s) (4), Division modes or how to balance progenitor 

maintenance and recruitment (5), Lineage progression, conserved and changing progenitor 

properties over time (6), Environmental/systemic/large-scale populational regulation (7). 

I collaborated on the reflections that guided the writing on Notch signaling pathway, and the 

construction of Figures 2, 4, 5, and 6.   
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