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Die Alzheimer-Krankheit ist eine gewaltige Bedrohung für eine alternde Gesellschaft. 

Millionen von Menschen leben weltweit mit der Alzheimer-Krankheit, für die es keine 

aktuelle Behandlung gibt. Die Amyloidkaskaden-Hypothese (AKH) ist die aktuell am 

meisten akzeptierte Hypothese zur Ursache der Alzheimer-Krankheit. Die AKH bietet 

eine mechanistische Sicht auf die pathologische Kaskade, ausgehend von der 

Amyloid-Aggregation über die chronische Entzündung bis hin zur TAU-Pathologie. Die 

Medikamente, die auf der Grundlage der AKH entwickelt wurden, konnten Amyloid-

Plaques bei Alzheimer-Patienten entfernen, brachten aber keine Verbesserung der 

kognitiven Fähigkeiten. Diese Misserfolge legen nahe, dass die Alzheimer-Krankheit 

nicht nur theoretisch im Rahmen der AKH betrachtet werden kann. Neuere 

Hypothesen kulminieren die Auswirkungen verschiedener Zelltypen (z.B. neurale 

Stammzellen, Astrozyten, Oligodendrozyten) auf den Ausbruch der Alzheimer-

Erkrankung. Komplexe Rückkopplungs- und Feed-Forward-Mechanismen sind in der 

Pathophysiologie der Alzheimer-Demenz wahrscheinlich. Das Zusammenspiel 

zwischen der Pathologie und der Beteiligung anderer Zelltypen macht diese Krankheit 

multifaktoriell und komplex. Kürzlich zeigten zwei Studien (Moreno-Jimenez et al., 

2019; Tobin et al., 2019), dass die Produktion neuer Neuronen im menschlichen 

Gehirn bei der Alzheimer-Erkrankung dramatisch abnimmt. Eine interessante 

Hypothese wurde durch diese Studien gestützt: Die pathologisch induzierte 

Erzeugung neuer Neuronen (regenerative Neurogenese) bei Alzheimer-Patienten 

könnte helfen, die Pathologie der Alzheimer-Erkrankung rückgängig zu machen. Da 

die Regenerationsfähigkeit bei Säugetieren entwicklungsmäßig wenig ausgeprägt ist 

(Tanaka und Ferretti, 2009), kann uns die Untersuchung der Neurodegeneration in 

einem Modellorganismus mit Regenerationsfähigkeit daher lehren, wie man die 

Proliferation und Neurogenese neuraler Stammzellen unter pathologischen 

Bedingungen induzieren kann. 

 

Für diese spezielle Frage können uns Modellorganismen mit natürlicher 

Regenerationsfähigkeit zeigen, wie man Proliferation und Neurogenese unter den 



pathologischen Bedingungen der Alzheimer-Erkrankung induzieren kann. Der 

Zebrafisch bietet eine beispiellose Möglichkeit, die Neurodegeneration und 

Regeneration zu modellieren, um die molekularen Mechanismen zu untersuchen, wie 

anhand der Neurogenese in Wirbeltiergehirnen die Alzheimer-Krankheit verbessert 

werden kann. Dies wurde in unserem Labor bereits in mehreren Publikationen 

gezeigt. Aus diesem Grund habe ich in meiner Doktorarbeit Zebrafische verwendet, 

um die Plastizität neuraler Stammzellen (NSZ) zu untersuchen. Besonders 

interessierte mich die Heterogenität von NSZ-Populationen in Bezug auf ihre 

molekularen Programme und die molekulare Grundlage der regenerativen 

Neurogenese von NSZ auf das Amyloid-β-42 (Aβ42) und TAU-Pathologien.  

 

Wir haben zuvor ein Aβ42 Toxizitätsmodell erstellt, das verschiedene pathologische 

Merkmale der menschlichen Alzheimer-Erkrankung zeigt, wie Entzündung, Zelltod, 

synaptische Degeneration und kognitive Abnahme. Ich habe eine transgene 

Zebrafischlinie erzeugt, die die menschliche Version des TAU-Proteins mit einer 

Mutation exprimiert, die das Protein krankheitsanfälliger macht (TAU-P301L). Diese 

Linie wurde verwendet, um Aβ42 und Tau zu kombinieren, um ein kombiniertes 

pathologisches Modell wie bei der Alzheimer-Krankheit beim Menschen zu erzeugen, 

da diese beiden Proteine während der Krankheit koexistieren. Die Zebrafisch-Linie 

exprimierte das menschliche Tau-P301L von der Embryonalentwicklung bis zum 

Erwachsenenalter, und TAU wurde ab dem Embryonalstadium hyperphosphoryliert. 

Des Weiteren habe ich die Tau-Pathologie untersucht, indem ich auf Entzündung und 

Zelltod getestet habe. Die Expression von TAU im Zebrafischhirn zeigte keine 

pathologische Aggregation und keinen Zelltod. Die TAU-Hyperphosphorylierung führte 

weder in Abwesenheit noch in Anwesenheit von Aβ42 zur Bildung von 

(neurofibrillären) Verwirrungen. Darüber hinaus änderte die Tau-Expression in 

Neuralen Stamm-/Vorläuferzellen (NSVZs) und Neuronen die NSVZ-Proliferation 

nicht. Diese negativen Ergebnisse sind keine technischen Artefakte, denn in anderen 

Regionen des Zentralnervensystems wie dem Rückenmark verursachte die TAU-

Expression eine Pathologie. Unsere Ergebnisse legten eine interessante Hypothese 

nahe, nämlich, dass das Gehirn des Zebrafischs Schutzmechanismen zur 

Verhinderung der TAU-Verwirrung haben könnte. Diese Annahme könnte uns das 

Wissen liefern, um mögliche Interventionen zur Verhinderung von TAU-Pathien im 

menschlichen Gehirn zu entwerfen (Cosacak et al., 2017).   

 

Da die Tau-Überexpression sowohl die Toxizität von Aβ als auch die Bildung 

(neurofibrillären) Verwirrungen nicht verschlimmerte, setzte ich meine Arbeit mit dem 



Aβ Toxizitätsmodell fort (Bhattarai et al., 2016). In diesem Modell beginnen NSVZs die 

Proliferation und erzeugen neue Neuronen über einen spezifischen Signalweg 

(IL4/STAT6-Signalisierung). Dieses neurogene Ergebnis im Zebrafischhirn nach einer 

Alzheimer-Erkrankung steht in starkem Kontrast zu den Gehirnen von Patienten mit 

einer Alzheimer-Erkrankung, bei denen mehrere Studien auf einen starken Rückgang 

des neurogenen Ergebnisses hindeuteten (Moreno-Jimenez et al., 2019; Tobin et al., 

2019). Um die Heterogenität der NSVZs im Zebrafischhirn zu verstehen und neue 

Mechanismen in der Amyloid-Pathologie zu finden, habe ich daher die Einzelzell-

Sequenzierung verwendet, um den Transkriptomik-Gehalt der Zebrafisch-NSVZs und 

anderer Zelltypen wie Neuronen, Oligodendrozyten und Immunzellen zu untersuchen. 

Meine Arbeit stellt die erste Studie dar, in der die Heterogenität der NSVZs im 

Telencephalon des adulten Zebrafischs so detailliert analysiert wurde. Mit Hilfe von 

öffentlich zugänglichen In-situ-Hybridisierungsdatenbanken identifizierte ich die 

ungefähren Standorte der identifizierten Subtypen von NSVZs im Telencephalon. 

Darüber hinaus habe ich auch die spezifischen Markergene dieser Untertypen auf der 

Grundlage meiner Transkriptomik-Analysen und maschinellen Lernalgorithmen 

bestimmt.  

 

Ein wichtiges Merkmal der NSVZs ist, dass sie auf verschiedene Insults im Gehirn 

unterschiedlich antworten (Bhattarai et al., 2016). In der vorliegenden Dissertation 

untersuchte ich, ob räumlich getrennte NSVZs eindeutig auf Aβ42 oder IL4 reagieren. 

Durch die Bestimmung der Anzahl der proliferierenden Zellen nach der Behandlung 

mit Aβ42 oder IL4, fand ich unterschiedliche Reaktionen in der proliferativen Reaktion 

der NSVZs. Wir konnten zeigen, dass sterbende Neuronen IL4 sezernierten und ich 

entwickelte eine Methode zur in silico-Analyse der Zell-Zell-Interaktionen unter 

Verwendung von kognitiven Liganden-Rezeptor-Paaren. Diese große Ressource wird 

nun zusammen mit allen Einzelzellanalysen auf einer öffentlich zugänglichen Website 

dokumentiert, wo Zellcluster-Marker, Karten der zellulären Interaktion, Gen-Ontologie-

Begriffe und die Analyse der Signalwege öffentlich zugänglich sind. 

 

Zusammenfassend kann man sagen, dass ich während meiner Doktorarbeit  

 (1) erfolgreich ein Tau-Zebrafischmodell generierte, welches das menschliche Tau-

Protein kontinuierlich exprimiert, 

 (2) eine transgene Zebrafischlinie vom Embryonalstadium bis zum Erwachsenenalter 

durch Untersuchung von TAU-Hyperphosphorlyse, Entzündung, Zelltod, Proliferation, 

Verwirbelung und Kreuzwirkung von TAU auf die Amyloid-Toxizität charakterisierte, 



(3) das ersten Repositorium und den ersten Datensatz zur zellulären Heterogenität 

von Zebrafisch-NSVZs unter homöostatischen und AD-Bedingungen unter 

Verwendung von Einzelzell-Transkriptomik-Ansätzen erstellte, 

(4) die zellulären Mechanismen mit denen NSVZs auf verschiedene Pathologien 

reagieren könnten (z.B.: Aβ42 Toxizität), identifizierte, 

(5) eine frei zugängliche Website erstellte, damit die Gesellschaft von unseren 

Ergebnissen und Analysen profitieren kann, 

 

(6) neue Forschungsansätze für weitere Studien basierend auf den vorliegenden 

Daten erzeugt habe. 
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Alzheimer’s disease (AD) is a daunting threat for aging societies. Millions of people 

worldwide live with AD, which has no current treatment. Amyloid cascade hypothesis 

(ACH) is the one of the current and the most accepted hypotheses regarding the 

cause of AD. ACH provides a mechanistic view of the pathological cascade starting 

from amyloid aggregation to chronic inflammation and TAU pathology. The drugs that 

were developed based on ACH were able to clear amyloid plaques from AD patients 

but failed to provide improvement in cognitive ability. These failures suggest that AD 

cannot only be considered within the theoretical framework of ACH. Recent 

hypotheses culminate the effects of various cell types (e.g., neural stem cells, 

astrocytes, oligodendrocytes) in the onset of AD. Complex feedback and feed-forward 

mechanisms are likely in AD pathophysiology, and the interplay between pathology 

and the involvement of other cell types make this disease multifactorial and 

perplexing. Recently, two studies (Moreno-Jimenez, et al., 2019; Tobin, et al., 2019) 

showed that the production of new neurons in in human brains dramatically decreases 

in AD. An interesting hypothesis was supported by these studies: pathology-induced 

generation of new neurons (regenerative neurogenesis) in AD patients may help 

reverting the AD pathology. Therefore, since regenerative ability in mammals is 

evolutionary poor (Tanaka and Ferretti, 2009), studying neurodegeneration in a model 

organism with regenerative ability can teach us how to induce neural stem cells 

proliferation and neurogenesis in pathological conditions. 

 

For this particular question, model organisms with natural regenerative ability can 

teach us how to induce proliferation and neurogenesis during the pathological 

conditions of AD. Zebrafish offers an unparalleled opportunity to model 

neurodegeneration and regeneration to investigate the molecular mechanisms how 

neurogenesis can be enhanced in vertebrate brains upon AD as exemplified in our 

laboratory with several publications. For this reason, in my PhD thesis, I used 

zebrafish to investigate the neural stem cell (NSC) plasticity, in particular the 

heterogeneity of NSC populations in respect to their molecular programs and the 



molecular basis of the regenerative neurogenesis from NSCs upon Aβ42 and TAU 

pathologies. 

 

We previously established an Aβ42 toxicity model, which shows several pathological 

features of human AD, such as inflammation, cell death, synaptic degeneration and 

cognitive decline. I generated a transgenic zebrafish line that expresses the human 

version of TAU protein with a mutation that renders the protein more disease-prone 

(TAU-P301L). This line would be used to combine Aβ42 and Tau to generate a 

combined pathological model as in AD in humans, as these two proteins co-exist 

during the disease. The zebrafish line expressed the human Tau-P301L from 

embryonic development to adulthood and TAU was hyper-phosphorylated from 

embryonic stages. I further checked for the Tau pathology by assaying for 

inflammation, cell death. TAU expression in zebrafish brain did not show the 

pathological aggregation and cell death. TAU hyper-phosphorylation did not lead to 

tangle formation in the absence or presence of Aβ42. Moreover, Tau expression in 

neural stem/progenitor cells (NSPCs) and neurons did not alter NSPC proliferation. 

These negative results are not technical artifacts because in other regions of the 

central nervous system such as the spinal cord, TAU expression causes pathology. 

Our findings suggested an interesting hypothesis that zebrafish brain might have 

protective mechanisms to prevent TAU tangle formation and this can provide us the 

essential knowledge to design potential interventions to prevent TAUopathies in 

human brain (Cosacak et al., 2017).   

 

As Tau overexpression did not exacerbate Aβ toxicity as well as tangle formation, I 

continued my thesis with Aβ toxicity model (Bhattarai et al., 2016). In this model, 

NSPCs start proliferation and generate new neurons via a specific signaling pathway 

(IL4/STAT6 signaling). This neurogenic outcome in zebrafish brain after AD is in 

strong contrast to the AD brains in patients where several studies suggested the 

existence of a sharp decline in neurogenic outcome (Moreno-Jimenez, et al., 2019; 

Tobin, et al., 2019). As a result in order to understand the heterogeneity in NSPCs in 

zebrafish brain and finding new mechanisms in amyloid pathology, I used single-cell 

sequencing to investigate the transcriptomics content of zebrafish NSPCs and other 

cell types such as neurons, oligodendrocytes and immune cells. My work constituted 

the first study ever analyzing the NSPC heterogeneity in adult zebrafish telencephalon 

in such detail. Using publicly available in situ hybridization databases, I identified the 

approximate locations of identified subtypes of NSPCs in the telencephalon. 



Moreover, I also determined the specific marker genes of these subtypes based on 

my transcriptomics analyses and machine learning algorithms.  

 

An important feature of NSCPs is that they respond differently to different insults in the 

brain (Bhattarai et al., 2016). In my thesis, I asked whether spatially-distinct NSPCs 

respond unequivocally to Aβ42 or IL4. By counting the number of proliferating cells 

after Aβ42 or IL4 treatment, I have found different responses in the proliferative 

response of the NSPCs. As we showed that dying neurons secreted IL4, I developed 

a method for in silico analyses of the cell-cell interactions by using cognate ligand-

receptor pairs. This large resource together with all single cell analysis is now 

documented on an open-access website, where cell cluster markers, cellular 

interaction maps, gene ontology terms and pathway analysis can be publicly 

accessed. 

 

In summary, during my PhD thesis, I,  

(1) Successfully generated a zebrafish model of Tau, which chronically expresses 

human Tau, 

(2) Characterized transgenic zebrafish line from embryonic stages to adulthood by 

investigating TAU hyperphosphorlyation, inflammation, cell death, proliferation, tangle 

formation and cross effects of TAU on amyloid toxicity 

(3) Generated the first repository and dataset on cellular heterogeneity of zebrafish 

NSPCs in homeostatic and AD conditions using single cell transcriptomics 

approaches 

(4) Identified the cellular mechanisms by which NSPCs might be responding to 

various pathologies (e.g.: Aβ42 toxicity) 

(5) Generated an open-access website for the community to benefit from our results 

and analyses 

(6) Proposed further research avenues for further publications that used our data for 

their studies.  
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AD                           Alzheimer Disease 
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Aβ42                              Amyloid-β-42 

BDNF                         Brain Derived Growth Factor 

CAA                                Cerebral Amyloid Angiopathy 

CVMI                               Cerebroventricular microinjection 

DS                            Down Syndrome 

EOAD                             Early Onset Alzheimer Disease 

FAD                     Familial Alzheimer Disease 

FGF                          Fibroblast Growth Factor 

FTD Frontotemporal Dementia 

IL4                            Interleukin-4 

KYNA                          Kynurenic Acid 

L Leucin 

LOAD Late Onset Alzheimer Disease 

MAPT Microtubule Associated Protein TAU 

MTBD Microtubule Binding Domain 

NFT Neurofibrillary Tangle 

NSC                         Neural Stem Cell 

NSPC Neural Stem/Progenitor Cell 

P                       Proline 

PBS Phosphate Buffer Saline 

PS1                            Presenilin-1 

PS2                       Presenilin-2 

S                          Serine 
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SVZ                          Subventricular Zone 

T                           Threonine 
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1 INTRODUCTION 
_____________________________________________________________________ 

 

 

 

 

 

1.1. A Brief History and Current State of Alzheimer Disease 

Research 

 

Dementia is an appalling threat in aging society, and the longer people live the higher 

is the risk of developing dementia. The leading type of dementia is Alzheimer Disease 

(AD) (Mayeux and Stern, 2012; Reitz, et al., 2011; Sosa-Ortiz, et al., 2012) that is 

clinically characterized by deterioration of cognitive abilities (Dolan, et al., 2010a; 

Dolan, et al., 2010b; Schneider, et al., 2007). Currently, there is no treatment for AD 

and as the average human age is increasing in societies, it is predicted that the 

number of AD patients worldwide will increase to 150 million by 2050 (Brookmeyer, et 

al., 2007), suggesting finding treatments for this devastating disease is a matter of 

utmost importance.  

 

AD is first characterized by Alois Alzheimer in 1907 with his patient with memory 

impairment. Post-mortem analysis of the patient’s brain showed two obvious 

pathological phenotypes that are called senile plaques (SPs) and neurofibrillary 

tangles (NFTs) (Alzheimer, et al., 1995). However, the importance of studying AD got 

public attention and convinced the scientific community with a seminal work that show 

correlation between the amount of neurotic SPs (now known as Amyloid-β plaques) 

and dementia in the brains of elderly patients (Blessed, et al., 1968). The major 

breakthrough in AD research came by identification of amyloid-β (Aβ) as the 

component of congophilic angiopathy (or Cerebral Amyloid Angiopathy) (Glenner, 

1983; Glenner and Wong, 1984a; Glenner and Wong, 1984b) and in SPs (Masters, et 

al., 1985) and microtubule associated protein Tau (MAPT) in NFT (Grundke-Iqbal, et 

al., 1986). Amyloid-β, mostly 40-42 amino acids, is a peptide derived from longer 

precursor called Amyloid Precursor Protein (APP). Identification of Aβ in Down 

Syndrome (DS) with trisomy 21 that has extra copy of APP and some mutations found 
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on APP in AD patients, led to Amyloid Cascade Hypothesis (ACH) which postulated 

that Aβ42 is the initiator of AD pathology, while subsequent inflammation, aggregation 

of Tau and neuronal loss follow as a result of Aβ deposition (Hardy and Selkoe, 2002; 

Hardy and Higgins, 1992; Selkoe and Hardy, 2016). This hypothesis led to several 

clinical campaigns designing drug by aiming either decreasing the production or 

increasing the clearance of Aβ (Ji, et al., 2001; Schneider, et al., 2014; Tanzi, et al., 

2004; Wisniewski and Goni, 2015). While some of the drugs or immunization protocols 

were able to clear Aβ, the clearance of Aβ alone did not improve cognitive ability in 

AD patients (Cummings, et al., 2016; Mehta, et al., 2017; Nicoll, et al., 2019). These 

failures indicate that AD should not be considered only as a cascade of events, 

instead as soon as AD is initiated by Aβ deposition, the more proximal Tau pathology, 

inflammation and contribution of other cell types (e.g., neural stem cells, astrocytes, 

oligodendrocytes) exacerbates AD pathology by feedback and feed-forward 

mechanisms that cause the actual AD-onset (De Strooper and Karran, 2016; Dzamba, 

et al., 2016; Heneka, et al., 2015; Henstridge, et al., 2019; Tincer, et al., 2016). This 

feedback and feed-forward mechanisms and interplay between pathology and 

involvement of other cell types make AD a multifactorial and complex disease.  

 
The two key proteins - Aβ (processed from APP) and Tau - are the components of two 

hallmarks of AD: extracellular plaques and intracellular NFTs, respectively. There are 

no Tau mutations that are associated with AD. The cascade of the events initiated by 

Aβ is considered to be leading to Tau hyperphosphorylation, which subsequently 

causes mislocalization of Tau, oligomerization, fibrillation and tangle formation (Selkoe 

and Hardy, 2016). Thus, Aβ is the key protein for initiation of AD pathology but Tau is 

likely to be the proximal cause of the actual neuronal pathology. Studies have shown 

that generation and accumulation of Aβ start several decades before the first clinical 

symptoms are observed (Jack and Holtzman, 2013; Jack, et al., 2013; Jack, et al., 

2010). While Aβ accumulation starts earlier than Tau accumulation, the cognitive 

impairment is correlated with Tau pathology. As a result, Aβ is an important factor in 

initiating AD, while Tau is another key factor involving in neuronal loss followed by 

deterioration in cognitive ability and memory. 

 

1.2. Hypotheses on the causes of AD and NSC hypothesis 

Chronologically, the first AD hypothesis proposed was cholinergic hypothesis. Among 

several key enzymes in neurotransmitter synthesis, choline acetyltransferase is the 
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main enzyme whose activity decreases in several brain areas including hippocampus 

(Davies and Maloney, 1976). Currently, there are a few drugs inhibiting activity of 

Acetylcholinesterase. These drugs do not cure or prevent AD however decreases the 

effects of AD and relieving AD patients (Knight, et al., 2018; L, 2000). The second 

hypothesis was introduced in 1991, thus amyloid-β is the initiator of AD followed by Aβ 

deposition, tau hyperphosphorylation, NFT formation and finally neuronal death 

(Hardy and Allsop, 1991; Hardy and Selkoe, 2002; Hardy and Higgins, 1992; Selkoe, 

1991; Selkoe and Hardy, 2016). This is called the amyloid cascade hypothesis (ACH) 

and it still holds true and explain the mechanistic perspective of AD. As 

aforementioned, Aβ is the initiator of AD, however some other factors involve later in 

the disease progression. One of these factors is Tau hyperphosphorylation, fibrillation 

and tangle formation. Alzheimer Disease first starts in entorhinal cortex by Tau 

accumulation (Sipos, et al., 2007; Van Hoesen, et al., 1991; von Gunten, et al., 2006; 

Yasuda, et al., 1995) and then spreads to hippocampus and other brain areas. This 

spreading of tau is called Tau propagation in which Tau behaves like an 

endopathogen or a prion-like behavior. As a result, tau propagation spreads 

throughout the brain (Clavaguera, et al., 2009; Frost, et al., 2009).  

 

Aging is the main cause of neurodegenerative disorders and mitochondrial 

abnormality play role in aging or aging phenotypes. Calcium is an important molecule 

in cells and Aβ has been shown to increase the intracellular calcium level, making 

neurons more vulnerable to other factors (Mattson, et al., 1992). Mitochondria 

dysfunction may affect the expression and processing of Aβ in LOAD and change the 

chronology of AD (Swerdlow and Khan, 2004). Alzheimer Disease is predicted to be 

decreased by 25% without any treatment, but just increasing the quality of life, 

especially preventing neurovascular diseases (Kempermann, 2019). As a result any 

problem with neurovascular system may affect the substrate delivery and the drainage 

of the waste from the brain through the blood. Neurovascular or cerebrovascular 

diseases is associated or cause of many neurodegenerative diseases (Iadecola, 

2004). Lymphatic system also plays role similar to neurovascular system and 

abnormality in this system play role in neurodegenerative disease as well (Da 

Mesquita, et al., 2018). Moreover, excess level of metals (e.g., Zinc, Copper or Iron) 

play role in Aβ generation and plaque formation resulting in cognitive decline (Bush, et 

al., 1994; Clements, et al., 1996; Duce and Bush, 2010; Lovell, et al., 1998; Spinello, 

et al., 2016). Amyloid-β induces inflammation and inflammation is another hypothesis 

in AD (Bagyinszky, et al., 2017; Latta, et al., 2015; McGeer and McGeer, 2010). In 
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addition of all these hypotheses, recently the contribution of the different cell types is 

also getting attention (De Strooper and Karran, 2016). The role of neural stem cells 

(NSC) and neurogenesis in AD has been recently discussed (Choi and Tanzi, 2019; 

Kizil and Bhattarai, 2018). This hypothesis relatively looks simple and naïve, however 

in theory it has several challenges. As discussed above, once advanced AD becomes 

a complex neurodegeneration, as a result all possible aspect of AD must be 

considered and investigated in order to find treatments for AD. One of these is the 

contribution and the malfunction of various cell types that exacerbate AD symptoms. 

The role of NSCs in regenerating the brain is an important aspect to be considered for 

AD treatment (Gage and Temple, 2013; Kizil and Bhattarai, 2018; Tincer, et al., 2016). 

However, there are challenges to study NSC and their neurogenic outcome in 

mammals whose regenerative ability is evolutionarily defined as poor (Tanaka and 

Ferretti, 2009). As a result, studying neurodegeneration in a model organism with 

natural regenerative ability can teach us new mechanisms that may be transferred to 

mammals to induce NSC proliferation in pathological conditions. While this strategy 

looks simple, it has several challenges on the road. These challenges include; (1) 

activating NSC in pathological conditions, (2) survival and generation of new neurons 

from these cells (3) integrating new cells in to the existing neural circuit and (4) 

preventing tumor formation from proliferating NSC. For my thesis, the first step is the 

main step to focus on, thus modelling AD like pathologies in zebrafish brain and 

finding new mechanisms to induce NSC proliferation in these contexts in a model 

organism with a regenerative ability. 

 

1.3. Adult Neurogenesis and Alzheimer Disease 

Adult neurogenesis in mammalian brain first identified by H3-Thymidine incorporation 

in rats (Altman and Das, 1965). In humans, adult neurogenesis has been shown by 

BrdU-incorporation (Eriksson, et al., 1998) and Carbon-14 in nuclear DNA of human 

brain (Spalding, et al., 2013). However, the adult neurogenesis has been challenged 

recently (Arellano, et al., 2018; Paredes, et al., 2018; Sorrells, et al., 2018), while 

several studies propose the existence of adult neurogenesis in human hippocampus 

(Boldrini, et al., 2018; Kempermann, et al., 2018; Lima and Gomes-Leal, 2019; 

Moreno-Jimenez, et al., 2019; Tobin, et al., 2019). Regardless of this profound 

debate, the decrease of adult neurogenesis in AD patient has been shown recently 

(Moreno-Jimenez, et al., 2019; Tobin, et al., 2019). These studies show the 

importance of Adult neurogenesis or generation of new neurons in pathological 
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conditions and put forward the hypothesis “can AD be tackled by increasing 

neurogenic outcome?”. This is a similar approach to that of our lab, where we are 

trying to understand whether zebrafish can teach us how to enhance neurogenesis in 

AD conditions. This seems to be a fertile approach as for instance IL4 signaling, which 

is essential for zebrafish brain to respond to AD by neurogenic outcome (Bhattarai et 

al., 2016, 2017a, 2017b), is also able to enhance neurogenesis in human astrocytes 

(including neural stem cells) based on the studies in a novel 3D culture system 

developed in our lab (Celikkaya, et al., 2019; Papadimitriou, et al., 2018). These 

findings are supported by the fact that mammalian brains can also be coaxed to 

become more neurogenic and this helps to ameliorate the cognitive decline in disease 

(Choi, et al., 2018; Choi and Tanzi, 2019; Kizil and Bhattarai, 2018).  

 

 

1.4. The role of Tau in AD and Tauopathies  

Aβ accumulation is the main cause of initiating AD, while another key protein Tau 

mislocalization has detrimental effect on neuronal function and loss. Tau is a 

microtubule associated protein and identified as component of NFT (Grundke-Iqbal, et 

al., 1986). So far no mutations have been identified on Tau in AD cases, so it is the 

wild type that play role in AD pathology. However, mutations have been identified on 

tau that causes some other neurodegenerative disease; e.g. Fronto-temporal 

Dementia (FTD) linked to Chromosome 17 (Hutton, et al., 1998; Poorkaj, et al., 1998; 

Spillantini, et al., 1998). Either with mutations or with no mutations, Tau plays role in 

pathology of several Neurodegenerative Diseases that are collectively called 

Tauopathy, including AD as well.  However, in AD Tau is a secondary cause of AD, 

while in FTD Tau is the main causing protein. 

 

Tau, natively, is an unfolded protein with several domains including microtubule-

binding domains (MTBD). It has six isoforms with either 3-repeat (3R) or 4-repeat (4R) 

of MTBD and 0N, 1N or 2N combinations following alternative splicing in human brain 

(Goedert, et al., 1989). The MTBDs or 3R/4R repeats are the tau domains that bind to 

microtubules; stabilizing and promoting self-assembly from tubulin subunits. 

Mutations, phosphorylation in these domains may have dramatic effect on the binding 

capacity of Tau to microtubules, thus releasing Tau from the microtubules (Barghorn, 

et al., 2000; Biernat, et al., 1993; Hong, et al., 1998). Free soluble Tau is prone to 
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aggregate mainly by the beta-sheet aggregation, while binding microtubule prevent 

tau aggregation (reviewed in; Mandelkow and Mandelkow, 2012). 

 

Currently, 44 different FTD associated mutations have been found in Tau 

(www.molgen.ua.ac.be/FTDMutations), some of which are pathogenic. The majority of 

these mutations are enriched in the microtubule binding repeats. One of these 

mutations occur at amino acid 301 converting Proline (P) to Leucine (L), Serine (S) or 

Threonine (T) at exon 10 or repeat 2.These mutations destabilize binding of Tau to 

microtubule, as a result accumulation and phosphorylation of Tau cause 

neurodegeneration such as axonal and synaptic loss via cell death. In the past 

decades, several mouse models have been generated by expressing FTD related 

genes (reviewed in Ahmed, et al., 2017). The 2 mutations on Tau (P301L and P301S)  

are commonly used and known to cause neurodegeneration and pathology such as 

inflammation, NFT, tau aggregation or transmission impairment in the synapse before 

the synapse loss (Hoover, et al., 2010; Lewis, et al., 2000; Oddo, et al., 2003; 

Yoshiyama, et al., 2007). Several studies has been done on these mouse models to 

evaluate other potential therapeutic strategies, such as Kinase inhibitors (Le Corre, et 

al., 2006; Noble, et al., 2005), microtubule stabilizers (Brunden, et al., 2010), 

immunization with a phospho-tau peptide (Asuni, et al., 2007), passive 

immunotherapy with tau antibodies (Chai, et al., 2011) and the immunosuppressant 

FK506 (Yoshiyama, et al., 2007), which have some progress to prevent tau pathology 

but not in the progression or restoration of lost neurons. As a result, clearance of Tau 

by itself is not a treatment for AD or Tauopathies, additionally generating new neurons 

to replace the lost ones is also important for treatment of AD. However, the response 

of neural stem cells and their neurogenic outcome are not well-addressed during Tau 

pathology, because of limited neurogenesis in pathological conditions in mammals.  

 

1.5. Modelling AD in Mouse 

The mechanism to understand neurodegenerative diseases started with the discovery 

of molecules that accumulate neuropathologically and the ones that cause diseases in 

familial form of AD. While the majority of AD are sporadic (SAD or LOAD) thus a 

combination of several genetic and environmental factors involve, a part of AD are 

caused by mutations on APP or Presenilins (Ertekin-Taner, 2007). The majority of AD 

is called Sporadic AD (SAD) or commonly used Late-Onset AD (LOAD), that there is 

no strong genetic cause of it with Mendelian inheritance (reviewed in; Karch and 
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Goate, 2015). However, mutations in APP, Presenilin-1 (PS1) and Presenilin-2 (PS2) 

proteins are the main genes causing AD, which leads to Early-Onset of AD (EOAD) or 

Familial AD (FAD). In EOAD cases, ~81% percentage of cases are caused by 

mutations on PS1 followed by ~14% of APP and 6% of PS2 (Ertekin-Taner, 2007). In 

addition to these genes, there are several others genes that have been identified or 

predicted as AD risk genes (Jansen, et al., 2019; Kunkle, et al., 2019; Lambert, et al., 

2013). Among these, ApoE4 allele is the gene with higher risk and identified first (Tsai, 

et al., 1994). Any mutations that can favor amyloidogenic processing of APP increase 

the Aβ generation, concomitantly decreasing the onset of AD. 

 

As a result, in order to model AD in mouse model and other model organisms the 

familial form of APP (Games, et al., 1995; Hsiao, et al., 1996), PS1 (Guo, et al., 1999) 

and WT or Tau with P301L/S (Lewis, et al., 2000; Yoshiyama, et al., 2007) mutations 

are commonly used to generate transgenic mouse. Moreover, the combinations of 

these 3 genes have been used to generate transgenic mice; APP and PS1 (Citron, et 

al., 1997; Duff, et al., 1996; Flood, et al., 2002; Holcomb, et al., 1998), 

APP/PS1/TauP301L (3xTg) (Oddo, et al., 2003), or APP and PS1 with several fAD 

mutations (5XFAD) (Oakley, et al., 2006). Depending on the promoter, there are 

differences in the production of Aβ and the onset of AD phenotypes in these models, 

however almost all of them recapitulate some or many features of AD (Gotz and Ittner, 

2008). Especially, the mouse models replicated particular symptoms of AD, helped 

understanding the mechanisms of AD and several drug developments and preclinical 

studies (Ahmed, et al., 2017; Gotz and Ittner, 2008). To control the expression level of 

APP, an APP knock-in line was also generated (Saito, et al., 2014). However, one of 

the challenges in mice is the limited adult neurogenesis. Thus, while mice offer 

several similarities to human, its limited regenerative ability restricts the studies on 

regeneration. As a result, modeling neurodegeneration and studying stem cell 

response in different pathological conditions in an organism with regenerative ability 

may teach us how to control the proliferative and neurogenic outcome of NSCs. 

Therefore, in my thesis, I have chosen zebrafish for generating chronic 

neurodegeneration and for studying the neural stem cell response. 

 

1.6. Modelling Neurodegeneration in zebrafish 

The regenerative ability in vertebrates varies widely and especially mammals have 

limited regenerative ability that is restricted to a few organs. However, some 
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vertebrates like zebrafish have a higher regenerative ability widespread throughout 

their body. Zebrafish has been used to study developmental biology (Haffter, et al., 

1996; Streisinger, et al., 1981) and regeneration (Bernhardt, et al., 1996; Johnson and 

Weston, 1995; Kizil, et al., 2012b; Kizil, et al., 2009; Poss, et al., 2002; Raya, et al., 

2003; Rowlerson, et al., 1997; White, et al., 1994). Several labs focused on different 

organs in fish for regenerative studies; including regeneration in caudal fin 

(Nechiporuk and Keating, 2002; White, et al., 1994), liver (Burkhardt-Holm, et al., 

1999), kidney (Reimschuessel, 2001), hair cells (Harris, et al., 2003) and heart (Poss, 

et al., 2002; Raya, et al., 2003). Additionally, zebrafish nervous system is able to 

regenerate including spinal cord (Becker, et al., 1998), retina (Vihtelic and Hyde, 

2000), cerebellum (Liu, et al., 2004). The regeneration in brain, mainly telencephalon, 

has been shown by stab injury models (Baumgart, et al., 2012; Kishimoto, et al., 2012; 

Kroehne, et al., 2011; Marz, et al., 2011). The stab injury models showed that 

zebrafish brain could regenerate by using the Neural Stem/Progenitor covering the 

ventricle of fish telencephalon marked by astroglial markers such as s100beta and 

her4. Interestingly, these cells start to proliferate, migrate and repair/regenerate the 

injury sites. Further studies have shown that injury dependent molecular programs 

and inflammation are playing role in the activation and plasticity of NSPC (Kizil, et al., 

2012a; Kizil, et al., 2012c; Kyritsis, et al., 2012; Rodriguez Viales, et al., 2015). 

 

The ability of NSPC responding to injury by using specific molecular programs shows 

the opportunity of using zebrafish to model neurodegeneration and understanding the 

NSPC response in the pathological conditions. To address this question in our lab, we 

recently generated an amyloid toxicity model (Bhattarai, et al., 2016; Bhattarai, et al., 

2017a; Bhattarai, et al., 2017b) in zebrafish by injection of Aβ-42 peptide using 

cerebroventricular microinjection (CVMI) by improving this previously established 

technique (Kizil and Brand, 2011; Kizil, et al., 2015). This model recapitulates many 

features of AD (inflammation, cell death, synaptic degeneration and cognitive decline) 

but no tauopathy/tangle formation. Additionally, the NSPCs start proliferation and 

generate new neurons. This proliferation is induced by IL4 secretion from dying 

neurons and activated microglia (Bhattarai, et al., 2016; Bhattarai, et al., 2017a; 

Bhattarai, et al., 2017b). Moreover, the finding from fish has been tested in 3D culture 

of human fetal Astrocytes (Papadimitriou, et al., 2018). It has been shown that the 

mechanism from fish has similar effects on NSC proliferation in 3D culture and this 

may help to prevent AD. These studies show that zebrafish can be used as a model 



 - 9 - 

organism to study human neurodegenerative diseases and can help to specifically 

address neurogenesis in AD conditions.  

 

Another key gene in many neurodegenerative diseases, collectively called Tauopathy, 

is Tau gene. Previously, several zebrafish lines have been generated to establish 

neurodegeneration in zebrafish by over-expressing WT or FTD associated mutations 

on Tau. The first transgenic zebrafish model was generated to over express human 

wild type (WT) Tau under the control of enolase promoter (Bai, et al., 2007). However, 

this line was used only to characterize enolase promoter, but not to study the 

tauopathy, no further study followed this line, even though the line survived until 14 

months old. The second stable line generated was to use Gal4/UAS system under 

HuC/D promoter (Paquet, et al., 2009). In this line, tau hyperphosphorylation, cell 

death, motor neuron degeneration observed at early stages (5 days old) and Gallyas 

silver positive cells observed after 5 weeks. However, the expression was limited to 

spinal cord and construct expression could not be studied in adulthood and in the 

brain. Mosaic expression of Tau in zebrafish embryos induces hyperphosphorylation 

and cell death (Tomasiewicz, et al., 2002; Wu, et al., 2016). Except the amyloid 

toxicity model, the NSPC response in these models has not been further 

characterized.  

 

The NSPC response in amyloid toxicity model (Bhattarai, et al., 2016) and stab injury 

models (Kizil, et al., 2012a; Kizil, et al., 2012c; Kyritsis, et al., 2012; Rodriguez Viales, 

et al., 2015) show that NSPC use different molecular mechanisms in different contexts 

to induce NSPC proliferation. Thus, zebrafish NSPC response can be used to 

understand how NSPC response to different pathological conditions. This can help us 

to understand and to find out new strategies how to activate NSPC in human 

neurodegenerative diseases. 

 

1.7. Single-cell sequencing to Study Alzheimer Disease 

 

Single-cell sequencing is new next-generation sequencing that can be used even with 

sparse sample size, where bulk RNA-sequencing cannot be used (Liang, et al., 2014). 

Moreover, single-cell sequencing can be used to identify heterogeneity in cell 

populations that look very homogenous by common markers. The technique has been 
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developed to sequence a large number of cells in a high-throughput manner (Zheng, 

et al., 2016). There are several single-cell methods, each of them has its own 

advantages and disadvantages (Ziegenhain, et al., 2017). For instance, SMART-seq 

can be used to sequence full-length sequence in a few cells with millions of reads, in-

drop sequencing cannot be used to sequence full-length and many read numbers. On 

other hand, in-drop sequencing is useful for sequencing thousands of cells at the 

same time (Ziegenhain, et al., 2017).   

 

SMART-Seq and in drop-seq have been used to study nervous system in mice 

(Artegiani, et al., 2017; Dulken, et al., 2017; Harris, et al., 2018; Hochgerner, et al., 

2018; Llorens-Bobadilla, et al., 2015; Luo, et al., 2015; Shin, et al., 2015). In-drop 

sequencing has been further used in the context of AD-like conditions in mouse cortex 

and hippocampus to study the heterogeneity in microglia (Keren-Shaul, et al., 2017; 

Mathys, et al., 2017). Several zebrafish studies employed in-drop sequencing for 

instance in juvenile brain and whole brain during embryonic development (Raj, et al., 

2018a; Raj, et al., 2018b) and in habenula (Pandey, et al., 2018). However, single-cell 

sequencing has not been used to study the response of different cell types in the 

context of AD in mouse, zebrafish or human. 

  

 

1.8. Aims of the thesis 

In this thesis, my aim was to generate AD-related neurodegeneration models in adult 

zebrafish brain and to understand the neural stem/progenitor plasticity in the context 

of AD like pathologies. In the first paper, I will present successful chronic expression 

of human Tau P301L in adult zebrafish brain and its phenotypic outcomes in 

conjunction with Amyloid toxicity. In the second paper, I will present the cellular 

heterogeneity of zebrafish NSPC and their response in an amyloid toxicity model as 

determined by our single cell sequencing method and novel analyses tools. 
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3 DISCUSSION 
_____________________________________________________________________ 

 

 

 

 

 

While several hypotheses have been postulated about the causes of AD, amyloid 

cascade hypothesis explains most the mechanistic aspects of the disease (Hardy, 

1992; Hardy and Selkoe, 2002; Selkoe and Hardy, 2016). Based on this hypothesis 

many drugs were developed and some of those were able to clear amyloid plaques in 

AD patients without improving the cognitive ability (Cummings, et al., 2016; Nicoll, et 

al., 2019; Schneider, et al., 2014). The failure in cognitive improvements can be due to 

many factors and is an intense research area. One reason could be the lack of 

generation of new neurons in AD patients (Moreno-Jimenez, et al., 2019; Tobin, et al., 

2019). While Aβ is the initiator of events that leads to AD, the contribution of Tau, 

inflammation, synaptic degeneration and neuronal loss collectively lead to the 

decrease in cognitive ability. The malfunctioning of the functions of other cell types 

exacerbates AD by feedforward and feedback mechanisms (De Strooper and Karran, 

2016). Neural stem cells are one of those cells that are related to the AD pathology 

(Choi and Tanzi, 2019; Kizil and Bhattarai, 2018; Tincer, et al., 2016). Recently, it has 

been shown that adult hippocampal neurogenesis drops sharply in Alzheimer disease 

patients (Moreno-Jimenez, et al., 2019; Tobin, et al., 2019) and the drugs targeting Aβ 

clearance are able to do so in AD patients but no improvement in cognitive ability was 

observed after treatment regimens (Nicoll, et al., 2019). This supports the interesting 

hypothesis that generation of new neurons (regenerative neurogenesis) in AD patients 

may help to revert the AD pathology as we and others have shown using animal 

models and 3D culture systems (Bhattarai, et al., 2016; Choi, et al., 2016; 

Papadimitriou, et al., 2018). While regenerative ability in mammals is evolutionary 

poor (Tanaka and Ferretti, 2009), studying neurodegeneration in a model organism 

with regenerative ability can teach us how to induce neural stem cells proliferation and 

neurogenesis in pathological conditions. Zebrafish can regenerate its nervous system 

after various insults or disease conditions by using molecular programs pertaining to 

the regenerative state (Bhattarai, et al., 2016; Cosacak, et al., 2015; Kizil, 2018; Kizil, 

et al., 2012a; Kizil, et al., 2012b; Kizil, et al., 2012c; Kyritsis, et al., 2012) . In my PhD 
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thesis, I aimed to generate new transgenic zebrafish models by expressing the AD-

associated genes and their variants. Here, I am presenting two studies in zebrafish 

models (Cosacak, et al., 2017; Cosacak, et al., 2019).  

 

3.1. Zebrafish to study Tau and amyloid pathologies 

Tau is a microtubule-associated protein and mutations or hyperphosphorylation on 

Tau play role in several neurodegenerative diseases that are collectively called 

Tauopathies (Lee, et al., 2001). In AD, there is no AD associated mutations of Tau. 

Yet, Tau mutations that are associated with other neurodegenerative diseases are 

commonly used to generate transgenic animals for addressing Tauopathies (Gotz and 

Ittner, 2008) and majority of those lines are not expressed in adult brain. To check the 

effects of Tau in zebrafish telencephalon, I generated a zebrafish transgenic line 

(Cosacak, et al., 2017) expressing the human Tau with P301L mutations (Dumanchin, 

et al., 1998; Hutton, et al., 1998). The line expresses human Tau-P301L from early 

embryonic development to adulthood (18 months), and is among the first lines that 

can still express the transgene in adult brain by overcoming silencing mechanisms, 

which in majority of the cases render any transgene inserted into the zebrafish 

genome inactive in adult animals. One of the modifications on Tau that leads to 

pathologies is the hyperphosphorylation of Tau and tangle formation (Mandelkow and 

Mandelkow, 2012). In this line, Tau is hyperphosphorylated from embryonic stages to 

adulthood and did not induce any overt phenotypes in development of the fish. 

Moreover, Tau hyperphosphorylation did not induce overt neurodegenerative 

phenotypes such as cell death and neuroinflammation. This suggests that, despite its 

hyperphosphorylation, Tau does not form tangles in zebrafish. Additionally, we 

hypothesized that zebrafish brain might have some protective mechanisms that 

prevent Tau toxicity. Moreover, we did not observe fibril or tangle formation by 

electron microscopy as well (Cosacak et al., unpublished data). I have checked the 

tau localization with electron microscopy, and Tau is mainly localized in bi-layered 

vesicles in the cytoplasm. This suggests that one of the mechanisms can be 

autophagy of Tau in this line as well as in zebrafish (Lopez, et al., 2017), in cell lines 

(Hamano, et al., 2008; Inoue, et al., 2012) and human patients (Piras, et al., 2016). In 

mouse models, increasing autophagy reduces Tau accumulation (Kruger, et al., 2012; 

Schaeffer, et al., 2012). Further transcriptomics and functional studies in our Tau line 

can tell us how zebrafish prevent Tau toxicity in its brain. 
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Alzheimer disease starts with accumulation of Aβ followed by Tau pathology as has 

been supported by transgenic expression of APP gene or injection of Aβ42 itself in 

Tau expressing lines (Gotz, et al., 2001; Gotz, et al., 2004; Oddo, et al., 2003). We 

tested this hypothesis in our zebrafish line by injecting Aβ42 peptide, which did not 

lead to exacerbation of amyloid toxicity. I further checked the formation of 

neurofibrillary tangles in this line after the injection of Aβ42 and did not observe tangle 

formation either (unpublished data). In overall, studies in this line suggest that 

zebrafish might have a protective mechanism that prevents Tau toxicity even in the 

presence of acute Aβ42 or hyperphosphorylated Tau.  

 

3.2. Single-cell sequencing, heterogeneity of NSPCs, and 

contextual response to amyloid toxicity model 

Recently, we have generated an amyloid toxicity model in adult zebrafish brain by 

injecting Aβ42 peptide (Bhattarai, et al., 2016; Bhattarai, et al., 2017a; Bhattarai, et al., 

2017b). I combined this model with my Tau line and did not observe exacerbation in 

Tau amyloid-toxicity. In the amyloid toxicity model, we have shown an increase in 

inflammation, synaptic degeneration and cell death, followed by cognitive decline, 

which are common symptoms in Alzheimer Disease (LaFerla and Oddo, 2005; Reitz 

and Mayeux, 2014). In contrast to humans (Moreno-Jimenez, et al., 2019; Tobin, et 

al., 2019), zebrafish NSPCs proliferate and generate new neurons (Bhattarai, et al., 

2016). The proliferation of neural stem cells is induced by Interleukin-4 (IL4), which is 

secreted by dying neurons and activated microglia, through the activation of STAT6 

signaling in cells that express the IL4-receptor. Interestingly, the NSPC activation in 

amyloid toxicity model (Bhattarai, et al., 2016; Bhattarai, et al., 2017b) is molecularly 

different than the NSPC activation injury zebrafish models (Kizil, et al., 2012a; Kizil, et 

al., 2012c; Kyritsis, et al., 2012; Rodriguez Viales, et al., 2015), as neurodegeneration-

induced proliferation follows distinct molecular players when compared to other injury 

models (Bhattarai et al., 2016). This suggests that zebrafish brain has context-

dependent mechanisms that regulate the activation of NSPC in the zebrafish brain. 

Moreover, IL4/STAT6 mechanism was further tested in human 3D-cell culture and IL4 

was shown to counteract the AD pathology human 3D-gel culture by inducing NSC 

proliferation (Papadimitriou, et al., 2018). We also showed that Aβ42-induced cellular 

metabolites such as tryptophan metabolite KYNA, is upregulated during AD in human 

AD brains (post-mortem tissue analyses) as well as in mouse APP/PS1 model of 
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Alzheimer’s but are suppressed after IL4 treatment (Papadimitriou, et al., 2018). 

Similarly, we recently showed that IL4 decreases tryptophan metabolism in zebrafish 

and allows neuroregeneration (Bhattarai, et al., 2020). These results indicate that the 

mechanisms identified in zebrafish have decent potential to be used for clinical 

directions in human brains.  

 
Several studies in zebrafish considered zebrafish neural stem/progenitor cells as a 

uniform cell population (Kroehne, et al., 2011; Marz, et al., 2011; Than-Trong and 

Bally-Cuif, 2015; Yeo, et al., 2007). Recently, two studies focused on juvenile fish 

brain using single-cell sequencing (Pandey, et al., 2018; Raj, et al., 2018b). One study 

mainly focused on all cell types in juvenile brain, however did not further identified 

sub-clusters of these cells (Raj, et al., 2018b), in the second study the neuronal 

subtypes in juvenile habenula has been investigated. In order to check the 

heterogeneity of NSPCs in zebrafish telencephalon, I utilized single-cell sequencing 

(Cosacak, et al., 2019). I identified seven progenitor cell clusters (or neural 

stem/progenitor cells) and two pre-neuroblast and neuroblast clusters. Moreover, by 

using markers in each cell clusters and in-situ hybridization from an independent study 

(Diotel, et al., 2015), I identified the spatial localization of these cell populations in 

zebrafish telencephalon. Here, I propose that zebrafish brain has a heterogeneous set 

of neural progenitor cells. The neural stem cell heterogeneity has been postulated in 

mouse hippocampus (Artegiani, et al., 2017; Harris, et al., 2018; Hochgerner, et al., 

2018; Shin, et al., 2015) and sub-ventricular zone (Dulken, et al., 2017; Llorens-

Bobadilla, et al., 2015; Mizrak, et al., 2019). When combined with the studies in 

mouse brains, our results support the evolutionary functionalization of NSPCs in adult 

vertebrate brains and their potential differential response to various injury types.  

I showed that different subtypes of NSPCs respond differently to Aβ42 and IL4 at the 

transcriptomics level. Dorsal and medial NSPC start proliferation and responds more 

to Aβ-42 and IL4 when compared to other subtypes. Overall, this shows the 

importance of studying AD-like conditions to understand the response of each cell 

type.  

In my thesis, I developed new tools to analyze the interaction of cells through ligand-

receptor pairs. I aimed to understand which kind of ligand-receptor interaction exist in 

normal brain environment, and which of those interactions are modified (e.g.: lost or 

emerged) after Aβ42 or IL4 treatment. Among these interactions, cytokine signaling 

emerged significantly after amyloid toxicity confirming our previous findings (Bhattarai, 
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et al., 2016). Additionally, we also confirmed previously published interactions in 

regenerating zebrafish brain using our in silico analyses tool (Cosacak et al., 2019). 

Thus, our single-cell data and whole transcriptome analyses correlated with high 

reliability. In order to further confirm the interaction maps identified by single-cell data, 

we injected FGF8 using CVMI and found that mainly dorsal progenitor cells increases 

their proliferation, as these cells expresses Fgf receptor, fgfr3 (Cosacak et al., 2019; 

for analyses, gene markers, interaction maps and Gene Ontology analyses public 

database can be accessed under https://kizillab.org/singlecell/).  

Our single-cell data also led to further studies, which benefited from our conclusions 

and repository (Bhattarai, et al., 2020; Diaz Verdugo, et al., 2019). In one of those 

studies, we found that IL4 decreased the production of the tryptophan metabolite 

serotonin, which decreased NSPC proliferation (Bhattarai et al., 2020). Excess of 

serotonin suppresses NSC proliferation by decreasing BDNF expression in 

periventricular neurons. In this work, instead of a direct ligand-receptor interaction, we 

identified a sequential neuron-glia communication to regulate neural stem cell 

plasticity in AD-like conditions in zebrafish brain. Our results would not be possible 

without our single cell sequencing approach and datasets (Cosacak et al., 2019).  

Our results and studies in mice signify the importance of studying the contribution of 

different cell types to AD pathology (Bhattarai, et al., 2020; Cosacak, et al., 2019; Cox, 

et al., 2019; Keren-Shaul, et al., 2017; Mathys, et al., 2017). Recently, single nuclear 

RNA sequencing has been used to sequence nuclear RNA from postmortem human 

frontal cortex cells (Mathys, et al., 2019). By comparing AD patients to age and sex 

matched controls, the cell type-specific changes were observed at early stages of AD, 

the late stages of which displayed a common global stress response. This data 

corroborated the cellular phase of AD, and once again underscored the importance of 

studying individual cell types and their contribution to the disease progression. As 

hippocampal neurogenesis decreases in AD patients (Moreno-Jimenez, et al., 2019; 

Tobin, et al., 2019), a comprehensive single-cell sequencing analysis of hippocampal 

and SVZ cells will open new perspective and approaches to study AD in future. 

  

https://kizillab.org/singlecell/
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ähnlicher Form einer anderen Prüfungsbehörde vorgelegt. 

 

5. Die Inhalte dieser Dissertation wurden in folgender Form veröffentlicht: 

 

………………………………………………………………………………………… 

………………………………………………………………………………………… 

………………………………………………………………………………………… 

 

6. Ich bestätige, dass ich die Promotionsordnung der Medizinischen Fakultät der 

Technischen Universität Dresden anerkenne. 

 

 

 

 

Ort, Datum 

 

 

 

Unterschrift des Doktoranden 
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Anlage 2 

 

 

 

Hiermit bestätige ich die Einhaltung der folgenden aktuellen gesetzlichen 

Vorgaben im Rahmen meiner Dissertation 

 

 
 das zustimmende Votum der Ethikkommission bei Klinischen Studien, 

epidemiologischen Untersuchungen mit Personenbezug oder Sachverhalten, die das 

Medizinproduktegesetz betreffen Aktenzeichen der zuständigen Ethikkommission 

 
  die Einhaltung der Bestimmungen des Tierschutzgesetzes Aktenzeichen der 

Genehmigungsbehörde zum Vorhaben/zur Mitwirkung: 

 

Tierversuchsantrag: TVV-52/2015, TVV-35/2016 

 
  die Einhaltung des Gentechnikgesetzes Projektnummer 

 

Az.:  

 
  die Einhaltung von Datenschutzbestimmungen der Medizinischen Fakultät und des 

Universitätsklinikums Carl Gustav Carus. 

 

 

 

 

Ort, Datum 

 

 

 

Unterschrift des Doktoranden 

 

 

 

 

 

 

 


