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ABSTRACT 

Amyloid precursor protein (APP) is a type-one membrane-spanning protein 
with a large extracellular N-terminal domain and a small intracellular C-
terminal domain. APP first gained interest due to its involvement in the 
pathogenesis of Alzheimer’s disease (AD). Its proteolytic processing liberates 
the neurotoxic amyloid-beta (Aβ) peptide that accumulates in the amyloid 
plaques, characteristic of AD. Thus, APP has been intensively studied for its 
amyloidogenic properties with less focus on its normal cell biological roles. 
APP is an evolutionarily conserved protein involved in biological processes 
including neuronal migration, synaptogenesis, synaptic function and 
plasticity. Still, it is unclear what role APP plays in the development of 
specific neuronal cell types in the central nervous system. The aim of this 
thesis was to examine the physiological functions of the zebrafish Appb, a 
highly conserved homologue of human APP, during neural development. 
Through a knockdown approach, we found that Appb is required for the 
patterning and outgrowth of motor neurons in the spinal cord as well as for 
the synapse formation at the neuromuscular junctions (NMJs), thus essential 
for the formation of normal locomotor behavior. We also show the cell-
specific utility of Appb in the hindbrain-specific Mauthner cell (M-cell) 
development that our data indicate is mediated through a Notch1a-dependent 
mechanism. To confirm the function of Appb we generated an appb mutant 
carrying a homozygous non-sense mutation in exon 2. Although the smaller 
size of mutants was similar to morphants, mutants appeared morphologically 
normal after 48 hrs post-fertilization (hpf), suggesting that the genetic deficit 



 

is compensated for, potentially by other App family members or by 
modifications of other genes, such as Notch. Lastly, to get a deeper insight 
into molecular pathways affected by Appb, we determined the proteomic 
consequence of Appb down-regulation and provided crucial information on 
proteins and pathways that are differently expressed when the expression of 
Appb is modulated.    

In summary, we report on an essential role of Appb during neural 
development in the spinal cord and hindbrain and provide a link between 
Appb and other proteins and pathways. We believe that the zebrafish model 
used here provided appreciable knowledge in gaining insights into APP 
function and the described studies above will significantly contribute to our 
understanding of this complex protein during neural development.   

Keywords: Amyloid precursor protein-b function, zebrafish, spinal cord, 
motor neurons, hindbrain, Mauthner cell, development, mass spectrometry, 
proteomics 
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SAMMANFATTNING PÅ SVENSKA 
Amyloid precursor protein (APP) är ett membranspännande protein med stor 
extracellulär N-terminal domän och en liten intracellulär C-terminal domän. 
Proteolytisk klyvning av APP frigör den nervcells-toxiska Aβ peptiden vars 
ackumulation leder till amyloida plack karaktäristiska för Alzheimer’s 
sjukdom. Denna amyloidogena egenskap hos APP har varit mål för intensiv 
forskning under många år medan dess normala cellbiologiska funktion rönt 
mindre fokus. APP är ett evolutionärt konserverat protein involverat i 
biologiska processer så som nervcells-migration, synapsbildning, 
synapsfunktion och plasticitet men dess roll vid specificering av olika 
nervcells-typer i centrala nervsystemet är mindre väldefinierad. Målet med 
följande avhandling var att studera den fysiologiska funktionen hos Appb, en 
välkonserverad homolog i zebrafisk, under nervcellsbilning. Nedreglering av 
Appb resulterade i hämmad utväxt och mönsterbildning av motornervceller i 
ryggraden samt felaktig synapsformation mellan nervcell och skelettmuskel. 
Vi kunde även visa att Appb är krävs för utveckling av Mauthner cellen (M-
cell) via en Notch beroende mekanism. För att ytterligare undersöka 
funktionen av Appb, skapade vi zebrafiskar med en homozygot noll-mutation 
i appb genen. Dessa mutanter saknar Appb proteinet och påvisar tidiga 
defekter under utvecklingen. Trots vissa likheter utvecklades mutanterna, till 
skillnad från fiskar med nedreglerat Appb, normalt efter 48 timmar. Våra 
resultat stödjer att avsaknaden av Appb till viss del kan kompenseras av 
andra proteiner i APP-familjen. Slutligen kvantifierade vi skillnaden i 
proteiner hos kontroll fiskar och fiskar med nedreglerat Appb för att skapa 
bättre förståelse för de bakomliggande molekylära mekanismer vilka 
påverkas av Appb. Vi kunde bekräfta en rad redan etablerade 
signaleringsvägar samt identifiera förändringar i många nya proteiner. Dessa 
signalvägar och proteiner kräver dock ytterligare verifiering innan en direkt 
koppling kan fastställas. Sammantaget visar vi på en essentiell roll för Appb 
under centrala nervsystemets utveckling samt visar preliminära resultat på 
underliggande molekylära mekanismer. Vi tror att zebrafisken som 
modellsystem har gjort det möjligt att studera mekanismer hos APP vilka 
tidigare ej varit genomförbara och att de resultat vi beskriver ovan nämnvärt 
bidrar till vår förståelse av den komplexa samverkan som krävs för bildandet 
av ett normalt nervsystem. 
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NICD  Notch intracellular domain 
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TALEN Transcription activator-like effector nucleases 
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1 INTRODUCTION 

1.1 Alzheimer’s disease  

1.1.1 History  
Age-related mental illness in elderly has been described throughout history. 
However, in 1901, a 50-year-old woman, Auguste Deter, had been noticed by 
her husband with disturbances of memory, progressive confusion, sleep 
disorders and aggressiveness. She was admitted to Frankfurt Psychiatric 
Hospital in November 1901, where she was diagnosed by a German physician, 
Dr. Alois Alzheimer. With an interest in the symptomatology and progression 
of the illness of Auguste Deter, Dr. Alzheimer followed and documented the 
development of her disease. The disease gradually worsened and the Auguste 
died in April 1906. Following this, Dr. Alzheimer continued his investigation 
on her brain both morphologically and histologically after the autopsy and 
reported results on symptoms and histopathological findings at a meeting held 
in Tübingen on November 3, 1906. After a year, he published his research as a 
case report in 1907 (Alzheimer, 1907). 

The post mortem examination of the diseased brain displayed atrophy, 
including neurofibrillary tangles and deposition of a special substance in the 
cortex called “military bodies”, currently known as amyloid plaques 
(Alzheimer et al., 1995). Later in 1910, Dr. Emil Kraepelin for the first time 
used the term “Alzheimer’s disease” for this condition in the 8th edition of his 
book Psychiatrie.   

1.1.2 Epidemiology 
Today Alzheimer’s disease (AD) is the most common form of irreversible 
dementia, accounting for up to 75% of all cases. The disease is most common 
in the elderly. According to the Center for Disease Control, the number of 
people over the age of 65 will increase from 7% to 12% by 2030 worldwide 
(CDC, 2003; Qiu et al., 2009) with peaks in developed countries. As of 2015, 
about 47 million people worldwide are living with dementia of which most are 
suffering from AD (Baumgart et al., 2015; Prince et al., 2015), a number that 
is expected to triple by 2050 (Prince et al., 2013). Likewise, about 5-7 million 
new cases of AD are reported each year (Alzheimer'sAssociation, 2016; Qiu et 
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al., 2009; Reitz and Mayeux, 2014). Thus, there is a growing geriatric 
population of patients with AD; enormous resources are needed for the 
appropriate care of these patients. Considering that the societal cost of 
dementia is more than $215 billion every year in the US (Hurd et al., 2013; 
Hurd et al., 2015) and over $600 billion worldwide (Wimo et al., 2013). 
Therefore, dementia represents an emerging health care priority for the global 
society. Therefore, dementia represents an emerging health care priority for 
the global society.   

1.1.3 Neuropathology 
A gross visual examination of AD brains shows cortical atrophy along with the 
enlargement of sulci and ventricles (Selkoe and Podlisny, 2002). The medial 
temporal and occipital lobes along with the primary motor, sensory and visual 
cortex are particularly vulnerable and show increased neurodegeneration in 
AD patients. The atrophy which is usually first observed in the hippocampus 
and entorhinal cortex, is mainly due to degenerating neurites (Terry et al., 
1991) and the symmetrical dilation of the lateral ventricles a result of the loss 
of brain tissue (Perl, 2010). Pathologically, senile plaques and neurofibrillary 
tangles are the main lesions of AD.  

The senile or amyloid plaques are extracellular deposits of amyloid beta (Aβ) 
peptides (mainly peptides ending at amino acid 42 of the Aβ sequence, Aβ42), 
produced after the sequential cleavage of amyloid precursor protein (APP) by 
β- and γ-secretases (discussed in section 1.2.4) (Serrano-Pozo et al., 2011b). 
Amyloid plaques are formed and accumulate preferably in the cerebral cortex 
(Braak and Braak, 1991). Two different types of plaques, dense and diffuse, 
are commonly present. A staining dye specific for misfolded, β-pleated rich 
Aβ is often used to visualize the former of these plaque categories. The dense 
plaques are often found in AD patients, contain activated astrocytes and 
microglial cells, and are associated with synaptic and neuronal loss (Urbanc et 
al., 2002; Vehmas et al., 2003). However, diffuse plaques are commonly 
present in non-demented cognitively normal elderly (Dickson and Vickers, 
2001). Thal et al. described 5 stages of amyloid deposition, that starts from the 
frontal and temporal lobes (stage 1); proceeding to cover allocortical brain 
regions (entorhinal cortex, hippocampus and amygdala) (stage 2); 
subsequently the subcortical nuclei including striatum and hypothalamus 
(stage 3); brainstem structures including reticular formation, substantial nigra, 
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superior and inferior colliculi (stage 4) and finally shields cerebellar Aβ 
deposits (Thal et al., 2002). Although amyloid deposition does progress in a 
staged manner throughout particular regions of the brain, it is however 
important to note that this neither correlates with the severity of AD-related 
symptoms nor the progression of the disease (Nelson et al., 2009; Serrano-
Pozo et al., 2011a). 

In addition to senile plaques, neurofibrillary tangles (NFTs) are another 
histopathological hallmark of AD. The major component of NFTs is the 
microtubule-associated protein tau. Tau is a 68kD protein that is associated 
with microtubules, where it provides stabilization of microtubules (Dehmelt 
and Halpain, 2005). In disease conditions, tau become hyperphosphorylated, 
severely misfolded and aggregate into tangles (Grundke-Iqbal et al., 1986a; 
Grundke-Iqbal et al., 1986b). Silver staining (also known as the Gallyas 
technique), or phospho-tau-specific AT8 and PHF1 antibodies are used to 
detect NFTs (Braak et al., 2006; Braak and Braak, 1991). NFTs are also found 
in other diseases such as Parkinson’s and other tauopathies (Rajput et al., 
1989; Wisniewski et al., 1979). The intraneuronal aggregation of NFTs is 
suggested to be the main cause of axonal and dendritic breakdown (Serrano-
Pozo et al., 2011b). The stereotypical spatiotemporal progression of NFTs 
correlates well with the severity of the cognitive decline (Braak and Braak, 
1991), however, whether NFT is a required precursor of the neuronal loss in 
AD is still controversial (Selkoe and Hardy, 2016; Serrano-Pozo et al., 2011b). 

1.1.4 The amyloid cascade hypothesis 
The amyloid cascade hypothesis was first proposed in 1991 (Hardy and 
Allsop, 1991; Selkoe, 1991). This hypothesis postulates that Aβ accumulation 
in the brain is the primary event driving AD pathogenesis (Hardy and Selkoe, 
2002; Selkoe and Hardy, 2016). The aggregation of Aβ is induced by missense 
mutations in APP or the γ-secretase components, presenilin 1 or 2 genes that 
accelerate the APP processing to form Aβ42 and cause aggressive forms of 
familial AD (FAD) (Citron et al., 1992; Goate et al., 1991; Hardy, 1997; 
Scheuner et al., 1996). A variety of factors influence the development and 
occurrence of sporadic Alzheimer’s disease (SAD); it is primarily caused by 
environmental factors (Henderson et al., 2009), but may involve genetic risk 
factor such as the ε4 variant of the apolipoprotein E (APOE) gene (Polvikoski  
et al., 1995). The amyloid cascade hypothesis explains that the imbalance 
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between Aβ production and clearance is the prime cause of the disease. This 
imbalance gradually increases the Aβ42 levels in the brain, resulting in 
oligomerization that finally initiates synaptic dysfunction and neuronal loss 
(Figure 1). Moreover, increased deposition of Aβ may trigger alterations and 
formation of neurofibrillary tangles (Hardy and Higgins, 1992). 

Although the relevance of the amyloid cascade hypothesis has been a target for 
concern (reviewed in (Selkoe, 2011), it has had great influence on the 
understanding of the onset of AD and the main model guiding the 
development of new therapies for AD. However the lack of efficient treatment 
indicates that there may be missing links between Aβ build-up and clinical 
expression of the disease that still need to be uncovered. The central role of 
APP dysregulation in AD pathogenesis enforced the direction towards 
understanding its physiological functions (van der Kant and Goldstein, 2015). 
Though the role for most of the metabolized fragments have been suggested, 
we are far from understanding their biological significance.  The way by which 
APP co-ordinates functions between the full length and the metabolized 
fragments is not well characterized. Furthermore, while Aβ induced synaptic 
dysfunction and neuronal loss in AD is established, the effect of interacting 
proteins on APP processing is still not defined (Nicolas and Hassan, 2014). 
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1.2 The amyloid precursor protein 
APP was discovered 30 years ago as the origin of the toxic Aβ peptide 
fragments, produced upon proteolytic processing (Goldgaber et al., 1987; 
Kang et al., 1987; Tanzi et al., 1987). However, before its discovery APP was 
already known as a coagulation factor (nexin-II) but it turned out later that the 
nexin-II and APP were the same protein (Van Nostrand et al., 1989). APP is 
encoded by a single gene on the distal arm of chromosome 21q21. An 
enormous number of genetics, biochemical and animal studies provide strong 

Figure 1: The schematic 
describing the biological steps of 
the amyloid cascade hypothesis. 
The sequence of pathogenic events 
is caused by the toxicity of Aβ 
oligomers. Oligomeric toxicity 
results in inflammatory responses, 
synaptic disruption and 
subsequent hyperphosphorylation 
of tau. This causes progressive 
synaptic and neuritic injury and 
eventual neuronal cell death. 
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evidence that APP-derived Aβ peptides initiate a cascade triggering synaptic 
dysfunction, neurodegeneration and ultimately memory impairment (Selkoe 
and Hardy, 2016). Genetic studies on autosomal dominant AD provide the 
strongest evidence implicating APP in AD. More than 200 different mutations 
have been identified in either the APP or presenilin-1 or -2 genes, which 
enhance APP cleavage and increase the amount of aggregation longer forms of 
Aβ (a relative increase in Aβ42) (reviewed in (Tanzi, 2012)).  For example, the 
‘Swedish’ mutation near the β-secretase cleavage site leads to increased 
production of all Aβ forms, whilst the ‘London’ mutation, near the γ-secretase 
site, results in a relative increase in Aβ42 in relation to shorter, C-terminally 
truncated and more hydrophilic Aβ forms (e.g., Aβ38 and Aβ40) (Citron et al., 
1992; Goate et al., 1991; Mullan et al., 1992; Tamaoka et al., 1994). Regarding 
presenilin mutations, a recent study showed that these may result in a partial 
loss of function of γ-secretase; this multiprotein complex degrades type I 
membrane proteins by sequential cleavages and γ-secretase with mutated 
presenilins can cleave at the 42nd amino acid but reaches amino acids 40, 39, 
38 and 37 less effectively (Xia et al., 2015). The end result is a relative 
increase in aggregation-prone Aβ42 in relation to, e.g., Aβ38. Moreover, Aβ-
independent contribution of APP in AD-related neurodegeneration has been 
shown (Cheng et al., 2016; Pimplikar et al., 2010; Robakis, 2011).  

Whilst the roles of APP (and its breakdown products) in AD pathogenesis 
have been intensely studied, its physiological function(s) remain poorly 
understood. In the path to cure AD, intensive efforts have been made to target 
APP cleavage to prevent Aβ generation or to enhance Aβ clearance but no 
clinically significant benefit of these approaches has come up yet (Abbott and 
Dolgin, 2016; Selkoe, 2011). Also, the basic biological function of APP has 
not yet been defined completely. Hence, elucidating the physiological function 
of APP would help in better understanding of the potential side effects of 
reducing APP and its processing to deliver successful therapies. 

1.2.1 The APP family 
APP is a member of an evolutionarily conserved family of type I 
transmembrane proteins (Figure 2). In mammals, two paralogues of APP, the 
amyloid precursor-like proteins 1 and 2 (APLP1 and APLP2) have been 
identified (Goldgaber et al., 1987; Wasco et al., 1993). APLP1 and APLP2 
share high degree of sequence homology to APP and have a similar 
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organization of their protein domains (Slunt et al., 1994), however, unlike 
APP, these proteins do not contain Aβ domain (Bayer et al., 1999). Zebrafish 
have two homologues for the human APP i.e. Appa and Appb but only one 
orthologue to the APLPs i.e. Aplp1 and Aplp2 (Liao et al., 2012a; Musa et al., 
2001). Details on zebrafish App are described below. APP-like proteins have 
been identified in invertebrates such as APPL in fruit fly (Drosophila 
melanogaster) (Luo et al., 1992; Rosen et al., 1989) and APL-1 in 
roundworms (Caenorhabditis elegans) (Daigle and Li, 1993), each carrying 
one gene encoding for an APP-like protein. While, the fly APPL and worms 
APL-1 are similar to the mammalian counterpart with a large extracellular and 
a small intracellular domain, the Aβ domain seems not comparable (Nicolas 
and Hassan, 2014; Prüßing et al., 2013). These observations indicate that only 
the conserved motifs rather than the non-conserved Aβ sequence, likely 
determine the physiological functions among the species and Aβ might have 
appeared during evolution to fulfill a role in complex neuronal networks.   

1.2.2 Structure 
APP consists of a large extracellular N-terminal domain and a small 
intracellular C-terminal domain. Structurally, APP was predicted to act as a 
cell-surface receptor (Kang et al., 1987) or as a growth factor (Rossjohn et al., 
1999), after its discovery. The large ectodomain contains an E1 (cysteine-rich 
globular) domain, an acidic domain, an E2 (a helix-rich) domain and the N-
terminal part Aβ sequence, extending into the transmembrane domain (Figure 
2) (Reinhard et al., 2005). The small intracellular C-terminal, also known as 
APP intracellular domain (AICD), consists of phosphorylated sites and a 
YENPTY interaction motif.  

The E1 domain consists of two distinct regions, the heparin-binding domain 
(HBD) and the copper-binding domain (CuBD). The HBD domain contains 
disulfide bonds, hydrophobic surface patch (hydrophobic pocket) that 
dimerizes in the presence of heparin (Gralle et al., 2006; Hoefgen et al., 2014). 
These hydrophobic regions are important sites of protein-protein interactions 
(Rossjohn et al., 1999). C-terminal to the HBD is the copper/metal binding 
domain, which can bind to several metal ions (Bush et al., 1993). Copper (II) 
binding and reduction is suggested to be a main function of this domain 
(Multhaup et al., 1996). Linked to E1 is an acidic region, rich in glutamic acid 
and aspartic acid residues, that is not connected with any secondary structure 
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formation or functional significance (Kang et al., 1987). Following the acidic 
region is the Kunitz-type protease inhibitor (KPI) and the OX-2 domain that 
are removed through alternative splicing and present only in larger isoforms 
(Figure 2). The shorter APP695 isoform is predominantly expressed in neurons 
accounting for the primary source of APP in brain (Sisodia et al., 1993). KPI 
containing APP is ubiquitously expressed, including non-neuronal cells 
(microglia and astrocytes) (Rohan de Silva et al., 1997) and in platelets to 
influence blood coagulation by the regulation of serine protease (Van Nostrand 
et al., 1990). The E2 domain contains a random coil region (RC), a second 
heparin site including number of putative metal-binding sites that maintains 
the rigid conformation of E2 (Dahms et al., 2012). The metal-binding site of 
E2 domain interacts with ferroportin that plays a role in cellular iron export 
(Duce et al., 2010). The Aβ domain resides at the end of the E2 domain and is 
situated partly within the ectodomain and partly within the transmembrane 
domain (Figure 2). The last small cytoplasmic C-terminal is a highly 
conserved domain among APP family members that is involved in intracellular 
interactions (Kerr and Small, 2005; Schettini et al., 2010). Together, this 
structure of APP provides insights into the similarities and dissimilarities 
between APP family members. Including intracellular domain, APP 
ectodomain (with E1 and E2 regions) is conserved, but Aβ domain is highly 
divergent (Walsh et al., 2007). These conserved domains between families 
enable them to form dimers to promote intracellular adhesion (Kaden et al., 
2009; Soba et al., 2005). 
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Figure 2: Overview of the domain structure and isoforms of APP. All APP 
family members contain a multi-domain structure. They share conserved 
extracellular domains and the YENPTY motif in the carboxyl terminus but Aβ 
is unique for APP. Alternative splicing of APP leads to multiple isoforms, 
including APP770, APP751 and APP695. HBD: Heparin binding domain. 
CuBD: Copper binding domain. Ac: Acidic region, OX2: OX2 antigen domain. 
KPI: Kunitz-type protease inhibitor domain. HBD2: Heparin binding domain 
2. RC: Random coil. YENPTY: Protein interaction motif.  

1.2.3 Expression 
The mammalian APP gene contains 18 exons that give rise to many isoforms 
thorough alternative splicing (ranging from 365 to 770 amino acids) (Yoshikai 
et al., 1990). The most commonly expressed variants consist of 695, 751, and 
770 amino acid residues, referred to as APP695, APP751 and APP770, 
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respectively. While all exons are included in the APP770 isoform, exon 8 
encoding the OX2 domain is missing in APP751 and both exons 8 and 7 
(encoding the KPI domain) are spliced out in the APP695 isoform (Tanzi et 
al., 1988; Weidemann et al., 1989). APP is ubiquitously expressed in the 
neural tissues (brain and spinal cord), as well as in a variety of non-neural 
tissues such as muscle (smooth, cardiac and skeletal), kidney, lung, pancreas, 
immune system (thymus and spleen), skin, intestine thyroid and prostate gland 
(Puig and Combs, 2013). APP695 is the major neuronal isoform (Kang et al., 
1987) while APP770 and APP751, although present in neuronal cells, are 
mostly expressed in non-neural cells (as above) (Ohyagi et al., 1990; Rohan de 
Silva et al., 1997; Sisodia et al., 1993). More uncommon splice variants, such 
as the L-APP (leukocyte-derived APP) and APP639 lack exon 15 and exons 2, 
7 and 8 (Beyreuther et al., 1993; Tang et al., 2003). APP693 is predominantly 
expressed in fetal tissues and adult liver (Tang et al., 2003), whereas L-APP 
splice variants (APP752, APP733, APP696, APP677) are expressed in 
astrocytes, microglia and in leukocytes (Beyreuther et al., 1993; Konig et al., 
1992). Similar to APP, APLP2 is enriched in neuronal tissues including 
multiple tissues and organs, whereas APLP1 is expressed predominantly in the 
brain (Cappai et al., 2007; Shariati and De Strooper, 2013). During embryonic 
development, expression levels of each APP family member increase 
progressively (Huang and Jiang, 2011; Lorent et al., 1995). The widespread 
distribution and sequence homology of the APP gene family members suggest 
an important role of APP that may be reiterated in the development and 
homeostasis of many different tissues and organisms. 

1.2.4 Proteolytic processing 
APP is sequentially processed by secretases whereby extracellular and 
intracellular fragments are formed. This posttranslational processing can either 
be amyloidogenic to release an Aβ peptide or non-amyloidogenic if the 
cleavage precludes Aβ formation (shown in Figure 3) (Thinakaran and Koo, 
2008). In the non-amyloidogenic pathway, the cleavage of APP is initiated 
within the Aβ region by α-secretase, thereby preventing Aβ production. This 
cleavage releases an extracellular APPα fragment (sAPPα) and a C-terminal 
fragment (CTFα) of 83 amino acids also known as C83 that is retained in the 
plasma membrane. The CTFα is subsequently cleaved by γ-secretase to 
generate a p3 peptide (Aβ17-42) and the cytoplasmic APP intracellular domain 
(AICD) (Blennow et al., 2006; O’Brien and Wong, 2011). In contrast, the 
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amyloidogenic pathway is initiated by β-secretase (BACE1) cleavage of APP 
at the N-terminal of the Aβ domain. This cleavage produces a large 
extracellular sAPPβ fragment and a membrane integral C-terminal fragment 
(CTFβ) of 99 amino acids residues, C99. Similar to CTFα, CTFβ is processed 
by γ-secretase to release Aβ peptides into the extracellular space and AICD 
into the cytosol (Gu et al., 2001). In addition to the established amyloidogenic 
pathway, recent work by Andrew et al. report on additional cleavage of APP 
by δ-secretase, η-secretase and meprin β to liberate Aβ peptides (reviewed in 
(Andrew et al., 2016). These results indicate a growing complexity of APP 
processing that challenges our understanding of the role of APP in AD 
pathology further. Similar to APP, APLP1 and APLP2 undergo sequential 
cleavage by β- and γ-secretase but do not generate Aβ peptides due to 
sequence differences (Eggert et al., 2004; Walsh et al., 2007). 

The α-secretases are members of the ADAM (a disintegrin and 
metalloproteinase) family of enzymes, including ADAM9, ADAM10, 
ADAM17 and ADAM19, which are expressed and linked to cell membrane 
(Allinson et al., 2003; Koike et al., 1999; Lammich et al., 1999). The α-
secretases process APP in addition to many other substrates such as epidermal 
growth factor (EGF), interleukin 6 (IL6), cadherins, tumor necrosis factor 
(TNF), and Notch (Haass et al., 2012). Its activity can be regulated by the 
activation of protein kinase C (PKC). Activation of PKC by stimulation of 
muscarinic acetylcholine receptors or treatment with phorbol esters increases 
the production of sAPPα and decreases the Aβ generation in cells (Caporaso et 
al., 1992; Nitsch et al., 1992; Zhu et al., 2001). The activity of α-secretases 
depend on the cellular location; being constitutive activity at the cell surface 
(Parvathy et al., 1999), and with a regulated activity in the Golgi 
compartments (Skovronsky et al., 2000). 
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Figure 3: Schematic illustration of the proteolytic processing of APP. 
Sequential proteolytic processing of APP occurs either in an amyloidogenic 
pathway, that produces Aβ (left) or in a non-amyloidogenic pathway (right), 
which generates p3 peptides and thereby precludes Aβ production. 

Beta-site amyloid precursor protein cleaving enzyme-1 (BACE1) is a 
transmembrane aspartyl protease with active sites in the extracellular space, 
also called Asp-2 and memapsin-2 with ubiquitous expression in the brain, 
especially in the neurons. β-secretase cleavage of APP occurs within the Golgi 
apparatus and endosomes due to its higher activity in acidic environments 
(Vassar, 2005). BACE1 initiates Aβ generation, therefore its inhibition has 
been proposed as good target candidate to prevent Aβ formation (Cole and 
Vassar, 2007; Vassar and Kandalepas, 2011). However, the identification of a 
broad range of additional BACE1 substrates (Hemming et al, 2009) and the 
role of BACE1 in important biological pathways has highlighted the risk of 
potential side effects (Barao et al., 2016; Mullard, 2017). The β-secretase 
family consists of an additional member, BACE2, expressed mainly in non-
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neural cells. This secretase cleaves within the Aβ domain and is thereby not 
the part of the amyloidogenic pathway (Solans et al., 2000; Yan et al., 2001).  

The third class of secretases, the γ-secretase is also an aspartyl protease, 
consisting of four subunits: PSEN (presenilin 1 or presenilin 2), NCSTN 
(nicastrin), APH1 (anterior pharynx defective 1) and PEN2 (presenilin 
enhancer 2) (Bai et al., 2015; Lu et al., 2014). PSEN1 and PSEN2 are the 
catalytic subunits, nicastrin works as a substrate receptor, APH1 serves as a 
scaffold and PEN2 acts as an enhancer of catalytic activity (De Strooper, 2003; 
Dries and Yu, 2008; Shah et al., 2005; Zhang et al., 2014). γ-Secretase cleaves 
APP at multiple sites within the transmembrane domain, generating Aβ 
peptides of different lengths (De Strooper et al., 2012; Sanders, 2016; Zhao et 
al., 2005; Zhao et al., 2004). However in familial AD, FAD-linked APP or 
PSEN1 or PSEN2 mutations predominantly increase the ratio between Aβ42 

and shorter Aβ peptides, such as Aβ40 and Aβ38 (Selkoe and Wolfe, 2007). 

In addition to APP, an extensively studied substrate of γ-secretase is the Notch 
receptor (De Strooper et al., 2012; Hartmann et al., 2001). Cleavage of Notch 
by γ-secretase releases Notch intracellular domain (NICD) that translocates to 
the nucleus of the cell and regulates gene activity. Also, many other substrates 
of γ-secretase have been reported, such as ErbB4 (erb-b2 receptor tyrosine 
kinase 4), E-cadherin, N-cadherin, ephrin-B2 and CD44 (Haapasalo and 
Kovacs, 2011; Hemming et al., 2008). Inhibition of γ-secretase activity was a 
major target of AD therapeutics but has been hampered by severe side effects. 
Recently, the focus has instead been on identifying APP-selective γ-secretase 
modulators (GSMs), that maintain the Notch-cleaving activity (Golde et al., 
2013). However, this remains challenging and yet to be completed. 

1.2.5 Functions  
APP is a complex multifunctional protein and beyond its contribution to AD 
pathology, it has been attributed many putative biological functions 
(van der Kant and Goldstein, 2015). Moreover, its multiple cleavage sites, 
numerous cleavage products and several roles in the central nervous system 
(CNS) make it challenging to understand its complete set of functions (Guo et 
al., 2012; Nhan et al., 2015; Wolfe and Guenette, 2007). In this section we 
summarize the studies related to the functions of APP and its cleavage 
products in the nervous system. 
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Neurogenesis and neural development: During early development, the 
expression pattern of APP in neuroblasts and neurons in the neural tube 
suggests a role in neurogenesis, including neural proliferation, differentiation 
and axonal outgrowth (Sarasa et al., 2000; Trapp and Hauer, 1994; Yasuoka et 
al., 2004).  APP transgenic mice have revealed the possible contribution of 
APP in neural progenitor cells (NPCs) proliferation. J20 mice overexpressing 
human APP with two mutations linked to familial AD (the ‘Swedish’ and 
‘Indiana’ mutations) showed a 2-fold increase in the number of proliferating 
stem cells in the dentate gyrus and subventricular zone (SVZ) at an age of 3 
months (Jin et al., 2004; Lopez-Toledano and Shelanski, 2007). However, 
decreased proliferation was observed in the APP overexpressing mice at the 
later ages (Dong et al., 2004; Donovan et al., 2006; Naumann et al., 2010), 
suggested as a result of Aβ accumulation (Lopez-Toledano and Shelanski, 
2007; Shu et al., 2015). Moreover, a study by Hu et al., showed that while cells 
derived from App KO mice exhibited decreased neuronal differentiation, NPCs 
overexpressing APP derived from Tg2576 showed greater potential to 
differentiate into neurons (Hu et al., 2013).  

Processing of APP generates fragments that have been associated with distinct 
and different functions. The secreted sAPPα fragment robustly stimulates 
proliferation of NPCs when added to cultured cells (Baratchi et al., 2012; 
Hayashi et al., 1994; Ohsawa et al., 1999b). This observation was supported by 
a study of Demars et al., showing that the reduced NPCs proliferation 
following α-secretase inhibition was recovered by the addition of sAPPα 
(Demars et al., 2011b). Similarly, the ectodomain of APLP2 can also stimulate 
NPCs proliferation, but not APLP1 (Caille et al., 2004), suggesting 
redundancy between secreted sAPPα and sAPLP2. While sAPPα has a primary 
function in proliferation, sAPPβ seems mostly involved in differentiation and 
neural development (Chasseigneaux et al., 2011; Freude et al., 2011). In 
human embryonic stem cells, sAPPβ induced a rapid neural differentiation 
compared to sAPPα (Freude et al., 2011). 

Neurite outgrowth and guidance: APP has been shown to play a role in neurite 
outgrowth and guidance by increasing neurite length and branching, either 
independently or via interactions with other proteins such as disabled-1 
(Hoareau et al., 2008; Milward et al., 1992). Reports from in vitro studies 
showed that APP products such as sAPPα/β and AICD are involved in 
promoting neurite outgrowth (Chasseigneaux et al., 2011; Zhou et al., 2012). 



Physiological role of amyloid precursor protein during neural development  

24 

Interestingly, cell surface interaction between reelin and APP through the E1 
domain of APP has been shown to have important effects on neurite 
development in cell culture (Hoe et al., 2009). In support of APP playing a role 
in neurite outgrowth and guidance, are studies suggesting that APP interact 
with axon guidance cues such as semaphoring (Magdesian et al., 2011), netrin 
(Lourenco et al., 2009) for path finding during development and the DR6 
(death receptor 6) for axon pruning (Nikolaev et al., 2009). Studies in different 
organisms collectively support a role of APP in neurite outgrowth and 
guidance. Transgenic mice lacking APP display commissural axon guidance 
defects characterized by thickened axon bundles and subtle defects in axon 
extension (Magara et al., 1999; Rama et al., 2012). Moreover, the authors 
provide evidence that APP is expressed in the growth cone during 
commissural axon navigation and coordinate with the deleted in colorectal 
cancer (DCC) complex to mediate netrin 1-dependent axon guidance (Rama et 
al., 2012). Likewise, Appl null flies display developmental defects in axonal 
growth and guidance in mushroom bodies (a cell population involved in 
learning and memory), by modulating Wnt-planar cell polarity (PCP) pathway 
(Soldano et al., 2013). apl-1 knockout C. elegans show disrupted molting and 
morphogenesis, resulting in larval lethality; a phenotype that could be rescued 
by the extracellular domain of APL-1 (Hornsten et al., 2007). Additionally, 
several studies have proposed that APP can modulate synaptic function and 
neurite outgrowth via cell adhesion properties (Ando et al., 1999; Baumkotter 
et al., 2012; Coburger et al., 2014; Muller and Zheng, 2012; Qiu et al., 1995; 
Soba et al., 2005; Thinakaran and Koo, 2008; Turner et al., 2003b). For 
example, APP can form trans-dimers in the presence of heparin for cell-cell 
contacts (Dahms et al., 2010; Gralle et al., 2006), a mechanism that was 
proposed for the stabilization of synapses by APP (Wang et al., 2009).  

Synaptogenesis: APP is expressed in both pre- and post-synaptic terminals 
during development where it is needed for proper formation and maintenance 
of neuronal synapses. During mammalian development, the APP level persists 
after birth and reaches peak levels by the second postnatal week, overlapping 
with the time of completion of synaptic connections and brain maturation 
(Loffler and Huber, 1992). Noticeably, increased expression of APP was found 
in mitral cells of the olfactory bulbs and also in post-synaptic boutons of the 
neurons coming in contact with mitral cells dendrites (Clarris et al., 1995), 
suggesting a role for APP in synapse formation or maintenance. Not only is 
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the location of APP expression important but also the adequate level. 
Overexpression of APP leads to increased synaptic density (Lee et al., 2010), 
whereas lack of APP such as in App knockout mice results in a lower number 
of spines (Dawson et al., 1999) and synapses (Tyan et al., 2012). Additionally, 
APP is involved in the regulation of NMJs. In a study by Wang et al., 
App/Aplp2 double KO mice exhibited poorly formed NMJs (Wang et al., 
2009), which was confirmed by reduced number of synaptic vesicles and 
impaired synaptic transmission. However, the App/Aplp2 double KO is 
embryonic lethal, which may be explained by the severities in synaptic deficits 
(Wang et al., 2005b). The behavioral deficits in App knockout mice, such as 
reduced grip strength and locomotor activities, have been described as defects 
in synaptogenesis and neuromuscular junctions (Ring et al., 2007; Zheng et al., 
1995). Drosophila with Appl knockout show only subtle behavioral changes 
but have clear defects in the maintenance of synaptic boutons at NMJs (Luo et 
al., 1992).  

1.2.6 Protein interactions  
APP has been shown to interact with several proteins and receptors to perform 
its functions. One of those is the Notch receptor.  

Notch is a large transmembrane type 1 receptor that plays an essential role in 
the maintenance of neural stem/progenitor cell pools by enhancing symmetric 
division during development (Alexson et al., 2006). Notch controls neuronal 
differentiation and cell fate through lateral inhibition (Geling et al., 2004; 
Schweisguth, 2004; Shimojo et al., 2011), whereas APP increases the cell 
differentiation of neural progenitors (Kwak et al., 2011). While a crosstalk 
between these two proteins has been suggested (Fischer et al., 2005; Merdes et 
al., 2004a), a couple of studies have even provided evidence of a physical 
interaction of APP and Notch in vitro (Chen et al., 2006; Oh et al., 2005). 
When APP was first cloned, it was proposed to function as a cell surface 
receptor, mainly due to its high analogy with the Notch receptors (Kang et al., 
1987). Processing of APP and Notch receptor is similar (Hartmann et al., 
2001) in that they both are cleaved by α and γ-secretases (De Strooper et al., 
1999; LaVoie and Selkoe, 2003; Selkoe and Kopan, 2003; van Tetering et al., 
2009) to release AICD and the Notch intracellular domain (NICD), 
respectively. While the NICD enters the nucleus and regulates gene 
transcription, a similar function of AICD has only been suggested (Ebinu and 
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Yankner, 2002). Interestingly, Notch and APP can influence cleavage of the 
other by competing for γ-secretase cleavage (Berezovska et al., 2001), where 
absence of one may increase the signaling of the other protein. Moreover, 
because of the different spatiotemporal requirement of the Notch-APP 
interactions, the mechanism behind these interactions is not clear and needs 
further investigation (Chen et al., 2006; Fassa et al., 2005; Kim et al., 2007). 

Reelin is a large secreted glycoprotein that controls neuronal migration and 
positioning during CNS development (Honda et al., 2011). Signaling by Reelin 
is mediated through the activation of APOER2 (apolipoprotein E receptor 2) 
and VLDLR (very-low-density lipoprotein) receptor, which subsequently leads 
to disabled-1 (Dab1) phosphorylation (D'Arcangelo et al., 1999; Howell et al., 
1997; Trommsdorff et al., 1999). Reelin directly interacts with APP, where the 
N-terminal domain of Reelin binds to the E1 domain of APP (Hoe et al., 
2009). This interaction has been shown to be critical for neurite outgrowth via 
both in vivo and in vitro studies (Hoe et al., 2009). The involvement of Reelin 
in AD has been suggested in multiple studies. Transgenic APP mice and AD 
patients have increased Reelin expression in the brain (Botella-López et al., 
2010) that occasionally co-localize with Aβ oligomers (Doehner and Knuesel, 
2010). Reelin-deficient transgenic AD mice accelerate the amyloidogenic APP 
processing and amyloid plaques deposition (Kocherhans et al., 2010). 
Treatment with Reelin-containing media for 24hrs increased sAPPα and CTFs 
in cells overexpressing APP and decreased Aβ40/42, suggesting that Reelin can 
increase α-cleavage of APP (Hoe et al., 2009; Hoe et al., 2006).  

Interaction studies of the intracellular domain of APP have identified several 
binding partners of APP (Turner et al., 2003; Van Gassen et al., 2000) 
including Numb, Fe65, the JNK scaffolding protein JIP1-b and Dab. Fe65 is 
an adaptor protein containing phosphotyrosine interaction (PID) and 
phosphotyrosine binding (PTB) domains, mainly expressed in the nervous 
system. Fe65 binds to the YENPTY motif of the AICD domain, independent 
of the tyrosine phosphorylation via its PTB domain (Borg et al., 1996; Fiore et 
al., 1995). Binding of Fe65 to APP has been reported to modulate APP 
trafficking and processing to generate Aβ peptides (Ando et al., 2001). 
Furthermore APP-Fe65 interaction has been shown to have a role in the 
growth cone and synapses and in regulation of cell movement (Sabo et al., 
2001; Sabo et al., 2003).  
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JIP1 is a member of the JNK (c-Jun N-terminal kinase) family proteins that 
has also been described to interact with AICD (Scheinfeld et al., 2003). 
Interestingly, APP-mediated neurite outgrowth has been shown through a 
JIP1-dependent pathway in vitro (Muresan and Muresan, 2005) and this 
interaction appears important to mediate anterograde axonal transport of APP 
(Fu and Holzbaur, 2013). JIP-APP interaction modulates the APP metabolism; 
it suppresses the secretion of the sAPP ectodomain and Aβ40/42, as well as the 
intracellular release of CTFs (Taru et al., 2002), suggesting a role in the 
regulation of amyloidogenic pathways. 

Numb proteins contain N-terminal phosphotyrosine binding domains and 
proline-rich regions, suggesting the role of Numb in protein-protein 
interactions (Pawson and Scott, 1997). Numb also interacts with APP via its 
phosphotyrosine binding domains and inhibits Notch signaling (Roncarati et 
al., 2002b). Similarly, Notch can bind to Numb to interact with APP (Fassa et 
al., 2005), suggesting that Numb forms independent complexes with APP and 
Notch and acts as a molecular link between them. Also, in AD patients and 
AD mouse models, perturbation of the levels of different Numb isoforms was 
observed, suggesting a role of Numb in the disease process (Chigurupati et al., 
2011; Ntelios et al., 2012).  

Another adaptor protein that binds to the YENPTY motif of APP is Dab1. 
During embryogenesis, Dab1 is involved in regulating the position of neurons 
in the brain laminar structure (Parisiadou and Efthimiopoulos, 2007). 
Modulation in the Dab1-APP interaction alters the proteolytic processing of 
APP and reduces Aβ production (Hoe et al., 2006; Morris and Cooper, 2001).  

All together, these findings emphasize the importance of APP interactions with 
numerous adaptor proteins to convey and modulate the function of APP.  

1.3 Zebrafish as a model organism 
Zebrafish (Danio rerio) is a tropical freshwater fish belonging to the family 
Cyprinidae that is native to Southeast Asia. Scientists have used zebrafish as a 
model system to understand the developmental basis of vertebrate embryology 
since the 1930s (Clark and Ekker, 2015; Oppenheimer, 1936). Zebrafish is a 
small vertebrate that is more closely related evolutionarily to humans than the 
commonly used Drosophila or C. elegans. Zebrafish are easy to maintain and 
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breed and the costs are substantially lower compared to rodents. On a regular 
basis, a large number of progeny can be obtained per female, ≈ 200-300 
embryos. The fertilization being external provides a number of technical 
advantages and makes it easier to microinject substances and perform cell 
transplantations or ablations. Embryonic development is rapid with all major 
organs developed by 5 days post-fertilization (dpf). The embryos are nearly 
transparent, which allows for detailed studies of normal development, as well 
as developmental changes in response to genetic perturbation or other 
exposures. Also, because of their optical clarity, the expression of genes can be 
monitored in real-time by using transgenic animals (Zhang and Gong, 2013). 
Because of these advantages, zebrafish has emerged as an alternative model to 
explore neurodegenerative diseases (Best and Alderton, 2008; Flinn et al., 
2008; Newman et al., 2014; Xi et al., 2011). The modern era of zebrafish 
genetics was introduced by George Streisinger and colleagues and zebrafish 
has since then gained increasing popularity as a vertebrate model combining 
developmental biology and molecular genetics (Kimmel et al., 1995). A 
significant step in the zebrafish field was a large mutagenesis screen carried 
out in the 1990s (Driever et al., 1996; Haffter et al., 1996) from which many 
mutants were derived that increased our understanding of human diseases. 
Today, when the whole genome of the zebrafish is sequenced we know that 
approximately 70% of human genes have at least one obvious zebrafish 
orthologue (Howe et al., 2013). With the recent advancements in genome 
editing, such as TALENs and CRISPR/Cas9, zebrafish has become even more 
amenable to address gene function. 

1.3.1 The zebrafish amyloid precursor proteins 
APP homologues in zebrafish were first identified in 2001 (Musa et al., 2001). 
Due to the genome duplication in the teleosts linage (Glasauer and Neuhauss, 
2014; Postlethwait et al., 1998), zebrafish possess two highly conserved APP 
homologues, Appa and Appb. They show a high degree of sequence identity 
and functional conservation with human APP (Joshi et al., 2009; Wilson and 
Lardelli, 2013). While Appb more closely resembles the human APP695 splice 
variant, Appa is similar to the longer APP770 isoform (Joshi et al., 2009; Lee 
and Cole, 2007). Also, the zebrafish has single orthologues of the APLP1 and 
APLP2; Aplp1 and Aplp2 (Jelen et al., 2007; Liao et al., 2012b). During 
embryogenesis, zebrafish appa and appb exhibit distinct expression patterns. 
While appa is predominantly expressed in mesodermal tissues, appb is more 
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abundant and widespread in nervous tissue (developing brain and spinal cord) 
(Lee and Cole, 2007; Musa et al., 2001). Although, at early stages both genes 
display common expression in telencephalon, ventral diencephalon and 
trigeminal ganglia; appa is uniquely expressed in somites, otic vesicles and 
lens and appb is abundant in the hindbrain, the ventral mesencephalon and the 
developing spinal cord (Lee and Cole, 2007; Musa et al., 2001). Similar to 
humans, α-, β- and γ-secretases are expressed in zebrafish and seem to have 
conserved functions (Brunet et al., 2015). The zebrafish psen1 (Leimer et al., 
1999) and psen2 (Groth et al., 2002) genes are orthologues of human PSEN1 
and PSEN2. Moreover, orthologues genes for the other components of γ-
secretase complex, pen2, ncstn, aph1b have been identified similar to human 
PEN2, NCSTN and APH1b (Campbell et al., 2006; Francis et al., 2002; Xia, 
2010; Zetterberg et al., 2006). Zebrafish also holds the orthologues of β-
secretase (BACE1 and BACE2), bace1 and bace2 (Moussavi Nik et al., 2012; 
van Bebber et al., 2013), similar to humans.  

Morpholinos (MOs) are synthetic oligonucleotides that target mRNA of 
interest and down regulate synthesis of the corresponding protein. Knockdown 
of zebrafish App by antisense morpholino technique provided insights into the 
functional role of this protein during development. While, down-regulation of 
Appa only has mild effects on development, knockdown of Appb leads to 
defects in the cellular movements during convergent extension (Joshi et al., 
2009). Loss of Appb activity has also been connected with defects in neural 
development (Song and Pimplikar, 2012). The same authors showed that only 
full-length human APP could rescue the neuronal defects suggesting that both 
intracellular and extracellular domains of APP are required for the normal 
function (Song and Pimplikar, 2012). These studies highlight the usefulness of 
the zebrafish to address the role of APP during development and although 
further investigations are necessary, it makes zebrafish an attractive system to 
study APP and its related processes in the developing nervous system.   
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2 AIM 

2.1 The general aim 
The overall aim of this thesis was to increase our understanding on the 

physiological functions of the amyloid precursor protein (APP) by modulating 

zebrafish Appb, a highly conserved homologue of human APP, during 

development.  

2.2 Specific aims 
 

Paper I 

• To investigate the function of Appb in the axogenesis of motor 
neurons in the spinal cord and their subsequent synapse formation.  
 
 

Paper II 

• To study the cell-specific role of Appb during the formation of 
hindbrain neurons. 
 
 

Paper III 

• To characterize the CRISPR/Cas9 generated zebrafish appb mutants 
with emphasis on phenotypes observed in morphants.  
 
 

Paper IV 

• To determine the proteomic consequence of decreased Appb in 
developing zebrafish larvae using a quantitative TMT proteomics 
approach. 
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3 EXPERIMENTAL METHODS 

3.1 Animal care and ethics statement 
Zebrafish (Danio rerio) were maintained in Aquatic Housing Systems 
(Aquaneering, San Diego, USA) at 28°C under a 14 hour light/ 10 hour dark 
cycle in the facility at the Institute of Neuroscience and Physiology, University 
of Gothenburg. Fish were fed twice daily a diet of live-hatched brine shrimp 
(Artemia) and dry fish feed. The fish used for various experiments were wild-
type AB, Tg(isl1:GFP), Tg(mnx:GFP) and Tg(gata2: GFP) Tg(appb:GFP) and 
the appb26_2 mutants. Mutations in appb were generated using CRISPR/Cas9 
method at the National Institute of Health, USA. Embryos were staged by 
hours post-fertilization (hpf) or days post-fertilization (dpf) as described 
previously (Kimmel et al., 1995) and were reared until the desired stage of 
development. Before fixation, embryos were anesthetized in 0.02% tricaine 
methanesulfonate (MS-222) (Sigma-Aldrich) for all the experiments. These 
studies were approved by the ethical committee in Gothenburg. All procedures 
for the experiments were performed under standard conditions (Westerfield, 
2007) and in accordance with the animal welfare guidelines of the Swedish 
National Board for Laboratory Animals. 

3.2 Morpholino and mRNA microinjections 
The morpholino antisense oligonucleotide (MO) targeting zebrafish appb 
(splice acceptor site appb MO; 5′-CTCTTTTCTCTCTCATTACCTCTTG‐3’ 
and translations site appb MO: 5′-TGTGTTCCCAAGCGCAGCACGTCCT-
3′), Notch1a UTR and ATG MOs (notch1a MO; 5′-
GCCTCGGCGTTACAACTTCTTTAA-3′, 5′- 
TTCACCAAGAAACGGTTCATAACTC-3′) were purchased from 
GeneTools (Philomath, USA). Both appb MO gave the same phenotype, 
however the splice-blocking MO was used in most of the experiments. 
Borosilicate injection needles were prepared using a P-97 Flaming/Brown 
micropipette puller (Sutter Instrument, Novato, USA). MO injection of 1 
nl/embryo was performed at the one cell stage (Figure 4) with a FemtoJet® 

microinjector (Eppendorf AG, Hamburg, Germany). As controls, embryos 
injected with either an equal concentrations of standard control MO (Control 
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MO; 5′-CCTCTTACCTCAGTTACAATTTATA-3′) or uninjected embryos 
were used. For mRNA rescue experiment, the plasmid containing the appb 
gene was linearized and full-length appb mRNA synthesized using the 
mMessage Machine in vitro transcription kit (Invitrogen) and purified using 
phenol/chloroform extraction. Embryos were injected with mRNA and/or appb 
MO and examined at desired stages.  

 

Figure 4: (A) Fertilized zebrafish eggs are collected and aligned in trenches of 
an agarose microinjection chamber. (B) Morpholinos are injected into 
embryos at the one cell stage using borosilicate glass needle (higher 
magnification of A).  

3.3 Pharmacological treatment 
γ-Secretase activity was chemically inhibited with DAPT (N-[N-(3,5- 
difluorophenacetyl-l-alanyl]-S-phenylglycine-t-butyl ester) (Geling et al., 
2002; Song et al., 2010) in paper II. A stock solution of 10 mM DAPT 
(Calbiochem, La Jolla, CA) was reconstituted in 100% DMSO (dimethyl 
sulfoxide). Embryos were dechorionated at 6 hpf on an agarose-coated Petri 
dish with 0.5 mg/mL pronase (Sigma- Aldrich). To avoid precipitation of 
DAPT, four-well plates containing embryos in fish system water (60 mg 
Instant Ocean salt/L distilled water) were placed on a shaker (at maximum 
required speed) and DAPT added while pipetting, to achieve a final 
concentration of 50 mM in 1% DMSO. As a vehicle control, 1% DMSO was 
used. During drug exposure, embryos were incubated at 28.5 °C until 24 or 48 
hpf.  
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3.4 Immunohistochemistry and confocal 
microscopy 

Embryos between 22-24 hpf, were incubated in 0.003% PTU (1- phenyl-2-
thiourea, Sigma-Aldrich) to prevent pigmentation. They were anesthetized 
using 0.02% MS-222 and fixed in 4% paraformaldehyde (PFA) at desired 
stages. For antibody staining in paper I, mouse znp1 (Developmental Studies 
Hybridoma Bank, DSHB) 1:500, mouse zn5 (DSHB) 1:1000, F59 (DSHB) 
1:50, 4D9 (DSHB) 1:50, rabbit anti-GFP (Invitrogen) 1:1000, goat anti-mouse 
Alexa 488 (Invitrogen) and goat anti-rabbit Alexa 568 (Invitrogen) were used. 
Embryos were incubated in Phalloidin-Alexa568 (Invitrogen) 1:100, in PBS 
with 2% TritonX-100 for 90 min to stain muscle F-actin.  

In papers II and III, for neurofilament RMO44 antibody staining, embryos 
were fixed in 2% trichloroacetic acid (Sigma Aldrich) at 48 hpf for 3 hrs at 
room temperature, washed in phosphate-buffered saline (PBS) and blocked in 
block solution (PBS, 0.5% Triton X-100, 10% normal goat serum, 0.1% BSA) 
for 1 h. Antibody labeling was performed using monoclonal mouse anti-
neurofilament 160 RMO44 antibody (Sigma Aldrich) followed by goat anti-
mouse Alexa 488 (Invitrogen) as secondary antibody at 1:1000 and 1:500 
dilutions, respectively, and incubated overnight (ON) at 4°C. Brains were 
dissected out (Turner et al., 2014) and flat-mounted in a sandwich of large and 
small cover slips (Rath et al., 2012) with 80% glycerol. In paper II, rabbit anti-
phospho-histone H3 (pH3, Millipore) 1:750 has been used for staining for the 
proliferation assay, and was performed on embryos fixed in 4% 
paraformaldehyde (PFA). Double-labeling of M-cell and Appb expressing 
cells was performed with the 3A10 antibody in Tg(appb:GFP) fish line. To 
examine the GFP expression in Tg(appb:GFP) embryos with respect to M-cell, 
fixed embryos were incubated in a mixture of mouse monoclonal 3A10 
(DSHB) and polyclonal rabbit anti-GFP (Invitrogen). The procedure was 
followed as described previously (Hatta, 1992). Alexa Fluor 488 rabbit anti-
GFP (Invitrogen) and Alexa 568-conjugated goat anti-mouse (Invitrogen) 
antibodies were used to visualize the signal.  

Specimens mounted in a cover slip sandwich were imaged using Zeiss 
LSM710 confocal microscope (Carl-Zeiss, Jena, Germany) (Paper I and II) or 
Nikon A1 Confocal Microscope System (Nikon Instruments, Mellville, NY, 
USA) (Paper III). For all the experiments images were analyzed and produced 
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using ImageJ software (National Institute of Health, USA) and Adobe 
Photoshop CS6 (Adobe). 

For cell death experiment in papers I and II, live embryos were stained with 
acridine orange (AO, Invitrogen). Dechorionated embryos were placed in 3-5 
µg/ml AO diluted in embryo medium containing 0.02% MS-222 for 30 min at 
room temperature in dark. Embryos were then washed twice in embryo 
medium and embedded in low melting agarose and analyzed under confocal 
microscope for AO positive cells in the hindbrain. 

For retrograde labeling in paper II, rhodamine dextran (10,000 MW, 
Invitrogen) was injected into the spinal cord (O'Malley et al., 1996) of 
anaesthetized animals at 3 dpf. Embryos were embedded in low melting 
agarose and imaged at 4 dpf under confocal microscope for dye labeling in the 
hindbrain. 

3.5 In situ hybridization 
In papers I, II, and III, whole-mount in situ hybridization (WISH) was 
performed on embryos fixed in 4% PFA in PBS at the desired time points, 
dehydrated in methanol and stored in -20 °C until analysis. Antisense 
digoxigenin-labeled RNA probes were synthesized from linearized DNA 
template against appa, appb (Musa et al., 2001), aplp1, aplp2 (Liao et al., 
2012), neurog1 (neurogenin 1) (Korzh et al., 1998), deltaA, deltaD (Haddon et 
al., 1998), her6 (hairy-related 6) (Pasini et al., 2001)), notch1a, notch 1b (Ke 
et al., 2008), krox20 (Oxtoby and Jowett, 1993), hoxb1a (Prince et al., 1998) 
and fgf3 (Kiefer et al., 1996). Probes were purified using Illustra MicroSpin G-
50 Columns (GE Healthcare Life Sciences). Embryos were rehydrated 
gradually in PBSTw (0.1% Tween-20 in PBS), permeabilized in proteinase K 
(Sigma-Aldrich) and re-fixed in 4% formalin. Prehybridization/probe 
hybridization reactions were carried out at 70°C as optimal temperature and 
the color reaction was performed using NBT/BCIP substrate (Roche). 
Eventually, embryos were deyolked and mounted in glycerol as described 
above. Expression patterns of stained embryos were imaged using a Nikon 
stereomicroscope or Zeiss Axio Scope A1 and produced using Adobe 
Photoshop CS6 (Adobe).  
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3.6 Behavioral analysis 
Swimming behavior was monitored using the Zebrabox tracking system 
(ViewPoint, Lyon, France). Embryos/larvae (as stated in the papers) were 
placed one per well in a cell culture plate containing embryo medium. Prior to 
testing, larvae were acclimatized for 2 h in the experimentation room and 
subsequently 20 min in the Zebrabox before tracking initiation. Locomotor 
activity was recorded at constant light and temperature. Behavior data was 
quantified using ZebraLabTM software and graphs were plotted in GraphPad 
Prism.  

For electrical stimulation, control and appb MO-injected embryos were 
immobilized in 1.7% low melting agarose, in a custom-made wax chamber on 
a glass slide. Agarose was removed gently from the tail region to make the tail 
free to move as a response to the weak electrical stimulations applied to the 
head region. The electrode was coupled to a 2100 isolated pulse stimulator (A-
M Systems Inc., Sequim, WA) eliciting pulses. Movies were recorded by a 
high-speed camera in paper I; the duration of tail flips was analyzed using 
VirtualDub 1.9.11 software. In paper II, ten electrical stimulations were 
supplied, one per second. Three trials were performed on each animal with 10 
min time intervals. The number of tail responses were recorded with NIS 
Elements (Nikon) and counted manually.  

3.7 Synapse quantification and muscle 
physiology 

Pre- and post-synapses were quantified from confocal stacks in paper I using 
the Volocity® 3D Image Analysis Software 6.0.1 (Perkin Elmer, US). Data 
was analysed in Microsoft Excel and GraphPad Prism. 
 
In paper I, control- and MO-injected larvae (4 dpf) were mounted for force-
recording as described previously (Dou et al., 2008) to analyze the mechanical 
properties of the skeletal muscles. Briefly, larvae were euthanized and 
mounted on a micrometer screw using aluminum clips between a fixed hook 
and a force transducer for length adjustment. The preparations were held in 
bicarbonate buffered salt solution at 22°C. To give single twitches, 
stimulations were applied via two platinum electrodes using 0.5 ms pulses at 
optimal voltage with 2 min intervals. The optimal length for active force was 
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determined and the contraction at this length was considered as the maximal 
active force of the preparation. To determine the excitability of the 
neuromuscular activation pathway, muscles were also stimulated at optimal 
length using different pulse durations (0.01–0.5 ms). 

3.8 Body length measurement 
The microscopic images were acquired using Nikon stereomicroscope 
(Mellville, NY, USA). For one-cell stage, size of the embryo was measured 
across the yolk. The total body length of 24 hpf, 48 hpf and 3 dpf embryos was 
measured from head to the end of the tail fin. Scales at the same magnification 
of the images were employed and measured using NIS Elements (Nikon).  

3.9 Western blotting 
In paper III, embryos at 3 dpf were deyolked by pipetting in embryo medium. 
With a 23G syringe, sixty embryos were homogenized in lysis buffer (10 mM 
Tris-HCl pH 8.0, 2% sodium deoxycholate, 2 % SDS, 1 mM EDTA, 0.5 M 
NaCl, 15% glycerol) supplemented with protease inhibitor cocktail (Roche). In 
addition, samples were sonicated for 10 min and incubated on ice for 20 min. 
Supernatants were collected and concentration of the protein was determined 
using BCA Protein Assay Kit (ThermoFisher Scientific). Proteins were 
separated on a NuPAGE™ Novex™ Bis-Tris pre-cast gel (Invitrogen) and 
transferred on to 0.2 µM nitrocellulose membrane (GE Healthcare). After 
transfer, the membrane was blocked with 5% milk and immunoblotted with 
anti-APP (Y188) antibody (Abcam) at a dilution of 1:2000. Anti-rabbit HRP 
linked secondary antibody (Cell Signaling) at 1:5000 dilution was used to 
visualize the immunoreactivity. The signal was developed using SuperSignal 
West Dura Extended Duration Substrate kit (Thermo-Fisher) and imaged using 
ChemiDoc Imaging Systems (Bio-Rad). Thereafter, blots were re-probed with 
1:20000 anti-GAPDH-HRP antibody (2D4A7) (Novus Biologicals) as a 
loading control. Western blot images were analyzed and produced using Image 
Lab™ Software (Bio-Rad).   

3.10 Quantitative PCR 
A total of 40 embryos were split into 10 embryos per sample and total RNA 
was extracted from each sample, by using TRI Reagent® (Sigma-Aldrich). 
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Briefly, the embryos were lysed in 500 µl TRI Reagent® via syringe, 25G 0.5-
16mm needle and left 5 min at room temperature. Thereafter, the RNA 
isolation was performed according to the manufacturer’s instructions with 
minor changes. Total RNA concentration was measured on a NanoDrop 
2000/2000c spectrophotometer (ThermoScientific). Then, RNA samples were 
treated with RNase-free DNase (Promega) according to the manufacturer’s 
instructions. After the treatment, total RNA was measured again and diluted in 
RNase-free water to a final concentration of 10 ng/µl. cDNA was synthesized 
from 200 ng of total RNA using a High Capacity cDNA kit with RNase 
inhibitor (Applied Biosystems) in a total reaction volume of 20 µl. Conversion 
was carried out in a single-cycle reaction on a 2720 Thermal Cycler as follows 
(Applied Biosystems): 25º C for 10 min, 37ºC for 120 min and 85ºC for 5 min. 

Quantitative PCR was performed using inventoried TaqMan Gene Expression 
Assays with FAM reporter dye in TaqMan Universal PCR Master Mix with 
UNG according to the manufacturer’s protocol, in a total reaction volume of 
25 µl. qPCR reactions were carried out on Micro-Amp 96-well optical 
microtiter plates on a 7900HT Fast QPCR System (Applied Biosystems), using 
standard settings for Standard Curve qPCR. A concentration of 2.5 ng cDNA, 
from appb26_2 and wild-type sibling embryos (n=4) at 24 hrs of development, 
was used in the qPCR and all samples were run in duplicates. TaqMan® Gene 
Expression Assays (Applied Biosystems) were used for the following genes; 
Amyloid Beta (A4) Precursor Protein A (appa), Amyloid Beta (A4) Precursor 
Protein B (appb), Amyloid Beta Precursor Like Protein 1 (aplp1), Amyloid 
Beta Precursor Like Protein 2 (aplp2), Eukaryotic Translation Elongation 
Factor 1 Alpha 1, Like 1 (eef1a1l1) and Actin, Beta 1 (actb1). 

qPCR results were analyzed with the SDS 2.3 software (Applied Biosystems). 
The relative quantity was determined using the ΔΔCT method (Livak and 
Schmittgen, 2001), with the sample of wild-type sibling embryos (24hpf) as 
the calibrator and average CT:s of actb1 and eef1a1l1 as endogenous reference. 

3.11 TMT labeling and LC-MS 
In paper IV, zebrafish larvae at 3 dpf were anesthetized in 0.02% MS-222. 
Samples were placed on ice, deyolked and their heads and trunk were 
separated with a dissecting scalpel. Proteins were extracted from five samples 
containing heads or trunk from one hundred control or appb MO-injected 
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embryos using lysis buffer containing 8 M urea, 75 mM NaCl, 50 mM Tris, 
pH 8.2 and protease inhibitor cocktail (Roche). Protein concentration was 
determined using a BCA Protein Assay Kit (ThermoFisher Scientific).  

Proteins were reduced by incubating with 4.5 mM dithiothreitol (DTT), and 
then alkylated with 8.75 mM iodoacetamide (IAA). Samples were digested 
with 4 µg trypsin, acidified with trifluoracetic acid (TFA) and desalted using 
SepPak C18 SPE cartridges (Waters). Peptides were eluted with 50% 
anhydrous acetonitrile (ACN) and were dried in a vacuum centrifuge. 

Peptide samples were re-solubilized in TEAB/ACN buffer (pH 8). 100 µL of 
TMT 10- plex was added to each sample to achieve a final concentration of 
15mM TMT and incubated for 1 hour at room temperature. Samples were then 
quenched with hydroxylamine (final concentration of 0.25%) for 15 min and 
were then pooled and incubated for an additional 15 min. 

Samples were reconstituted in 6 µl 2% acetonitrile and 0.1% TFA (Loading 
Buffer). Aliquots of 5 µl were loaded on a nanoflow-LC (RSLC nano, Thermo 
Scientific) equipped with a C18 trap column (PepMap Acclaim 75 µm *20 
mm, Thermo Scientific), and a C18 separation column (PepMap Acclaim 75 
µm * 500 mm, Thermo Scientific), coupled to a Q-Exactive electrospray 
ionization mass spectrometer (Thermo Scientific), fitted with a FlexiSpray ion 
source. The 2% acetonitrile containing 0.05% TFA was used as a loading 
buffer; 0.1% formic acid as buffer A; and 84% acetonitrile, 0.1% formic acid 
as buffer B. Gradient was applied as : t=0 min, B=3%; 140 min, B=30%; 160 
min, B=45%; 165 min, B=80%. The mass spectrometer was operated in the 
positive ion mode. Data-dependent acquisition was used, acquiring one full 
MS scan (R 140k, AGC target 3e6, max IT 250 ms, scan range 400 to 1600 
m/z) and up to 10 consecutive HCD MS/MS scans (R=70k, AGC target=1e6, 
max IT=250 ms, isolation window 1.2 m/z, NCE 32.0, charge exclusion: 
unassigned, >6). Samples were analyzed in triplicate. 

Data was processed using Proteome Discoverer 2.1 software (ThermoFisher 
Scientific). Peptide identification was performed using Mascot 
(MatrixScience), searching the zebrafish subset of the UniProtKB-Swissprot 
database (release 13-10, www.uniprot.org). The search settings were as 
follows: precursor Δm tolerance: 15 ppm; fragment Δm tolerance: 0.05 Da; 
missed cleavage sites: 2; fixed modifications: carbamidomethylation. 
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Percolator [20] was used for scoring peptide specific matches and 1% false 
discovery rate (FDR) was set as threshold for identification. Reporter ion 
abundances were normalized based on the total abundance in each reporter ion 
channel and scaled on channel average so that for every protein in a file, the 
average intensity of all channels is 100. 

3.12 Statistical analysis 
Locomotor activity in continuous light (papers I and III) was assessed by two-
way ANOVA. Statistical significance of differences in tail movement duration 
(paper I) between all groups was calculated using Kruskal–Wallis Test and 
Mann–Whitney U Test was used for comparison between two treatments. The 
number of tail flip, cell proliferation, apoptotic cells and rhombomere 
measurements were evaluated statistically using unpaired two-tailed t-test in 
paper II. For body length analysis, total locomotor activity over 60 min and 
qPCR (paper III), unpaired t-test was performed. Categorical data were 
presented as percentages in each group and compared using Chi-square test 
(papers II and III). In paper IV, comparisons of the protein abundances 
between controls and appb MO-injected samples were performed by two tailed 
unpaired t-tests. Protein abundance with a p-value ≤0.05 and an average fold 
change (FC) ≥ 20% (log2 FC ≥ 0.263, ≤ −0.263) were considered as 
significantly differentially expressed proteins. Proteins identified accordingly 
were classified according to their subcellular distribution and molecular 
function using the bioinformatic tools DAVID v6.8 (Database for Annotation, 
Visualization and Integrated Discovery; http://david.abcc.ncifcrf.gov/) in order 
to identify both overrepresented Gene Ontology Biological Process terms and 
putative active biological pathways. The significance of gene-enrichment 
analysis was expressed by an EASE score corresponding to a modified 
Fisher’s Exact P value. For all the experiments, statistical analysis was 
performed and graphs were made using GraphPad Prism software and 
significance was set at p<0.05.  
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4 RESULTS AND DISCUSSION 

4.1 Paper I 
The physiological function of APP has been hard to delineate because of 
potential redundancy between different APP-like proteins. Further, APP 
functions in early development have not been possible to study before. In 
contrast, the zebrafish model system allows for the analysis of cellular 
processes that have been hard to visualize in rodents and other mammals. In 
the present study, we addressed the function of zebrafish Appb, a highly 
conserved homologue of the human APP, in the development of motor 
neurons and in the formation of synapses.  
 
Knocking down Appb is embryonic lethal and results in severe defects in the 
convergence-extension process during gastrulation (Joshi et al., 2009). The 
early requirement of Appb during development thus obscured studies of later 
processes during neurogenesis. However, by partial knockdown, creating a 
hypomorph, we found Appb to be involved in processes occurring after 
gastrulation. We showed undulating notochord and shorter body length as the 
first phenotypes observed by 24 hpf. In addition to wavy notochord, morphants 
showed affected locomotor behavior. During early development, zebrafish 
embryos exhibit sequential and stereotypic behaviors, including spontaneous 
coiling, rapid coiling by response to touch and ultimately organized swimming 
(Brustein et al., 2003). We measured the coiling activity by counting the 
number of tail beats at different time points during the early stages and found 
highly increased spontaneous coiling in morphants by 24 hpf compared to 
controls. Although the activity continued to be higher between 28-45 hpf as 
the spontaneous movements develop into swimming, in later stages the activity 
slowly decreased to that of controls. The observed rescue of behavioral and 
morphological phenotypes of appb knockdown by co-injections with mRNA 
coding for appb argues for a specific effect of the appb morpholino. Moreover, 
we observed extended tail-flip duration at 3 dpf in morphants induced by weak 
electrical stimulations. However, morpholino effects go down at later time 
points, restricting further locomotion studies.  
Together, these behavioral tests highlight the importance of Appb for the 
formation of normal locomotion and suggest a function of Appb in the 
formation of a functional neural network in the CNS. 
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To examine which cells that might be affected by the loss of Appb we next 
analyzed the expression of appb during spinal cord development. Expression 
analysis with in situ hybridization showed pronounced expression of appb 
mRNA in post-mitotic motor neurons in the spinal cord. The subsequent 
down-regulation of Appb in the spinal cord is therefore likely to affect the 
initial development and maturation of these neurons. Thus, we imaged primary 
motor neurons (PMNs) in zebrafish embryos at 24 hpf, which revealed shorter 
axonal outgrowth of ventrally projecting CaP (caudal primary) combined with 
increased arborization in Appb hypomorph, whereas MiP (medial primary) 
axons were only slightly affected. It is already known that the PMNs elicit 
spontaneous activity as they navigate to their targets (Milner and Landmesser, 
1999) and these activities decrease over time as the PMNs mature and 
establish NMJs. This coincides with our results where stalled axons might give 
rise to spontaneous bursts over a longer period of time resulting in the 
prolonged activity. The secondary motor neurons (SMNs), forming shortly 
after the PMNs, are more reminiscent of motor neurons in vertebrates 
including birds and mammals (Beattie et al., 1997). The SMNs were present in 
appb morphants but they displayed additional protrusions from the spinal cord 
and irregular patterning, suggesting an important role of Appb in the 
patterning of the projecting SMNs. Although both types of motor neurons 
follow the same path, SMNs do not require PMNs for their outgrowth. 
Therefore the mis-patterning of SMNs might not be the result of defects in the 
PMNs but possibly a direct effect of Appb reduction. 
 
APP has been suggested to interact with guidance cues to act in neurite growth 
and axonal guidance (Lourenco et al., 2009; Magdesian et al., 2011). Our 
finding supports a role of APP in the outgrowth and patterning of motor 
neurons and it is possible that Appb interacts with cues in the surrounding 
somites to guide motor neurons on their path to reach the pre-patterned muscle 
targets. However, further studies are needed to provide evidence for such a 
mechanism. 
 
Finally, we asked if the observed defect in motor neuron formation affects 
synapse formation. An appropriate relay of information from motor neurons to 
the muscle fibers is critical to establish normal swimming behavior in fish 
(Fetcho et al., 2008; Gabriel et al., 2011; Goulding, 2009). Formation of a 
functional muscular unit requires the appropriate contact between motor 
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neurons in the spinal cord and muscle fibers of the corresponding somite. 
Immunostaining of embryos and quantification of synapses revealed elevated 
densities of pre-synapses and less post-synapses in morphants. This is 
consistent with previous studies showing that APP is needed in both the pre- 
and post-synaptic neuron for the formation of normally patterned synapses 
(Wang et al., 2005a; Wang et al., 2009). The NMJs are established before the 
motor neurons reach them and are involved in guidance of the outgrowing 
motor neuron (Flanagan-Steet et al., 2005; Panzer et al., 2005). Loss of AChR 
(acetylcholine receptors) in these pre-formed junctions might possibly explain 
the abnormal motor neurons in appb morphants. Alternatively, the AChR 
clusters can disappear if the motor neurons do not target them. These changes 
did not seem to affect the overall morphology of the muscle fibers nor their 
contractile response. These findings suggest that muscle development and 
function is not affected upon partial knockdown of Appb.  
 
All together, we show that Appb has a crucial function in the axogenesis of 
motor neurons in the spinal cord of the zebrafish. The neuronal defects are 
manifested as increased spontaneous activity during early development, 
followed by abnormal swimming behavior. 

4.2 Paper II 
The spinal cord motor circuitry obtains input from the hindbrain to accomplish 
touch response and locomotor behaviors, by conveying information from 
sensory neurons to muscle fibers. The locomotor abnormalities including 
defect in axonal branching and the seemingly strong expression of appb in the 
hindbrain as described in our previous paper, tempted us to further investigate 
the role of Appb in hindbrain neurogenesis. 

We first performed in situ hybridization to analyze the expression of appb at 
different time-points during rhombomere formation in the hindbrain. The 
ladder-like expression pattern of appb emerged at 19.5 hpf, overlapping with 
the position of reticulospinal neurons. Next, we then decided to analyze 
reticulospinal neurons and found that the lack of Appb affects Mauthner cell 
(M-cell) development. The M-cell is the largest RS neuron positioned on each 
side of rhombomere 4 (r4) and sends its axon to the contralateral side of the 
spinal cord to make connections with motor neurons. We clearly observed that 
M-cells were absent either uni- or bilaterally in appb morphants (~88%) 
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although other RS neurons were grossly unaffected. Injection of full-length 
appb mRNA rescued the M-cell phenotype in morphants, supporting a specific 
effect of the morpholino on Appb expression. This result indicates that the 
Appb is critical for the development of the M-cell.  

Sensory stimuli activate M-cells to fire, which further induces rapid muscle 
contractions to perform escape behavior. We therefore tested if the changed 
M-cell number altered the escape response. To mimic this behavior we used 
tactile stimulations, similar to those used in our previous paper, however here 
we provided ten continuous electrical stimulations, and counted the number of 
tail flips. A significant decreased in the response was observed in appb 
morphants whereas most controls responded 10 out of 10 stimuli. These results 
point towards an involvement of Appb in M-cell circuitry formation and that 
its loss of function leads to M-cell-mediated behavioral deficits.  

The role of APP in neurogenesis during development and adult stages has been 
shown in mice (Lazarov and Demars, 2012) and since the expression of appb 
is high in axial structures at time points of M-cell formation, i.e., around 7.5-
10 hpf (Hanneman et al., 1988), we next asked if the reduced M-cell number is 
the result of lowered neurogenesis in the hindbrain. The mRNA expression of 
the proneural genes neurog1 and deltaA/D was examined with in situ 
hybridization and a reduced expression of both of these genes was observed in 
the hindbrain of appb morphants compared to controls. Down-regulation of 
Delta expression follows on Notch activation and prevents neural 
differentiation (Nikolaou et al., 2009; Schweisguth, 2004). Furthermore, Notch 
signaling has an evolutionary conserved role in the developing brain in 
maintaining cell fate determination of NPCs (Lewis, 1998). Delta-Notch 
mediates the singling out of one M-cell on each side of the hindbrain through a 
mechanism called lateral inhibition (Haddon et al., 1998). We examined the 
expression of her6 and notch1a/b to evaluate the effect on the Notch pathway. 
We found an increased expression of her6 and notch1a in morphants, while 
notch1b was not clearly changed. The increased activity of Notch1a together 
with the decreased expression of proneural genes indicates that Appb might 
promote M-cell formation by modulating the Notch pathway. No changes 
observed by cell death assay further support this hypothesis.  

M-cells are sensitive to the inhibition of Notch signaling resulting in 
supernumerary M-cells and this process is clearly shown in zebrafish mutants, 



Physiological role of amyloid precursor protein during neural development  

44 

such as deadly seven/Notch1a, mindbomb and slytherin (Gray et al., 2001a; 
Itoh et al., 2003; Schier et al., 1996; Song et al., 2010; van Eeden et al., 1996). 
Most of these mutations lead to inhibition in Notch signaling which eventually 
decreases transcription of the downstream responsive her genes. As a 
consequence Delta expression is alleviated and allows for an increase 
expression in proneural genes and thereby increased neurogenesis. We found 
that decreased Appb levels give rise to the opposite situation with decreased 
expression of proneural genes by elevated Notch activity. Our results support 
previous studies in which NPC from App knockout mice showed decreased 
neural differentiation while mice overexpressing APP exhibit NPC with 
greater potential to differentiate into neurons (Hu et al., 2013). However, the 
decreased number of dividing cells found in the hindbrain of appb morphants 
is at odds with the general view that decreased differentiation allows for an 
increased proliferation. Interestingly, APP and its processed forms are 
involved in promoting proliferation of neuronal stem cells both in vitro and in 
vivo (Bolos et al., 2014; Caillé et al., 2004; Demars et al., 2011a; Ohsawa et 
al., 1999a), while increased Notch activity in progenitors inhibits proneural 
expression, which in turn prevents proliferation and differentiation (Lewis et 
al., 2009; Reynolds-Kenneally and Mlodzik, 2005). All together, these results 
suggest that reduction in Appb levels decreases neurogenesis and proliferation 
in the hindbrain and the reduction in M-cells is likely due to disturbed lateral 
inhibition. 

Since our data suggest that elevated Notch activity suppresses M-cell 
development in appb morphants, we next aimed to inhibit Notch signaling to 
rescue the M-cell phenotype. DAPT is a γ-secretase inhibitor that has been 
used to inhibit Notch signaling in zebrafish (Song et al., 2010). DAPT 
treatment normalized the M-cell number in appb morphants in approximately 
67% of the embryos as well as the expression of ngn1, delta/D and her6. Since 
inhibition of γ-secretase may affect cleavage of other proteins we specifically 
blocked the translation of the Notch1a, the main Notch receptor involved in 
M-cell development (Gray et al., 2001b). Similarly Notch1a knockdown 
rescued the M-cell number in ~61% embryos. Thus, these data show that the 
Notch activity in appb morphants can be balanced either by inhibiting 
cleavage of Notch by γ-secretase or by decreasing Notch1a levels. Although 
the exact mechanism behind this is not clear, it further supports the hypothesis 
that Appb modulates Notch activation to mediate M-cell formation.  
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A crosstalk between APP and Notch in the context of in vivo neurogenesis has 
been suggested before (Fischer et al., 2005; Kim et al., 2011; Merdes et al., 
2004b). For example, both proteins may act as competitive substrates for γ-
secretase cleavage (Berezovska et al., 2001; Lleo et al., 2003), implying that a 
changed expression level of one affects the cleavage of the other. According to 
this, decreased Appb levels would result in an augmented cleavage of Notch 
by γ-secretase and thus increased intracellular signaling. Our findings that M-
cell formation was rescued after DAPT treatment or notch1a knockdown 
support this hypothesis. However, we cannot completely rule out other 
mechanisms by which APP could affect Notch activation such as physical 
interaction (Chen et al., 2006) or direct or indirect interaction of AICD 
(Roncarati et al., 2002a).  

Several mutations with abnormalities in M-cell number have defects in 
segmentation where M-cells are missing either due to the lack of r4 or 
mislocalized as a result of changed identity of other rhombomeres (Maves et 
al., 2002; Moens et al., 1996; Prince et al., 1998; Sun and Hopkins, 2001; van 
Eeden et al., 1996). Therefore, we next examined hindbrain segmentation to 
confirm the identity of rhombomere 4. We used the r3/r5 marker krox20 and 
r4-specific hoxb1a and fgf3. No change in the organization of r3-r5 but a 
significant decrease in the anterior-posterior length of r3 and r4 was observed. 
Similarly we did not observe any changes in the expression of hoxb1a and fgf3 
or specificity of either gene in morphants compared to control. Although appb 
morphants show changes in the size of rhombomere 4, maintained identity of 
rhombomeres 3-5 argues against a defect in segmentation. Therefore, it is 
unlikely that Appb plays a role in segmentation that would affect M-cell 
development. We also checked the organization of facial branchiomotor 
neurons using Tg(isl:GFP) fish line, since these neurons form early in r4 and 
migrate to r7 where they extend axons back to r4 and out to their targets 
(Chandrasekhar, 2004). The complex development of these neurons is 
sensitive to changes in hindbrain segmentation. We could not detect any 
changes in the spatial arrangement of these neurons. Thus, while the shorter 
lengths of r3 and r4 in appb MO might be a consequence of decreased 
neurogenesis, the loss of M-cells is likely not a result of changed r4 identity. In 
addition, the maintained patterning of facial motor neurons of appb morphants 
suggests that Appb not only acts to promote differentiation in general but 
supports a more restricted interaction between Appb and Notch1a. 
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We also analyzed if Appb is expressed in mature M-cells using Tg(appb:GFP) 
and performed double labeling with M-cell specific antibody 3A10 via 
immunostaining. Confocal imaging of the dissected hindbrains indicates that 
the M-cell expresses no or low levels of Appb as compared to the surrounding 
cells. However, a lack of markers for the early development of the M-cell 
restricts our ability to determine at which specific developmental stage Appb is 
expressed in the M-cell and when the interaction between Appb and Notch1a 
is required. The apparent lack of Appb expression in the M-cell at later stages 
indicates that such mechanisms might be mediated in a non-cell autonomous 
manner. 

4.3 Paper III 
In our previous papers, we have shown that appb is strongly expressed in the 
brain and spinal cord and required for motor neuron guidance and M-cell 
development. To explore the effect of a genetic mutation of appb we describe 
the characterization of zebrafish with a homozygous non-sense mutation 
generated with CRISPR/Cas9 technology.  

We established two alleles with non-sense mutations in exon 2 of the appb 
gene. As they showed similar morphology, and we here use appb26_2 allele for 
all experiments. Sanger sequencing of mutant fish showed disrupted reading 
frame as the deletion site introduced a premature stop in exon 2. We next 
determined the protein expression by western blot. At present, the 
commercially available antibodies recognize both Appb and Appa. The band 
intensity was greatly reduced in appb26_2 mutants and appb MO-injected 
embryos and the remaining weak protein expression most likely represents 
Appa. This result shows that appb mutant has low or no Appb protein 
remaining.  

Morphological analysis of appb mutants at early time points showed 
significantly smaller size at 1 cell stage and shorter body length until 48 hpf 
embryos compared to the wild-type. However, no significant change was 
observed at later stages, i.e., 3 dpf. Additionally, at blastula stage we observed 
protruding cells, indicative of a perturbed cell adhesion in about 15% of 
appb26_2 embryos. Only half of these embryos survived to develop further, 
indicating compensatory mechanisms that might eventually work to overcome 
the very early morphological alterations. Together, appb26_2 mutants displayed 
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subtle morphological phenotypes at early stages but those that survived were 
grossly normal. These morphological data differ from the previously described 
appb morphants, showing severe morphological abnormalities (Joshi et al., 
2009; Kaiser et al., 2012; Song and Pimplikar, 2012). However, appb mutants 
are similar to App knockout mice that are grossly normal with slightly smaller 
body (Müller et al., 1994). 

Next, we analyzed the swimming behavior of appb mutant larvae under 60 
min continuous light using video tracking system. Quantification of locomotor 
recording at 5 dpf shows appb mutants exhibiting hyperactive swimming 
behavior as analyzed by parameters; distance travelled, duration of movements 
and number of movements, confirming an important role of Appb in zebrafish 
swimming behavior. This data is consistent with the appb morphants where we 
have previously observed a significant increase in coiling by 21 to 26 hpf, and 
spontaneous swimming behavior at later stages (28-45 hpf). However this 
hyperactive behavior was slowly attenuated, which we believe may be due to 
the morpholino losing its effect beyond 3-4 days. In contrast, App knockout 
mice have reduced locomotor activity in adults (Guo et al., 2012; Zheng et al., 
1995). It has to be emphasized here that the rodent behavioral studies are 
performed on adults and the zebrafish behavioral responses are monitored in 
early life. This difference would be significant because Appb might have 
different roles in behavior during development and in adult animals. Another 
possibility could be that the altered expression of App family members might 
have an impact on the hyperactive behavior observed which needs further 
investigation. 

APP has functional redundancy with other family members (as reviewed in 
(Shariati and De Strooper, 2013)). Therefore, to investigate if the appb 
mutation affects other app family members, we performed whole mount in situ 
hybridization and qPCR on wild-type and appb26_2 mutants for appa, appb, 
aplp1 and aplp2 mRNA expression at 24 hpf embryos. Interestingly, 
expression analysis of appb mutants showed increased expression of appa and 
aplp2 but nearly no change in aplp1. Moreover, appb expression drastically 
decreased in appb26_2 mutants, particularly no expression was observed 
specially in the hindbrain and spinal cord region. The APP family contains 
App, Aplp1 and Aplp2 genes that have partially overlapping functions 
(Jacobsen and Iverfeldt, 2009) where Aplp2-/- in combination with App-/- or 
Aplp1-/- are lethal, suggesting redundancy between Aplp2 and the other family 
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members (Heber et al., 2000). It is therefore likely that redundancy between 
App family members compensate for the observed normal phenotypes in 
zebrafish appb mutants. Moreover, our data on the upregulation of mRNA 
expression of appa, the paralogue of appb and one of the other family 
members, aplp2 in appb mutants supports the involvement of appa and aplp2 
genes in compensation for appb mutation resulting in embryos showing 
normal phenotype. Furthermore, if there are other proteins also involved in 
compensating the appb mutant phenotypes will need further investigation.  

One of the major phenotypes in appb morphants is the M-cell defects 
described in paper II. However, M-cells of the genetic mutant were unaffected 
and presented bilaterally like in the wild-type embryos. To address this 
discrepancy, we injected appb morpholinos in appb26_2 mutants, since lack of 
Appb in mutants should not affect M-cell development. In contrast to the 
unilaterally or bilaterally absent M-cells found in most of the MO-injected 
wild-type embryos, no defects in the M-cell development was observed in any 
of the injected mutants. These results suggest that the appb knockout animals 
are less sensitive for injections of appb morpholino suggesting that there might 
be compensatory gene expression in the appb mutants that is not present in 
appb morphants. In our previous study, we have shown that Notch signaling is 
increased following appb knockdown, thereby decreasing the M-cell formation 
in zebrafish. Since APP and Notch both are competitive substrates for γ-
secretase cleavage, it might be that the increase in appa and aplp2 observed in 
appb mutants balance Notch signaling by acting as competitive substrates for 
γ-secretase and thereby allowing normal formation of M-cell in mutants. 
However, whether Notch is altered in appb mutants is yet to be verified. 
Finally, it is also possible that apart from app family members, other genes can 
compensate for appb loss of function, which remains a subject of study. A 
recent study has highlighted potential reasons for differences in results 
obtained in knockout vs. knockdown experiments. In knockout experiments, 
the cells that lack a certain gene may activate back-up genetic programs that 
may compensate for the deficit, whilst in acute knockdown experiments, there 
is no time for these back-up programs to get activated in a well-regulated 
manner (Rossi et al., 2015). If this turns out to be generally valid for the 
morpholino method, explaining many of the observed discrepancies between 
genetic mutants and morpholino knockdown phenotypes, we suggest that the 
two techniques (knockdown and knockout) should be used in parallel to 
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maximize our understanding of the function of certain genes, though both 
methods need critical comparison and solid interpretation of phenotypes.  

4.4 Paper IV 
In this manuscript, we address the effect of Appb down-regulation on the 
protein level in the head and trunk of zebrafish embryos using a quantitative 
LC-MS approach. Our previous studies (paper I and II) revealed hyperactivity, 
defect in motor neuron outgrowth and changes in synaptic density and M-cell 
formation in appb knockdown embryos. We therefore aimed at identifying 
proteins and pathways affected in appb morphants that may underlay the 
observed phenotypes.  

To determine the molecular targets of Appb, we extracted proteins from five 
hundred heads and trunks of control and appb morphants at 3 dpf. We used a 
TMT 10-plex protein labeling approach and quantitatively analyzed ten 
samples at a time with mass spectrometry. The reproducibility of peptide 
identifications between the replicates shown as the coefficient of variation 
(CV), and was calculated as the peptide identification frequency that was 
similar between the head and trunk samples. Interestingly, we identified more 
than 8800 and 6800 proteins in the head and trunk respectively. Clear 
dysregulation of proteins in both head and trunk of appb MO-injected embryos 
were found and a total of 918 proteins in the head and 433 proteins in the trunk 
were selected as significantly differentially expressed (FC>20%, p<0.05) in 
appb morphants compared to the control. Gene ontology (GO) analysis, 
addressing major biological changes after Appb down-regulation, indicated 
similar distributions in differentially expressed proteins involved in biological 
processes in head and trunk, such as transport, lipid transport, cholesterol 
homeostasis and neuron projection regeneration. A large number of these 
proteins were localized to the mitochondria. Nevertheless, while proteins in 
the head were mainly annotated as cytoplasmic or from intracellular vesicles, 
proteins from the trunk were localized to the extracellular space, cytosol, 
lysosome and sarcolemma. Although a majority of the annotated molecular 
functions were similar between the head and trunk, functions such as 
nucleotide-binding, microtubule and motor activity showed to be specific for 
the head while heme-, iron and NAD-binding were specific to the trunk.  
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Moreover, in support of the previous finding showing binding of AICD to the 
promoter region to alter the transcription of various genes, we found the 
altered expression of CamKIIα (calmodulin-dependent protein kinase II), the 
ionotropic glutamate receptors (GluR) and the patch1 paralogue patch2 in 
morphants. This finding strengthens the involvement of Appb in the regulation 
of these genes.  

From our previous studies, we found that appb morphants showed increased 
Notch activity, changes in axon guidance and synapse formation. Therefore, 
we searched for differential expression of proteins involved in these processes. 
Remarkably, we found several upstream and downstream proteins involved in 
the Notch pathway including the Notch2 receptor, lunatic fringe (Lnfg), 
Atp2a1l (ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 1-
like), Atp2a1 (ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 
1), and Crebbpb (CREB-binding protein-b) being upregulated. Although this 
data needs to be confirmed by other methods, it supports our previous finding 
that Notch pathway is altered in appb morphants.  

APP is suggested to play a role in neurite outgrowth in App knockout mice and 
in vitro. In our previous report, we showed that, zebrafish with decreased 
levels of Appb have outgrowth defects and changes in patterning of their 
motor neurons. Within the list of significantly changed proteins, we find 
several proteins involved in axon guidance as down-regulated with the 
exceptions of Sdc2 (syndecan 2), Plxna3 (plexin3), Kif4 (kinesin family 
member 4), Fn1b (fibronectin 1b) and Epha2 (eph receptor A2) that were 
upregulated. These findings support a function of Appb in axon guidance and 
will serve as a valuable source for further studies.  

The TMT 10-plex mass spectrometry method has not been used to identify 
whole organism changes in the zebrafish before. Using this cutting edge 
method, we not only show high reproducibility between our technical 
replicates but also the identification of a substantial number of proteins with 
significantly altered expression in appb knockdown fish corresponding to the 
effects observed. We believe that these results provide insights into the 
molecular processes and pathways orchestrated by Appb.  



Rakesh Kumar Banote 

51 

5 CONCLUSION 
Attention towards the basic biological function of APP beyond its role in AD 
pathogenesis has increased. It is known by now that APP is essential in 
establishing and maintaining neuronal architecture. However, much remains to 
be elucidated especially with respect to the cellular mechanisms of APP 
function. This thesis aimed to increase our knowledge on the physiological 
role of App during development using zebrafish as a model system. A few 
studies on zebrafish Appb, a homologue of human APP, show its crucial roles 
during different stages of neural development. Our studies continue to address 
the central function of Appb and highlight its essential roles beyond disease 
biology.  

The ex utero development of zebrafish in combination with their transparency 
allow unique in vivo studies of cellular changes, which has not been used to 
address APP function previously. We show the vital role of Appb in guiding 
spinal cord motor neurons during axogenesis and synapse formation at the 
NMJ. Also, the neuronal defect ultimately affects the locomotor behavior in 
the developing zebrafish larvae.  

Further studies discovered a cell-specific utility of Appb in a subset of 
hindbrain neurons. Here we show that Appb-mediated competitive regulation 
of Notch1a activity is essential for hindbrain specific M-cell development and 
neuronal differentiation. This is the first study to our knowledge that confirms 
a cell-specific requirement of Appb-Notch interaction during development. 

Contrary to our previous results using morpholinos, the initial characterization 
of the genetic appb mutants showed that these appeared morphologically 
normal. However, they were significantly smaller and showed cell adhesion 
defects during early development. They also exhibited behavioral changes and 
alterations in the expression of other app family members. We show that appb 
mutants do not exhibit M-cell phenotype as morphants but are not sensitive to 
the appb morpholinos injection. These data, together with the earlier generated 
morpholino data in zebrafish plus the data from mouse models suggest that 
Appb indeed plays important roles during development and that evolution has 
created a back-up system of APP-like protein-encoding genes and potentially 
other genes that may eventually compensate for any loss of its function.    
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Lastly, we used a quantitative TMT proteomics approach to discover proteins 
dysregulation after appb knockdown. In support to our previous studies we 
found upregulation of several proteins involved in the Notch pathway as well 
as changes in proteins involved in axon guidance and vesicle formation.   

All together, these studies provide in vivo evidence of an essential role of 
Appb during neurogenesis in the spinal cord and hindbrain and together with 
the proteomics analysis, give new insights into the physiological function of 
App in vertebrates. We believe that the zebrafish model system used here is a 
valuable tool to improve our understanding of App function and that the above 
described studies will significantly contribute to advance knowledge on the 
physiological roles of this complex protein during neural development.  
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