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Abstract

Nicastrin is a subunit of y-secretase which functions to regulate binding of substrates
to y-secretase and has been implicated in neurodegeneration. However, the mechanism is
unclear. Previously, we discovered several neurodegenerative phenotypes, including
increased hyperphosphorylated Tau proteins and cognition deficits in aged
nicastrin3%%*  zebrafish (unpublished data). Accordingly, we intended to

hil384/+

comprehensively examine if nicastrin zebrafish can be a vertebrate model to study

neurodegeneration. In the present work, we conducted a visual motor response test on

hil384/+

nicastrin zebrafish larva and uncovered that they were more active under light

stimulus than wild type zebrafish larva. Besides, original T-maze behavioral tests on

hil384/+ hil384/+

nicastrin zebrafish demonstrated that memory of 12 and 18 month nicastrin
zebrafish were impaired compared to wild type zebrafish at the same age after excluding
the influence of mobility variation. However, as the food which had been used in the
previous behavioral tests was run out and unavailable, we switched to a new kind of food
and failed to recapitulate the original behavioral tests results in the latter behavioral tests.

Nevertheless, memory of nicastrin™!3%+

zebrafish was still worse than wild type at 18

month of age. On the other hand, transcriptomic analysis on the brains of subject zebrafish

of behavioral tests by using microarray showed that nicastrin mRNA level was
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hil384/+

downregulated in nicastrin zebrafish, whereas mRNA expression of other y-

secretase subunits was not affected, which were verified by qPCR experiments. Last but
not least, disease and functional analysis showed neurodegeneration associated

phenotypes were activated, while neuronal survival and functions associated phenotypes

hil384/+

were inhibited, implicating that nicastrin zebrafish have age-dependent

neurodegeneration at transcriptional level. However, TUNEL staining displayed no

extensive neuronal apoptosis in the telecephalon of 18 month nicastrin"*3** zebrafish.

hil384/+

In conclusion, nicastrin zebrafish larva displayed higher activity than wild

type under light stimulus, and the mechanism needs to be further clarified. On the other

hand, we verified the expression of nicastrin was reduced in the brains of adult

hil384/+

nicastrin zebrafish by both microarray and qPCR. Furthermore, both behavioral

and transcriptomic analysis demonstrated the trend of age-dependent neurodegeneration

hil384/+ hil384/+

in nicastrin zebrafish, suggesting that nicastrin zebrafish have potential to be
a neurodegeneration model. In the future, we should examine other neurodegeneration

phenotypes, such as neuroinflammation, neuronal loss, neuritic dystrophy, and synaptic

loss in the brains of aged nicastrin"3%*" zebrafish.

doi:10.6342/N'TU201803306



Table of Contents

b= &1 RS URUTPRTYSOPROPPTPRPRRPRTOPPTRURPORURRR: -\ ¥ | SRR | I 4 i
PR g R b s ii
ADSEFACE ... s iv
Table 0f CONTENTS ...........ccooiiiiiiiii e vi
INAeX Of FIGUIES ... e ree e vii
INdex Of TADIES ..o vii
Index of Supplementary Figures..............ccccoooiiiiiiii e, vii
Chapter 1. INtroductions..............ocooiiiiiiiiiiii s 1
1.1 Introduction to Alzheimer’s DISEaSse ........ccovervieiiriiiieiii e 1
1.2 Introduction to y-secretase and Its Subunits...........cccoceviiiiiiiiiiiiies 2
1.3 Nicastrin and Neurodegeneration ............cevueereererrieenneeieesee e seee e 5
1.4  Zebrafish as A Model to Study Neurodegeneration ............c.ccoovvvvviriveiinnnns 6
1.5 RECASIFINTIF oottt 7
1.6 SPECITIC AT ..ot 8
Chapter 2. Materials and Methods .................cccoiiiiiiiiiii e 9
2.1 Maintenance of Zebrafish..........cccocoiiiiiiiiii 9
2.2 Identification of nicastrin!3** Zebrafish..........ccccoceevvreeveeeveereeieerenerenn, 9
2.3 Visual Motor Response Tests........ccccvvviriiiiiiiiiiiiiiiii s 10
2.4 Sampling of Adult Wild Type and nicastrin"!3%#* Zebrafish for T-maze
Behavioral TeSTS. .......ueiiiiiieiii ittt 11
2.5 Zebrafish T-maze Behavioral TESts .........ccecvveriiieiiiiiiesieeeee e 11
2.6 Statistics of Zebrafish T-maze Behavioral Tests Data ............c.ccceveiieennn. 12
2.7 MICTOAITAY ...ttt 13
2.8 Quantitative Real-time PCR ... 15
2.9 H&E StaINING ...oooiiiiiiiiiiii s 16
2.10  TUNEL Staining.......ccoveeriiiiiieiisiesiesii e 16
Chapter 3. ReSults.............ccoooiiiiiiii 21
3.1  Behavioral Tests On nicastrin™3%** Zebrafish Larva..........cccocccoevirevnnen, 21
3.2 Adult nicastrin™!3%%* zebrafish have intact retina.............cccocevevverererecncnnn. 22
3.3  T-maze Behavioral Tests on nicastrin™!¥** zebrafish...........c..cccocouevnnen, 22
34 Transcriptomic Analysis On Adult nicastrin3%** Zebrafish.................... 25
3.5  Validation of Microarray Results by Quantitative Real-time PCR............. 26
3.6 Detection of Apoptosis in Telecephalons of nicastrin"3%%* Zebrafish...... 28
Chapter 4. DISCUSSIONS ..........ccocoviiiiiiiiiiii e 40
4.1  Visual Motor Response of nicastrin3** Zebrafish Larva ..........cc......... 40
Vi

doi:10.6342/N'TU201803306



4.2 T-maze Behavioral TestS.......ccooviiiiiiieiiiiie e 41
43 What could we learned from microarray data ? .........ccccoevvevinieniiviiinnionn 44
4.4 Potential Neurodegenerative Phenotypes in nicastrin"*3* Zebrafish ..... 46

4.5 Comparison of nicastrin®!3%** Zebrafish to Previously Described nicastrin-

loss-of-function Animal MOdeIS.........cceviiiiiiiiiiiiieiiie e 48
REFEIEICES..........eeiiiii e 51
Appendix. Antibody Test for Zebrafish Endogenous Tau Protein ........................... 64
LiSt OF ADDFEVIALIONS ....c.viiviiiiiiieiieie et 74

Index of Figures

Figure 1. Genotyping of nicastrin 3% ... 18
Figure 2. Scheme of T-maze Behavioral Test...........ccovveiiiiiiiiiiiiiiesecc e 19
Figure 3. Visual Motor Response Test on 5 dpf Zebrafish Larva...........cccccvviiieiinnnnn 29
Figure 4. Retinal Structure of Adult Wild type and nicastrin®!3%¥* Zebrafish............... 30
Figure 5. Learning Curves in Training Phase of Original T-maze Behavioral Tests...... 31
Figure 6. Latency in Test Phase of Original T-maze Behavioral Tests............c.ccccvrinne. 32
Figure 7. Transcriptomic Analysis on Subject Zebrafish of Original T-maze Behavioral
LS ettt ettt e e e e e e a e e e nnnees 33
Figure 8. mRNA Levels of y-secretase Subunits in Microarray Data ............cc.ccceeveennen. 34
Figure 9. mRNA Levels of nicastrin And presenilin-1 in qQPCR Experiments .............. 35
Figure 10. mRNA Levels of oxt And clcal in Microarray and qPCR Experiments ...... 36

Figure 11. Detection of Apoptosis in Telecephalon of 18 Month nicastrin™!384*

Zebrafish by TUNEL Staining........cccocoveiviiiiiiiieeeseeseesee e 37

Index of Tables

Table 1. List of Primers for Quantitative Real-time PCR.............cccccoiiiiiiiiiniiien, 20
Table 2. Gtable Values of GrubD’S TeSt.......ccueiiiiriiiiiiieiieeree e 20

Index of Supplementary Figures

Supplementary Figure 1. Learning Curves of Training Phase and Latency of Test Phase
of Latter T-maze Behavioral TestS ........ccccoviriiiiiiiiieiieeiie e 38
Supplementary Figure 2. Transcriptomic Analysis On Subject Zebrafish of Latter T-
MAze Behavioral TEStS .........ciuiiiiiiiiie e 39

doi:10.6342/N'TU201803306



Chapter 1. Introductions

1.1 Introduction to Alzheimer’s Disease

Alzheimer’s disease which was firstly described by a German psychiatrist, Alois
Alzheimer in 1907 is the most prevailing neurodegenerative disease. The symptoms of
Alzheimer’s disease include brain atrophy, extensive distribution of neuronal tangles and
amyloid plaques, astrogliosis, neuronal dystrophy, neuronal loss and vascular alterations
(De Strooper and Karran, 2016). Patients with Alzheimer’s disease suffer from emotional
alterations and cognitive impairments, accordingly loss of self-care abilities. Eventually,
Alzheimer’s disease leads to death. Taking care of Alzheimer’s disease patients has
become a huge mental and financial burden on society, particularly when the population
is aging (Prince, 2016). Unfortunately, despite tons of efforts have been made, the
etiology of Alzheimer’s disease is still ambiguous. Accordingly, diagnosing Alzheimer’s
disease in the early stage is difficult and there is no efficient treatment for Alzheimer’s
disease. As a result, delineating the mechanisms of Alzheimer’s disease is an urgent topic
(Kumar et al., 2015).

The hallmarks of Alzheimer’s disease are intracellular neurofibrillary tangles and
extracellular amyloid plaques (Guillozet et al., 2003). Intracellular neurofibrillary tangles

are made up with Tau proteins. Tau protein is a microtubule binding protein. Upon

doi:10.6342/N'TU201803306



hyperphosphorylation, Tau proteins get easily detached from microtubules and tend to
aggregate to form tangles inside the cells (Wang and Mandelkow, 2016). On the other
hand, extracellular amyloid plaques are composed of AP peptides (Glenner and Wong,
1984; Masters et al., 1985). The identification of AP peptides led to amyloid cascade
hypothesis which assumes that AP peptide is the culprit of Alzheimer’s disease, resulting
in neurofibrillary tangles formation, astrogliosis, neuronal loss, and eventually learning
and memory deprivation (Hardy and Higgins, 1992; Hardy and Selkoe, 2002). A peptide
‘is produced from serial cleavages by B-secretase and y-secretase on the Amyloid
Precursor Protein (APP) which is a type I transmembrane protein. -secretase cleaves
APP in the extracellular domain, and subsequently y-secretase processes APP in the
transmembrane domain (Plant et al., 2003). Owing to the involvement of AP peptides
production, y-secretase has drawn the attention in Alzheimer’s disease research and has
been considered an important target for Alzheimer’s disease treatment (Mitani et al., 2012;

Golde et al., 2013).

1.2 Introduction to y-secretase and Its Subunits
y-secretase was initially used to describe the proteolytic activity that processes the
Amyloid Precursor Protein (APP) in the transmembrane domain (Haass and Selkoe,

1993). Later, it was found to be a multi-subunit protease complex (De Strooper et al.,

2
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2012). y-secretase is located on intracellular and plasma membranes, and conducts

intramembrane cleavage on various type I transmembrane proteins aside from APP, such

as Notch (Zhang et al., 2014; De Strooper et al., 1999). y-secretase processing on Notch

releases Notch intracellular domain (NICD) which is translocated to the nucleus, serving

as a transcriptional factor to induce gene expression, and regulate developmental

processes (Shih and Wang, 2007).

y-secretase consists of four subunits, which are Presenilin, Nicastrin, APH-1 and

PEN-2 (Kimberly et al., 2003). Presenilin is an aspartyl intramembrane protease and the

catalytic center of y-secretase (Wolfe et al., 1999; Esler et al., 2000). Presenilin has two

isoforms in humans, Presenilin-1 and Presenilin-2. Various missense mutations on

Presenilin-1 and Presenilin-2 result in production of extended AP peptides, AB42, which

are more inclined to aggregate to form amyloid plaques in the brain than normal Ap-

peptides, AB40. These mutations are autosomal dominant and can lead to early onset

familial Alzheimer’s disease (FAD) (Vetrivel et al., 2006; De Strooper et al., 2012). APH-

1 is essential for the assembly and activity of y-secretase, and also a regulator of cellular

localization of Nicastrin (Goutte et al., 2002; Lee et al., 2004). Pen-2 facilitates the

endoproteolysis of full-length Presenilin in the loop domain between TM6 and TM7 ,

turning full-length Presenilin into active NTF and CTF, which is indispensable for the

catalytic function of Presenilin (Zhang et al., 2014; Hasegawa et al., 2004). Nicastrin is a

3
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type I transmembrane protein which is composed of a large, highly glycosylated

extracellular domain, a transmembrane domain, and a short C-terminus (Xie et al., 2014).

Previous studies suggest that Nicastrin is dispensable for y-secretase intracellular protease

activity, but is crucial for intracellular transportation of y-secretase and its stability (Zhao

et al., 2010; Zhang et al., 2005). Recent studies show that the large extracellular domain

of Nicastrin serves as a gatekeeper to prevent non-substrate proteins from being processed

by y-secretase, which is critical to regulate y-secretase activity on non-substrate

membrane proteins (Bolduc et al., 2016; Urban, 2016).

In addition, there are several y-secretase independent biological functions for each vy-

secretase subunit. Presenilin-1 has been documented to involve in multiple cellular

processes in a y-secretase independent manner, including Wnt/B-catenin signaling,

calcium homeostasis, cellular survival and protein trafficking and degradation (Duggan

and McCarthy, 2016; Zhao et al., 2017). Nicastrin was shown to affect Akt and p53-

dependent pathway at the post-transcriptional level and control cell death (Pardossi-

Piquard et al., 2009). APH-1 and Pen-2 were reported to lower p53-dependent control of

caspase-3 and trigger an anti-apoptotic response (Dunys et al., 2007).

Both vy-secretase dependent and independent biological functions have been

implicated in Alzheimer’s disease and other neurodegenerative diseases (Thinakaran and

Parent, 2004; Campbell et al., 2006; Katia et al., 2013; Carroll and Li, 2016). The ability

4
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of y-secretase to process various substrates and its multifunctional subunits makes it
complicated to develop treatments for neurodegeneration by simply targeting y-secretase
(Basi et al., 2010). Drugs produced under inadequate knowledge base could result in
many side effects. Consequently, it’s necessary to comprehensively understand the

biological functions of y-secretase subunits.

1.3 Nicastrin and Neurodegeneration

So far, Presenilin gets much more attention than other y-secretase subunits. Numerous
y-secretase independent functions of Presenilin have been found, including calcium
homeostasis, Wnt/B-catenin signaling and protein trafficking/degradation (Duggan and
McCarthy, 2016). On the other hand, fewer efforts have been put in the study of other y-
secretase subunits, such as Nicastrin. Conditional knockout of nicastrin in mature
excitatory neurons in mice results in hyperphosphorylation of Tau proteins, activation of
astrocytes and microglia, progressive neuronal loss and cognitive impairments (Tabuchi
et al., 2009). Furthermore, electrophysiological analysis on the hippocampal slices of the
conditional nicastrin knockout mice revealed deficient synaptic plasticity and impaired
NMDAR-mediated long term potentiation (Lee et al., 2014). These results suggest that
Nicastrin plays an important role in maintaining neuronal survival and synaptic functions.

However the mechanisms still need to be further clarified.

5
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1.4 Zebrafish as A Model to Study Neurodegeneration

So far, the majority of insights into neurodegeneration come from human and mouse
studies. However, the complexity of mammalian nervous system has been an obstacle to
untangle the mechanisms of neurodegeneration in details. Therefore, increasingly
reductionistic models have been applied in neurodegeneration studies, such as D.
malenogaster and C. elegans. These models have comparatively simple nervous system,
which are excellent platforms to comprehensively study neurodegeneration and test
experimental hypotheses. Although plenty of conclusions drawn in D. malenogaster or C.
elegans system can fit into the mammalian system, these invertebrate animal models are
still evolutionarily far from mammals (Schmid and Haass, 2013; Babin et al., 2014).

In the same time, Danio rerio which is the so-called zebrafish has been increasingly
applied to study neurodegeneration for some advantages. In the beginning, zebrafish was
found to be a good animal model in vertebrate development research due to its transparent
embryos, which allows direct observation of developmental processes under a standard
microscope. Besides, zebrafish handling is easy and economical. Next, zebrafish has high
fecundity and short reproductive cycle, allowing high-throughput experiments. Various
neuronal and glial cells reporter lines of zebrafish have been created to do cellular studies.

Furthermore, there are various gene-modulating tools available for zebrafish. Nowadays,

6
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we can easily knockdown the expression of a specific gene by injecting morpholinos into

zebrafish embryos or knock in/out certain genes from zebrafish by CRISPR-Cas9 system

(Bill et al., 2009; Hruscha et al., 2013). Most importantly, zebrafish genome has been

entirely sequenced and is highly homologous to human, indicating that zebrafish

researches can mostly be applied to human studies. As a vertebrate animal model with

simple central nervous system, using zebrafish to study neurodegeneration could fill the

gap between invertebrates and mammals (Newman et al., 2014).

So far, zebrafish has been applied to model several notorious human

neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease,

Huntington’s disease, amyotrophic lateral sclerosis, etc. (Xi et al., 2011; Martin-Jiménez

et al., 2015). Furthermore, using zebrafish to study neurodegeneration-related cellular

pathways such as y-secretase-mediated signaling pathways and protein degradation

pathway is undergoing (Newman et al., 2014). Taken together, zebrafish is a versatile

model and could help us gain more insights into neurodegeneration mechanisms.

1.5 nicastrin"13%

hil384

nicastrin is an insertional mutation in the intron 1 of zebrafish nicastrin gene.

This insertion derived from GT2.0 virus and depletes the expression of nicastrin mRNA

7
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(Amsterdam et al., 2004; Hsu, 2018). Homozygous nicastrin"3%* zebrafish die in the
larva stage and display depigmentation phenotype while many of them also have curly-

up tail (Hsu, 2018). On the other hand, heterozygous nicastrin3%* zebrafish

hil384/+

(nicastrin ) are phenotypically similar to wild type zebrafish and can survive for

more than 2 years. As mentioned above, Nicastrin deprivation by conditional knockout in

neurons leads to neurodegeneration in mice (Tabuchi et al., 2009; Lee et al., 2014).

hil384/+

Previously, several neurodegenerative phenotypes of adult nicastrin zebrafish were

discovered in our lab, including hyperphosphorylation of Tau proteins and cognitive

hil384/+

impairments. It seems that nicastrin zebrafish could be a model to study

neurodegeneration.

1.6 Specific Aim

My aim is to comprehensively examine the neurodegeneration-like phenotypes of

hil384/+ hil384/+

nicastrin zebrafish and to evaluate if nicastrin zebrafish could be a

neurodegeneration model.
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Chapter 2. Materials and Methods

2.1 Maintenance of Zebrafish

Zebrafish were maintained at 28°C with 14:10 hours light-dark cycle in the Zebrafish
Core Facility of NHRI, Zhunan, Taiwan, and fed with food powder and brine shrimp twice
a day respectively. Zebrafish embryos were collected after fertilization and incubated in
egg water (0.03% sea salt) at 28.5°C to 5 dpf. Afterwards, larva were transferred to system
water, incubated at 28°C and fed with paramecium to 30 dpf. The experimental
procedures were approved by the Institutional Animal Care and Use Committee, National
Health Research Institutes, Taiwan (NHRI-IACUC-100028-A, NHRI-IACUC-103122-

AE and NHRI-IACUC-107094-A).

2.2 Identification of nicastrin"*%¥* Zebrafish

We used traditional alkaline lysis method to extract zebrafish’s genomic DNA
(Osmundson et al., 2013). In detail, zebrafish were anesthetized in 0.02% MS-222
(E10521, Sigma) and their tails were cut down, lysed in 50 mM NaOH at 95°C for 15
min. Afterwards, 1M Tris-HCI, pH8.0 was added for neutralization. Then the tail lysates
were centrifuged at 2200g for 20 min at 4 °C to precipitate cell debris. Genomic DNA,

PCR primers (Exon 1-1: 5-GCGTTCAGCTTCTCATTACAGC-3"; GT2.0: 5'-
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CCAAACCTACAGGTGGGGTC-3"; Intronl-1: 5'-CTACCCGAAGAGACGTTCAG

T-3") (Figure 1) and 2X PCR One mix (SM203-0100, GeneDireX) were mixed and total
volume for each sample was adjusted to 20 pl with ddH»,O. PCR was carried out in a
thermal cycler. The program was that 94°C for 3 minutes to preheat and break down
hydrogen bonds of DNA, followed by 34 cycles of 94°C for 30 seconds, 60°C for 30
seconds and 72°C for 30 seconds to amplify PCR products and then 72°C for 4 minutes
for final extension, in the end, the temperature was maintained at 10°C. PCR products
were separated in 1% or 2% agarose gel with 10% ethidium bromide (EtBr) by gel
electrophoresis. DNA fragments within gel were detected by UV light in a gel imager

system.

2.3 Visual Motor Response Tests

For zebrafish larva visual motor response (VMR) tests, embryos were collected 1
hours after fertilization. Afterwards, 60 subject zebrafish embryos were transferred to a
petri dish containing egg water and incubated at 28°C with 14:10 light-dark cycle. Egg
water was changed every day. While the subject zebrafish grew to 5 dpf, they were
transferred to a 99 well plate with 650 ul egg water. VMR tests were conducted in
DanioVision™ Observer Chamber (Noldus) with 3 hours for dark adaptation and

followed by 3 times of 30:30 minutes light-dark cycle (Figure 3). Movements of subject

10
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zebrafish larva were recorded and live analyzed by Ethovision XT13 (Noldus).

hil384/+

Afterwards, nicastrin zebrafish larva or wild type siblings were identified by using

the extracted genomic DNA from whole larva for genotyping.

2.4 Sampling of Adult Wild Type and nicastrin"3%** Zebrafish for T-
maze Behavioral Tests

As we fed comparatively more food to experimental zebrafish to accelerate growth,
more zebrafish became female in the process. Furthermore, previous mice study
suggested neurodegeneration phenotypes were more significant in female than in male
(Katia et al., 2013). Accordingly, We focused on female zebrafish in T-maze behavioral

tests, microarray, QPCR, H&E staining and TUNEL staining experiments.

2.5 Zebrafish T-maze Behavioral Tests

For T-maze behavioral tests, subject fish were genotyped at least 3 weeks before they
entered behavioral experiment trials. The behavioral experiment trials contained 5 days
of pre-training, 2 days of starvation, 5 days of training and 1 day of test in the end (Figure
2A). During pre-training phase, 10-15 subject fish with same genotype were put in a 3L
tank and fed with food-containing sponge cubes twice a day. In the end of pre-training

phase, the subject zebrafish were isolated and genotype-blinded. After 2 days of starvation,

11
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individual fish was trained to find the food-containing sponge cube put at the terminus of

left arm in a T-maze (Figure 2C). In the beginning of training, subject fish had 1 minute

for acclimation in start zone. Afterwards, it would be allowed to explore in the T-maze. If

the fish successfully found the food cube and ate the food, the latency (time) would be

recorded and the fish would get 30 seconds to stay in the T-maze and enjoy the food.

Alternatively, if the subject fish failed to find the food cube in 2 minutes, it would be

recorded as “fail” and the fish would be chased to the food cube location and stay for 30

seconds. In the final test, a sponge cube without food was put in the same location as

training session, and behaviors of individual zebrafish was tested with 1 minute for

acclimation and two minutes for exploration (Figure 2D). The movement of zebrafish in

the T-maze during test phase was recorded with a monitoring camera (KMS-63F119HN).

The recorded videos were analyzed by Ethovision XT13 (Noldus). Latency to find the

food cube in the T-maze was the parameter to measure learning and memory ability.

Learning behavior was analyzed by data from training sessions, while test data was used

to analyze memory of subject zebrafish.

2.6 Statistics of Zebrafish T-maze Behavioral Tests Data

First of all, Grubb’s test was applied to remove outliers for each group of data. The

function of Grubbs’test as follows

12
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Questionable data — X

1=
ca S

where X is average, and s is standard deviation.
If and only if when G.;;>Gigp1e, Questionable data could be considered as an
outlier. The value of G4 Was referred to Table 2.

Next, Cox proportional hazard model was used to assay the difference between two
groups. Because the velocity varied from fish to fish, our T-maze behavioral tests results
might be confounding with this variable. It is desirable to adjust for the velocity in Cox
model. In addition, as there was a censoring time when we recorded the latency for subject
zebrafish to arrive at the food location, survival analysis was conducted to determine the
significance of difference. More specifically, let T; (Test Latency) denote the survival
time of the ith fish and censoring time is 120 sec. Let V;, and G; be the velocity, and
group index of ith fish, respectively. Note that G; = 1 if and only if heterozygous in the
ith fish. We consider a Cox proportional hazard function as follows

Ao (O)exp{ByV; + B G},

where 4, (t) is a baseline hazard function.

2.7 Microarray

2.4-1 Sampling

13
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To exclude the influence of variation in cognitive ability in the same genotype, we
ranked the performance of subject wild type and nicastrin3%¥* zebrafish of T-maze
behavioral tests respectively according to latency in test phase. Afterwards, we chose 5
subject zebrafish whose ranking were separated at an interval for each genotype as
samples of microarray experiments.

2.4-2. Brain Dissection

Sample fish which had gone through the behavioral trials were anesthetized as
mentioned and their brains were dissected out on a cold ice pack, and then preserved in
RNA/ater™ stabilization solution (AM7020, Invitrogen™) until RNA extraction.

2.4-3. RNA Extraction

After removal of RNAlater™ stabilization solution, 5 brains were homogenated in
RNAzol (Molecular Research Center, Inc.) together for each genotype. After
homogenation, Nuclase-free water (Invitrogen™) was added and centrifugation was
applied to precipitate genomic DNA and proteins. After transferring the supernatant to a
new Eppendorf vial respectively, isopropanol was added to precipitate total RNA and then
stored at -20°C overnight. After centrifugation, RNA pellets were washed with 75%
ethanol twice and then eluted with RNase-free water.

2.4-4. DNase I Treatment and Cleanup

14
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Extracted RNA were treated with Turbo™ DNase (AM2238, Invitrogen™) for 30
minutes at 37°C to remove remaining genomic DNA and followed by clean-up with
RNeasy Mini kit (74104, Qiagen). After RNA clean-up, RNA were ready for microarray
experiments.

2.4-4 Microarray

After RNA quality control by Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA, USA), gene expression microarray experiments were performed with Affymetrix
Zebrafish Gene 1.0 ST Array by Microarray Core Laboratory of NHRI. The microarray
data were normalized by a robust multiarray averaging (RMA) algorithm. Gene lists were
created by conducting ANOVA on normalized data with Partek Genomics Suite (Partek
Inc., Saint Louis, MO, USA). Disease and functional analysis of significantly affected

genes (p<0.05; FDR<0.05) was done by IPA (Ingenuity Systems Inc., Redwood City, CA).

2.8 Quantitative Real-time PCR

Brain dissection and RNA extraction methods are described above. After total RNA
extraction, reverse-transcription was performed to synthesize cDNA by following the
instruction of SuperScriptTM III  First-Strand Synthesis System (18080051,
InvitrogenTM). The synthesized cDNA were stored in -20°C until use. The quantitative

real-time PCRs were conducted with Fast SYBR® Green Master Mix (Applied
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Biosystem) in LightCycler® 480 Instrument II (Roche). The sequence of primers are
listed in Table 1. qPCR program was 95°C for 5 minutes, followed by 45 cycles of 95°C
for 10 seconds, 68°C for 10 seconds, and 72°C for 10 seconds. rps24 was used for an

internal control.

2.9 H&E Staining

For H&E staining, subject zebrafish were anesthetized in overdosed MS-222 and their
heads were cut off, washed in 1X PBS and then fixed in 4% PFA at 4°C for a week. After
washing with 1X PBS, the heads were decalcified in 15% EDTA. After dehydration in
30%, 50% and 70% ethanol, decalcified zebrafish heads were delivered to the Pathology
Core Laboratory of NHRI for paraffin embedding. 5 um sections were cut using a Leica
RM2135 rotary microtome and delivered to the Pathology Core Laboratory of NHRI for
standard H&E staining. Pictures were taken by Zeiss Axio Imager Al.
2.10 TUNEL Staining

For TUNEL staining, subject zebrafish were anesthetized in 0.02% MS-222 and their
heads were cut off, washed in 1X PBS and then fixed in 4% PFA at 4°C overnight.
Afterwards, the brains were dissected out from the head, washed in 1X PBS, immersed
in 15% sucrose for 3 hours and then 30% sucrose overnight at 4°C - Then the brains were

embedded in O.C.T (Tissue-Tek O.C.T Compound, Sakura, 4583) and 15 pm

16
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cryosections were cut using a Thermo Shandon Cryotome E Cryostat. TUNEL staining

was performed following the instructions from In Situ Cell Death Detection Kit,

Fluorescein (Roche). Pictures were taken under a confocal microscope with Leica TCS

Sp5 system.
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Figure 1. Genotyping of nicastrin"'3%*

(A) Gel electrophoresis of PCR products from wild type and nicastrin"!3%#* zebrafish
tissues. PCR products of wild type zebrafish only contain 500 bps DNA fragments, while

that of nicastrin"'*®*4 zebrafish contain both 300 and 500 bps DNA fragments. (B) exon1-

hil384

1, intron 1-1 and GT2.0 are primers designed for nicastrin allele genotyping.
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Figure 2. Scheme of T-maze Behavioral Test

(A) The schedule of T-maze behavioral test contains 5 days of pretraining, 2 days of
starvation, 5 days of training and 1 day of test. (B-D) Schematic pictures for pretraining
(B), training (C) and test (D) phase of T-maze behavioral test are shown (E) Sponge cubes

were used in pretraining, training, and test phase of T-maze behavioral test are shown.

doi:10.6342/N'TU201803306



Table 1. List of Primers for Quantitative Real-time PCR

Target Primer Type Sequence
rps24 Forward 5’-TGGTGTTCGTCTTTGGCTTCA-3’
Reverse 5’-ATGCCTCTAACTTTCTTCATTCTGTTC-3’
nicastrin Forward 5’-ATGGAGAAGCAGGTGTCAGAGAT-3’
(Lim et al., 2015) Reverse 5’-TCTCAGAAATCGCTGGAAGGA-3’
presenilin 1 Forward 5’-TTCCCAGCGCTCATCTACTC-3’
Reverse 5’-GGGAGCCATCGCAACTACCT-3’
oxytocin Forward 5’-CCATTCGACAGTGTATGCCGTG-3’
Reverse 5’-CATCTCACACGGAGAAGGGAGA-3’
clcal Forward 5’-GCTGAAACCGCAGAGCCTGGA-3’
Reverse 5’-GCTGGTTCATGCGGGTTTTGACA-3’

Table 2. G;up1 Values of Grubb’s Test

Number of Confidence Level (%)
Observations

n 99.5 99 95 90

3 1.155 1.155 1.153 1.148
4 1.496 1.492 1.463 1.425
5 1.764 1.749 1.672 1.602
6 1.973 1.944 1.822 1.729
7 2.139 2.097 1.938 1.828
8 2.274 2.221 2.032 1.909
9 2.387 2.323 2.11 1.977
10 2.482 2.41 2.176 2.036
11 2.564 2.485 2.234 2.088
12 2.636 2.55 2.285 2.134
13 2.699 2.607 2.331 2.175
14 2.755 2.659 2.371 2.213
15 2.806 2.705 2.409 2.247

Source: ASTM E178-00. “Standard Practice for Dealing with Outlying Observations”
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Chapter 3. Results

3.1 Behavioral Tests On nicastrin™3%** Zebrafish Larva
The importance of nicastrin gene in neuronal survival and functions has been
revealed (Tabuchi et al., 2009; Lee et al., 2014). Although nicastrin3%%* zebrafish are

phenotypically similar to their wild type siblings, their behaviors might be different. Thus,

hil384/+

I conducted the visual motor response test on wild type and nicastrin zebrafish larva

at 5 days post fertilization. The visual motor response (VMR) test was designed to

examine the mobility of zebrafish larva and their response to sudden light or dark stimulus

hil384/+

(Emran et al., 2008). The velocity of wild type and nicastrin zebrafish larva were

not significantly different which were measured by movement of the center point of the

hil384/+

animal. However, the activity of nicastrin zebrafish larva was increased in the light-

on period (Figure 3), which was measured by pixel changes in the entire arena, indicating

hil384/% zebrafish larva are more activated under light stimulus. On the other

that nicastrin
hand, ablation of nicastrin gene expression in homozygous nicastrin"*% zebrafish leads
to degeneration of retinal pigment epithelium (RPE), which might compromise vision

(Hsu et al., 2018, Ph.D Thesis). Nevertheless, nicastrin"3¥%* zebrafish larva could react

to light and dark stimulus as quickly as their wild type siblings, implicating that
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hil384/+ hil384/+

nicastrin zebrafish larva have normal vision. In conclusion, nicastrin

zebrafish larva can react normally to sudden light or dark stimulus and have higher

activity than wild type siblings under light exposure.

3.2 Adult nicastrin™3%#* zebrafish have intact retina

As mentioned above the retinal pigment epithelium is impaired in homozygous

hil384

nicastrin3% zebrafish but not in wild type or nicastrin"3¥%" zebrafish larva (Hsu, 2018).

Given the role of gamma-secretase functions in melanosome formation, the RPE layer of

hil384/+

nicastrin zebrafish might degenerate as they grow up. As a result, I carried out

hematoxylin and eosin staining on the eye sections of wild type and nicastrin"!384*

zebrafish at 3 month, 6 month, and 14 month of age (Figure 4). No deficit in the RPE

hil384/+

layers of nicastrin zebrafish at these three ages was found, suggesting that adult

hil384/+

nicastrin zebrafish have intact retina structure.

hil384/+

3.3 T-maze Behavioral Tests on nicastrin zebrafish

hil384/+

Preliminary data had suggested aged nicastrin zebrafish have learning and

memory deficits in a T-maze behavior test (unpublished data). We intended to find out

hil384/+

when the nicastrin zebrafish start to show cognitive decline. Therefore, adult wild

hil384/+

type or nicastrin zebrafish at 3, 6, 12 and 18 months of age were applied to T-maze
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behavior tests as described above (Figure 2). Given that there was a censoring time in the
T-maze behavioral tests (120 seconds), we used cox proportional hazard model to do
statistical analysis. In addition, there are some other factors might also contribute to the
results, such as mobility. Therefore, we made an adjustment for the velocity to exclude
the influence caused by variation in mobility of subject fish in our statistical model
(Chapter 2.6). The latency of finding food decreased through the training sessions (Figure
5), indicating that the subject fish could learn where to find the food in the training phase

of T-maze behavioral test. In addition, no significant difference in the finding-food

hil384/+

latency between wild type and nicastrin zebrafish at these four ages, which

suggested no significant difference in the learning behavior between wild type and

hil384/+

nicastrin zebrafish in 18 month of age (Figure 5). On the other hand, in the test

hil384/+

phase, the latency of wild type and nicastrin zebrafish at 3 and 6 month of age were

not significant, while the difference in finding-cube latency got more significant between

wild type and nicastrin"3%%"* zebrafish at 12 and 18 month of age (Figure 6). This data

hil384/+

implicated that nicastrin zebrafish suffer from age-dependent memory deficits.

Another factor that could affect the performance of subject fish in the T-maze
behavioral test is vision. There is no solid evidence suggesting that the vision of

nicastrin"3%%* zebrafish is normal despite that H&E staining displayed that no deficit

hil384/+ hil384/+

appeared in the eyes of nicastrin zebrafish (Figure 4). Moreover, nicastrin
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zebrafish larva could react to sudden light or dark stimulus as wild type fish (Figure 3).
Taken together, we think the significant difference in performance of wild type and
nicastrin3%%* zebrafish in the T-maze behavioral test was mostly attributed to cognitive
ability but not vision.

hil384/+

Original T-maze behavioral test showed that nicastrin zebrafish have age-

dependent memory deficits. However, we could not recapitulate this result. The latter T-

hil384/+

maze behavioral tests on 6 month wild type and nicastrin zebrafish still showed no

significant difference in learning and memory, whereas latter T-maze behavioral test data

on 12 and 18 month wild type and nicastrin™!3%%*

zebrafish were not significant, which
was inconsistent to the original T-maze behavioral tests (Supplementary Figure 1). One
possible reason is that we used different food in the latter T-maze behavioral test, because
the former food had been run out and unavailable. Therefore, the distinct behavioral
experiments results require further examination by a new behavioral test platform.

Conclusively, original T-maze behavioral data suggested that nicastrin®!384*
zebrafish have age-dependent memory decline, which could not be owed to discrepancy
in mobility or retinal structure. However, the fact that we failed to repeat the previous

result makes it ambiguous to draw the conclusion. More efforts have to be made to address

this problem, which will be discussed later.
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3.4 Transcriptomic Analysis On Adult nicastrin"*%* Zebrafish

To find out the mechanisms or which pathways are affected in the brains of adult

hil384/+

nicastrin zebrafish that can lead to age-dependent memory deficits, we used

microarray to analyze the transcriptome of the brains of subject wild type and

hil384+ zebrafish which had gone through original T-maze behavioral test. There

nicastrin
were 37669 genes analyzed in the microarray chip, and we found expression levels of
6733 (upregulation and downregulation), 5486 (upregulation and downregulation), 2206
(upregulation and downregulation) genes were significantly affected (p<0.05 and FDR

<0.05) in nicastrin!3%*

zebrafish at 3, 6 and 18 month of age respectively (Figure 7A-
B). By conducting disease and functional analysis on these affected genes, we found
neurodegeneration associated phenotypes were predicted to be activated in aged

hil384/+

nicastrin zebrafish while neuronal survival and functions associated phenotypes

were predicted to be inhibited (Figure 7C). The result suggested that nicastrin™!3%%*
zebrafish suffer from age-dependent neurodegeneration at transcriptional level.

In the following, we desired to know whether the subject nicastrin®'35* zebrafish
of latter behavioral tests showed age-dependent neurodegeneration as well in spite of the
failure to recapitulate original T-maze behavioral test results of age-dependent memory

deficits. We also conducted transcriptomic analysis by microarray on the subject zebrafish

of latter behavioral experiments. The results showed that expression levels of 1628 (774
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genes upregulated and 854 genes downregulated), 5654 (3629 genes upregulated and
2025 genes downregulated) and 2246 genes (971 genes upregulated and 1275 genes
downregulated) were affected (p<0.05 and FDR<0.05) in the brains of nicastrin™!3#*
zebrafish compared to wild type zebrafish at 6, 12, and 18 month of age respectively

(Supplementary Figure 2A-B). Furthermore, disease and functional analysis also

displayed similar age-dependent neurodegeneration patterns in subject nicastrin™!3%%*

zebrafish of latter behavioral experiments. In summary, transcriptomic analysis showed

hil384/+

nicastrin zebrafish has age-dependent neurodegeneration at transcriptional level.

3.5 Validation of Microarray Results by Quantitative Real-time PCR

hil384

Homozygous nicastrin mutation abrogates the expression of nicastrin mRNA

in zebrafish larva. However, the expression level of nicastrin mRNA in the brains of

hil384/+

nicastrin zebrafish had not been explored yet. 1 specifically looked into the

expression level of nicastrin mRNA in microarray results and found that nicastrin mRNA

hil384/+

expression in the brains of nicastrin zebrafish was downregulated (Figure 8A). In

addition, there are several reports suggesting that the expressions of y-secretase subunits

are interconnected (Steiner et al., 2002). However, the mRNA expression of other y-

hil384/+

secretase subunits in nicastrin zebrafish, including presenilin 1, presenilin 2, aph-1

and pen-2, were not significantly different from wild type despite the downregulation of
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nicastrin mRNA (Figure 8B-E). Next, we used qPCR to verify the microarray results and

hil384/+

found that nicastrin mRNA expressions decreased in nicastrin zebrafish, especially

at 12 and 18 month of age, which is consistent to age-dependent neurodegeneration
showed in transcriptomic analysis (Figure 9A). Interestingly, nicastrin expressions of

hil384/+

both wild type and nicastrin zebrafish at 6 month were siginifcantly lower

compared to other age, implicating that expression of nicastrin in the zebrafish brain is
age-dependent (Figure 9A). On the other hand, there was no significant difference in the
presenilin-1 mRNA expression between wild type and nicastrin"!3%%* zebrafish at the
same age (Figure 9B). Besides, the expressions of presenilin-1 were significantly
downregulated in 18 month wild type and nicastrin"3¥** zebrafish (Figure 9B).
Additionally, disease and functional analysis of both original and latter microarray

hil384/+

data showed 18 month nicastrin zebrafish have neurodegeneration at

transcriptional level. Therefore, I picked two genes, oxt and clcal from the microarray
results and conducted qPCR for verification. These two genes have been implicated to

involve in neurodegeneration and their expressions are significantly affected in the brains

hil384/+

of 18 month nicastrin zebrafish in both original and latter microarray results. oxt

gene encodes oxytocin, which is known as a hormone secreted from hypothalamus carries

neuroprotection effects (Tanyeri et al., 2015; Kaneko et al., 2016), and was downregulated

hil384/+

in 18 month nicastrin zebrafish brain shown by microarray and qPCR (Figure 10A,
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B). On the other hand, clcal gene encodes Calcium-activated Chloride Channel Regulator,

has been reported to participate in glutamate-induced excitotoxicity (Zhang et al., 2007,

hil384/+

Wahl et al., 2009), and was upregulated in 18 month nicastrin zebrafish brain in

our microarray and qPCR results (Figure 10A, C).

Conclusively, both microarray and qPCR display that nicastrin mRNA expression

hil384/+

was reduced in the brains of nicastrin zebrafish. Furthermore, oxt mRNA was

downregulated and clcal mRNA was upregulated in 18 month nicastrin!3%** zebrafish

brain, which might together lead to neuronal loss.

3.6 Detection of Apoptosis in Telecephalons of nicastrin™3%%* Zebrafish

hil384/+

As transcriptomic analysis demonstrated that nicastrin zebrafish have age-

dependent neurodegeneration at transcription level, we wondered if there are severe

hil384/+

neuronal apoptosis in nicastrin zebrafish brains. The telecephalon of zebrafish is

homologue of the cerebrum of mammals, which is essential for cognitive ability.

Accordingly, I conducted TUNEL staining on the telecephalon sections of wild type and

hil384/+

nicastrin zebrafish at 18 month of age. There were very few TUNEL signals on

hil384/+

both 18 month wild type and nicastrin zebrafish (Figure. 11), indicating that no

severe neuronal apoptosis appears in the telecephaon of nicastrin®3** zebrafish at 18

month of age.
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Figure 3. Visual Motor Response Test on 5 dpf Zebrafish Larva

Visual motor response test consisted of 3 hours of dark adaptation, and 3 times of 30-
minutes-light and 30-minutes-dark cycles. There is no significant difference in velocity
between wild type and nicastrin®3%%* zebrafish larva. On the other hand, the activity of

nicastrin"3%%* zebrafish larva during light period was higher than wild type zebrafish

larva. (WT: n=12 ; Het: n=27)
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Figure 4. Retinal Structure of Adult Wild type and nicastrin"3%*

Zebrafish

hil384/+

H&E staining displayed that the retinal structure of nicastrin zebrafish is similar to

that of wild type zebrafish at 3, 6 and 14 month of age and no deficit was found in the

hil384/+

RPE layer (red arrows) of both wild type and nicastrin zebrafish at these three ages.

(WT: n=3; Het: n=3)
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Figure 5. Learning Curves in Training Phase of Original T-maze
Behavioral Tests

Learning curves of both wild type and nicastrin"38*" zebrafish at 3, 6, 12, and 18 month
of age showed they learned where to find the food cube in the T-maze, as the latency
decreased through the training sessions. However, the learning curves of 6 and 18 month
subject fish were atypical because the latency on the first day of training phase was
decreased, which will be discussed in Chapter 4. No significant difference in learning
curve was found between wild type and nicastrin'3%** zebrafish at these four ages. (3m:
WT: n=11; HET: n=11. 6m: WT: n=11; HET: n=8. 12m: WT: n=10; HET: n=12. 18m:

WT: n=7; HET: n=9)
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Figure 6. Latency in Test Phase of Original T-maze Behavioral Tests

The latency in test phase was not significant different between wild type and
nicastrin™3%** zebrafish at 3 and 6 month of age. At 12 month of age, the latency of wild
type zebrafish was significantly shorter than nicastrin"*¥* zebrafish and the difference

became more significant at 18 month of age.
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Figure 7. Transcriptomic Analysis on Subject Zebrafish of Original T-

maze Behavioral Tests

(A) Overview of Microarray Data. (B) Venn Diagram of Total Number of Affected Genes

In The Microarray Data (C) Neurodegeneration were predicted to be activated and

neuronal survival and functions were predicted to be inhibited in aged nicastrin™!3%#*

zebrafish.
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Figure 8. mRNA Levels of y-secretase Subunits in Microarray Data
mRNA levels of nicastrin (A) were decreased in nicastrin®!3%%* zebrafish while mRNA
levels of other y-secretase subunits (presenilin-1 (B), presenilin-2 (C), aph-1 (D), pen-2

(E)) were not affected in microarray data.

34

doi:10.6342/N'TU201803306



A)

Ratio

nicastrin B) presenilin 1 3
1.59 * * 1.5 WT
Bl HET
1.0 1.0-
o
&
0.5+ 0.5
0.0- N - o N 0.0-
af < ¥ D & & as <

Figure 9. mRNA Levels of nicastrin And presenilin-1 in qPCR

Experiments
(A) Expression level of nicastrin was decreased in nicastrin®'33¥* zebrafish’s brains,

especially at 12 and month of age. (B) No difference in expression level of presenilin-1

appeared between wild type and nicastrin™!3%%* zebrafish’s brains at the same age.
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Figure 10. mRNA Levels of oxt And clcal in Microarray and qPCR

Experiments

(A) Fold Change of oxt and clcal mRNA Levels in Microarray Data (B-C) Fold Change

of oxt and clcal mRNA Levels in qPCR Experiments.
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Figure 11. Detection of Apoptosis in Telecephalon of 18 Month
nicastrin"3%%* Zebrafish by TUNEL Staining

Plenty of TUNEL signals shown in the positive control (DNase I treated) suggested
handling of TUNEL staining procedure was successful. No TUNEL positive signals

appeared in telecephalons of both 18 month wild type and nicastrin 35" zebrafish.
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Supplementary Figure 1. Learning Curves of Training Phase and
Latency of Test Phase of Latter T-maze Behavioral Tests
As the learning curves showed that finding food latency decreased through last three days

in training phase, we considered the subject fish learned where to find the food. No

significant difference in the latency of test phase between wild type and nicastrin35*

zebrafish in these four experiments. However, 18 month wild type zebrafish reached the

hil384/+

food location earlier than 18 month nicastrin zebrafish in the test phase.
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Supplementary Figure 2. Transcriptomic Analysis On Subject Zebrafish
of Latter T-maze Behavioral Tests

(A) Overview of Microarray Data. (B) Venn Diagram of Total Number of Affected Genes
In The Microarray Data (C) Neurodegeneration were predicted to be activated and
hil384/+

neuronal survival and functions were predicted to be inhibited in aged nicastrin

zebrafish.

39

doi:10.6342/N'TU201803306



Chapter 4. Discussions

4.1 Visual Motor Response of nicastrin"’%* Zebrafish Larva

hil384/+

In this study, visual motor response test revealed that nicastrin zebrafish larva

has higher activity but not velocity in the light period. Because wild type and

hil384+ zebrafish larva can move in the same velocity, the difference in activity

nicastrin
might not result from different motor ability, but from slight curling, tingling or whirling
implicating the neural circuits of photomotor response were activated at different level
between wild type and nicastrin"/3%%* larva. As the neural circuits of visual and non-
visual dependent photomotor behavior are different (Kokel et al., 2013), it’s interesting

hil384/+

to study which circuit triggers hyperactivity in nicastrin zebrafish larva.

Furthermore, we are not sure whether the hyperactivity phenotype would last as

nicastrin™384+

zebrafish grow up. Hyperactivity is related to several psychiatric
disorders, such as schizophrenia, attention deficit hyperactivity disorder (ADHD), etc.
Actually, it has been demonstrated that nicastrin loss of function in oligodendrocytes
resulted in hypomyelination in central nervous system and schizophrenia behaviors in
mice such as hyperactivity, increased exploratory behavior and repetitive grooming

(Dries et al., 2016). Moreover, myelination was predicted to be inhibited and

hypomyelination and demyelination was predicted to be activated in aged heterozygous
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hil384

nicastrin zebrafish in our microarray data (Supplementary Figure 2). As a result, it’s

intriguing to examine myelination level and psychiatric disorder phenotypes in adult

hil384/+

nicastrin zebrafish in the future.

4.2 T-maze Behavioral Tests

4.2.1. Factors That May Lead to Atypical Learning Curve

In the behavioral experiments which are required to train animals, normal subject

animals can perform better and better during training sessions. For example, in the T-

maze behavioral test, it is expected that subject animals can learn where to find positive

rewards and the latency will decrease through serial trainings, or where the negative

punishment is and escape from it (Doyle et al., 2017; Lal et al., 2018).

I have to admit that learning curves in the training phase of T-maze behavioral tests

in this study were mostly atypical (Figure 5 and Supplementary Figure 1). In my opinion,

subject zebrafish tended to quickly find the food cube on the first one or two days of

training phase. There are two reasons that can explain this situation in my study. First, we

starved the subject for two days before they entered training sessions (Figure 2), so the

subject fish suffered hunger and had more desire to look for food on the first day of

training phase. As appetite could affect the feeding behavior of zebrafish, it is important
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to keep subject zebrafish in a constant unsatieted state in food-based reward behavioral

experiments (Gerlai, 2016). Second, we didn’t let the subject zebrafish habituate in the T-

maze before starting training. As a result, the first day of training phase in this study is

the first time for the subject zebrafish to be put in the T-maze. It was likely that the

unfamiliarity leaded to anxious behaviors such as hyperactivity. Taken together, we

should adjust the scheme of T-maze behavioral test in the future to minimize the influence

from other emotions (extreme starvation and anxiety) on the behavior of subject zebrafish.

4.2.2. Age-dependent Memory Decline or Memory Development Failure ?

Original T-maze behavioral test displayed that performance of heterozygous

hil384

nicastrin zebrafish became significantly worse compared to wild type zebrafish of

same age as they grew old (Figure. 6). There are two reasons that can cause the

hil384/+

discrepancy. The first one is that nicastrin zebrafish suffer from age-dependent

memory decline. The other one is that cognitive ability of wild type zebrafish become

hil384/+

better as they grow up to 18 months of age and nicastrin zebrafish has memory

development failure. The latency in the test phase decreased in aged wild type zebrafish
compared to the young ones, whereas the latency remained the same in nicastrin™!3%4*
zebrafish at different age (Figure 6), which suggested that memory development failure

leaded to the behavioral discrepancy. However, one can argue that the age-dependent

latency decrease of wild type zebrafish might be batch effect as we had difficulty in
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maintaining water temperature and the subject zebrafish of different age came from

different parents, which could result in different cognitive baseline. From molecular point

of view, loss of function of nicastrin could impair y-secretase activity regulation which is

involved in both neuronal function and survival. As a result, it’s hard to tell which

mechanisms or both of them mentioned above resulted in the memory deficits in aged

hil384/+

nicastrin zebrafish. It’s necessary to untangle this problem by carrying out T-maze

behavioral test on wild type or nicastrin™!3%%*

zebrafish of same parent at different age

simultaneously in the future.

4.2.3. Reproducibility problem of T-maze behavioral test

As mentioned above, original behavioral test result demonstrated age-dependent

hil384/+

memory discrepancy between wild type and nicastrin zebrafish. However, we

failed to recapitulate the results in the latter experiments (Supplementary Figure 1). Initial

result showed the latency of wild type zebrafish in the test phase was significantly shorter

hil384/+

than that of nicastrin zebrafish at 12 and 18 month of age (Figure 6), whereas latter

results showed no significant difference since we had changed the food used in the T-

maze behavioral test (Supplementary Figure 1). It has been pointed out that the type of

food applied to behavioral test has influence on the experiment results (Manuel et al.,

2015; Gerlai, 2016). Nevertheless, 18 month wild type zebrafish still found food more

hil384/+

quickly than 18 month nicastrin zebrafish in latter T-maze behavioral tests
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(Supplementary Figure 1). Furthermore, transcriptomic analysis showed nicastrin3%%*

zebrafish have age-dependent neurodegeneration at transcription level (Figure 7 and
Supplementary Figure. 2). Accordingly, we still believe that nicastrin"*3¥* zebrafish
suffer from age-dependent memory deficits. In the future, we should set up different
behavioral platform by using different unconditional stimuli, such as sight of conspecifics,
electrical shock or sight of predators to address this problem (Al-Imari and Gerlai, 2008;

Xu et al., 2007; Bass and Gerlai, 2008; Gerlai et al., 2009).

4.3 What could we learned from microarray data ?

First, transcriptional analysis by microarray displayed that neurodegeneration
associated phenotypes such as apoptosis were predicted to be activated while
neurogenesis, neuronal survival and functions were predicted to be inhibited in the aged
but not in young nicastrin"33¥* zebrafish’s brains (Figure 7 and Supplementary Figure
2), suggesting age-dependent neurodegeneration at transcriptional level appears in

hil384/+ zebrafish. These results are consistent with previous report that loss of

nicastrin
nicastrin in neurons leads to progressive neurodegeneration, age-dependent memory loss
and synaptic dysfunction in mice (Tabuchi et al., 2009; Lee et al., 2014). Furthermore,

microarray results in this study indicate that the expression of genes that promote

neurodegeneration are upregulated and genes that prevent neurodegeneration are
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downregulated. Therefore, the next step is to find out those neurodegeneration-promoting
or neurodegeneration-preventing genes in the microarray data so that we can find the
pathways that lead nicastrin deficiency to age-dependent neurodegeneration.
Additionally, microarray results also validated that nicastrin mRNA expression was
decreased in the brains of nicastrin"*3%* zebrafish, which was further verified by gPCR
(Figure 8A and 9A). However, we didn’t know if the protein level of Nicastrin also

decreased in the brains of nicastrin!384*

zebrafish. It is known that the four components
of y-secretase can cross-regulate each other coordinately (Steiner et al., 2002; Zhang et
al., 2014). Furthermore, it has been reported that nicastrin deficiency downregulates the
levels of APH-1, Presenilin-1 and PEN-2 and disrupts their intracellular trafficking (Li et
al., 2003; Zhang et al., 2005). Therefore, in the future, it’s important to examine the
protein level of Nicastrin and other y-secretase subunits in the brains of nicastrin™!3%**
zebrafish.

Last, we found gene expression of two genes, oxt and clcal, which are involved in

hi1384/% 7 abrafish brains.

neurodegeneration are significantly affected in 18 month nicastrin
The mRNA level of oxt, which encodes oxytocin is downregulated while that of clcal
which encodes Calcium-activated Cloride Cannel Regulator was upregulated (Figure. 10).

Previous studies displayed that oxytocin could protect neurons from ischemia-induced

inflammation, oxidative stress, and excitotoxicity-induced cell death both in vitro and in
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vivo (Karelina et al., 2011; Kaneko et al., 2016). Furthermore, it was documented that
oxytocin-expressing neurons are significantly decreased in the hypothalamus of

Huntington’s Disease patients (Gabery et al., 2010). Therefore, downregulation of oxt

hil384/+

gene expression in 18 month nicastrin zebrafish brain could compromise the

neuroprotection effect. On the other hand, clcal was shown to involve in glutamate-
induced excitotoxicity triggered by extrasynaptic NMDA receptors, which could cause

cell death (Zhang et al., 2007; Wahl et al., 2009). As a result, upregulation of clcal gene

hil384/+

in 18 month nicastrin zebrafish brain could result in neuronal loss or neuronal

dysfunction. However, it’s unclear how nicastrin downregulation affects the expression
of oxt and clcal gene.

In conclusion, transcriptomic analysis predicted neurodegeneration in aged

hil384/+

nicastrin zebrafish at transcriptional level, verifying downregulation of nicastrin in

hil384/+

nicastrin zebrafish. Moreover, microarray and qPCR suggested downregulation of

hil384/+

oxt gene and upregulation of clcal gene in 18 month nicastrin zebrafish brain. It’s

interesting to study how nicastrin downregulation affects the expression of oxt and clcal

gene and find more candidate molecules from microarray data in the future.

4.4 Potential Neurodegenerative Phenotypes in nicastrin"3%*

Zebrafish

hil384/+

Although transcriptomic analysis predicted nicastrin leads to age-dependent
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neurodegeneration in zebrafish. However, TUNEL staining showed no significant

hil384/+

apoptosis in the telecephlons of nicastrin zebrafish at 18 month of age (Figure. 11).

Actually, I have conducted TUNEL staining on several telephalon sections from

hil384/+

nicastrin zebrafish at 3, 6 and 12 month of age and no severe apoptosis detected. A

possibility is that it is necrosis but not apoptosis developing in the telecephalon of

hil384/+

nicastrin zebrafish. However, we don’t know whether the number of neurons in the

hil384/+

telecephalon of nicastrin zebrafish will decrease as they grow old. In addition,

neuronal loss might appear at other brain regions, such midbrain or hindbrain. As a result,

I think what we can do next is to comprehensively examine neuronal number in the whole

hil384/+

brains of aged nicastrin zebrafish by conducting immunostaining with neuronal

hil384/+

markers such as HuC/D or acetylated tubulin or crossing nicastrin zebrafish to

zebrafish neuronal reporter lines to examin neuronal loss level in the brains of

hil384/+

nicastrin zebrafish. On the other hand, It would be interesting to examine if

hil384/+

nicastrin zebrafish carry other neurodegeneration phenotypes, such as

neuroinflammation, and synaptic loss. Additionally, it has been proved that

neurodegeneration in zebrafish could induce neurogenesis via an IL4-STAT6 dependent

pathway (Bhattarai et al., 2016). One of the feature of zebrafish, which is different from

mammals is that zebrafish can regenerate neurons throughout their life. Therefore, it

would be intriguing to evaluate the neurogenesis condition in the brains of nicastrin™!384*
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zebrafish in the future.

4.5 Comparison of nicastrin"3%*

Zebrafish to Previously Described
nicastrin-loss-of-function Animal Models

Nicastrin as a subunit of y-secretase which is involved in many biological pathways
and has an intimate relationship in maintaining neuronal survival and function. Loss of
nicastrin in neurons leads to progressive neurodegeneration in mice which is probably
via y-secretase dependent pathway (Tabuchi et al., 2009; Lee et al., 2014). Moreover,
either presenilin or nicastrin homolog deficiency also causes age-dependent
neurodegeneration in D.melanogaster as well (Kang et al., 2017), indicating that the role
of micastrin in neuronal protection is evolutionarily conserved. Accordingly, there is
reason to believe that loss of nicastrin in neurons will result in age-dependent

hil384/+

neurodegeneration in zebrafish. Consistently, nicastrin zebrafish showed potential

age-dependent memory deficits and age-dependent neurodegeneration at transcriptional

hil384/+

level. However, there are two features where nicastrin zebrafish is different from

previously mentioned nicastrin loss of function flies and mouse models. First, it is highly

hil384/+

possible that the expression of nicastrin in nicastrin zebrafish is downregulated not

only in neurons but also in other cells in nervous system, such as astrocytes,

microglia/macrophages, oligodendrocytes and even endothelial cells of capillaries in the
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brain. The effect of nicastrin deficiency on these cells are unclear and it's possible that

they work together to contribute to the neurodegeneration phenotypes of nicastrin 3+

zebrafish we observed so far. For example, depletion of nicastrin in oligodendrocytes

leads to hypomyelination in central nervous system, which probably happens in the brains

hil384/+

of nicastrin zebrafish but not in neuronal nicastrin conditional knockout mice

(Dries et al., 2016) (Figure 7 and Supplementary Figure 2). Second, nicastrin"35*
zebrafish remain a normal nicastrin allele, thus should be considered as a knockdown
model rather than a knockout model. We should keep in mind that different phenotypes
might occur between knockdown and knockout model of the same gene, which might be
attributed to genetic compensation in knockout model (Law and Sargent, 2014; Kok et
al., 2015; El-Brolosy and Stainier, 2017). Furthermore, different levels of knockdown
also likely to result in different phenotypes. For instance, genetic knockdown of Psn
(presenilin homolog of D. melnogaster) in fruit flies via sShRNA transgenic lines results
in 80%-90% Psn mRNA reduction and age-dependent neuronal loss (Kang et al., 2017).
On the other hand, heterozygosity of Psn only caused age-dependent learning and
memory deficits but not neuronal death in fruit flies (McBride et al., 2010). Taken together,

hil384/+

I believe that nicastrin zebrafish suffer from age-dependent neurodegeneration, and

hil384/+

it’s possible that the phenotypes of nicastrin zebrafish are different from those

previously published nicastrin-loss-of function animal models and thus could inform us
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some associations between nicastrin and neurodegenration that could not learn from
neuronal conditional nicastrin knockout models. However, although this study reveal
potential age-dependent memory decline and age-dependent neurodegeneration at

hil384/+  zebrafish, more solid neurodegeneration

transcriptional level in nicastrin

phenotypes need to be found in the future so that this model can be applied in

neurodegeneration study.
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Appendix. Antibody Test for Zebrafish Endogenous Tau

Protein

Appendix-1 Material Methods
Appendix 1-1 Western Blot

Dissected zebrafish brains were lysed with RIPA buffer (150 mM NaCl, 50 mM Tris-
HCI pH.8, 1% Triton X-100, 0.5% sodium deoxycholate, 50 mM B-glycerophosphate, 1
mM Na3VOs4 and protease inhibitor 1:500) and quantified by BCA assay. After
quantification, 1/5 volume of sample buffer was added, boiled at 98°C to denature
proteins. 30-50 pg of proteins were loaded and polyacrylamide gel electrophoresis (PAGE)
was conducted with 70 mV to separate proteins. Separated proteins in the polyacrylamide
gel were transferred to PVDF membrane at 4°C with 60 mV for 2.5 hours or 20 mV
overnight. Proteins on the PVDF membrane were washed with TBST, blocked in blocking
buffer (2% BSA in TBST) for 1 hr at RT or 4°C overnight. Then the PVDF membranes
were stained with primary antibody for 2 hours at RT or 4°C overnight, washed with
TBST for 10 minutes for 3 times, then stained with corresponding secondary antibody for
an hour at RT. Finally the membranes were washed with TBST for 3 times in an hour and
treated with ECL to develop luminescence. Images were acquired in the Advanced

Imaging System (UVP Biospectrum 500).
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Appendix 1-2 Mass Spectrometry

Peptides samples for mass spectrometry were prepared according to the standard

protocol provided from NHRI Core Facility for Proteomics and Chemistry. In short,

Zebrafish brain proteins lysates were acquired as mentioned. Targeted zebrafish Tau

protein candidate was immunoprecipitated by GTX129892 primary antibody and then

boiled in sample buffer at 98 °C for 5 minutes. The immunoprecipated lysate was

separated by PAGE (Figure A2. B). GTX129892-immunoprecipitated proteins which

were predicted zebrafish Tau proteins in the polyacrylamide gel were stained with silver

nitrate, cut down and destained in destaining working solution (15 mM K3[Fe(CN)¢], 50

mM Na;S,03), and then 20 mM NH4HCO:s. Next, acetonitrile was added for dehydration.

After acetonitrile was dried up in a CVE-3100 Centrifugal Evaporator (Eyela, Tokyo,

Japan), the disulfide bonds of proteins were removed by reduction in reduction solution

(10 mM dithiothreitol, 10 mM NH4HCO3) at 56 °C for 15 minutes and then alkylation in

alkylation solution (55 mM lodoacetamide, 10 mM NH4HCOs3) in the dark at room

temperature for 20 minutes. Then the proteins in the gel were washed with 10 mM

NH4HCO3/ 50 % acetonitrile and dehydrated in acetonitrile. After dry up of acetonitrile,

the proteins in the gel were treated with enzyme solution (10 ng/uL trypsin, 10 mM

NH4HCO3) at 4 °C. After the gel became transparent, 10 mM NH4sHCO3 was added and
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incubated at 37 °C overnight to digest the proteins into peptides. Later, the supernatant

was transferred to a new Eppendorf vial. To acquire as more peptides as possible, twice

peptides extraction procedures were carried out where the gel was treated with 50%

acetonitrile / 1% formic acid and sonicated for 10 minutes, and then the supernatant was

pooled with the former extracted peptides. Afterwards, the peptides were dried up

overnight. Next, 0.1% formic acid was added to dissolve peptides, and Zip-Tip was used

to remove remaining ions. Finally, the peptides were eluted with 10 pL elution solution

(75% acetonitrile, 1 % formic acid). Afterwards, the peptides sample was delivered to and

Mass Spectrometry (NanoUPLC-ESI-MS/MS) was conducted in the NHRI Core Facility

for Proteomics and Chemitry.

Appendix 1-3 Plasmid and mRNA Generation

First, zebrafish brain cDNA library was acquired as mentioned. The maptb cDNA

were PCR-amplified with a pair of primers (Forward:

GGGCCCCTCGAGATGGACCATCAGGACCACATG; Reversse:

GGGCCCTCTAGATCACAGGCCTTGTTTAGCAAGG) designed according to NCBI

database (XM _009299377). Then, the maptb cDNA fragments were subcloned into

pCS2+MT vectors at Xhol and Xbal sites (pCS2-MT-Maptb) (Figure A1). The sequence

was verified by DNA sequencing which was done by NHRI DNA sequencing Core Lab.
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Next the myc-maptb mRNA were synthesized following the instruction of mMASSAGE

mMMACHINE Sp6 Transcription Kit (Thermo).

Appendix 1-4 HEK293T cells Transfection

HEK293T cells were seeded in 9 mm? culture dishes at a density of 10° cells per dish
in 3 mL Dulbecco’s modified Eagles medium (DMEM) medium (Life Technology,
11995-040) supplemented with 10% FBS (GIBCO, 10437028) in 9 mm? culture dish in
an incubator at 37°C with 5% CO. for 24 hours to reach about 60% confluence befor
transfection. Afterwards, transfection was performed with Lipofectamine™ 3000
Transfection Kit (Invitrogen, L3000-001). Specifically, HEK293T cells were cultured in
with serum free medium, and 2 pg plasmid DNA and 10 pL Lipofectamine™ 3000
Reagent was used for each dish and incubated for 2 hours. Then the medium was replaced
with serum-containing medium and incubated for 24 hours. After 24 hours incubation,

transfected cells were ready for western blot experiments mentioned above.

Appendix 1-5 Zebrafish Embryo Microinjection
For microinjection, the injection needles were made by a micropipette puller
(MODEL P-97) with a fixed setup (heat 60, pull 180, vel 150, del 100, p 500, ramp 587).

120 ng of myc-maptb mRNA were injected into each zebrafish embryo. 24 hours after
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injection, 50 myc-maptb mRNA injected zebrafish embryos and control embryos (No
injection) were collected and the chorions were removed in 10 mg/mL pronase. The yolk
was removed by deyolking buffer (55 mM NaCl, 1.8 mM KClI, 1.25 mM NaHCO3) and
washed with deyolking wash buffer (110 mM NaCl, 3.5 mM KClI, 2.7 mM CaCl,, 10 mM
Tris-HC1 pHS.5). Afterwards the embryos were ready for subsequent western blot

procedure mentioned above.

Appendix 1-2. Results and Discussions

hil384 5 ebrafish brain were

As Tau proteins in aged heterozygous nicastrin
hyperphosphorylated in our preliminary study (unpublished data). Accordingly, it’s
intriguing to find out when the Tau proteins in the heterozygous nicastrin3%* zebrafish
brains start to be hyperphosphorylated. However, the antibody which had been used to
detect zebrafish endogenous Tau proteins was depleted and not available anymore.
Therefore, I managed to seek antibodies that can detect zebrafish endogenous Tau
proteins from several Tau antibodies developed to target human or mouse Tau (Table A1).
Initially, there were two antibodies from GeneTex, which are GTX129892 and
GTX130456, showed signals in zebrafish brain western blot (Figure A2.A). GTX129892

was developed to target human Tau proteins phosphorylated at Ser400, while GTX130456

was generated to target human Tau proteins phosphorylated at Ser198. The western blot
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signals derived from GTX129892 appeared at 70 kDa position (Figure A2.A), whereas

the signal derived from GTX130456 located at 55 kDa (Figure A2.A). Database on NCBI

shows zebrafish might carry both high molecular and low molecular weight Tau proteins,

indicating these two kinds of antibodies might detect different zebrafish Tau proteins.

However, we didn’t know whether these signals were truly derived from zebrafish

endogenous Tau proteins. For further examination, mass spectrometry was carried out on

GTX129892 purified proteins by immunoprecipitation (Figure A2.B). It turned out that

the protein which was bound by GTX129892 antibody was most likely to be DPYL3

(Dihydropyrimidase Like 3) (Table A2), but not zebrafish endogenous Tau proteins. On

the other hand, as there is difficulty to purify GTX130456-detected proteins, I managed

to overexpress zebrafish endogenous Tau proteins with six Myc tag on the C-terminal

(Figure Al) in HEK293T cells and zebrafish embryos, and examined whether

GTX130456 antibody could detect the overexpressed zebrafish endogenous Tau proteins

by western blot. GTX130456 antibody failed to detect overexpressed Myc-tagged

zebrafish Tau proteins in both HEK293T cells (Figure A2.C) and zebrafish embryos

(Figure A2.D). These results indicated that both GTX129892 and GTX130456 could not

detect zebrafish endogenous Tau proteins. As Tau proteins hyperphosphorylation is a

significant feature in many neurodegenerative diseases, it’s necessary to find out when

hil384/+

Tau proteins in the brains of nicastrin zebrafish start to be hyperphosphorylated.
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Therefore, we should develop antibodies that can specifically bind zebrafish endogenous

Tau proteins by ourselves, as it seems that all the commercial antibodies targeting human

Tau proteins cannot bind zebrafish endogenous Tau proteins.
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pCS2+MT+Maptb
5280 bp

Figure Al. The construction of pCS2-MT-Maptb plasmid
Maptb was inserted into pCS2 at 3’end of Myc tag between Xhol and Xbal restriction enzyme

cutting site.
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A) B)

hTAU HET WT
70 GTX129892 Lysate Sp P
55 GTX130456 70— GTX129892
55 mm 40 Actin
nee T EE Actin
c) HEK293T Mouse D) Tau
Myc N -Myc
N C -Tau WT AD ZF
GTX130456
55 mm . MYC
55 mm
——— |, . i

Figure A2. Test of Human Tau Antibody on Zebrafish Tau Proteins

(A) Among the tested human Tau antibodies, only GTX129892 and GTX130456 had signals
near 70 kDa and 50 kDa respectively. (nTAU represents mde3; mde4 zebrafish which can
generate human Tau proteins under the control of HuC promoter (Paquet et al., 2009)); HET:
nicastrin#¥*) (B) Immunoprecipitation with GTX129892 Antibody and Western Blot By
The Same Antibody In The Following. (SP: Supernatant; IP: Immunoprecipitated proteins) (C)
Western blot on HEK293T cells transfected with C (pCS2+MT) or Myc-Tau plasmids
(pCS2+MT+Maptb) or not transfected HEK293T cells. Mouse brain lysates from wild type or

Alzheimer’s disease mouse model were used as positive control. ZF: zebrafish. Myc-tagged
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zebrafish endogenous Tau proteins overexpressed in HEK293T cells (C) or zebrafish embryos

(D) couldn’t be detected by GTX130456 antibody.

Table Al List of Tested Tau Antibodies

Antibody Names Source Target Reactivity Concentration  Signal
GTX112981 Genetex pan-tau Human, Rat 1:1000 X
GTX129892 Genetex p400 tau Human, Mouse 1:2000 \Y
GTX130456 Genetex p198 tau Human, Mouse, Rat 1:2000 \Y/
GTX130462 Genetex pan-tau Mouse 1:1000 X
GTX116044 Genetex pan-tau Human 1:1000 X
GTX100866 Genetex pan-tau Human, Mouse 1:2000 X

Table A2 The Protein Matched to Peptides Hit in Mass Spectrometry

i Peptide i
Accession Symbol Score  Mass score Peptide sequence

. L . 52.29 SAADIISQAR
Dihydropyrimidase related protein 3
NP_001018348.1 100 61904 68.93 GTTTADDFTQGTK

(DPYSL3)
4301 AVTIASQTNCPLYVTR
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List of Abbreviations

%
WT
HET

nicastrin"i384*
dpf
M
mM
puL
ng
H&E staining
TUNEL
PCR
DNA
RNA
PBS
PFA
EDTA
gPCR
cDNA
bp
mMRNA
rps24
clcal

percentage degree
wild type zebrafish
heterozygous nicastrin™*3 zebrafish
heterozygous nicastrin™3+
Days post fertilization
molar
millimolar
microliter
microgram

hematoxylin and eosin staining

Terminal deoxynucleotidyl transferase dUTP nick end labeling

polymerase chain reaction

deoxyribonucleic acid
ribonucleic acid
phosphate buffered saline
paraformaldehyde
ethylenediaminetetraacetic acid
quantitative real-time PCR
complementary deoxyribonucleic acid
base pair

messenger ribonucleic acid

Ribosome Protein S24
Calcium-activated Chloride Channel Regulator
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