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Chapter 1: Introduction & Review of Literature

1.1 Neurons

Neurons are cells in the nervous system that receive and transmit signals to other cells.
Structurally, neurons consist of cells body or soma and the neurites which distinguishes the
neurons from other cells. Functionally, neurons can convert chemical signals to electrical
signals and transmit them across their lengths as action potentials. Neurites are the projections
from the cell body of the neurons which can be either axon or dendrites. Dendrites are highly
branched structures having high levels of protein synthesis activity, and are responsible for
forming connections with other neurons.
1.2 Neurodegeneration and neurodegenerative diseases

Neurodegeneration is age associated progressive loss of neuronal structure and
function. It ultimately leads to the cognitive decline and dementia which are associated with
age dependent neurodegenerative diseases. Neurodegeneration leads several diseases such as
Alzheimer’s disease (AD), Amyotrophic Lateral Sclerosis (ALS), Huntington’s disease (HD),

Parkinson’s disease (PD) and Batten Disease (Figure 1).
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Figure 1. Common neurodegenerative diseases (Gan et al., 2018).

1.3 Alzheimer’s disease (AD)
Alois Alzheimer was a famous German psychiatrist first described Alzheimer’s disease

in 1907. He observed that his patient, Auguste Deter 51-year-old woman had severely impaired
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her memory. After her death, Alois Alzheimer observed her brain histology by staining the
sections with silver stain. He found some cellular inclusions which were called amyloid-beta
plaques and neurofibrillary tangles (Bondi et al., 2017). These findings provided the foundation
for the researchers to study and investigate the mechanisms of the formation of the amyloid-
beta plaques and neurofibrillary tangles. In initial period of the AD related studies, research
was focused mainly on AP plaques as primary reason for AD. Later as the research progressed,
the formation and mechanisms of the NFTs and its association to the AD pathogenicity was
studied.

AD is an age dependent neurodegenerative disorder associated with loss of memory,
learning and cognitive impairment. Mostly people older than 65 years are more at risk for AD,
but it’s not only disease of old people, about 5 % of people with disease have early onset AD.
Early onset disease symptoms occurs at theirs 40s and 50s (Alzheimer’s Association,

https://www.alz.org/alzheimers-dementia/facts-figures). AD is mainly caused due to the

aggregation of the abnormally processed Amyloid-B (AB) and hyper-phosphorylated Tau
protein (Lee etal., 2004). Some other risk factors for AD are aging, family history and heredity.
The age-related alterations in AD include shrinkage of certain brain parts, inflammation,
production of free radicals, and mitochondrial dysfunction. There are greater chances of AD if
there IS any AD patient in family (Alzheimer’s association,

https://www.alz.org/alzheimers_disease_causes_risk factors.asp). AD brain show shrinkage

in the hippocampus and cortex reason as well as enlargement of the ventricles (Figure 2)

leading to the impairments in the memory, learning and cognition.
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Figure 2. Morphological differences between healthy and AD brain (Source: Alzheimer’s association).

Green arrows highlight the shrinked cortex, hippocampus and enlarged ventricles.

The pathological hallmarks of AD are Amyloid plaques and the neurofibrillary tangles
(NFTs) (Grundke-igbal et al., 1986; Grundke-Igbal et al., 1986b). These are abundantly present
in the degenerating neurons. Amyloid plaques are composed of the Amyloid peptides
differentially cleaved from Amyloid precursor protein (APP) (Lee et al., 2004). -site APP-
cleaving enzyme (BACE) and y-secretases increases the formation of the Amyloid peptides by
proteolytic cleavage of the APP. Neurofibrillary tangles are formed by abnormally
phosphorylated Tau proteins within the affected neurons (Grundke-Igbal et al., 1986b;
Kotzbauer et al., 2004; Lee et al., 2004).

Memory and cognitive loss are most common clinical symptoms of the AD. Cognitive
symptoms of AD includes mental decline, difficulty in thinking and understanding, or inability
to remember common things. AD causes poor judgement, vision problems, forgetting people
and changes in mood, personality and behaviour. Patient often withdraws from social or work

activities.

There is no treatment available to cure the disease effectively. Patient needs special care
and attention. Aricept is the only treatment approved by the FDA for all mild, moderate, and
severe stages of Alzheimer’s disease. Some other drugs which are currently being used for

treating AD are Razadyne and Memantine.

1.4 Pathological hallmarks of AD

Alzheimer’s disease brain is diagnosed with the presence of extracellular plaques
known as Amyloid plagques and the neurofibrillary tangles (NFTs) (Figure 3). The formation
of these plaques and tangles are distinctive hallmarks of AD and ultimately cause the death of

affected cells.
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Figure 3. Pathological hallmarks of AD. Amyloid plaques are present extracellularly and NFTs
(Tangles) are intracellular clumps of Tau protein. Arrow indicates the series of events involved in the
formation of the NFTs (Jaruszewski et al., 2012).

Amyloid Plaques
Amyloid plaques are formed through abnormally processed amyloid protein by BACE

and y-secretases. Abnormally processed amyloid protein forms insoluble oligomers which are
toxic to the neurons. These plaques are present extracellularly and lead to the initiation of
toxicity in the neurons. Cleavage of the APP by B-secretase (BACEL) and y-secretase leads to
the formation of the amyloid- B (Ap) peptides of different lengths including the AB40 and Ap42
(Hardy and Selkoe, 2002; Jin et al., 2011; Selkoe and Hardy, 2016). Ap42 is main player in
pathogenicity of AD as it is more likely to form the aggregates.

One of the major factor in the AD pathogenicity is the ratio of AB40 to AB42. Healthy
individuals have high amount of AB40 and lower amount of the AB42. In diseased condition,
this healthy ratio of the AB40 to AP42 is disturbed and AB42 levels are elevated. As AP42 have
high tendency to aggregate and form the fibrils, increased levels of AB42 in diseased condition
leads to the formation of aggregates, protofibrils and ultimately amyloid plaques (Chévez-
Gutiérrez et al., 2012; Hardy and Selkoe, 2002; Jin et al., 2011).
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Neurofibrillary Tangles (NFT5)

NFTs are present in the affected neurons. These tangles are formed due to the presence
of abnormally phosphorylated Tau protein (Grundke-igbal et al., 1986). Tau protein when
abnormally phosphorylated, disintegrates from microtubules and actin and forms toxic
insoluble oligomers (Pope et al., 1994; Takahashi et al., 1999a). Physiologically Tau binds and
stabilizes the microtubules but the hyperphosphorylation aggregates Tau into insoluble
structures forming the straight filaments (SFs) and paired helical filaments (PHFs) (Grundke-
Igbal et al., 1986b; Igbal et al., 1998). SFs are the short Tau filaments whereas PHFs are
composed of two or more twisted helical filaments of the abnormally hyperphosphorylated Tau
protein. These PHFs aggregate together leading to the formation of the NFTs and can be
characterized by the abnormal accumulation of Tau in the cytoplasm (Kobayashi et al., 2017,
Li and Go6tz, 2017a). Other than destabilization of the microtubules, NFTs causes neuronal
degeneration (Bramblett et al., 1993; Falke et al., 2003; Sun et al., 2016; Williams et al., 2000),
synaptic dysfunction, abnormal axonal transport, mitochondrial dysfunction and reduced
mitophagy (DuBoff et al., 2012; Fang et al., 2019; Kerr et al., 2017; Mclnnes et al., 2018;
Pooler et al., 2014). The load of the NFTs is directly related to the severity of the diseases, as
the load and formation and spreading of the NFTs increases the severity of the Alzheimer’s

disease and cognitive impairments also increases (Braak and Braak, 1991).

1.5 Tau Protein

In 1975, Kirshner laboratory was dealing with tubulin polymerisation they found a heat
stable protein called Tau, which is important for tubulin polymerisation initiation and growth.
They isolated Tau protein which is associated with tubulin from porcine brain capable of
microtubule seedling ,assembly and stabilization (Weingarten et al., 1975)(Witman et al.,
1976). Tau protein is encoded by human Microtubule Associated Protein Tau (MAPT) gene
(Grundke-igbal et al., 1986). MAPT gene is located on human chromosome 17g21 position
and consists of total 16 exons out of which 11 exons encode six different isoforms of Tau
protein through alternative splicing. Exon no 2 and 3 encodes for the two inserts at N-terminal
end and exon no 10 encodes for the repeat 2. Alternative splicing of exon no 2, 3 and 10 leads
to six different isoforms of protein Tau (Caillet-Boudin et al., 2015). We are interested in full
length 441 amino acid long isoform protein which is encoded by mRNA transcript variant 2
(Figure 4).
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Figure 4. Schematic representing human MAPT gene structure and alternative splicing of the full-
length 2N4R Tau Protein.

Tau is microtubule (MT) associated protein. It binds to microtubules and stabilizes
them. The binding affinity of Tau to microtubules is regulated by the Tau protein
phosphorylation. Tau is phosphorylated at MT binding site by Fyn kinase (Lee et al., 2004).
When the Tau is hyperphosphorylated, it detaches from MT and aggregates. This consequently
leads to the formation of Neurofibrillary tangles (NFTs). NFTs are toxic to cell and causes
degeneration of the affected neurons (Bhaskar et al., 2005; Lee, 2005).
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Figure 5. Domain structure of the Tau protein. Tau has N-terminal projection domain which assists in
binding of Tau to microtubules and provides stability, proline rich domain which facilitates the
interaction with other proteins and microtubule binding.
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1.6 Post-translational modifications of Tau affecting AD pathogenicity

Tau protein undergoes several post translational modifications (PTM) like
phosphorylation, nitration, glycosylation, acetylation, and ubiquitinylation for performing
various physiological functions. During AD disease progression, phosphorylation is the most
severely affected PTM of Tau which is altered aberrantly leading to the formation of toxic
insoluble oligomers and tangles of Tau (Grundke-Igbal et al., 1986b, 1986a; Lee et al., 2004).
Other PTM such as acetylation, ubiquitination , and glycosylation (Liu et al., 2002), are also
affected in AD, but their role in AD is not well studied yet. In AD progression and
pathogenicity, there can be possible cross talk between two or more PTM which influences and
increases the aggregation and formation of the NFTs leading to Tau toxicity (Martin et al.,
2011). Following figure depicts the important post translational modifications of Tau which

are associated with the progression of AD (Figure 6).
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Figure 6. Post-translational modifications of Tau.

1.6.1 Tau phosphorylation

Tau has total 85 phosphorylation sites out of which 45 are serine, 35 are threonine and
5 are tyrosine residues (Buée et al., 2000; Hanger et al., 2009; Sergeant et al., 2008).
Physiological levels of Tau phosphorylation are maintained by the balanced activity of protein

kinases and protein phosphatases. AD brain studies have revealed the increased activity of the
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GSK-3p kinase as it is hyperactive in diseased condition and causes hyperphosphorylation of
Tau (Hye et al., 2004; Leroy et al., 2007; Swatton et al., 2004). GSK3p phosphorylates Tau at
T231 which further enhances aberrant phosphorylation at C-terminal of Tau and promotes the
NFTs formation (Cho and Johnson, 2003; Rudrabhatla and Pant, 2010). Other Ser/Thr kinases
such as cyclin dependent kinase 1 (CDK1) (Patrick et al., 1999; Swatton et al., 2004; Tandon
et al., 2003), dual specificity tyrosine phosphorylation and regulated kinase 1A (DYRK1A)
(Dowjat et al., 2007; Kimura et al., 2007; Ryoo et al., 2008), have also been found with
increased activity and also elevated levels of p38 (Johnson and Bailey, 2003; Swatton et al.,
2004) were found in AD brain studies. Casein Kinase 1 (CK1) (Schwab et al., 2000; Yasojima
et al., 2000) and MAPKSs (Feijoo et al., 2005) also phosphorylate Tau and their increased
activity hyperphosphorylates Tau protein leading to the formation of the NFTs (Zhu et al.,
2000). Other than Ser/Thr, Tau is also hyperphosphorylated at tyrosine residues by various
kinases such as Src (Lee, 2005), Lck (Williamson et al., 2002), Syk (Lebouvier et al., 2008),
Fyn (Lee et al., 2004) and C-abl kinase (Derkinderen et al., 2005). Balance of these kinases
activity and phosphorylated Tau levels are maintained by the activity of protein phosphatases.
During AD pathogenesis, the activity of the protein phosphatases is reduced or inhibited.
Protein Phosphatase 2A (PP2A) is the most common and widely used phosphatase which
dephosphorylates Tau protein (Gong et al., 1993, 2005; Kuszczyk et al., 2009). PP2A activity
is reported to be reduced by 50% in AD brains(Gong et al., 1993). Another study revealed the
presence of inhibitors 1/2 of PP2A (1,°°?A & 1,°°?4) in AD brains suggesting that inhibition of
PP2A activity in AD pathogenicity (Chen et al., 2008; Tanimukai et al., 2005). Reduced
activity of phosphatases may induce the aberrant activity of protein kinases which imbalances
the phosphorylation levels of Tau leading to hyperphosphorylated Tau which is the major cause
for the formation of the NFTs and AD progression.

1.6.2 Other Post-translational modifications of Tau

Tau has four reported nitration sites so far. Nitration is involved in aggregation of Tau
(Horiguchi et al., 2003). In diseased condition, both soluble and insoluble fractions of Tau are
nitrated at tyr29 (Cappelletti et al., 2004; Reynolds et al., 2006a). Nitration of Tau at tyr29
reduces the tubulin binding ability of Tau (Reynolds et al., 2006b) leading to the formation of
the NFTs (Zhang et al., 2005). Tau protein is also nitrated at Y18 (Reyes et al., 2008), Y197
and Y394 residues (Reynolds et al., 2005) but further studies are required to understand their

role in Tau pathogenicity.
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Tau protein is also found to be aberrantly glycosylated in AD brain (Takahashi et al.,
1999b; Wang et al., 1996). Tau phosphorylation and glycosylation are negatively related to
each other, O-glycosylation of Tau protein reduces its phosphorylation (Lefebvre et al., 2003;
Liu etal., 2009). A study by Liu et al also found that Tau glycosylation phosphorylation of Tau
by GSK3p, CDK5 and PKA (Wei and Liu, 2002). Tau has total eleven glycosylation sites out
of which four sites are found to be glycosylated (Shane Arnold et al., 1996). Tau glycosylation
may protect the hyperphosphorylation of Tau and reduce the formation of the NFTSs.

Tau protein is ubiquitinated at K253, K254, K311 and at C-ter domain of Tau for its
degradation (Cripps et al., 2006; Morishima-Kawashima et al., 1993). AD brain studies had
revealed the presence of the polyubiquitinated Tau in paired helical fragments (PHFs) (Igbal
et al., 1998; Igbal and Grundke-Igbal, 1991).

Tau oxidation can happen at C322 in R3 domain (Schweers et al., 1995) and oxidation
of Tau can lead to the formation of the PHFs (Landino et al., 2004; Schweers et al., 1995).
Further studies are required to understand the effect of Tau oxidation on AD pathogenesis.
During disease progression, Tau also undergo prolyl-isomerization (Bulbarelli et al., 2009;
Zhou et al., 2000) and truncation (Basurto-Islas et al., 2008; Horowitz et al., 2004) as disease
associated post translational modifications.

Other than these modifications, Tau protein is also modulated by several interactive

partners which affects the Tau pathogenicity in AD.

1.7 Tyrosine phosphorylation of Tau

Serine and threonine residues phosphorylation and their implications in AD has been
studied widely and their role in disease progression is very much know but recent studies and
evidences suggests the involvement of the Tyr phosphorylation in the AD (Derkinderen et al.,
2005; Lee et al., 2004; Usardi et al., 2011a; Wang et al., 2013), but the exact mechanisms and
impacts of tyrosine phosphorylation in AD progression are not known yet. Abnormal Tyrosine
phosphorylation of the Tau also leads to the formation of the NFTs, which is also considered
as a pathological hallmark of AD (Lee et al., 2004).

Physiologically, tyrosine phosphorylation of the Tau plays an important role in signal
transduction and cell communication (Lee et al., 1998; Li and Go6tz, 2017b). In AD,
dysregulation and increased activity of the Src kinases such as Src, Abl and Fyn leads to the
tyrosine hyperphosphorylation and NFTs formation (Bhaskar et al., 2010; Lars M. Ittner et al.,
2010a; Lee et al., 2004; Trepanier et al., 2012). Further, tyrosine phosphorylation may
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influence the serine/threonine phosphorylation and have a synergistic effect on the Tau
hyperphosphorylation, NFTs formation and AD progression. One of the important Src kinase
which phosphorylates Tau at tyrosine is Fyn. It has been found in AD brain studies that
increased activity of the Fyn kinase causes the hyperphosphorylation of Tau at tyrosine leading
to the AD (Chin et al., 2005; Lee et al., 2004; Liu et al., 2020; Poulsen et al., 2017; Usardi et
al., 2011a).

Taking together, the mechanism and implications of the tyrosine phosphorylation on
NFTs formation and AD progression are not well understood. Further studies are required to
elucidate the importance of the tyrosine phosphorylation of Tau and its mechanism in AD
progression or Tauopathies. Understanding the mechanism and signalling cascades involved in
Fyn mediated tyrosine phosphorylation of Tau will offer better opportunities and therapeutic

targets for AD and Tauopathies.

1.8 Fyn Kinase

Human FYN kinase is a Src-family non-receptor tyrosine kinase. Src family kinases have
modular nature and consist a unique N-terminal sequence. They play a key role in regulating
signal transduction. Excess activity of Fyn kinase causes disorders such as Alzheimer’s and
Parkinson’s disease (Lee et al., 2004; Matsushima et al., 2016). Fyn kinase has four domains,
SH1 domain at C-terminal, two central SH2 and SH3 domains and SH4 domain at N-terminal
end (Boggon and Eck, 2004). SH1 domain is also known as kinase domain and regulates the
activity of the kinase. SH2 and SH3 domains mediate protein-protein interaction and SH4
domain facilitates the membrane binding through palmitoylation of its ‘Met-Gly-Cys’ motif
(Usardi et al., 2011b)(Lau et al., 2016). Kinase activity is controlled by phosphorylation and
dephosphorylation of Tyr531 and Tyr420 at the C-terminal tail. When this Tyr-531 residue at
C-terminal tail is phosphorylated by Csk kinase, it represses the kinase activity. At the level of
transcription, two isoforms are generated through alternative splicing of exon-7 in human:
FynT and FynB. FynT is found in T-cells and has exon 7B whereas FynB is found in brain
cells and has exon 7A (Nygaard et al., 2014). The difference between the two is of 50 amino
acids at the end of SH2 and beginning of kinase domain. This 50 amino acid sequence
encompasses the linker sequences that differentiates T & B isoforms of Fyn (Koc et al., 2017).

28




Fyn Kinase: An Src family kinase |

®
Y420 M?»'l

N— SH4 SH3 SH2 SH1 —C
l l | |
| Membrane bindingl | Protein-protein Interaction I | Kinase domain I

Figure 7. Schematic representing domain structure of human Fyn Kinase. Fyn kinase has four Src
homology domains. SH1 domain is kinase domain which contain two phosphorylation sites at Y420
and Y531. Y531 is inhibitory phosphorylation site whereas Y420 is activation phosphorylation site.

1.9 Regulation of activity of Fyn Kinase

Fyn kinase has a kinase or activity domain (SH1) at the C-terminal end which regulates
the activity of Fyn kinase. It has two regulatory tyrosine residues, Tyr420 and Tyr531. Fyn
kinase was regulated by two tyrosine residue Y531 and Y420 present at the C-terminal region
(Nguyen et al., 2002). The phosphorylation at the 531-tyrosine residue inactivates the Fyn
kinase activity and sequester the SH2 and SH3 domains of the Fyn. Csk (C-terminal src kinase)
is one of the kinases for inhibitory phosphorylation of Fyn (Gerbec et al., 2015).The auto
phosphorylation of 420" tyrosine residue of Fyn stabilize the active states (Kramer-Albers and
White, 2011). PTPa (Protein Tyrosine Phosphatase alpha) and SHP1 (Src Homology 2
Domain-containing Phosphatase 1) dephosphorylates Fyn at tyrosine 531 which exposes the
tyrosine 420 for auto phosphorylation and activation of the Fyn kinase (Chin et al., 2005;
Sontag et al., 2012; Yang et al., 2011) (Figure 8).
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Figure 8. Regulation of the activity of the Fyn kinase by auto phosphorylation of Tyr420 and
dephosphorylation of Tyr531 residues. PTPa (Protein Tyrosine Phosphatase alpha) and SHP1 (Src
Homology 2 Domain-containing Phosphatase 1) are the negative regulators of Fyn kinase which

dephosphorylates tyrosine in Fyn and regulates its activity.

1.10 Tau and Fyn interaction in AD

The upregulated Fyn positive neuron was shown hyperphosphorylated Tau in the
hippocampus region of AD patient brain (Shern K; John G., 1993). Fyn can directly
phosphorylate Tau in co-transfected COS7 cell lines and indirectly phosphorylate Tau by
activation of GSK3p through Fyn kinase (Lee et al., 1998; Lesort et al., 1999). Fyn kinase
mediated tyrosine 18 phosphorylation of Tau may influence the phosphorylation of the
serine/threonine phosphorylation but the mechanism by which tyrosine 18 phosphorylation

affects the serine/threonine phosphorylation is not known yet.

Recent observations from Guangxiu Lu and group (Liu et al., 2016), show that
microRNA (miR-106b) suppress the Fyn kinase activity which in turn leads to decreased Tau
phosphorylation and ameliorates neurodegeneration (Liu et al., 2016). The knock out study of
miR-369 in AD mice model shows that increased Fyn Kkinase activity leads to
hyperphosphorylation of Tau and enhanced cognitive impairment (Yao et al., 2020). Similarly,
increase in activity of Fyn kinase was observed in miR-106b knock-out and AP induced
SHSYS5Y cell-lines whereas miR-106b overexpression suppressed tyrosine-18 phosphorylation

and Fyn kinase activity (Liu et al., 2016). Expression of miR-369 and miR-106b was found to
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be less in AD patients, and restoring of microRNA levels reduces phosphorylation state of the
Tau in AD models. Both microRNA can be potential therapeutic targets for the treatment of
AD.

Tau and Fyn interaction is very critical for AD pathogenesis (Lee et al., 1998).The
interaction between Fyn and Tau is important for oligodendrocytes outgrowth and myelination
(Klein et al., 2002). During physiological development, Fyn phosphorylates Tau at the Tyr-18
residue in the early neuronal development of mice, but no Tyr-18 phosphorylation was
observed in the adult mice. Even though the Fyn mediated phosphorylation of Tyr-18 was
observed in the AD brain (Lee et al., 2004). The constitutively activated Fyn can accumulate
at the spines and activate NMDA receptor leads to downstream phosphorylation of Tau at the
S202/T205 position (Xia and Gotz, 2014). Fyn also mediates somatodendritic translation and
accumulation of Tau (Li and Gotz, 2017b), suggesting the dendritic neurotoxicity of Tau
Psuedophosphorylation of Tau at T231/S235, S262/S356 or S396/404 can target Tau to spine
compartment (Xia et al., 2015) suggesting the possible role of dendritic Tau in dendritic

neurodegeneration .

1.11 The dendritic Tau mediated neurodegeneration

Recent studies have shown the importance of the extrasynaptic signalling in dendrites
in AD (Bordji et al., 2010; Li et al., 2011). Studies with AD brain and AD models has shown
that dendritic abnormalities such as dystrophic dendrites (Cochran et al., 2014; Southard,
1910), simplified dendritic branching and complexity (Baloyannis, 2009; Mehraein et al.,
1975), and loss of spines (de Ruiter and Uylings, 1987; Flood et al., 1987) are associated with
progression of the AD. Tau is physiologically an axonal protein and present in dendrites at very
low levels which is non detectable. Physiologically Tau is enriched in axons (Zempel et al.,
2010) but also present in lower amount in dendrites and synapses (Chabrier et al., 2012; Lars
M. Ittner et al., 2010b; Mondragdn-Rodriguez et al., 2012a). During early pathogenesis of AD,
Tau is found to be mislocalized in the dendrites (Zempel et al., 2010). Whereas AP treatment
to the neurons and hyperphosphorylation of Tau also leads to its mislocalization into the
dendrites (Congdon et al., 2008; Zempel et al., 2010; Zempel and Mandelkow, 2012). Several
studies found that phosphorylation of the Tau at KXGS motifs by MARK/PAR-1 kinases
promotes synaptotoxicity and dendritic spine abnormalities (Gu et al., 2013; Mairet-Coello et
al., 2013). Also, phosphorylation of Tau at Ser 202 and Ser 205 correlates with the dendritic
Tau mislocalization (Li et al., 2011; Zempel et al., 2010). Both of these facts state that
phosphorylation of Tau at both KXGS motifs and AT8 sites (Ser 202 and Ser 205) is associated
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with dendritic mislocalization and abnormalities and dendritic functions. Elevated soluble Tau
in dendritic region targets Fyn aberrantly to the synapse leading to the abnormal increased
phosphorylation of NR2B subunit of NMDA receptors which promotes excitotoxicity
(Nakazawa et al., 2001; Rong et al., 2001). Taking together, all these observations suggest that
mislocalization of Tau into dendritic region elicits the aberrant Fyn mediated signalling leading

to the dendritic abnormalities in AD pathogenesis.

1.12 Background of study

Tau functions as a microtubule-associated protein, effectively binding to microtubules
to provide stability, thus aiding in the formation of the cytoskeleton. Beyond its role in
microtubule stabilisation, Tau also interacts with actin, contributing to the creation of a
functional cytoskeleton. Interaction of Tau with microtubules is facilitated by its microtubule
binding domain (MTB domain), enabling proper integration and stabilization. However, in
conditions like Alzheimer's disease or other pathological states, Tau protein undergoes
abnormal hyperphosphorylation, leading to the aggregation of insoluble structures known as
paired helical filaments (PHFs).) (Grundke-Igbal et al., 1986b; Igbal et al., 1998). PHFs are
composed of two or more twisted helical filaments of the hyperphosphorylated Tau protein.
These PHFs aggregates together leading to the formation of the NFTs and can be characterized
by the abnormal accumulation of Tau in the cytoplasm (Kobayashi et al., 2017; Li and Gétz,
2017a).

NFTs are pathological hallmarks of AD, which are composed of the abnormally
phosphorylated Tau protein and its aggregates. Research has revealed that
hyperphosphorylated Tau loses its ability to interact with microtubules and actins via its
binding domains. Consequently, the hyperphosphorylation of Tau results in the breakdown of
the cytoskeleton and the emergence of neurofibrillary tangles. Ultimately, these tangles play a
pivotal role in driving cellular degeneration and eventual cell death (Grundke-Igbal et al.,
19864, 1986b; Igbal et al., 1998; Russell et al., 2016).

Tau protein is phosphorylated at Ser/Thr residues and also Tyr residues for their normal
function. In AD, it has been found that Tau is hyperphosphorylated at Ser/Thr residues. While
there are total 85 phosphorylation sites out of which 45 are serine, 35 are threonine, there are
only five Tyrosine residues that can be phosphorylated. Tau is also known to be
hyperphosphorylated at Tyrosine residues, particularly at the Tyrosine-18 (Tyr 18) residue.
Many studies so far have been focused on the role and effects of Ser/Thr hyperphosphorylation

in AD, however, not much is known about the role of Tyrosine phosphorylation in physiology

32




and pathology of Tau. Recently, it has been found that hyperphosphorylated of Tau at Tyr18
inhibits its interaction or binding with the microtubules (Lau et al., 2016; Lee et al., 2004).
Abnormally phosphorylated Tau is also known to affect other key cellular processes in neurons
like mitochondrial transport, fusion and fission (DuBoff et al., 2012; Guo et al., 2017;
Lustbader et al., 2004; Stojakovic et al., 2021) (Figure 9).

In addition to the tyrosine phosphorylation of Tau, Fyn kinase also mediates the
Amyloid-f toxicity through modulating the glutamate neurotransmitter release (Um et al.,
2012). Phosphorylation of the GIuUN2B subunits of N-methyl-D-aspartate receptor (NMDAR)
by Fyn initiates the binding of Post-Synaptic Density 95 (PSD-95) protein for the formation of
stable complex. This interaction increases the signalling cascade for the release of the
glutamate. AP binds to the NMDA receptors of the glutamate and disturbs the calcium
homeostasis which triggers excitotoxicity (Chen et al., 2013; Talantova et al., 2013).

Accumulation of abnormally phosphorylated of Tau takes place within the neuron's cell
body. Within the somatic dendritic region, it cannot stabilize actin structures and additionally
contributes to the presence of unusually elongated mitochondria (DuBoff et al., 2012; Li and
Gotz, 2017a). Hyperphosphorylated Tau also binds and helps in the translocation of Fyn kinase
to the dendrites (Lars M. Ittner et al., 2010b). In dendrites, Fyn kinase interacts and
phosphorylates NMDAR. Activated NMDAR makes a complex with PSD-95, activated Fyn
and Tau which triggers the toxic pathways involved in synaptic dysfunction (Snyder et al.,
2005), excitotoxicity (Milnerwood et al., 2010; Palop et al., 2007; Roberson et al., 2011), Tau
hyperphosphorylation (Lars M Ittner et al., 2010; Nisbet et al., 2015), and synaptic protein
trafficking (Melom and Littleton, 2011; Toénnies and Trushina, 2017), leading to the
degeneration of the dendrites and ultimately leading to the neurodegeneration. Based on the
importance of the Fyn kinase in modulating the toxicity in AD (Poulsen et al., 2017; Yang et
al., 2011) and poorly understood mechanism of pathogenicity, we wanted to study the
mechanism of Tau and Fyn interaction and their effects on dendritic degeneration. Given Fyn's
significant but unknown role in the pathogenesis of Alzheimer's disease (AD), investigating
into the fundamental mechanisms underlying their interaction holds the potential to uncover

enhanced therapeutic strategies for effectively addressing this condition.
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Figure 9. Schematic representing the background of our study. The role of Tau phosphorylation in

maintaining the cytoskeleton and abnormalities leading to the AD pathogenicity.

1.13 Dendritic Arborization in AD

Neurons in the brain arborize in different patterns in accordance with their specific
functions and form synapses. Proper dendritic arborization is crucial for the integration and
processing of the incoming signals. But dendritic arborization has been found to be affected
and reduced in the subiculum in the AD brain. Reduction in the arborization is negatively
related to the NFTs containing hyperphosphorylated Tau (Falke et al., 2003). NFTs in the AD
brain cause reduction in the pyramidal layer leading to the reduction in the neurons density
(Falke et al., 2003). The process of dendritic development is tightly regulated by the
combination of intrinsic transcription factors (such as Hamlet, Spineless, cut and abrupt
(Parrish et al., 2007)) and extracellular signals such as neuronal activity, extrinsic cues and cell
contacts (Urbanska et al., 2008). Extracellular signals activate different cascades of

intracellular pathways which affects the development and branching of dendrites.

One example of extrinsic cue which is important for dendritic morphology is
Semaphorin (Polleux et al., 2000). Semaphorins are both secreted, and membrane bound
proteins which share the Sema domain and are guidance cues for axonal transport as well as

dendritic branching. Class 3 Semaphorin 3A (Sema 3A) promotes the cytoskeleton
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rearrangement, endocytosis and axonal transport (Morita et al., 2006). Sema3A genetically
interacts with Fyn for spine maturation in the cerebral cortex and induces the PSD-95 clusters
formation and also increases the PSD-95 clusters diameter (Morita et al., 2006) which also
correlates with our hypothesis for the role of Fyn in NMDAR-PSD95 complex formation and

neurotoxicity.

Regulation of the actin and microtubule cytoskeleton rearrangements regulates the cell
morphology. Rho family GTPases such as Rhol, Racl and cdc42 are main players for the
maintenance and regulation of the actin and microtubule rearrangements (Burridge and
Wennerberg, 2004). Studies claim that increased activity of the Rhol and decreased activity of
Racl and cdc42 results in the reduction in the branching of the dendritic trees in neurons
(Nakayama et al., 2000; Threadgill et al., 1997a), whereas increased activity of the Racl and
Cdc42 results in the increased complexity of the arbors (Li et al., 2002; Nimchinsky et al.,
2002).

There are certain signalling pathways which affect arborization by inhibiting Rhol
activity. One such pathway is mediated by the Abl-1 kinase. Abl-1, non-receptor tyrosine
kinase, positively regulates the dendrogenesis via inhibition of the Rhol activity leading to the
increased dendritic complexity (Jones et al., 2004). As Fyn is also a tyrosine kinase like Abl,
this hints that Fyn kinase can modulate the activity of Rho GTPases. Along with the regulation
of the actin cytoskeleton, Rho GTPases also regulates the microtubule dynamics and mediates
the interaction of the actin and microtubules. Racl helps in the stabilization of the microtubules
via JNK1 dependent phosphorylation of the MAP2 protein and increased levels of the cypin
protein mediates the Rhol dependent alteration of the microtubule cytoskeleton (Chen and
Firestein, 2007).

In this context, we propose here that increased Fyn activity could cause increased Rhol
activity, and reduced the activities of Racl and cdc42. These disturbed functions of Rhol,
Racl, and cdc42 GTPases might contribute to the impairment of dendritic arborization, spine

formation, and spine maturation

1.14 Rho GTPase signalling pathways in Alzheimer’s disease

Abnormal Rho GTPases signalling has been associated with several neurodegenerative
diseases (Aguilar et al., 2017; Bolognin et al., 2014; Borin et al., 2018; Duman et al., 2021).
Recent studies in the human AD brain have found the association of the diminished activity of

the Rho family GTPases with disease progression. Reduced Racl expression was observed in
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AD brains obtained from patients early in disease (Zhao et al., 2006). Rho1l levels were reduced
in human AD brains and as well as in the Swedish APP double mutant transgenic mice brain.
Rhol was also found to be decreased in synapses of AD mice, its expression was increased in
degenerating neurites which is consistent with the involvement of Rhol in neurite retraction
(Huesa et al., 2010).

1.15 Hypothesis
Within dendrites, the Fyn kinase interacts and phosphorylates NMDA receptor. This
activated NMDA receptor subsequently forms a complex with PSD95, active Fyn, and Tau,

which triggers pathways that leads to dendritic degeneration and ultimately neurodegeneration.

The importance and role of Tau-Fyn functional interaction is not clear in Tau mediated
neurodegeneration in AD. Whether the interaction of Tau and Fyn is toxic and sufficient to
cause disease, or the phosphorylation of Tau by Fyn is more pathogenic? The connection
between Tau-Fyn interaction, Fyn mediated Tau phosphorylation, and Fyn’s effect on

neurodegeneration in AD remains to be elucidated.

Therefore, we wanted to study the mechanism of Tau and Fyn interaction and their effects on

dendritic degeneration.
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Figure 10. Graphical representation of our proposed hypothesis.

We have set out to identify new molecular players in Tau and Fyn mediated neurotoxicity. In
dendrites, based on known association of Rho GTPases with AD, we also hypothesized that
there is possibility of the Tau-Fyn interaction affecting the Rho GTPases activity at the
dendrites leading to the reduction in the spine formation, dendritic arborization and synaptic

function.
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Figure 11. Schematic representation of the Rho GTPases mediated Tau-Fyn induced dendritic and

spines degeneration.

1.16 The system of Drosophila dendritic arborization (DA) neurons to study the
pathogenetic mechanism

Dendritic arborization (DA) neurons are insect sensory neurons in the peripheral
nervous system and spread multiple branches across the body wall. Drosophila DA neurons
are subdivided into four different classes based on the branching complexity and density. Class
I DA neurons are the simplest neurons and Class IV being the most complex and dense
dendritic branching. These DA Neurons form complex and specific dendritic pattern which can
be easily visualized and quantified. Drosophila DA neurons have become an ideal model to
study pathogenic mechanisms causing degeneration of neurons which is a fundamental
characteristic of several neurodegenerative diseases (Iseki et al., 2001; Sachez-Soriano et al.,
2007).
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A. C4da neurons in 3 instar wandering larvae

B. Arborization of C4da neurons

Figure 12. C4da neurons dendritic arborization as a model to study dendrites in Drosophila.

(Source of the above image (A): Dr. Chun Han/University of California, San Francisco.
Lower C4da arborization image (B) was captured in this study.)
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1.17 Objectives of the study

To study the functional mechanism of Tau and Fyn mediated neurodegeneration, we
needed to generate the Drosophila model with mutations in the amino acid residues of Tau
important for Tau-Fyn interaction. To achieve our goal of studying the Tau and Fyn interaction
and to study the effect of repurposed drugs on Tau mediated neurotoxicity, we framed

following objectives:

1. Generation of Drosophila model of AD: Generation of stable transgenic flies
expressing Wild Type (WT) & mutated human Tau and Fyn for studying functional

interaction.

2. Genetic analysis to understand the mechanism of Tau-Fyn mediated neurotoxicity.
3. Repurposing the drugs used in oncotherapy for checking the neuroprotective effects in

Drosophila model of AD.
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1.18 Important amino-acid residues chosen for mutagenesis to study the physical

and functional interaction of Tau and Fyn.

Recent studies have stated that Tau and Fyn kinases interact with each other through
their Proline rich domains (PXXP motifs) and SH3 domains, respectively (Lau et al., 2016;
Mondragén-Rodriguez et al., 2012b; Usardi et al., 2011b). Tau protein has seven PXXP motifs
out of which sixth and seventh domain are found to be important for Tau and Fyn Interaction.
Protein binding domain of Fyn Kinase (SH3 domain) binds to the PXXP motifs of Tau protein
and phosphorylates the protein at Tyrosine residues. Tau has seven PXXP motifs, and five
tyrosine residues, of which Tyr18 is found to be abnormally phosphorylated in AD (Miyamoto
et al., 2017). The role of remaining tyrosine residues needs to be studied to understand the
mechanisms better. For studying the functional interaction of Tau and Fyn proteins in
Drosophila, we choose sixth PXXP motif (P216-X-X-P219) and Y18 amino acid residues in

Tau protein, to mutate and study their effect on interaction Tau and Fyn.

1.18.1 PXXP motifs in Tau protein

Tau protein has seven P-X-X-P motifs: P176-X-X-P179, P179-X-X-P182, P200-X-X-
P203, P203-X-X-P206, P213-X-X-P216, P216-X-X-P219, and P233-X-X-P236 (Lau et al.,
2016; Usardi et al., 2011b). Sixth and seventh PXXP motifs are formed by P216-P219 and
P233-P236 residues respectively. So, we decided to mutate these proline residues individually
as well as in combination with their partner to study to their importance and effect on
interaction and Tau pathogenicity.

Fyn kinase is a tyrosine Kinase, it phosphorylates the Tau protein at Tyr residues
(Miyamoto et al., 2017). In AD, hyperphosphorylation of Tau at Tyr18 is one of the important
events and importance of other tyrosine residues is not known yet. So, we also mutated these
tyrosine residues in Tau protein to phenylalanine to study if they have any role in Tau
pathogenicity.
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Figure 13. Selected important sites (highlighted in red) for site-directed mutagenesis for studying the
physical and functional interaction of Tau and Fyn.

As mentioned before, we have introduced mutations in critical sites for Tau and Fyn
interaction (highlighted in figure 13 in red), and created a transgenic Drosophila model
expressing these altered proteins. Subsequently, we examined the neurodegeneration and
evaluated the impact of modulating the Tau-Fyn interaction on the severity of different

phenotypes.
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Chapter 2. Materials and Methods

2.1 Materials and Reagents
2.1.1 Drosophila Stocks

Following stocks were used in this study:

Sr. | Drosophila | Genotype Source
No | Stock
1. | attP landing | y[1] M{RFP[3xP3.PB] GFP[E.3xP3]=vas- BDSC; Stock
site int.Dm}ZH-2A w[*]; M{3xP3-RFP.attP}ZH-86Fb | Number 24749
2. | attP landing | y[1] M{RFP[3xP3.PB] GFP[E.3xP3]=vas- BDSC; Stock
site int.Dm}ZH-2A w[*]; M{3xP3-RFP.attP'’}ZH-51C | Number 24482
3. | attP landing | y[1] w[*] P{y[+t7.7]=nanos-phiC31\int.NLS}X; BDSC; Stock
site P{y[+1t7.7]=CaryP}Msp300[attP40] Number 79604
4. | GMR-Gal4 | w[*]; P{w[+mC]=GAL4-ninaE. GMR}12 BDSC; Stock
Number 1104
5. | Elav-Gal4 | Elav Gal4 on third chromosome BDSC; Stock
Number 8760
6. |PPK-Gal4 | w[*]; P{w[+mC]=ppk-GAL4.G}3 BDSC; Stock
Number 32079
7. | WT Tau y[1] M{RFP[3xP3.PB] GFP[E.3xP3]=vas- Generated in
int.Dm}ZH-2A w[*]; M{3xP3-RFP.WT-Tau}ZH- | this study
86Fb
8. | TauP216A | y[1] M{RFP[3xP3.PB] GFP[E.3xP3]=vas- Generated in
int.Dm}ZH-2A w[*]; M{3xP3-RFP.Tau this study
P216A}ZH-86Fb
9. |TauY18F | y[1] M{RFP[3xP3.PB] GFP[E.3xP3]=vas- Generated in
int.DM}ZH-2A w[*]; M{3xP3-RFP.Tau Y18F}ZH- | this study
86Fb
10. | Tau P216A- | y[1] M{RFP[3xP3.PB] GFP[E.3xP3]=vas- Generated in
P219A int.DM}ZH-2A w[*]; M{3xP3-RFP.Tau P216A- this study
P219A}ZH-86Fb
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11. | WT Fyn y[1] w[*] P{y[+t7.7]=nanos-phiC31\int.NLS}X; Generated in
P{y[+t7.7]=CaryP}WT Fyn[attP40] this study

2.1.2 Mutagenesis and cloning reagents

For generating the mutants of the Tau, we purchased WT MAPT in pBSK construct
from GeneScript USA. We used this construct for site-directed mutagenesis. For amplification
of the constructs through Inverse PCR, we used Phusion high fidelity DNA polymerase, from
NEB. For transformation and culturing of the mutated constructs, we used XL-Blue competent
cells. For digesting the constructs EcoRI, Xbal restriction enzymes were used. For digesting
the parental methylated DNA strands from the inverse PCR amplified product, Dpnl restriction

enzyme was used.

2.1.3 Squish Buffer for crude extract preparations

For preparation of the crude extract for single fly PCR, we crushed the flies in squish
buffer. 1M Tris of pH 8.2, 1M EDTA and 25 mM NaCl was used for the preparation of squish
buffer. 10 pg/ml Proteinase K was added to the squish buffer to inactivate the other proteins
and in the extract. Single fly was crushed in 50ul of squish buffer and debris was separated by
centrifugation. Collected supernatant was stored in -20°C and used as template for the single
fly PCR.

2.1.4 Bouin’s and Paraformaldehyde (PFA) fixing solution

Bouin’s fixative was used for fixing the dissected third instar larvae for studying the
NMJs and 4% paraformaldehyde was used for fixing larval C4da neurons. 100 ml Bouin’s
fixative was prepared by adding 75 ml saturated picric acid, 25 ml Formalin (37% aqueous
solution of Formaldehyde) and 5 ml glacial acetic acid. Similarly, 4% PFA was prepared by
diluting the 37% aqueous solution of Formaldehyde. Both fixatives were prepared in the PBS

solution.

2.1.5 Wash Buffer (PBSTXx)
Wash buffer was prepared by adding 0.3% Triton X-100 in 1XPBS solution. Wash
buffer was used for washing the tissue samples after fixing and staining as mentioned in

immunofluorescence section.
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2.1.6 Blocking Buffer

Blocking buffer was prepared by adding 100 ul of 10X BSA in 900 pl 1XPBSTX.
Blocking buffer was used for blocking the tissue samples and also for diluting the antibodies
used for staining.

2.1.7 Mounting medium
VECTASHIELD Mounting medium (Vector Laboratories, Cat no H-1000) was used

for mounting the tissue samples for microscopy.

2.2 Methodology
2.2.1 Site-directed mutagenesis

We used Inverse PCR for creating the site-specific mutations in human Fyn kinase and
Tau. Constructs were amplified using mutagenic primers with Phusion high fidelity DNA
polymerase. Amplified plasmid was digested with Dpnl enzyme to digest the parental template
DNA. Dpnl digested sample was transformed into XL-B competent cells. Positive colonies
were screened through colony PCR and insert was further confirmed through double digestion
of the isolated plasmid. Mutation at specific desired position was confirmed through the

sequencing.
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Figure 14. Strategy for site-directed mutagenesis and cloning into fly specific pUAST-attB vector.
Mutagenic primers (containing point mutation) were used for amplifying the full pBSK plasmid

containing gene, through inverse PCR. Amplified plasmid was digested with Dpnl restriction enzyme
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to cut the parental methylated strand. This digested plasmid was transformed into XL-Blue competent
cells and colonies were screened through colony PCR. Positive colonies were cultured and plasmid was
isolated. Isolated plasmid was confirmed through double digestion and sequencing. After sequencing

confirmation, construct was ready for microinjection.

2.2.2 Mutagenic Primers
For creating site-specific mutations through inverse PCR, we created primers with point
mutations. These mutagenic primers were specific for binding to the target site and introduced

point mutations during amplification. Following primers were used in this study:

Table 1. Primers with point mutations for site-directed mutagenesis.

WT Human MAPT primers:

Forward primer: WT MAPT ATTGAATTCATGGCTGAGCCCCGCCAG

Reverse Primer: WT MAPT ATTTCTAGATCACAAACCCTGCTTGGCCAGG

WT Human FYN primers:

Forward primer: WT Fyn ATAGAATTCATGGCCTGTGTGCAATGTAAGG

Reverse Primer: WT Fyn ATATCTAGATTACAGGTTTTCACCAGGTTGG
Mutagenic primers for MAPT

Forward primer: MAPT P216A CCGTCCCTTGCAACCCCACCCACCCGG

Reverse Primer: MAPT P216A TGGGGTTGCAAGGGACGGGGTGCGGGAGCG
Forward primer: MAPT P219A CCAACCCCAGCCACCCGGGAGCCCAAGAAG
Reverse Primer: MAPT P219A CCGGGTGGCTGGGGTTGGAAGGGACGG
Forward primer: MAPT P233A CGTACTCCAGCCAAGTCGCCGTCTTCCGCC
Reverse Primer: MAPT P233A CGGCGACTTGGCTGGAGTACGGACCACTGC
Forward primer: MAPT P236A CCCAAGTCGGCGTCTTCCGCCAAGAGCCGC
Reverse Primer: MAPT P236A GGCGGAAGACGCCGACTTGGGTGGAGTACG
Forward primer: MAPT P216-219A | TCCCTTGCAACCCCAGCCACCCGGGAGCCCAAG
Reverse primer: MAPT P216-219A | CCGGGTGGCTGGGGTTGCAAGGGACGGGGTGCG
Forward primer: MAPT P233-236A | ACTCCAGCCAAGTCGGCGTCTTCCGCCAAG
Reverse primer: MAPT P233-236A | GGAAGACGCCGACTTGGCTGGAGTACGGACCAC
Forward primer: MAPT Y18F GCTGGGACGTTCGGGTTGGGGGACAGGAAAGAT
Reverse Primer: MAPT Y18F CCCCAACCCGAACGTCCCAGCGTGATCTTCCATCAC

2.2.3 Cloning of the mutated constructs into pUAST-attB Vector

For inserting the construct into Drosophila genome, we cloned WT and mutated
constructs into Drosophila specific pUAST-attB vector. After confirming the mutation through
sequencing, we digested out the mutated construct from pcDNA vector and ligated into
pUAST-attB vector at EcoRI and Xbal restriction enzymes sites. This ligated product was

transformed into competent cells and grown colonies were screened for the presence of the
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insert through colony PCR. Positive colonies were cultured, and the plasmid was isolated. This
isolated plasmid was confirmed for the presence for the insert through double digestion and
expected band (of 1.5 kb) of Fyn was obtained. Finally, this insert in pUAST-attB vector was
also confirmed for the desired mutation through sequencing, and desired results were obtained.

2.2.4 Microinjection of the WT and mutated construct into Drosophila embryos

For generating the transgenic flies expressing human Fyn kinase transgene, we
microinjected the WT Fyn cloned in pUAST-attB into Drosophila embryos. Fresh flies were
taken two days before injections and feed with fresh food and yeast paste. On the day injections,
Flies were kept for egg laying in cylindrical tube containing food plate at one end and fine
mesh at another end. Flies were kept for 15-20 mins for egg laying and then moved to another
egg laying chamber.

We collected the Drosophila embryos of 15-20 mins age and processed them for the
microinjection. Embryos were aligned on the agarose gel slab in straight line so that all embryos
were having their posterior ends on same side. Aligned embryos were transferred to the glass
slide containing double sided adhesive tape. Embryos were then merged in halocarbon oil for
maintain the proper moisture and oxygen supply. Embryos merged in halocarbon oil were then

microinjected with PLI-90 Pico-injector from Harvard apparatus.
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Figure 15. Graphical summary of the microinjection procedure. Drosophila stock containing attP
landing sites were used for getting embryos which were further processed and microinjected at the

posterior end with the help of picoinjector. Progenies were screened for the red eye colour phenotype.
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2.2.5 Post Injection care

After microinjecting the construct, embryos were cultured at lower temperature (18°C)
for their proper healing and growth. Next day, embryos were collected from injection slide,
halocarbon oil was wiped off and embryos were transferred to food vial for further
development and kept at 25°C. Once flies were eclosed from injected larvae or pupa, they were

screened for the transgenic fly.

2.2.6 Screening of the transgenic flies

After microinjecting the construct, embryos were cultured at lower temperature for their
proper healing and growth. After eclosion, injected (Go) flies were collected (virgins for
female) and crossed with specific balancer chromosome stock for inhibiting the possible
recombination of the homologous chromosomes. This cross was referred as parental cross.
Progeny of this cross was collected as F1 generation and screened for the red eyes, as red eyes
will be due the insertion of the pUAST-attB into white eye Drosophila (attP site containing
flies) background.

Eclosion of microinjected flies (G, flies)

D »\¢_~
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G, Flies (Injected
construct carries w*) l

F1 flies

(Will contain both w- and w+ flies)
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(White eyesi.e w’)

(SN 3

oy

~‘\' w= PCR screening

Select red eye flies (Transgenic flies)

Figure 16. Strategy for screening of the microinjected flies for transgenic.
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2.2.7 Single fly PCR for genotypic screening

After phenotypic screening through red eye phenotype, flies were also confirmed
through single fly PCR for genotypic screening. Individual single flies were crushed in squish
buffer and crude extract was prepared. This crude extract was used for the single fly PCR with
WT human MAPT primers. Positive flies for the human transgene were then screened for the
site-specific integration (figure 17).

Inserted construct in Drosophila genome
FP

—p
Drosophila D l UAS V40 H et | Drosophila
genomic region m PCR genomic region
Human MAPT

1.3kb

Figure 17. Genotypic screening of the transgenic Drosophila. WT MAPT primers were used for single
fly PCR and confirmation of the transgene in Drosophila genome.

2.2.8 Single fly genomic PCR with flanking primer for confirming site-specific integration
For confirming site-specific integration, we designed forward primer from transgene

and reverse primer from flanking region of the insertion. So, if the transgene is inserted at

particular site, we will get a higher size band as depicted in the following figure (figure 18).
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Figure 18. Site-specific integration of the microinjected construct. Primers were designed from

transgene (forward primer) and flanking region (reverse primer).

2.2.9 Generation of Tau and Fyn coexpression fly stocks

To study the synergistic effects of both Tau and Fyn overexpression we need both
transgene is one fly therefore we generated the fly stock having both Tau and Fyn in one fly.
We generated transgenic flies which are having Tau on its third chromosome and Fyn transgene

on second chromosome (figure 42).

49




2.2.10 Scanning Electron Microscopy

Flies with UAS-transgene were crossed with GMR or Ey-Gal4 for the expression in
Drosophila eyes. F1 progeny was collected and aged as separate pools for different ages. After
the eclosion, treated and control flies were fixed in 1% formaldehyde for two hours, followed
by serial dehydration steps of 12hrs each in 25%, 50%, 75% and 100% ethanol were carried
out (figure 19). Flies were stored in 100% ethanol and dried with CPD (Critical Point Dryer)
before mounting on the stab for imaging. Eye Images were captured at 150X and analysed
using Infinity Analyze software plotted with Graph Pad Prism 8.

25% 50% 75% 100%
Ethanol Ethanol Ethanol Ethanol
@

12 hrs 12 hrs

Fixation of Washing with Gradual dehydration of flies in 25 %, 50%, 75%, and Drying and
flies water 100% ethanol mounting of flies

Figure 19. Pictorial representation of the preparation of flies for SEM.

2.2.11 Locomotion assay

Flies with UAS transgene were crossed with pan neuronal Gal4 driver (Elav-Gal4) and
F1 progeny was collected for different age pools. 20 flies were in each batch used for assaying
the locomotion. Flies were transferred to 20 cm long tube and open end was plugged with
cotton. Flies were left in tube for 30 mins to get used to the environment. For recording
climbing assay, tube was tapped gently so that all flies were at bottom of tube and then flies
climbing up to 20 cm mark in 20 seconds was counted. Experiment was repeated three times
for each batch for one reading. Total percentage of flies crossing 20 cm mark in 20 sec was

counted and we defined it as climbing Index (figure 20).
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Figure 20. Schematic representing the strategy for climbing assay. Flies were tapped so that every fly

is at starting position and percentage of flies crossed 20 cm mark in 20 seconds was counted.

2.2.12 Nail Paint imprinting

Flies with UAS transgenes (human WT Tau, Tau P216A, Tau Y18F with Fyn) were
crossed with GMR gal4. The F1 progeny was used for analysing the outer surface of the eyes
with nail paint imprinting as described by Arya and Lakhotia (Arya and Lakhotia, 2006). F1
progeny of 1 day, 10 days, 20 days, and 30 days were used. Flies’ heads were detached from
body and dipped in nail paint. After drying of the paint, the outer layer of the paint covering
the eyes were peeled off carefully. This nail paint layer has the exact replica of the outer surface
of the eye morphology. We imaged this imprints with light inverted microscope at 4X, 10X,
20X and 40X for analysing the outer surface morphology of the eye.

2.2.13 Electroretinograms

Flies expressing WT and mutant Tau along with Fyn were used for recording ERGs at
1-day, 10-day, 20-day and 30-day age. ERG procedures has been described previously (Dolph
etal., 2011). Flies were treated as mentioned in treatment section. 1-day old flies were used for
ERG recordings. Flies were immobilized by ice cooling and mounted on top of tip so that only
head was popping out and fixed with wax. Reading and reference electrodes were filled with
ringer’s solution and placed on the cornea of eye and near proboscis respectively (figure 21).
Flies were adapted to dark for 10 mins at least before recording ERGs. The stimulus was given
by white LED placed approximately 4 cm above the fly head facing towards fly. The light

stimulus of 1 sec was given and 10 trials were recorded at inter-trial interval of 15 seconds for
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each fly. The recordings were carried out using DAGAN BVC-700A current clamp amplifier
with the gain of 100X and digitized using National Instruments 16bit digitizer, sampled at 15
kHz.

ERG traces were analysed through custom written MATLAB scripts to quantify On-
transients. The highest voltage value within 100msec after light stimulus onset was recorded
as ON .transients. Mean of 200msec of samples 667msec after stimulus onset was used as
receptor potential; and the minimum voltage value within 150msec after switching off light
stimulus was recorded as OFF transients. 10-15 flies were used for each genotype or treatment.
ERG and average traces were plotted after three individual repeats. Statistical analyses were
performed using the Graph Pad Prism 8.0.

ERG: Set up and recording

Reference
Electrode

Recording
Electrode

Mounting of Fly for recording

Figure 21. ERG set up, mounting of fly and recording of ERG.

2.2.14 Western Blotting

Flies were freezed in liquid nitrogen and decapitated by removing heads. Heads were
collected and crushed in ice cold radioimmunoprecipitation assay (RIPA) buffer (Sigma) in the
presence of 1X protease inhibitor cocktail (Cell signalling technologies). Crude extract was
centrifuged at 14000 rpm for 15 minutes and supernatent was collected. Equal amount of
protein for each sample was loaded in 10% SDS gel and electrphoresed. Basic western blotting

methodolgy was followed (Mahmood and Yang, 2012). Protein were transferred to Immobilon
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PVDF membrane from MERCK according to supplier’s guidelines through wet transfer. After
transfer, membrane was blocked in 5% BSA for an hour and then incubated for overnight with
with primary antibody at 4°C. Membranes were stained for Tau with HT7 (1:2000, Mouse from
Invitrogen, Cat no MN1000), Fyn with Fyn antibody (1:2000, Mouse BD Biosciences, Cat no
610163), Rac with Rac/Cdc antibody (1:2000, Cell Signalling Technology, Cat no 4651), Rho
with P1D9 Rho antibody (1:2000, DSHB) and Actin with D6A8 actin antibody (1:2000, Cell
Signalling Technology, Cat no 8457). Primary antobody incubation was followed by 3-5
washes with 1XTBST. Secondary antibodies, Goat anti-mouse secondary antibody HRP
conjugated (1:20000, Invitogen Cat No 626520) and Goat anti-rabbit secondary antibody HRP
conjugated (1:20000, Invitrogen Cat no 656120) were incubated for 2 hours at room
temprature. Membrane was washed with 1XTBST 3-5 times at room temprature and blot was
developed in Chemiluminiscence (Biorad) using FemtoLucent detection kit from

GBioSciences (Cat no 786-003) according to supplier guidelines.

2.2.15 C4da neurons dissections and staining

We crossed PPK-Gal4 driver line with UAS-GFP (BDSC Stock no 5137) and generated
the PPK-Gal4;UAS-GFP homozygous viable stock. We crossed this PPK-Gal4;UAS-GFP
homozygous stock with UAS-Tau lines for overexpressing the WT and mutant Tau proteins in
the C4da neurons of the flies. Third instar wandering larvae were dissected for C4da neurons
analysis as described by (Wang et al., 2019) . Briefly, third instar wandering larvae were
collected and washed with 1XPBS>70% ethanol> double distilled water> 1xPBS for cleaning
and removing the food from the larvae body. Larvae was placed on silicon elastomer petriplate
and ice-cold PBS was added and we pinned the larve on both anterior and posterior ends with
dorsal side facing up. one small incision was made on the posterior end and cut was made along
dorsal line between two tracheas upto anterior end. Two small cuts were made on the anterior
end and larvae was streched out and pinned at four corners. Sample was fixed in the 4% PFA
for 25 minutes at room temprature. After fixing, gut, faybody glands, and other parts were
removed and sample was washed thrice in 1xPBST. Sample was stained with primary and

secondary antibodies as mentioned in immunofluoroscence and confocal microscopy section.

2.2.16 Immunofluoroscence and confocal microscopy

Immunofluoroscence was performed to detect Tau and Fyn proteins in neurons as
earlier described (Grueber et al., 2002). Third instar wandering larvae were used. Dissected
and fixed samples were incubated in the primary antibody at 4°C overnight. Sample was stained
for Tau with HT7 (1:200, Mouse from Invitrogen, Cat no MN1000), Fyn with Fyn antibody
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(1:200, Mouse BD Biosciences, Cat no 610163). After overnight incubation with primary
antibody, samples were washed thrice in 1XPBST at room temprature followed by staining with
secondary antibody goat anti-mouse alexa flour 488 (1:1000, life technologies cat no A11001),
goat anti-mouse alexa fluor 568 (1:1000, life technologies cat no 11004), goat anti-rabbit alexa
fluor 488 (1;1000, life technologies cat no 110088) and goat anti-rabbit alexa fluor 568 (1:1000,
life technologies cat no 11011) for three hours at room temprature. After incubation with
secondary antibody samples were washed thrice for 25 minutes each at room temprature.
Sample was mounted with vectashield anti-fade mounting medium and sealed the coverslip
with transparent nail paint. Carl Zeiss Laser Scanning Confocal microscope (LSM 710) was

used for imaging. For capturing dendritc arborization neurons 20x air objective was used.

2.2.17 C4da neurons analysis and quantification

C4da neuron image analysis was performed with the help of Fiji software as described
by (Wang et al., 2019). Flouroscent Z-series images were taken with the laser scanning
confocal microscope. Dendritic length were quatified with Fiji software as described in (Wang
et al., 2019) using simple neurite tracer plugin (Pool et al., 2008). Dendrites length, arbor
surface area and number of branches were calculated for each neuron individually and
respective average length, arbor surface area and number of branches for all neurons were
plotted for each genotype and analyzed with graph pad prism. For analyzing the branching
pattern, strahler analysis was used (Strahler, A. (1953)). Percentage of neurons with primary,
secondary, tertiary and quaternary branches was calculated with strahler analysis and plotted
for analysis (figure 22).

Quantification:

C4da neurons: PPK Gal4/UAS GFP . Total Length of dendrites
Total no of branches
Arbor surface area

Branching Pattern

54




a Strahler Tree
A (N

Figure 22. Quantification of the dendritic arborization and branching pattern of the dendrites of the
C4da neuron. A. A confocal microscopic image of the C4da neuron. Total length of dendrite, number
of branches (blue arrows), arbor surface area (red rectangle box) and pattern of dendritic branching

(yellow numbers and below figure) were quantified.

2.2.18 Compounds treatment and analysis

Compound treatments were performed earlier described in (Yadav et al., 2021).
Compounds were dissloved in either DMSO or double distilled water according to their
chemical nature. This dissolved stock is termed as stock solution and stored in -20°C till use
for further dilutions. Reference dose is calculated for larvae body weight for each compound
according to the dose recommeded for human body weight. Compound is mixed in the food to

get one final reference dose and two higher concentrations as shown in the figure 23.

Compound Solution Preparation:
Working

Chemical Solution (C)

Compound

Dissolved in

DMSO/Water Fly food

Compound-Food mix

Treatments plan:
Third Treatment
First Treatment Second Treatment

24 hrs 48 hrs 48 hrs 4-5 days .
Egg laying — ‘ —) ‘ e l A eﬁ::;:?n == Experiments

Compound- Compound- Compound-
Food mix Food mix Food mix

Figure 23. Strategy and planning of the compounds dilution and treatments.

Age synchronized first instar larvae were transferred to the fresh compound-food plate,
this is termed as first treatment. After ~ 48 hours of the first treatment, second instar larvae

from first treatment plate were transferred to the fresh compound-food plate for second
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treatment. Similarly, after ~48 hours of the second treatment, third treatment was given to the
larvae. After three treatments, larvae were pupariated. As adult flies eclosed from pupa, we
checked and calculated the degenerated surface area of the compounds treated flies and
untreated flies. We compared the percentage of the degenerated surface area between

compounds treated and untreated flies (Figure 23 and 25).

Analysis of the neurotoxicity:

Control WT Tau Over-expression . X
% degeneration area in eye

!

Degenerated surface area of eye
& Y¢ % 100

Total surface area of eye

l

Plotted and analysed

.

Figure 24. Analysis of the neurotoxicity on the Drosophila eye as a primary screening for the

compounds treatments.

2.2.19 Statistical analysis
Graph pad prism version 8.0 was used for statistical analysis of the samples. For

comparing the difference between two groups, parametric t-test was used as column analysis
with 95% confidence interval. Bar graphs represented the SEM. Data was considered
significant if the p-value was < 0.05. P value are ns if P > 0.05, * if P < 0.05, ** if P < 0.01,
¥EE P <0.001 and **** if P <(0.0001.
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Chapter 3. Results

Objective 1: Generation of Drosophila model of AD.

Generation of stable transgenic flies expressing Wild Type (WT) & mutated human Tau

and Fyn for studying functional interaction.

To study the functional interaction of Tau and Fyn and its role in neurodegeneration we
have generated the Drosophila AD model by overexpressing human Tau and Fyn. We selected
the amino acid residues which are important for the interaction of Tau and Fyn for mutagenesis.
We mutated Tau Tyrosine-18 to Phenylalanine (Y 18F); Proline 216 to Alanine (P216A); and
Proline 216, 219 to Alanine 216, 219 (P216A-P219A). We also mutated the seventh PXXP
motif of Proline 233 to alanine (P233A); Proline 236 to Alanine (P236A); and Proline 233, 236
to Alanine 233,236 (P233-236A). We used inverse PCR with mutagenic primers for creating
the site-specific mutations in human Fyn kinase and Tau. Transformed colonies were screened
through colony PCR and insert was further confirmed through double digestion of the isolated
plasmid. Mutation at specific desired position was confirmed through the sequencing.

3.1 Isolation of WT Fyn Kinase from human glioblastoma cell lines and cloning it
into pUAST-attB vector

For generating transgenic flies expressing human Tau and Fyn, we started with cloning
of human Tau and Fyn kinase into pBSKII+ vector. Human glioblastoma cell lines were used
for isolation of human Fyn kinase, from these cell lines total RNA was isolated and cDNA was
synthesized for amplification of Fyn gene. WT Fyn kinase primers were used for amplification
of Fyn Kinase from cDNA. Amplified Fyn kinase gene was ligated into digested pUAST-attB
vector. Fyn kinase ligated into pUAST-attB vector was transformed into DH5a competent
cells. Colonies containing Fyn Kinase gene insert were screened through colony PCR. Positive
colonies were cultured overnight and plasmid was isolated. Presence of gene in isolated
plasmid was confirmed through double digestion and expected bands of gene and vector were
observed. Finally clone was also confirmed through sequencing. This confirmed clone was
further used microinjection into Drosophila embryos for generating transgenic flies and also

for mutagenesis of Fyn Kinase (figure 25).
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Figure 25. Isolation of WT Fyn Kinase from human glioblastoma cell lines and cloning it into pUAST-
attB vector. Total RNA isolation (A) and gradient PCR for amplification of Fyn kinase (B). This
amplified Fyn (C) was ligated into pUAST-attB vector and colonies was confirmed through colony

PCR (D) and also confirmed through double digestion.

3.2 Cloning of Tau into pUAST-attB vector

For cloning the Tau gene into pUAST-attB vector, we purchased the human Tau clone
(Clone ID H98616 from GenScript). Tau gene was amplified from this construct and ligated
into pUAST-attB vector. This ligated construct was transformed into DH5a competent cells.
Positive colonies for Tau gene were screened through colony PCR and cultured overnight for
plasmid isolation. Isolated plasmid was also confirmed through double digestion and then with
sequencing. Confirmed construct in pUAST-attB was used for microinjections into Drosophila

embryos and for Tau mutagenesis (figure 26).
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Figure 26. Cloning of Tau into pUAST-attB vector. Tau gene was amplified from Tau in pBSKII+
construct (A and B). Amplified Tau gene was ligated into the pUAST-attB vector and transformed
into DHS5a cells and positive colonies screened through colony PCR (C).

3.3 Mutagenesis of Tau P216A

Proline 216 was mutated to Alanine by inverse PCR using the mutagenic primers
(mentioned in page no.44, Table 1). Tau in pBSK construct was amplified with mutagenic
primers for creating the P216A point mutations. This amplified plasmid was digested with
Dpnl enzyme for cutting the parental plasmid DNA strands. This PCR product was then
transformed into XL-B competent cells and positive colonies was screened through colony

PCR and double digestion. Point mutation was also confirmed through sequencing (figure 27).

59




A Inverse PCR B Colony PCR

Ladder Positive Colonies

Ladder Tau P216A

Q
=
A
&
5kb Tau - —
2kb P216A wepy E — ==  Double digestion
.5 (Tau
S 15kb P216A) |
E 1 kb - o =
< 2 32,3,
= 2 2 28 23
i S m s ;b
E o T HTHED
cC S5 Aas5Aa35a
D —~
v 5 kb
MAPT P213 MAPT P216A  MAPT P219 2 4 kb
A A 4 a 3 kb
GCACGGGGGCTGTCTGCAGGCGGCTCTTGGCGGAAGACGGCGACTTGEGTGGAGTACGGA £
CCACTGCCACCTTCTTGGGCTCCCGGETGEGTGGGGTTGCAAGGGACGGGGTGCGGGAGE . g
= Sequencing  ¢= =
GGCTGCCGGGAGTGCCTGGGGAGCCGGGGCTGCTGTAGCCGCTGCGATCCCCTGATTTTG 5
GAGGTTCACCAGAGCTGGGTGGTGTCTTTGGAGCGGGCGGGETTTTTGCTGGAATCCTGG =
T6GCGTTGGCCTGGCCCTTCTGGCCTGCAGGGGCTGCTCCCCGCGGTGTGCGATCTTCGT &
TTTACCATCAGCCCCCTTGGCTTTTTTGTCATCGCTTCCAGTCCCGTCTTTGCTTITACT

Figure 27. Mutagenesis of Tau P216A. The plasmid containing Tau in pBSK was amplified through
inverse PCR. Positive colonies for Tau P216A in pBSK was screened through colony PCR and also
through double digestion. Confirmed P216A through sequencing was further used for generating
transgenic flies through microinjection.
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3.4 Mutagenesis of Tau P219A

Tau gene was mutated at proline residues in PXXP motifs for studying the importance
of the proline residues in regulating the interaction of Tau and Fyn protein. Proline 219 was
mutated to Alanine by inverse PCR using the mutagenic primers (mentioned in page no. 44,
Table 1). Tau in pBSK construct was amplified with mutagenic primers for creating the P219A
point mutations. This amplified plasmid was digested with Dpnl enzyme for cutting the
parental strands. This PCR product was transformed into XL-B competent cells and positive

colonies was screened through colony PCR and double digestion. Point mutation was also
confirmed through sequencing (figure 28).
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AGGTGGCAGTGGTCCGTACTCCACCCAAGTCGCCGTCTTCCGCCAAGAGCCGCCTGCAGA 3kb &
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ACCTGAAGCACCAGCCGGGAGGCGGGAAGGTGCAGATAATTAATAAGAAGCTGGATCTTA

g B
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Figure 28. Mutagenesis of Tau P219A. The plasmid containing Tau in pBSK was amplified through
inverse PCR (A). Positive colonies for Tau P21PA in pBSK was screened through colony PCR (B) and
also through double digestion (C). Confirmed P219A point mutation through sequencing (D).
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3.5 Mutagenesis of Tau P233A

Proline 233 and 236 are involved in forming the seventh PXXP motif. Therefore, P233
was by inverse PCR using the mutagenic primers (mentioned in page no. 44, Table 1). Tau in
pBSK construct was amplified with mutagenic primers for creating the P233A point mutations.
This amplified plasmid was digested with Dpnl enzyme for cutting the parental strands. This
PCR product was transformed into XL-B competent cells and positive colonies was screened
through colony PCR and double digestion. Point mutation was also confirmed through
sequencing (figure 29).
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CCGGCAGCCGCTCCCGCACCCCGTCCCTTCCAACCCCACCCACCCGGGAGCCCAAGAAGG . [_.
TGGCAGTGGTCCGTACTCCAGLCAAGTCGCIGTCTTCCGCCAAGAGCCGCCTGCAGACAG SequenC1ng

CCCCCGTGCCCATGCCAGACCTGAAGAATGTCAAGTCCAAGATCGGCTCCACTGAGAACC
TGAAGCACCAGCCGGGAGGCGGGAAGGTGCAGATAATTAATAAGAAGCTGGATCTTAGCA

ACGTCCAGTCCAAGTGTGGCTCAAAGGATAATATCAAACACGTCCCGGGAGGCGGCAGTG

MAPT P233A MAPT P236

Figure 29. Mutagenesis of Tau P233A. The plasmid containing Tau in pBSK was amplified through
inverse PCR (A). Positive colonies for Tau P233A in pBSK was screened through colony PCR (B) and
also through double digestion (C). Confirmed P233A point mutation through sequencing (D).

3.6 Mutagenesis of Tau P236A
Second proline for seventh PXXP motif is P236. So, P236 was mutated to alanine by

inverse PCR using the mutagenic primers (mentioned in page no. 44, Table 1). Tau in pBSK
construct was amplified with mutagenic primers for creating the P236A point mutations. This
amplified plasmid was digested with Dpnl enzyme for digesting the parental strands. This PCR
product was transformed into XL-B competent cells and positive colonies was screened
through colony PCR and double digestion. Point mutation was also confirmed through
sequencing (figure 30).
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Figure 30. Mutagenesis of Tau P236A. The plasmid containing Tau in pBSK was amplified through
inverse PCR (A and B). Positive colonies for Tau P236A in pBSK was screened through colony PCR
(C) and also confirmed P236A through sequencing (D).

3.7 Mutagenesis of Tau P216A-P219A
Along with mutating the single partner of sixth and seventh PXXP motifs, we also

mutated PXXP motifs as whole. Both the proline partners were mutated to alanine to create the
double mutant. P216 and P219 were mutated to Alanine by inverse PCR using the mutagenic
primers (Table 1). Tau in pBSK construct was amplified with mutagenic primers for creating
the P216A-P219A point mutations. This amplified plasmid was digested with Dpnl enzyme
for digesting the parental strands. This PCR product was transformed into XL-B competent
cells and positive colonies was screened through colony PCR and double digestion. Point

mutation was also confirmed through sequencing (figure 31).
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Figure 31. Mutagenesis of Tau P216A-P219A. The plasmid containing Tau in pBSK was amplified
through inverse PCR (A and B). Positive colonies for Tau P216A-P219A in pBSK was screened through
colony PCR (C) and also confirmed through sequencing (D).

3.8 Mutagenesis of Tau P233A-P236A
Seventh PXXP motifs is formed by P233 and P236 in Tau. Both the proline partners

were mutated to alanine to create the double mutant. P233 and P236 were mutated to alanine
by inverse PCR using the mutagenic primers (mentioned in page no. 44, Table 1). Tau in pBSK
construct was amplified with mutagenic primers for creating the P233A-P236A point
mutations. This amplified plasmid was digested with Dpnl enzyme for digesting the parental
strands. This PCR product was transformed into XL-B competent cells and positive colonies
was screened through colony PCR and double digestion. Point mutation was also confirmed
through sequencing (figure 32).
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Figure 32. Mutagenesis of Tau P233A-P236A. The plasmid containing Tau in pBSK was amplified
through inverse PCR (A and B). Positive colonies for Tau P233A-P236A in pBSK were screened
through colony PCR (C) and also confirmed through sequencing (D).

3.9 Subcloning of the mutated Tau and Fyn Construct into pUAST-attB vector
After mutating the Tau and Fyn construct in smaller pBSK and pcDNA vectors, we
cloned them into Drosophila specific pUAST-attB vector for generating the transgenic lines

expressing human Tau and Fyn kinase.

3.10 Subcloning of the Tau P216A into pUAST-attB vector

Tau P216A was amplified from pBSK vector containing the mutated Tau P216A with
the help of the WT Tau primers. This amplified Tau construct was digested with the EcoRI and
Xbal enzymes and ligated into pUAST-attB vector digested with same pair of restriction
enzymes. Ligated product was transformed into XL-B competent cells and positive colonies
were screened through colony PCR. Tau P216A positive colonies were cultured and isolated
plasmid was also confirmed through double digestion for the presence of the insert. After
confirmation, this construct in pUAST-attB vector was used for generating the transgenic

Drosophila lines through microinjection (figure 33).
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Figure 33. Subcloning of the Tau P216A into pUAST-attB vector. The plasmid containing Tau P216A
in pBSK was amplified with WT Tau primers to amplify Tau P216A (A). This mutated Tau ligated into
pUAST-attB vector and transformed into XL-B competent cells. Positive colonies were screened
through colony PCR (B). Isolated plasmid with Tau P216A was also confirmed through double
digestion (C).

3.11 Subcloning of the Tau P219A into pUAST-attB vector

Tau P219A was amplified from pBSK vector containing the mutated Tau P219A with
the help of the WT Tau primers. This amplified Tau construct was digested with the EcoRI and
Xbal enzymes and ligated into pUAST-attB vector digested with same pair of restriction
enzymes. Ligated product was transformed into XL-B competent cells and positive colonies
were screened through colony PCR. Tau P219A positive colonies were cultured and isolated
plasmid was also confirmed through double digestion for the presence of the insert. After
confirmation, this construct in pUAST-attB vector was used for generating the transgenic

Drosophila lines through microinjection (figure 34).
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Figure 34. Subcloning of the Tau P219A into pUAST-attB vector. The plasmid containing Tau P219A
in pBSK was amplified with WT Tau primers to amplify Tau P219A (A). This mutated Tau ligated into
pUAST-attB vector and transformed into XL-B competent cells. Positive colonies were screened
through colony PCR (B). Isolated plasmid with Tau P219A was also confirmed through double
digestion (C).

3.12 Subcloning of the Tau P233A into pUAST-attB vector

Tau P233A was amplified from pBSK vector containing the mutated Tau P233A with
the help of the WT Tau primers. This amplified Tau construct was digested with the EcoRI and
Xbal enzymes and ligated into pUAST-attB vector digested with same pair of restriction
enzymes. Ligated product was transformed into XL-B competent cells and positive colonies
were screened through colony PCR. Tau P233A positive colonies were cultured and isolated
plasmid was also confirmed through double digestion for the presence of the insert. After
confirmation, this construct in pUAST-attB vector was used for generating the transgenic

Drosophila lines through microinjection (figure 35).
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Figure 35. Subcloning of the Tau P233A into pUAST-attB vector. The plasmid containing Tau P233A
in pBSK was amplified with WT Tau primers to amplify Tau P233A (A). This mutated Tau ligated into
pUAST-attB vector and transformed into XL-B competent cells. Positive colonies were screened
through colony PCR (B). Isolated plasmid with Tau P233A was also confirmed through double
digestion (C).

3.13 Subcloning of the Tau P236A into pUAST-attB vector

Tau P236A was amplified from pBSK vector containing the mutated Tau P236A with
the help of the WT Tau primers. This amplified Tau construct was digested with the EcoRI and
Xbal enzymes and ligated into pUAST-attB vector digested with same pair of restriction
enzymes. Ligated product was transformed into XL-B competent cells and positive colonies
were screened through colony PCR. Tau P236A positive colonies were cultured and isolated
plasmid was also confirmed through double digestion for the presence of the insert. After
confirmation, this construct in pUAST-attB vector was used for generating the transgenic

Drosophila lines (figure 36).
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Figure 36. Subcloning of the Tau P236A into pUAST-attB vector. The plasmid containing Tau P233A
in pBSK was amplified with WT Tau primers to amplify Tau P236A (A). This mutated Tau ligated into
pUAST-attB vector and transformed into XL-B competent cells. Positive colonies were screened
through colony PCR (B). Isolated plasmid with Tau P236A was also confirmed through double
digestion (C).

3.14 Subcloning of the Tau P216A-P219A into pUAST-attB vector

Double mutants containing Tau P216A-P219A were also cloned into pUAST-attB
vector through same protocol. Tau P216A-P219A was amplified from pBSK vector containing
the mutated Tau P216A-P219A with the help of the WT Tau primers. This amplified Tau
construct was digested with the EcoRI and Xbal enzymes and ligated into pUAST -attB vector
digested with same pair of restriction enzymes. Ligated product was transformed into XL-B
competent cells and positive colonies were screened through colony PCR. Tau P216A-P219A
positive colonies were cultured and isolated plasmid was also confirmed through double
digestion for the presence of the insert. After confirmation, this construct in pUAST-attB vector

was used for generating the transgenic Drosophila lines (figure 37).
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Figure 37. Subcloning of the Tau P216A-P219A into pUAST-attB vector. The plasmid containing Tau
P216A-P219A in pBSK was amplified with WT Tau primers to amplify Tau P216A-P219A (A). This
mutated Tau ligated into pUAST-attB vector and transformed into XL-B competent cells. Positive
colonies were screened through colony PCR (B). Isolated plasmid with Tau P216A-P219A was also
confirmed through double digestion (C).

3.15 Subcloning of the Tau P233A-P236A into pUAST-attB vector

Mutant containing Tau P233A-P236A was also cloned into pUAST-attB vector through
same protocol. Tau P233A-P236A was amplified from pBSK vector containing the mutated
Tau P233A-P236A with the help of the WT Tau primers. This amplified Tau construct was
digested with the EcoRI and Xbal enzymes and ligated into pUAST-attB vector digested with
same pair of restriction enzymes. Ligated product was transformed into XL-B competent cells
and positive colonies were screened through colony PCR. Tau P233A-P236A positive colonies
were cultured and isolated plasmid was also confirmed through double digestion for the
presence of the insert. After confirmation, this construct in pUAST-attB vector was used for

generating the transgenic Drosophila lines (figure 38).
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Figure 38. Subcloning of the Tau P233A-P236A into pUAST-attB vector. The plasmid containing Tau
P233A-P236A in pBSK was amplified with WT Tau primers to amplify Tau P233A-P236A (A). This
mutated Tau was ligated into pUAST-attB vector and transformed into XL-B competent cells. Positive
colonies were screened through colony PCR (B). Isolated plasmid with Tau P233A-P236A was also
confirmed through double digestion (C).

Summary of the constructs and mutants generated

Following constructs and mutants were generated in this study:

Table 2. Tau and Fyn mutants generated.

Sr. No | Construct Name Mutation Significance

1. WT Tau - WT Tau

2. Tau P216A P216A Part of the sixth PXXP motif

3. Tau P219A P219A Part of the sixth PXXP motif

4. Tau P216A-P219A | P216A-P219A Sixth PXXP motif

5. Tau P233A P233A Part of the seventh PXXP motif
6. Tau P236A P236A Part of the seventh PXXP motif
7. Tau P233A-P236A | P233A-P236A | Seventh PXXP motif

8. Fyn - WT Fyn
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3.16 Microinjection of the WT and mutated MAPT constructs into Drosophila

embryos

For generating the transgenic Drosophila expressing human WT and mutated Tau
protein, these constructs which we generated were microinjected into Drosophila embryos. We
used Phi C31 integrase site specific integration system for inserting our construct at specific
desired locus in Drosophila genome (Basler et al., 2007). We used Picoinjector PLI-90 from
Harvard Apparatus for microinjection. Construct was diluted in injection buffer in 1:1 ratio and
injected into less than 2 hours of age embryos.

Summary of the microinjections and transgenic flies we generated in this study:

Table 3. Transgenic flies generated.

S No | Construct Injected Site of insertion Chromosomal
(In pUAST-attB vector ) (attP position) Location

1. WT Tau 86Fb Chr3

2. Tau Y18F 86Fb Chr3

3. Tau P216A 86Fb Chr3

4. Tau P216A-P219A 86Fb Chr 3

5. WT Fyn 25C Chr 2

We tried microinjections of the other remaining Tau and Fyn constructs also but they
were not successful and will be done by the scholars in the lab. We moved ahead with these

transgenic flies generated for this study after confirmation of the site-specific insertion.

3.17 Screening for transgenic flies after microinjections

For site specific insertions, we cloned the constructs in pUAST-attB vector. This
pUAST-attB vector contains attB site for site-specific insertion, 5X UAS region for
overexpression of the gene cloned and mini white gene (w) which helps in confirmation of the
insertion in fly genome (Bischof et al., 2007). This pUAST-attB vector is microinjected into
embryos of the attP landing site flies which have white eyes as they do not have functional
white gene. Once the construct is inserted successfully at specific site after microinjection, mini
white gene (in the construct) is expressed which will give red eye phenotype in the progeny.
We used this red eye phenotype as a primary screening for the transgenic flies.

Microinjected embryos were kept at 18°C in moist condition for proper healing,
development and growth. Next day, hatched larvae were collected and transferred to food vials.
Once the adult flies were eclosed, they were crossed with chromosome specific balancer
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chromosome flies for screening. Initially the flies were screened for the reds eye colour. Red-
eyed flies from the cross were then molecularly confirmed for the site-specific insertion of the
microinjected constructs with single fly PCR with flanking and WT Tau primers (as described
in figure 15 and 16). For single-fly PCR crude extract of the red-eyed fly was prepared and
PCR was done with flanking primers, WT Tau primers, attP landing site primers and rp49
control primers (figure 39). Single fly PCR confirmed the site-specific insertion of the

construct.

Fyn primers Rp49 primers

1.5kb . Fyn

RP49

Figure 39. Single Fly PCR for Tau and Fyn transgenic flies. Single fly PCR for WT Tau and mutant
Tau transgenic flies with WT Tau primers (A) and for Fyn transgenic fly with WT Fyn primers (B)
confirming that Tau and Fyn transgene has been inserted in Drosophila genome.

We microinjected MAPT and Fyn constructs at different sites on different
chromosomes to minimize the possible position effects. Once the insertion was confirmed
through the SF PCR, we next confirmed the site-specific integration through SF PCR with attP
site specific primers. We designed the primers such that forward primer will bind in the inserted
construct whereas reverse primer will bind in the Drosophila genome region towards 3’end of
the insertion site. Then we performed SF PCR which confirmed further that the microinjected

Tau and Fyn constructs has been inserted at targeted specific sites (figure 40).
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Figure 40. Single Fly PCR for site-specific integration of Tau and Fyn in generated transgenic flies.
Reverse primers were designed from attP flanking region in Drosophila genome so that PCR

amplification confirms the site-specific integration of the injected constructs.

To check the specificity of Tau primers used in the single-fly PCR to amplify transgenic
human-Tau but not the endogenous drosophila Tau (dTau), we did PCR with attP landing site
flies (BDSC Stock no 24749), wild type CantonS and generated WT Tau transgenic flies with
attP primes and Tau primers. As expected there was no amplification in the CantonS and WT
Tau transgenic flies with attP specific primers whereas attP site was amplified (figure 41)
similarly there was amplification in attP landing site flies and wild type CantonS flies with Tau
primers whereas Tau and Rp49 was amplified (figure 41). This confirms that the Tau primers
are specific to human Tau only and does not amplify endogenous dTau.
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Figure 41. Tau primers are specific to transgene and does not amplify dTau. attP primers did not amplify
attP in transgenic flies but amplifies attP in attP landing site flies. Also, there was no amplification in
attP landing site flies and CantonS flies with Tau primers. Both of these furthers confirms our generated
Tau transgenic flies.

3.18 Generation and confirmation of Tau and Fyn coexpression stocks

For expressing Tau and Fyn transgenes together in same fly we needed to generate the
flies with both Tau and Fyn transgenes. For getting these flies, we crossed Tau and Fyn flies
with specific second and third chromosome double balancer flies as mentioned in figure 42 and
generated individual Tau and Fyn fly stock with balancer chromosomes.

First, we balanced chromosomes for both Tau and Fyn individual flies with balancer
chromosomes on second and third chromosomes respectively. For generating this stock, virgin
females, that are homozygous for Fyn and Tau have phenotypes like Wildtype (non-Cyo and
non-Sh), are collected, and crossed with males from double-balancer, 1f/Cyo ; MKRS/Tb stock
(figure 42). Similarly, to make Fyn homozygous stock with third chromosome balancers
(MKRS/Tb), Virgin females that are homozygous for Fyn and does not have any balancer, are
collected, and crossed with males of double-balancer, If/Cyo ; MKRS/Tb. In F1 generation we
selected Thb larvae and discarded non-Thb larvae. Once the adult flies eclose from this Tb larvae
we selected further for the presence of the MKRS and CyO wings with red eye (we called these
flies as Fyn Stock 0). For next generation we did self-cross of this Fyn stock 0, and in the F2

generation we selected the flies with red eyes (for the presence of both alleles of Fyn) and
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balancer third chromosome with MKRS and Th (we labelled this fly stock as Fyn Stock A)
(figure 42).

Similarly we made a stock with second chromosome balancer and Tau on third
chromosome (Tau stock A), described for the Fyn stock. After getting both Tau and Fyn fly
stocks with balancer chromosomes at third and second chromosomes respectively (Tau Stock
A and Fyn Stock A), we crossed these two flies (Tau Stock A and Fyn stock A) and when we
got F1 larvae, we collected Tb larvae and non-Tb larvae were discarded. After eclosion of adult
flies for this Tb flies, we screened the progeny and collected CyO flies so that now this fly
stock have Fyn/CyO; Tau/Th genotype with both Tau and Fyn present in same fly. Later we
also crossed these Fyn/CyO; Tau/Tb flies and collected homozygous stock for both Fyn and
Tau transgene and final flies genotype is Fyn/Fyn; Tau/Tau (figure 42).

We followed same strategy and generated stocks for Fyn with WT Tau (Fyn/Fyn;
Tau/Tau), Fyn with Tau Y18F (Fyn/Fyn; Tau Y18F/Tb), Tau P216A (Fyn/Fyn; Tau
P216A/Tau P216A) and Tau P216A-P219A (Fyn/Fyn; Tau P216A-P219A/Tau P216A-
P219A). We confirmed the Tau and Fyn transgenic stocks with the single fly PCR and western
blotting.
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Figure 42. Generation of Tau and Fyn coexpression fly stocks. Fyn and Tau flies are crossed with double
balancer flies (P-Pin, C- CyO, S-Stubble, and Th- Tubby). In the next progeny, Fyn Stock 0 and Tau
stock O is collected and self-crossed them to get the Fyn and Tau stock A. Followed by cross of the Fyn
stock A and Tau stock A to get the final stock of Fyn/Fyn; Tau/Tau.

To confirm the expression of transgene in the in UAS-Tau and -Fyn transgenic flies,
we performed SDS-PAGE and western blotting of the Tau and Fyn flies after crossing them to
GMR-Gal4 driver. From the progeny flies, Heads were separated and crude protein extract was
prepared from adult flies with RIPA buffer. Protein concentration was estimated with standard
BCA protein estimation method and equal amount of protein was loaded in 10% SDS gel for
separation. SDS gel was then transferred to PVDF membrane overnight at 4°C. After blocking
the membrane, we probed the membrane with Tau, Fyn and actin primary antibodies. Western
blotting further confirms the transgene expression in Tau and Fyn flies as both Tau and Fyn

bands were present in transgenic flies only (figure 43).
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Figure 43. Western blot analysis for protein expression confirmation of generated Tau and Fyn

transgenic flies. Tau bands were only present in WT and mutants of Tau flies (A and B). To confirm
further whether generated flies are 2N4R Tau, we used ON4R Tau flies as a positive control (A) and
GMR/+ as a negative control. Tau and Fyn co-expressing flies western blotting also confirms the
expression of both Tau and Fyn co-expression in same fly for both WT and mutants (C and D). Actin
was used as loading control for all blots. Absence of Tau in Fyn flies and absence of Fyn in Tau flies
also further confirms our generated transgenic flies (C and D).

Summary

We have successfully cloned 2N4R human Tau and Fyn in a cloning vector and
performed site-directed mutagenesis through inverse PCR for the generation of Tau and Fyn
mutants for studying the functional interaction of Tau and Fyn. Tau was mutated at Y18F,
P216A, P219A, P216A-P219A, P233A, P236A, and P233A-P236A through site-directed
mutagenesis. We have subcloned all the Tau and Fyn constructs (both wildtype and mutants)
into fly specific pUAST-attB vector and microinjected them for getting site-specific insertions
in Drosophila genome. Tau and its mutants microinjected at 86Fb insertion site in chromosome

3 and Fyn was microinjected at 25C insertion site in chromosome 2. We successfully generated
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transgenic flies expressing WT-Tau, WT-Fyn, Tau Y18FTau, Tau P216ATau, and Tau P216A-
P219ATau. Transgenic flies were then confirmed through genomic PCR and western blotting.
Taken together, we have generated transgenic flies expressing Tau and its mutants, and Fyn to
create a new Drosophila AD model expressing human Tau and Fyn transgenes, which can be
used to study the functional interaction of Tau and Fyn to get new mechanistic insights into the

Tau-mediated neurodegeneration.
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Objective 2: Genetic analysis to understand the mechanism of Tau-Fyn mediated
neurotoxicity.

After generating human WT and mutant Tau, WT Fyn, and Tau-Fyn transgenic flies
we tried to investigate the synergistic effect of both Tau and Fyn coexpression on the Tau

mediated toxicity in the Drosophila model.

3.19 WT and mutated Tau together with Fyn overexpression in Drosophila causes
locomotor defects in aged flies

In the Drosophila models of neurodegeneration, defects in locomotion or climbing is a
commonly observed phenotype of the several neurodegenerative diseases. As a first-hand
assay, we started with analysing the effect of the Tau and Fyn coexpression on the climbing
ability of Drosophila. We calculated the climbing index for each genotype on 1-day, 7-day,
14-day, 21-day and 28-day old flies. Climbing index is defined as the percentage of the flies
crossing the 20 cm mark in 20 seconds.

We crossed UAS-Tau lines with Elav-gal4 for expressing Tau and Fyn in neurons and
performed the climbing assay in cylindrical glass chamber divided into two-halves. We did not
find any significant defects in the climbing ability of the flies up to 14 days with both Tau and
Fyn expression (figure 44A-C). There was significant reduction in the climbing ability of the
WT Tau (36.8%) flies at 21 days (figure 44D) which was further deteriorated in presence of
Fyn (17.03%) (Compare WT Tau with Fyn-WT Tau, figure 44D) as compared to controls
(52.75%). Tau P216A (37.75%) also reduced the climbing ability of the flies significantly
(figure 44D, Tau P216A) which was further reduced in the presence of the Fyn (21.26%)
(Compare Tau P216A with Fyn-Tau P216A, red circle and arrows) but presence of Fyn with
Tau Y18F (30.63%) rescued the climbing defects slightly (compare Tau Y 18F with Fyn-Tau
Y 18F, red circle and arrows). These results shows that WT Tau toxicity (36.08%) causes the
age dependent decline in the climbing ability of the fly which is further deteriorated by the
presence of Fyn (17.03%). Tau Y18A (30.63%) and Tau P216A (21.26%) mutants with Fyn
co-expression has improved the locomotion by blocking the Fyn mediated phosphorylation or
Fyn interaction to Tau (figure 44).
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Figure 44. Tau and Fyn synergistically affect locomotion in an age-dependent manner. Age-dependent
climbing Index was calculated for the flies expressing WT Tau, Tau P216A and Tau Y18F with Fyn
coexpression. A. Climbing index of the 1-Day old flies. There was no significant difference observed
in climbing index of WT-Tau, TauP216A and TauY18F Tau with Fyn coexpressing flies. B. Climbing
index of the 7-day old flies. There was no significant difference observed in climbing index of WT Tau,
Tau P216A and Tau Y18F with Fyn coexpressing flies. C. Climbing index of the 14-day old flies. There
was no significant difference observed in climbing index of WT Tau, Tau P216A and Tau Y18F with
Fyn coexpressing flies. D. Climbing index of the 21 days old flies. There was significant decrease in
climbing index of WT Tau, Tau P216A and Tau Y18F with Fyn coexpressing flies. Fyn expression
further deteriorated the climbing ability of the flies in both WT and P216A as well as Tau Y18F flies

as compared to the age matched controls (compare red circles and red arrows). One-way ANOVA was
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performed for calculating the p-value and significance. Data was analysed with Graph pad prism 8.
N=3, n=20.

3.20 WT and mutated Tau and Fyn overexpression in Drosophila causes fused and
disrupted ommatidia

Tau toxicity disrupts the ommatidia arrangement and leads to the degenerated eyes. To
check the effect of the Fyn expression on the Tau toxicity we expressed Tau and Fyn in
Drosophila eyes with GMR gal4. Nail print imprints can be used to study the outer surface of
the fly eyes(Arya and Lakhotia, 2006). We performed age-dependent nail paint imprinting for
analysing the ommatidia arrangement and eye surface morphology. Fyn expression increased
the Tau toxicity in WT Tau (figure 45A2), as well as mutant Tau P216A (figure 45A4) and
Tau Y18F (figure 45A6) flies. The regular array arrangement of ommatidia was disrupted in
young age flies (1-day old) as well as old flies (30 days old). GMR-Gal4/+ and GMR/Fyn was
used as a control. The severity of the toxicity was increased as the age progressed. The toxicity
was result of the synergistic effect of the Tau and Fyn as there was very less or no disruption
of the ommatidia in the WT Fyn (figure B2, C2 and D2), WT Tau (figure 45A2), Tau P216A
(figure 45A4) and Tau Y18F (figure 45A6) flies without Fyn whereas the Tau and Fyn
coexpression increased the Tau toxicity as in WT Tau-Fyn (compare figure 45A2 with figure
45A3), Tau P216A-Fyn (compare figure 45A4 with figure 45A5) and Tau Y 18F-Fyn (compare
figure 45A6 with figure 45A7). Overexpression of only Fyn did not cause any disruption of the
ommatidia arrangement, whereas presence of Fyn along Tau with caused disruption of the
ommatidia arrangement. We analysed the degeneration of the ommatidia in an age-dependent
manner of 1-, 10-, 20- and 30-days old flies and found the consistent disruption of the
ommatidia arrangement at all age points (figure 45A, 45B, 45C, 45D). These results shows that
presence of Fyn exacerbates the Tau toxicity. Effect of the Tau and Fyn co-expression is
rescued partially with Y18 and P216 mutants which blocks the Fyn-mediated phosphorylation
or Fyn binding to Tau (figure 45).
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Figure 45. WT and mutated Tau and Fyn overexpression in Drosophila causes fused and disrupted
ommatidia. A. Eye nail paint imprints of 1-day old flies expressing WT-Tau (A2), Tau P216A (A4) and
Tau Y18F (A6) alone with Fyn coexpression (A3, A5 and A7 respectively). Above panel shows the
images at 4X zoom and bottom panel shows same eye at 10X zoom. Yellow arrows indicates the
zoomed area with degenerated eye ommatidia. B. Eye nail paint imprints of 10 days old flies expressing
WT Tau (B3), Tau P216A (B5) and Tau Y18F (B7) alone with Fyn coexpression (B3, B6 and B7
respectively). Above panel shows the images at 4X zoom and bottom panels shows same eye at 10X,
20X and 40X zoom as indicated. C. Eye nail paint imprints of 20 days old flies expressing WT-Tau
(C3), Tau P216A (C5) and Tau Y18F (C7) alone with Fyn coexpression (C4, C6 and C8 respectively).
Above panel shows the images at 4X zoom and bottom panels show same eye at 10X, 20X and 40X as
indicated. Yellow arrows indicates the zoomed area with degenerated eye ommatidia. D. Eye nail paint
imprints of 30 days old flies expressing WT Tau (D3), Tau P216A (D5) and Tau Y18F (D7) alone with
Fyn coexpression (D4, D6 and D8 respectively). Above panel shows the images at 4X zoom and bottom
panels show same eye at 10X, 20X and 40X as indicated. Yellow arrows indicates the zoomed area
with degenerated eye ommatidia. All images were taken with Olympus microscope and Infinityl

camera.
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3.21 Tau overexpression in Drosophila causes rough eye and the loss of Inter
Ommatidial Bristles

We found that overexpression of WT Tau causes the fusion and disruption of
ommatidial arrangement. To confirm the Tau-mediated toxicity further and analysing the
surface morphology of Drosophila eyes in our AD model, we have performed SEM. We
crossed the Tau and Fyn flies with GMR-Gal4 driver and collected the progenies. Following
this we performed SEM on 1-day and 10-day old flies, and counted the number 10Bs (Inter
ommatidial bristles). 1-day old flies expressing WT Tau (67.45%) show a decline in percentage
of OB, however it is increased in flies expressing mutant versions of Tau with mutations in
the 6th PXXP motif (P216A (72.15%) and P216A-P219A (75.92%)) required for binding Fyn,
and at Fyn phosphorylation site (Y18F (72.99%)). Flies co-expressing Fyn and Tau, Fyn; WT
Tau (58.34%) and Fyn; Tau Y18F (51.54%) show higher decline in percentage of 10Bs, but it
is again rescued in flies lacking the Fyn interacting sites (Fyn; Tau P216A (70.42%) and Fyn;
Tau P216A-P219A (76.25%)). We found that the flies expressing WT Tau (67.45%) and Fyn:
WT Tau (58.34%) have very low percentage of IOBs compared to other genotypes. We also
found that coexpression of Fyn with Tau Y18F (Fyn; Tau Y18F (51.54%)) have very low
percentage of IOBs as comparable with WT Tau (67.45%) and Fyn; WT Tau (58.34%), which
suggests that degeneration of bristles may be a result of Tau-Fyn interaction. These results
suggest that Tau-Fyn physical interaction itself could result in the Tau toxicity even if Tau
can’t be phosphorylated at the Fyn target site. A similar trend is observed in 10-day old flies,
the flies expressing WT Tau (53.76%) and Tau Y18F (49.73%) show intense rough eye
phenotype with loss of bristles, ommatidial fusion, and misalignment of ommatidia as
compared to the control flies (94.25%). However flies expressing Tau P216A (59.25%) and
Tau P216A-P219A (60.78%) shows rescue from rough eye phenotype with increased
percentage of 10Bs compared to the flies expressing WT Tau (53.76%) and Tau Y18F
(49.73%). In Fyn and Tau coexpression flies, Fyn; WT Tau (51.07%) and Fyn; Tau Y18F
(42.09%) show more loss of bristles, however flies expressing Fyn; Tau P216A (62.21%)
improved the percentage of ommatidia with IOBs (Percentages of ommatidia with 10Bs were
increased but shown statistically non-significant). Taking together, these results suggest that
mutation in the Fyn interaction site (Tau P216A and Tau P216-P219A) rescues the
photoreceptor neurons from Tau toxicity (figure 46).
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Figure 46. WT Tau overexpression in Drosophila causes rough eye and loss of Inter Ommatidial

Bristles. . A. Scanning electron micrographs of 1-day old flies expressing Tau and Fyn flies, lower panel

shows the zoomed images of the top panel. A1-A5 SEM images of Tau and its mutants of 1 day old

flies, A6-A10 are SEM images of Tau-Fyn flies as mentioned on top of image. B. SEM images of 10

days old flies of Tau expressing flies (B1-B5) and Tau-Fyn expressing flies (B6-B9), genotype is

mentioned on top of each image. C. Quantification of percentage of ommatidia with 10Bs of 1 day old

flies. D. Quantification of percentage of ommatidia with 10Bs of 10 days old flies. n=12-15 flies per

genotype.
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3.22 WT Tau mediated depletion in retinal neuron function is improved by
reducing Fyn and Tau interaction (Tau P216A and Tau P216AP219A)

We found that Tau and Fyn coexpression leads to the disorganized and irregular array
of arrangement of ommatidia in the adult flies. This disorganisation of the array of the
ommatidia and loss of rhabdomeres may have functional loss of the retinal neurons of the flies
expressing both Tau and Fyn, this functional loss of the retina can be monitored by the ERG
(Belusic, 2011). Drosophila ERG has been an excellent model for studying the protein
modifications and genetic interactions (Belusic, 2011). We checked the ERG for analysing the
synergistic effect of the Tau and Fyn on the retinal neuron function as they are easily accessible.
The ERG waveform consists of a sustained receptor potential, light-on and light-off transients.
The receptor potential represents the depolarization in the photoreceptor cells(Alawi and Pak,
1971; Heisenberg, 1971). We evaluated the receptor potentials, lights-on and -off transients of
the Tau and Fyn expressing adult flies in age dependent manner of 1-day, 10-day, 20-day and
30-day old flies.

We found that overexpression of WT Tau declined receptor potential significantly when
compared with control flies respectively in 10-day (Controls 0.028V and WT Tau 0.012V), 20-
day (Controls 0.026V and WT Tau 0.015V) and 30-day old flies (Controls 0.020V and WT
Tau 0.010V) (figure 47, comparison of transform of receptor potential graphs and black line
(control) and red line (WT Tau)). Y18F Tau and Tau P216AP219A increased the receptor
potential when compared with WT Tau flies at their respective age of 10-day (Tau Y18F
0.022V and Tau P216AP219A 0.019V vs WT Tau 0.012V), 20-day (Tau Y18F 0.015V and
Tau P216AP219A 0.010V vs WT Tau 0.015V) and 30-day (Tau Y18F 0.011V and Tau
P216AP219A 0.014V vs WT Tau 0.010V). Coexpression of Fyn and Tau also declined the
receptor potential of the Fyn; WT Tau flies when compared with control flies or only Fyn flies
in 10-day (Fyn; WT Tau 0.015V vs controls 0.027V and Fyn 0.015V), 20-day (Fyn; WT Tau
0.008V vs controls 0.026V and Fyn 0.015V) and 30-day old flies (Fyn; WT Tau 0.009V vs
controls 0.020V and Fyn 0.013V). Similarly, Fyn; Y18F Tau and Fyn; Tau P216AP219A
improved the receptor potential when compared with Fyn; WT Tau flies at their respective age
of 10-day (Fyn; Tau Y18F 0.016V, Fyn; Tau P216A 0.018V and Fyn; Tau P216AP219A
0.013V vs Fyn; WT Tau 0.015V), 20-day (Fyn; Tau Y18F 0.011V, Tau P216A 0.016V and
Fyn; Tau P216AP219A 0.008V vs Fyn; WT Tau 0.008V) and 30-day (Fyn; Tau Y18F 0.016V,
Tau P216A 0.018V and Fyn; Tau P216AP219A 0.009V vs Fyn; WT Tau 0.009V). These
results states that the decline in the receptor potential caused by overexpression of WT Tau and
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Fyn; WT Tau was improved by reducing the Tau and Fyn interaction through P216A mutation
and through inhibiting the Y18 phosphorylation of Tau (figure 47, receptor potential graphs
and traces).

Further we also calculated the on transient and off transients. We did not observed any
significant changes in the off transients in WT Tau and mutants its mutants, but we found that
overexpression of WT Tau declined on transients significantly when compared with control
flies respectively in 1-day (Controls 0.0047V and WT Tau 0.0001V), 10-day (Controls 0.01V
and WT Tau 0.00001V), 20-day (Controls 0.007V and WT Tau 0.0009V) and 30-day old flies
(Controls 0.0075V and WT Tau 0.0005V). Y18F Tau and Tau P216AP219A increased the on
transients when compared with WT Tau flies at their respective age of in 1-day (Tau Y18F
0.0002V and Tau P216AP219A 0.002V vs WT Tau 0.0002V), 10-day (Tau Y18F 0.0007V and
Tau P216AP219A 0.002V vs WT Tau 0.0001V), 20-day (Tau Y18F 0.001V and Tau
P216AP219A 0.001V vs WT Tau 0.0009V) and 30-day (Tau Y18F 0.001V and Tau
P216AP219A 0.003V vs WT Tau 0.0005V). Similarly, Fyn; Y18F Tau and Fyn; Tau
P216AP219A improved the on transients when compared with Fyn; WT Tau flies at their
respective age of 1-day (Fyn; Tau Y18F 0.0004V, Fyn; Tau P216A 0.0004V and Fyn; Tau
P216AP219A 0.002V vs Fyn; WT Tau -0.0002V), 10-day (Fyn; Tau Y18F 0.005V, Fyn; Tau
P216A 0.004V and Fyn; Tau P216AP219A 0.004V vs Fyn; WT Tau 0.002V), 20-day old on
transients were non-significant (Fyn; Tau Y18F 0.005V, Tau P216A 0.005V and Fyn; Tau
P216AP219A 0.001V vs Fyn; WT Tau 0.09V) and 30-day (Fyn; Tau Y18F 0.0032V, Tau
P216A 0.0028V and Fyn; Tau P216AP219A 0.002V vs Fyn; WT Tau 0.002V).These results
also suggests that the loss in the on transients caused by overexpression of WT Tau and Fyn;
WT Tau was improved by reducing the Tau and Fyn interaction through P216A mutation and
through inhibiting the Y18 phosphorylation of Tau (figure 47, on transients graphs and traces).

Comparison of ERG traces of 1-day old (black traces in figd7 E1), 10-day old (red
traces in figd7 E1), 20-day old (green traces in figd7 E1) and 30-day old flies (blue traces in
figd7 E1 show that there was decline in receptor potential in WT Tau and Fyn-WT Tau
overexpression flies (traces became smaller as the flies aged) and this receptor potential was
increased in Tau Y18F, P216A-P219ATau and Fyn-Tau P216ATau flies (red, green and blue
traces are bigger that black traces). In consistent with the observations of 10B phenotypes in
the SEM and the results of eye-nail-paint imprint assay, these results also further suggest that
inhibiting the Tau and Fyn interaction reduces the Tau mediated toxicity in Drosophila model
(figure 47).
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B1. Traces: 10 Days old flies
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C1. Traces: 20 Days old flies
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D1. Traces: 30 Days old flies
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El.. Traces: 1 Day old flies, 10 Days old flies, 20 Days old flies, 30 Days old flies
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Figure 47. WT Tau and WT Tau-Fyn overexpression reduces the receptor potential between

photoreceptor cells. Age dependent ERG were recorded for 1-day and 10-day, 20-day and 30-day old

flies. Al and A2: 1 day old flies ERG traces, off transients, on transients and receptor potential were

quantified and analysed. B1 and B2, 10 day old flies ERG traces, off transients, on transients and

receptor potential were quantified and analysed. C1 and C2, 20 day old flies ERG traces, off transients,

on transients and receptor potential were quantified and analysed. D1 and D2, 30 day old flies ERG

traces, off transients, on transients and receptor potential were quantified and analysed. E1 and E2,
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Comparison of the 1-day (black) and 10-day (red), 20-day (green) and 30-day (blue) old traces of the
recorded ERGs for Tau and Fyn expressing flies. n=10-15 flies per genotype.

3.23 WT and mutated Tau overexpression reduces C4da neurons dendritic
arborization
Progressive death of the neurons is associated with AD and Tauopathies. Reduction in

neuronal density and reduction in arborization of the dendrites has been found in AD brain
(Falke et al., 2003). Proper arborization of the dendrites is important for incoming signal
processing and transfer. Therefore, next we wanted to study the dendritic arborization in Tau
and Tau-Fyn overexpressing flies. For studying the dendrites in Drosophila, C4da neurons has
been widely used as model (Iseki et al., 2001; Sachez-Soriano et al., 2007). We used C4da as
our model to study the dendrites in third instar larvae. We used PPK-Gal4 driver for
overexpression of Tau and Fyn transgenes in Drosophila larvae. To mark the dendrites of C4da
neurons with PPK Gal4, we made a stable homozygous stock of UAS-GFP with PPK-Gal4 and
crossed this stock with Tau transgenic flies.

We found that overexpression of WT Tau caused severe reduction in the arborization
of the third instar larvae with total loss of distal dendrites, reduced dendritic length and branch
numbers. WT Tau overexpression also significantly reduced the arbor surface area and lead to
simplified dendritic arborization of C4da neurons. Whereas, when we blocked the
phosphorylation of Tau at Y18 or reduced the Fyn interaction through P216A and Tau P216A-
P219A, we found rescue in WT Tau overexpression effects as we found increased dendritic
length (WT Tau (18um) vs Tau Y18F (123um), Tau P216A (60.03um) and Tau P216219A
(93.36um)), increase in arbor surface area (WT Tau (28.90 um?) vs Tau Y18F (121.14 um?),
Tau P216A (91.55 pm?) and Tau P216219A (92.66 um?)), and also more number of branches
(WT Tau (20.22 branches) vs Tau Y18F (186.6 branches), Tau P216A (68.66 branches) and
Tau P216219A (125.62 branches)). Hence, reducing the Y18 phosphorylation of Tau and
interaction with Fyn rescued the toxic effects of WT Tau overexpression and formed the
complex and branched arborization of the C4da neurons. We also used Strahler analysis to
check the branching pattern of the dendrites in Tau flies. We found that as compared to control,
WT Tau overexpression leads to total loss of the tertiary and quaternary branches of the
dendrites, In WT Tau overexpressing flies there were only primary and secondary dendrites
where as if we reduce the Y18 phosphorylation of Tau we got all primary, secondary, tertiary
and quaternary branches. Similarly, if we reduce the Fyn interaction through Tau P216A or
Tau P21A-P219A, we found higher branching pattern. Strahler analysis also suggests that

reduction in the Y18 phosphorylation of Tau or the Tau-Fyn interaction rescues the toxic
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effects of the WT Tau and increases the branching complexity leading to arborized dendrite of

the neurons (figure 48).
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Figure 48. WT and mutated Tau overexpression reduces C4da neurons dendritic arborization and

branching pattern. A. Confocal microscopy images of third instar larvae C4da neurons expressing WT
Tau, Tau Y18F, Tau P216A and Tau P216A-P219A. C4da neurons are marked with PPK-Gal4; UAS-

GFP (green) and stained for Tau (Red). Traces were drawn using neurite traces plugin in Fiji software

as mentioned in methodology section. B. Quantification of the dendritic length, C. Arbor surface area

and D. number of branches of the C4da neurons. Reducing the Y18 phosphorylation and Tau-Fyn

interaction significantly increased the length of dendrites, arbor surface area and number of branches.

E. Schematic of the Strahler tree and pattern of branches. F. Strahler analysis of the traces of the C4da

neurons. F1-F5 branching pattern of the C4da neurons expressing GFP control (F1), WT Tau (F2), Tau
Y18F (F3), Tau P216A (F4) and Tau P216A-P219A (F5). Strahler analysis revealed that WT Tau
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overexpression reduced the branching complexity and only primary and secondary dendrites were
present whereas Tau Y18F, Tau P216Aand Tau P216A-P219A significantly increased the branching
complexity as tertiary and quaternary dendrites were also present were as comparable to controls. G.
Bar graph representing total number in each Strahler number for all genotypes as mentioned. Student t-

test was used for statistical analysis with graph pas prism 8.0. n= 10 neurons.

3.24 WT Tau overexpression affects Rhol and Racl levels

We found that overexpression of WT Tau reduces the dendritic arborization of the C4da
neurons. Structure and plasticity of dendritic spines be determined by the actin cytoskeleton
and remodeling (Lei et al., 2016) We also know that effectors of the Rho and Rac signalling
regulate actin cytoskeleton. Previous studies show that increased activity of Rhol and
decreased activity of Racl has been associated with the decreased branching pattern and
simplified branching tree in neurons (Nakayama et al., 2000; Threadgill et al., 1997b). Also,
these small Rho GTPases, Rhol and Racl are important players in maintaining the cellular
cytoskeleton through regulating the actin and microtubule rearrangements (Burridge and
Wennerberg, 2004). Decreased expression and levels of Racl have also been found in the AD
brain (Zhao et al., 2006) whereas Rhol expression was found to be increased in mouse model
of AD (Huesa et al., 2010). Though association of the Rhol and Racl with the pathogenicity
of AD is known, the role of these Rho family GTPases in Tau mediated toxicity is still unclear.
Therefore, we wanted to check the levels of the Rho family GTPases Rhol and Racl in Tau
mediated neurodegeneration Tau.

We crossed the Tau flies with GMR-Gal4, and progenies were collected. Heads were
separated and crude protein extract was prepared as mentioned in methods section (2.2.14).
After performing western blots, we found that overexpression of the WT Tau increased the
Rhol levels whereas decreased the levels of the Racl. Densitometry analysis also show
increased Rhol (figure 49A, Rhol levels normalised with actin controls as WT Tau (4.90),
controls (1), Tau Y18F (0.91), Tau P216A (2.80) and Tau P216AP219A (1.30)) and decreased
Racl (figure 49B, Racl levels normalised with actin controls as WT Tau (0.7), controls (1),
Tau Y18F (3.62), Tau P216A (1.1) and Tau P216AP219A (2.44)) in WT Tau flies when
compared with controls, Y18F and P216A, P216 AP219A mutants of Tau. This hints that when
we reduced the Y18 phosphorylation and Tau Fyn interaction through Tau P216A and Tau
P216A-P219A the levels of Rhol was decreased and Racl was increased which also supports
our previous results and gives us a clue that abnormal expression or levels of Rhol and Racl

may be associated with Tau mediated toxicity in AD and Tauopathies. We also tried to check
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the Rhol and Racl levels in the Tau and Fyn coexpressing flies but the single repeat data was
not significant to make any conclusion. This is the data for one repeat of the experiment, we

are currently repeating the experiments for making any conclusive remark on this (figure 49).
A. WT Tau overexpression increases Rhol levels
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Figure 49. WT Tau overexpression affects Rhol and Racl levels. A. Western blotting for Rhol in Tau

overexpression flies and quantification of the blot. B. Western blotting for Racl in Tau overexpression
flies and quantification of the blot in B. C. Western blotting for Rhol in Tau-Fyn coexpressing flies and
quantification of the blot. For quantification of all blots, normalization was done to the control sample

levels and values were plotted as bar graphs.
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Summary

To summarize the results in the second objective, in our Tau AD model, WT Tau
overexpression causes decline in the Drosophila locomotion in aged flies which is improved
by reducing Fyn mediated phosphorylation of the Tau. Tau overexpression causes rough eye
(nail paint imprinting assay), loss of 10Bs (SEM analysis) and reduction in the synaptic
transmission (ERG analysis) which is improved by reducing the Tau-Fyn interaction and Y18
phosphorylation of Tau by Fyn. Expression of WT Tau in C4da neurons decreases the dendritic
length, dendritic surface area and number of the branches leading to the simplified branching
complexity and reduced arborization, which can be rescued by reducing the phosphorylation
of the Tau at Y18 as it significantly increases the branching complexity and arborization
(Confocal microscopy and Strahler analysis of the C4da neurons). Initial experiments hint that
WT Tau overexpression may perturb the Rhol and Racl homeostasis by increasing the Rhol
levels and reducing the Racl levels but the experiment needs to be repeated for conclusive

results.
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Objective 3: Repurposing the drugs used in oncotherapy for checking the neuroprotective
effects in Drosophila model of AD.

As a part of my research work in studying the mechanism of Tau and Fyn mediated

neurodegeneration we have generated a model to study the Tau-mediated neurodegeneration.
We wanted to leverage this AD or Tauopathy model to find new therapeutic compounds by
drug repurposing. Drug repurposing and repositioning of established chemical compounds and
drugs has been found to be cost effective, time saving and gave better treatment options. With
the help of our lab collaborator Prof. Markus Zweckstetter, Max Planck Institute for
Multidisciplinary Sciences, Gottingen, we procured eight different compounds used
oncotherapy (modified from original ones) and checked for their protective effects on Tau
mediated neurotoxicity using Drosophila as a model. These compounds have already shown
positive effects in preventing Tau seeding and fibrillation in vitro and in cell models.
Note: As the compounds are being patented, in the interest of institutions and authors the
chemical name of the compounds tested are not disclosed here as the data is not published yet.
| have used specific numbers given to each compound from compound 1 to compound 8 for all
the records and analysis here.

3.25 Drug Dosage and Treatment

As these are already established drugs that are being used in oncotherapy, their
recommended doses for patients are already available. We selected the dosage recommended
for human use and calculated the recommended concentration for flies and larvae according to
the body weight of the third instar larvae, we called it as ‘reference dose for the flies’. We used
this reference dose concentration and two higher concentrations than reference dose, for the
primary screening in larvae. We performed primary screening with these three different
concentrations and selected the best one for further experiments. Following table represents the
different concentrations we used in primary screening for each compound. The highlighted
concentration (in bold) is the reference dose.
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Table 4. Compounds and their concentrations used in primary screening.

Sr. No Compound Concentrations used
1. Compound 1 2uM, 5uM, 10uM

2. Compound 2 1pM, 2uM, 5uM

3. Compound 3 18uM, 28uM, 84uM
4. Compound 4 7uM, 14uM, 20uM
5. Compound 5 10pM, 20uM, 30uM
6. Compound 6 25uM, 50uM, 100uM
7. Compound 7 05uM, 10uM, 15uM
8. Compound 8 15uM, 30uM, 44uM

3.26 Screening of the compounds for protective effects on Tau toxicity

As a primary screening and for checking the effects of the compounds on the Tau
toxicity, we overexpressed WT Tau in the Drosophila eyes with GMR-Gal4. Larvae were
treated with different concentrations of the compound thrice at each instar stage. Once flies
eclosed, we did imaging with light microscope and scanning electron microscope for analysing
the eye surface morphology. WT Tau overexpression causes rough eye phenotype and fusion
of ommatidia in very young flies. For getting initial expression of the effects of the compounds
in the eye surface morphology we did full eye imaging and calculated the percentage of the
degenerated (fused and rough ommatidia) surface area and compared among different
concentrations of the compounds as well as controls. We found that WT Tau overexpression
caused degeneration in eyes and treatment with compound 1 (WT Tau untreated (38.59%),
2uM (35.01%), SuM (33.40%) and 10uM (31.76%)), compound 3 (WT Tau untreated
(41.48%), 7TuM (31.12%), 14uM (34.64%) and 20uM (32.95%)), compound 5 (WT Tau
untreated (40.55%), 10uM (32.20%) and 20uM (30.30%)), compound 7 (WT Tau untreated
(38.75%), S5uM (34.27%), 10uM (28.50%) and 15uM (28.80%)), and compound 8 (WT Tau
untreated (40.41%), 15uM (32.16%), 30uM (29.82%) and 44uM (31.20%)), in the larval
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stages significantly reduced the degenerated area in the adult eyes. This reduction in the

percentage of the surface area after treatment states that Compounds 1, 3, 5, 7, and 8 treatment

have protective effects against the WT Tau toxicity in Drosophila eyes (figure 50).
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B. Effect of compound 2 treatment on WT Tau toxicity
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C. Effect of compound 3 treatment on WT Tau toxicity
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D. Effect of compound 4 treatment on WT Tau toxicity
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E. Effect of compound 5 treatment on WT Tau toxicity:
GMR-Gal4/+ GMR-Gal4/ WT Tau
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F. Effect of compound 6 treatment on WT Tau toxicity:
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G. Effect of Compound 7 treatment on WT Tau toxicity
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H. Effect of compound 8 treatment on WT Tau toxicity:
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Figure 50. Full eyes light microscopy imaging of the compounds treated flies and control flies, a
represents control and WT Tau untreated flies, and b represents WT Tau treated flies. A. Compound 1
treated flies eyes compared with control and untreated WT Tau flies. Total surface area and degenerated
surface area is calculated and quantified as percentage in A’. B. Compound 2 treated flies eyes
compared with control and untreated WT Tau flies. Total surface area and degenerated surface area is
calculated and quantified as percentage in B’. C. Compound 3 treated flies eyes compared with control
and untreated WT Tau flies. Total surface area and degenerated surface area is calculated and quantified
as percentage in C’. D. Compound 4 treated flies eyes compared with control and untreated WT Tau
flies. Total surface area and degenerated surface area is calculated and quantified as percentage in D’.
E. Compound 5 treated flies eyes compared with control and untreated WT Tau flies. Total surface area
and degenerated surface area is calculated and quantified as percentage in E’. F. Compound 6 treated
flies eyes compared with control and untreated WT Tau flies. Total surface area and degenerated surface
area is calculated and quantified as percentage in F’. G. Compound 7 treated flies eyes compared with

control and untreated WT Tau flies. Total surface area and degenerated surface area is calculated and
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quantified as percentage in G’. H. Compound 8 treated flies eyes compared with control and untreated
WT Tau flies. Total surface area and degenerated surface area is calculated and quantified as percentage
in H’.

3.27 SEM to check the effects of drug compounds on degeneration of eye

To confirm the results of the primary screening with high resolution imaging, we have
performed scanning electron microscopy (SEM) to see the protective effects of the compounds
in treated and untreated flies. We chose one concentration which had the best significance
values from the three concentrations we have used in the primary screening. Following tables
summarizes the compounds and their concentrations we used for checking the retinal

degeneration using SEM.

Table 5. Compounds used for SEM.

Sr No Compound Concentration for SEM
1. Compound 1 10 pM
2. Compound 3 20 pMm
3. Compound 5 20 uM
4, Compound 8 30 M
5. Compound 7 10 pM

We did three treatments as described previously for light microscopy and 1-day old
flies were fixed in 1 % formaldehyde followed by serial dehydration in 25%, 50%, 75% and
100% ethanol for 12 hours each. Dehydrated flies were fixed on the SEM stab and images were
captured at 200X for complete eye.

SEM analysis confirmed the protective effects of the compounds on the WT Tau
toxicity. We found that treatment with compound 1 (WT Tau untreated (40.73%), 10uM
(33.33%)), compound 3 (WT Tau untreated (40.73%), 20uM (33.99%)), compound 5 (WT Tau
untreated (40.73%), 20uM (34.63%)), compound 7 (WT Tau untreated (40.73%), 10uM
(32.34%)) and 8 (WT Tau untreated (40.73%), 30uM (34.63%)) decreased the WT Tau toxicity

in the Drosophila eyes with compound 7 and compound 1 being the most consistent and
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significant (figure 51). We proceeded for functional studies to further quantify these protective

effects of the compound’s treatment on the WT Tau toxicity.

SEM Analysis of WT Tau flies treatments with compounds:
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Figure 51. Scanning electron microscopy of the compounds treated flies and control flies, A and B
represents duplicates. A. al and a2 represents the control and bl-b2 represents WT Tau untreated
controls. Compound 1 treated (c1-c2) flies eyes compared with WT Tau untreated controls (b1 and bl)
and percentage of the degenerated area is quantified in ¢3. Compound 3 treated (d1-d2) flies eyes
compared with WT Tau untreated controls (bl and bl) and percentage of the degenerated area is
guantified in d3. Compound 5 treated (e1-e2) flies eyes compared with WT Tau untreated controls (b1
and bl) and percentage of the degenerated area is quantified in e3. Compound 8 treated (f1-f2) flies
eyes compared with WT Tau untreated controls (b1 and b1) and percentage of the degenerated area is
guantified in f3. Compound 7 treated (g1-g2) flies eyes compared with WT Tau untreated controls (b1
and b1) and percentage of the degenerated area is quantified in g3. 12-15 flies were analysed for each
genotype and treatment.

3.28 Compounds treatment rescues Tau mediated neurodegeneration in retinal
neurons (ERGS)

After SEM analysis we confirmed that five compounds have protective effects on the
Tau neurotoxicity. These five compounds (Compound 1, 3, 5, 7 and 8) significantly reduced
the degenerated surface area of the eye. Moving ahead, as a functional assay, we wanted to
check the effects of these compounds treatment of the neuronal function. Drosophila ERG is a
well-studied model for analysing genetic interactions, protein modification as well as for the

functional loss of the photoreceptor cells (Belusic, 2011). Out of five compounds which we
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analysed through SEM, we selected two best compounds and recorded the ERG from the
treated flies to analyse the effect of the treatment on the synaptic transmission between
photoreceptor cells and laminar neurons. Following table indicates the compounds and the
concentration we used for the ERG of the treated flies.

Table 6. Compounds used for ERG.

Sr. No Compound Concentration
1. Compound 7 10 pm
2. Compound 8 30 uM

We orally fed the compound to the larvae as mentioned earlier in the methods section.
Once the progeny was eclosed we collected the adult flies and recorded the ERGs. We analysed
the on-transient, off-transient and receptor potentials from ERG recordings of control and
treated flies. We found that the both compounds treatment significantly improved the on-
transient in the treated flies which was significantly lost in the untreated WT Tau flies (WT
Tau untreated (-0.00008V), compound 7 (0.001V), compound 8 (0.001V), and controls
(0.005V)). Off-transients were also improved but statistically non-significant. Treatment with
both compounds significantly increased the receptor potential of the WT Tau overexpressing
flies as compared to untreated Tau flies (WT Tau untreated (0.011V), compound 7 (0.017V),
compound 8 (0.018V), and controls (0.023V)). Taking together, we concluded that treatment
with compound 7 and compound 8 significantly improves synaptic transmission between
photoreceptor cells and laminar neurons. Finally, we provided in vivo evidences for the
protective effects of the compound 7 and compound 8 on Tau mediated neurotoxicity in
Drosophila eye model (figure 52).
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Figure 52. Compounds treatment rescues Tau mediated neurodegeneration in retinal neurons (ERGS).
A. ERG traces of the GMR/+, GMR/GFP, GMR/UAS-WT Tau (upper panel) and ERG traces of the
GMR/UAS-WT Tau treated with compound 7 and 8 (lower panel). B. Quantification of the receptor

potential, on transients and off transients of the controls, untreated and compound 7 and 8 treated flies.
GMR/+ and GMR/UAS-GFP were used as a positive control flies.
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Summary

To summarize the results of the third objective of repurposing the drugs used in
oncotherapy for checking the neuroprotective effects in Drosophila model of AD, we found
that the treatment of compounds 1, 3, 5, 7 and 8 had significant reduction on the degenerated
surface area of eyes in the primary screening. Accordingly, SEM analysis of the rough-eye
phenotype recovery also confirmed that compounds 1, 3, 5, 7 and 8 reduce the Tau toxicity in
eyes. To even precisely check the effect on the neuronal function we did ERGs on control and
drug-treated flies and found significant increase in the Receptor potential and ON transient
amplitudes in the flies treated with compounds 7 and 8. We provided extracellular recordings
of retinal neurons, we conclude that compounds 7 and 8 have protective effects against Tau

mediated neurotoxicity.
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Chapter 4: Discussion

Alzheimer’s disease is non-curable neurodegenerative disorder which progresses with
aging. There is no treatment available for AD probably may be because the molecular players
and their mechanism involved in AD progression are not well understood yet. The major
pathological hallmarks of AD are the presence of amyloid-f (AB) plaques in the extracellular
matrix and neurofibrillary tangles in the intracellular sides (Ittner and Ittner, 2018). AB plaques
are formed due to improper processing of Amyloid Precursor Protein (APP) by the proteolytic
enzymes 3 and y secretase to produce A peptides of different length, and AP42 is considered
to be more pathogenic (Kotzbauer et al., 2004). Neurofibrillary Tangles are formed due to

abnormal phosphorylation of microtubule associated protein Tau (Grundke-Igbal et al., 1986b).

There are many serine threonine kinases involved in Tau phosphorylation, and tyrosine
kinase activation is the primary response for any cell activity. According to AD hypothesis, Ap
accumulates in the extracellular side can trigger the downstream signal for Tau
phosphorylation. This hyperphosphorylated Tau aggregates form paired helical filament and
later forms neurofibrillary tangles. FTDP (Frontal Temporal Dementia with Parkinson) is
another neurodegenerative disease caused by mutations in Tau. This observation brings the
idea that not only AP can cause neurodegeneration even Tau alone can cause

neurodegeneration.

Fyn, an Src family kinase also interacts with Tau and phosphorylates at tyrosine 18,
which has been found abnormally hyperphosphorylated in AD brain (Lee et al., 2004). Fyn
interacts with Tau through its SH3 domain and phosphorylates tyrosine residues of Tau (Lee
etal., 1998).

1. Generation of Drosophila model of AD: Generation of stable transgenic flies
expressing Wild Type (WT) & mutated human Tau and Fyn for studying
functional interaction.

The mechanism of Tau and Fyn interaction, the molecular players involved in the
signalling cascade and their impact on AD pathogenicity is not well known. Therefore, we
proposed to study the mechanism of Tau and Fyn interaction and the molecular players
involved in the Tau mediated neurotoxicity. To study the functional interaction of Tau and Fyn,
we decided to mutate the important interaction sites of Tau and Fyn, and checked their impact
on Tau toxicity in Drosophila. Fyn interacts with Tau through its SH2 and SH3 domain and
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binds to PXXP motifs in Tau (Lau et al., 2016; Usardi et al., 2011a). Therefore, we selected
two PXXP motifs (6" and 71" PXXP motifs in Tau) which are important for binding of Fyn and
the target site of the Fyn (Y18 in Tau) (figure 13) for creating site directed mutations, and
humanised Drosophila model by overexpressing them. We mutated Tau Tyrosine-18 to
Phenylalanine (Y18F); Proline 216 to Alanine (P216A) (figure 27); and Proline 216, 219 to
Alanine 216, 219 (P216A-P219A) (figure 31). We also mutated the seventh PXXP motif of
Proline 233 to alanine (P233A) (figure 29); Proline 236 to Alanine (P236A) (figure 30); and
Proline 233, 236 to Alanine 233,236 (P233-236A) (figure 32). We used inverse PCR with
mutagenic primers for creating the site-specific mutations in human Fyn kinase and Tau.
Transformed colonies were screened through colony PCR and insert was further confirmed
through double digestion of the isolated plasmid. Mutation at specific desired position was
confirmed through the sequencing. For inserting the construct into Drosophila genome, we
cloned Tau and Fyn constructs into Drosophila specific pUAST-attB vector (figure 34-39) and
microinjected into Drosophila embryos (figure 15). After microinjecting the construct,
embryos were cultured at lower temperature (18°C) for their proper healing and growth. Once
flies were eclosed from injected larvae or pupa, they were screened for the transgenic flies.
After eclosion of the injected flies, we did phenotypic screening through red eye phenotype for
the presence of the white gene in the injected flies’ progeny. Positive flies were also confirmed
then through single fly PCR for genomic (figure 40) and site-specific integration (figure 41).
We got transgenic flies for WT Tau, Tau Y18F, Tau P216A and Tau P216A-P219A. We
confirmed the transgenic flies for protein expression through western blotting (figure 43) and
confirmed the generation of our Drosophila AD and Tauopathies model with reduced
interaction of Fyn (P216A and P216A-P219A Tau) and reduced phosphorylation of the Y18
(Tau Y18F flies), which is primary phosphorylation site of the Fyn kinase in AD condition.
To study the interaction between human Tau and Fyn in AD and synergistic effect of
both Tau and Fyn on Tau mediated toxicity, we need to express both Tau and Fyn in same fly.
To bring both Tau and Fyn in same fly, we brought both chromosomes carrying Tau and Fyn
genes in same fly. We generated double transgenic Drosophila stock carrying Fyn;WT Tau,
Fyn; Tau P216A, Fyn; Tau P216A-P219A and Fyn; Tau Y18F. We proceeded further and

studied the synergistic effect of Tau and Fyn on Tau toxicity.
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2. Genetic analysis to understand the mechanism of Tau-Fyn mediated
neurotoxicity.

Overexpression of WT Tau in Drosophila model AD exhibits the impaired locomotion
in adult flies (PraRing et al., 2013). As a first-hand experiment to check the effect of Tau and
Fyn functional interaction on Tau neurotoxicity in our transgenic flies, we analysed the age-
dependent locomotion of the adult flies. We did not find any significant difference in young
flies as most of the transgenic flies were able to climb up (figure 44A). We analysed age
dependent locomotion at the age of 1-, 7-, 14-, and 21-day old animals. At the age of 14 days
there was improvement (but statistically non-significant) in climbing ability of the flies
expressing Y18F and Tau P216A (figure 44C) compared to WT-Tau expressing animals. In 21
days old flies, we found that overexpression of the WT Tau causes age dependent reduction in
the fly locomotion which was improved by blocking the phosphorylation of Y18 by Fyn or Fyn
interaction to Tau (figure 44D). We concluded that the overexpression of the WT Tau affects
the climbing ability of flies and reduces the locomotion in adult aged flies which is improved
by reducing the Y18 phosphorylation (Tau Y18F) and Tau-Fyn interaction (Tau P216A).

Drosophila eye has been a widely studied and used as a model for studying the
neurodegeneration in flies (Bolus et al., 2020; Chan and Bonini, 2000; PruRing et al., 2013).
To check the effects of the WT Tau toxicity in WT and reduced Tau-Fyn interaction and Fyn
mediated phosphorylation of Tau at Y18, we analysed the Drosophila eyes through nail paint
imprinting assay and scanning electron microscopy (SEM). Nail polish imprints of eye creates
the exact replica of the outer surface of the eye which can be used to study the degeneration
(Arya and Lakhotia, 2006). We overexpressed the WT Tau, Tau Y18F and Tau P216A with
and without Fyn overexpression in the retinal neurons by GMR-Gal4 driver and found that WT
Tau overexpression caused rough eye phenotype (figure 45) which was increased by the
presence of the Fyn. We analysed age dependent degeneration and concluded that presence of
the Fyn was further deteriorating the ommatidia arrangement (yellow arrows in Fyn presence
with Tau) (figure 45). For quantifying the eye degeneration, we analysed the Drosophila eye
through SEM. We counted the percentage of the ommatidia with IOBs as a measure of the
degeneration in the neurons (Chen et al., 2011; Yeh et al., 2010). We found the loss of inter-
ommatidial bristles due to neurodegeneration which was rescued partially by blocking the Fyn-
mediated phosphorylation at Y18 (Tau Y 18F) and Fyn interaction to Tau (Tau P216A-P219A)
(figure 46A and C) in young adult flies. At the age of 10-day old in adult flies, there was
improvement in percentage of ommatidia with 10Bs but statistically non-significant. Taking
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together SEM analysis tells that reduction in Fyn mediated hyperphosphorylation of Tau at
Y 18 and reduction in Fyn interaction with Tau significantly reduces the Tau mediated toxicity

in Drosophila eye model.

Overexpression of Tau causes dysfunction of the retinal neurons which can be analysed
through ERGs (Chiasseu et al., 2017; Dolph et al., 2014). We crossed WT and mutant Tau
expressing flies with GMR-Gal4 and progenies were used for ERG. In consistent with
established literature (Chiasseu et al., 2017; Chouhan et al.,, 2016), we found that
overexpression of WT Tau reduces on transient, off transients and receptor potential (figure
47). Reducing the Fyn interaction with Tau (Tau P216A-P219A) significantly rescues the effect
of the WT Tau and improves the on transients in both young and aged flies (figure47). This
further supports that reducing the Fyn interaction with Tau reduces the Tau mediated
neurotoxicity and the functional interaction of the Tau with Fyn is sufficient for inducing
toxicity. In consistent with previous findings of that Fyn may induce the local somatic
accumulation of the hyperphosphorylated Tau leading to toxicity (Li and Goétz, 2017c; Yin et
al., 2021).

Drosophila C4da neurons is a widely used model to study the pathogenetic mechanisms
of neurodegeneration (Iseki et al., 2001; Sachez-Soriano et al., 2007; Zschatzsch et al., 2014).
Tau overexpression leads to the dendritic degeneration (Ittner and Ittner, 2018; Lars M Ittner
et al., 2010; Thies and Mandelkow, 2007; Urbanska et al., 2008). To study the dendritic
degeneration, we have overexpressed Tau and its mutants in the C4da (dendritic arborization)
neurons with PPK-Gal4, and found that WT Tau overexpression leads to the total loss of distal
dendrites and less or no arborization (figure 48 A). Blocking the Fyn mediated phosphorylation
at Y18 and Fyn interaction to Tau rescued the toxic effects of the Tau as seen by quantification
of dendritic lengths (figure 48B), dendritic arbor surface area (figure 48C) and number of
dendritic branches (figure 48C). To analyze the branching complexity and arborization of the
neurons we used Strahler analysis, and found that as consistent with previous quantification,
blocking the Fyn mediated Tau phosphorylation (Tau Y18F) and reducing the Tau interaction
with Fyn (Tau P216A and Tau P216A-P219A) significantly increases the branching pattern of
the neurons (figure 48F). WT Tau overexpression resulted in the loss of tertiary and quaternary
dendrites (figure 48F2 and 48G) whereas Tau Y18F (figure 48F3) and Tau P216A (figure
48F4), Tau P216A-P219A (figure 48F5) overexpression had increased number of the tertiary
and quaternary dendrites (figure 45F, 48G) compared to the WT Tau expression alone. Tau is
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important for translocation of the Fyn to the dendrites (Lars M. lIttner et al., 2010c), in
consistent with this, probably absence of the Fyn interaction with Tau and Fyn mediated Y18
phosphorylation, did not allow translocation of the overexpressed Tau to the dendrites which
lead to the normal arborization of the neurons. Currently we are repeating and checking the
effects C4da neurons arborization in the Fyn overexpression also which will help us for better
understanding of the effect of functional interaction of Tau and Fyn in Tau mediated

neurotoxicity.

To study the downstream signalling cascade or pathways and their molecular players
affected by the Tau and Fyn mediated dendritic degeneration, we wanted to check the levels of
the Rho family GTPases Rhol and Racl as their levels are altered in AD brain (Zhao et al.,
2006) and AD mouse model (Huesa et al., 2010), but their role in Tau neurotoxicity is not
known. We studied the levels of the Rhol and Racl GTPases in Tau and Fyn overexpressing
flies. Till date we are repeating this experiment for final conclusions but in the initial
experiment results we found a possible increase in the Rhol (figure 49A) in Tau overexpressing
flies which is reduced back to control levels when we inhibit the Fyn mediated Y18
phosphorylation (Tau Y 18F) and reduce the Fyn interaction with Tau (Tau P216A and P216A-
P219A Tau) (figure 49A). Although we did not find a possible significant change in the Racl
levels when compared with the control (figure 49B) but the levels of Racl were increased more
than control and Tau overexpression levels by inhibiting the Fyn mediated phosphorylation at
Y18 (Tau Y18F) and Fyn interaction to Tau (Tau P216A and P216A-P219A Tau) (figure 49B).
In one attempt of the experiment with Fyn and Tau overexpressing flies, we got a hint that there
may be an increase in the Rhol protein levels which are reduced when the Tau and Fyn
interaction is reduced (figure 49C). These initial results gave us a glimpse of increased Rhol
levels and simultaneously reduction in the Racl levels in Tau mediated neurotoxicity which
may be leading to the disintegrated cytoskeleton and degeneration of the neurons. We are
repeating the experiments and blotting for Rhol and Racl for supporting our initial

observations and conclusions.

3. Repurposing the drugs used in oncotherapy for checking the neuroprotective

effects in Drosophila model of AD.

For checking the effects of the drugs used in oncotherapy on the Tau toxicity, we
overexpressed WT Tau in the Drosophila eyes with GMR Gal4. Age synchronized larvae were

treated with different concentrations of the compounds thrice, at each instar stage as mentioned
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in section 2.2.18 of materials and methods. For getting initial expression of the effects of the
compounds in the eye surface morphology and primary screening of the compounds, we did
full eye imaging and calculated the percentage of the degenerated (fused and rough ommatidia)
surface area with the help of Infinity Analyze software, and compared among different
concentrations of the compounds as well as controls (figure 50). We found that compound 1
(figure 50A and A’), compound 3(figure 50C and C’), compound 5 (figure S0E and E’),
compound 7 (figure 50G) and compound 8 (figure 50H) treatment in the larval stages
significantly reduced the degenerated area in the eyes. To confirm it further, we did scanning
electron microscopy (SEM) imaging for analysing the surface morphology of the compound
treated and untreated flies (figure 51). We chose one concentration which had the best
significance values from the three we used in the light microscopy (Table no.5). SEM analysis
further confirmed the protective effects of the compounds on the WT Tau toxicity. We found
that compound 1 (figure 51cl, c2 and ¢3), compound 3 (figure 51d1, d2 and d3), compound 5
(figure 51el, 51e2 and 51e3), compound 7 (figure 51g1, 51g2 and 51g3) and compound 8
(figure 51f1, 51f2 and 51f3), decreased the Tau mediated toxicity in the Drosophila eyes. But
we found that the compound 7 and compound 8 being the most consistent and had significant
reduction in the Tau neurotoxicity. To further study these protective effects of these two
compounds (compound 7 and compound 8) treatment on the WT Tau toxicity on neuronal
functions we recorded the Electroretinograms (ERGs) and checked the synaptic transmission
between photoreceptor cells and retinal laminar neurons (figure 52). We found that compound
7 and compound 8 significantly increased the receptor potential and on-transients in WT Tau
overexpressing flies (figure 52B). As these compounds are already established and being used
in oncotherapy, our in vivo evidences for the protective effects on the Tau toxicity will help in
progress of these compounds for repurposing them as a possible treatment strategy for the AD

and Tauopathies.
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Chapter 5: Conclusions

We successfully generated Drosophila AD models for studying the pathogenic role of
Y 18 phosphorylation of Tau, and Fyn interaction in Tau-Fyn mediated neurodegeneration in
AD. WT Tau overexpression reduced the Drosophila locomotion in aged flies, causes rough
eye, loss of I0Bs and reduction in the synaptic transmission which is improved by reducing
the Fyn interaction and Y 18 phosphorylation of Tau. WT Tau overexpression in C4da neurons
simplified branching complexity and reduced arborization which is rescued by reducing the
phosphorylation of the Tau at Y18 and Fyn interaction. WT Tau overexpression may disturb
the Rhol and Racl homeostasis by increasing the Rhol levels and reducing the Racl levels as
an effector downstream pathway of Tau and Fyn mediated neurodegeneration in AD. Also, we
screened 8 onco-therapeutic compounds and found that compound 7 and compound 8 has

protective effects against Tau mediated toxicity.

Our study highlights the pathogenic role of one single tyrosine phosphorylation of Y18
and Fyn binding to Tau in Tau mediated neurodegeneration in AD.
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APPENDIX

Matlab program codes for processing ERG recording data

Following matlab programs were used for analysing the ERG recordings using matlab
software. Three different codes were written to read the data, processing of the data and
exporting the graphs and data sheets.

%To analyse EAG

STRAINS={'wWC' %$Short form for types.

'"WTT'

'Y18F'

'P216219T"

"Fyn'

'FWTT'

'F18T!'

'F216T'

'F216219T"'}
% Age File name Genotype Date Type in shortfom
Used for check Age Repeat
% 1 Day WC1 1 Control Aug 06, 2011, Sat WC 1
1 1
Fs=10000;
[NUMs TXT MSC]=xlsread('Tau Fyn', 'Tau Fyn'); %$Reading the XL sheet
% NUMs=NUMs (:,end-2:end) ; %$Making sure the last

o)

% three columns are used

NUMs=NUMs "' ; %Reshaping the matrix

% ROOTf='D:\files\Ravi Kant\ERGs\ERGs For Compounds\' %$Root folder
ROOTf='D:\files\Ravi Kant\ERGs in SLS\RKY May 2023\mat files\'

for n=1:size (TXT,1) %0ver all sets
n
if NUMs (1l,n)==1 %$If the recording is to be used.
3 try
% [X] = read data tet setup multi ([ROOTf TXT{n,4} '/experiment/'
TXT{n,2}1,6,10,1,[1); $Read the file.
% catch
3 try
% [X] = read data tet setup multi ([ROOTf TXT{n,4} '/experiment/'
TXT{n,2}1,6,9,1,1[1); %Read the file for 9 trial case.
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o\

catch

% clear X; %$To take care of non uniform trial lengths like on May
07
% for trl=1:10
% X tmp= read data tet setup multi ([ROOTf TXT{n,4} '/experiment/'
TXT{n,2}1,6,10,1,setdiff((1:10),trl));
% X(trl,:)=X tmp(1:15*15000);
% end
% end
% end
N trl=10;
X=heka read([ROOTf TXT{n,2}],N trl);
X=X'/10;
% X=(X*5/(2715))/1000; %Sacling to convert the integers from the DAQ to
voltage
X=X-median(X(:,1:19000) ") "*ones (1l,size(X,2)); %Removing the based line

shift by sbtracting the baseline

X=filtfilt (ones(12,1)/2,1,X")"'; %Smoothening the waveform
FLE=[ROOTf TXT{n,2}1]; %Creating file name to be used in plot
title

[GD]=check traces _and mean(X,10000:19000,Fs,25); %Check if the waveform
is OK
title(FLE); %Showing the file name details
if length(GD)==
MN=X (GD, :) ;
else
MN=mean (X (GD, :)); %$Mean of the good trials
end
axis([1 7 -0.05 0.0171);
ONon=round (30000*10/15)+10000;
ONoff=round (31500*10/15)+10000;
RPon=round (40500*10/15)+10000;
RPoff=round (43500*10/15)+10000;
OFFon=round (45000*10/15)+10000;
OFFoff=round (47250*10/15)+10000;
[ONRESP (n) IDX]=max (MN (ONon:0ONoff)); $Findind the nean ON
response
plot ( (ONon+IDX-1) /Fs,ONRESP (n), 'yo'); %$Ploting the ON response value
and locations

[RP (n) ]=mean (MN (RPon:RPoff)); %Mean receptor potential
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plot ( (round (52750*%10/15)) /Fs,RP(n), 'yo'); %Indicating the
receptor potential value

[OFFRESP (n) IDX]=min (MN (OFFon:0FFoff)); %$Finding the OFF response

plot ( (OFFon+IDX-1) /Fs,OFFRESP(n), 'yo'); %$Indicating the mean OFF
response

OFFRESP (n) =OFFRESP (n) -RP (n) ; %$Calculating the OFF
reponse from receptor potential

% INs=input ('l if NOT OK, else press ENTER'); %$if the traces and

calculations are OK

INs=[];
if isempty (INs) & ~isempty (GD) $If ERG is OK
GDset (n)=1; $Mark as OK
try %$Try concatenating

GOOD{find(strcmp (TXT{n, 5}, STRAINS)),NUMs (2,n) ,NUMs (3,n) }=[GOOD{find (strcmp (
TXT{n,5}, STRAINS)),NUMs (2,n) ,NUMs (3,n) }; [ONRESP(n) RP(n) OFFRESP(n)]1];

%$Storing response parameters in

GOODMN{ find (strcmp (TXT{n, 5}, STRAINS)),NUMs (2,n) ,NUMs (3,n) }=[GOODMN{find (str
cmp (TXT{n, 5}, STRAINS)) ,NUMs (2,n) ,NUMs (3,n) }; MN];

catch % Else if it is the first set

GOOD{find(strcmp (TXT{n, 5}, STRAINS)),NUMs (2,n),NUMs (3,n) } (1, :)=[ONRESP (n)
RP(n) OFFRESP(n)];
GOODMN({ find (strcmp (TXT{n, 5}, STRAINS) ) ,NUMs (2,n) ,NUMs (3,n) } (1, :)=MN;
end
else
GDset (n)=0;
end
end
end
figure (2)
clf
subplot (311);
MNls=[1];
SEMls=[];
MN2s=1[1];
SEM2s=[1];
MN3s=[1];
SEM3s=[1];

cnt=0; $Total number of bars
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DAYS=[1 10 20 301;

o

SEM2all=[];

o\

for n=1:size (GOOD,1) %Over phenotype

o\

for m=1:size (GOOD,2) %Over age

o

for k=1l:size (GOOD, 3) %$0Over culture repeats

SEM2all (end+1,1:3)=[n m k];

o\

o

if ~isempty (GOOD{n,m, k})

o

SEM2all (end, 4:3+size (GOOD{n,m, k} (:,2),1))=GO0OD{n,m,k} (:,2)"';

% else

% [n m k]

% % SEM2all (end, 1)=0;

% end

% if ~isempty (GOOD{n,m, k})

% MN1s=[MNls mean (GOOD{n,m,k} (:,1))1]1;

% SEMls=[SEMls std(GOOD{n,m,k} (:,1))/size(GOOD{n,m,k} (:,1),1)"0.5]
% MN2s=[MN2s mean (GOOD{n,m, k} (:,2))1;

% SEM2s=[SEM2s std(GOOD{n,m,k} (:,2))/size(GOOD{n,m,k} (:,2),1)"0.5]
% MN3s=[MN3s mean (GOOD{n,m, k} (:,3))1;

% SEM3s=[SEM3s std(GOOD{n,m,k} (:,3))/size(GOOD{n,m,k} (:,3),1)70.5]

o

cnt=cnt+1;

o

XLABELS{cnt}=[STRAINS{n} 'd' num2str (DAYS(m)) 'r' num2str(k)];

o

Geenrating xlabel for bars for each condition

o

end

% end

oe

end

oe

end

oe

bar (MN1s)

o

save -ascii SEM2all.txt SEM2all
SEM20ON=[];
SEM2RP=[];
SEM20FF=[];

for n=1:size (GOOD,1) %Over phenotype
for m=1l:size (GOOD,2) %Over age

for k=1:size(GOOD,3) %Over culture repeats
SEM20ON (end+1,1:3)=[n m k];
SEM2RP (end+1,1:3)=[n m k];
SEM20OFF (end+1,1:3)=[n m k];

if ~isempty (GOOD{n,m, k})
SEM20N (end, 4:3+size (GOOD{n,m, k} (:,2),1))=GOOD{n,m,k} (:,1)"';

’

’

’
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SEM2RP (end, 4:3+size (GOOD{n,m, k} (:,2),1))=GOOD{n,m,k} (:,2)";
SEM20OFF (end, 4:3+size (GOOD{n,m,k} (:,2),1))=GOOD{n,m,k} (:,3)"';
else
[n m k]
SEM2all (end, 1)=0;

o\

end
if ~isempty (GOOD{n,m, k})
MN1s=[MNls mean (GOOD{n,m,k} (:,1))];
SEMl1s=[SEMls std(GOOD{n,m,k} (:,1))/size(GOOD{n,m,k} (:,1),1)70.5];
MN2s=[MN2s mean (GOOD{n,m, k} (:,2))1;
SEM2s=[SEM2s std(GOOD{n,m,k} (:,2))/size(GOOD{n,m,k} (:,2),1)70.5];
MN3s=[MN3s mean (GOOD{n,m, k} (:,3))1;
SEM3s=[SEM3s std(GOOD{n,m,k} (:,3))/size(GOOD{n,m,k} (:,3),1)70.5];
cnt=cnt+1;
XLABELS{cnt}=[STRAINS{n} 'd' num2str (DAYS(m)) 'r' num2str(k)];
%Geenrating xlabel for bars for each condition
end
end
end
end
bar (MN1ls)
save -ascii SEM2ON.txt SEM20N;
save —-ascii SEM2RP.txt SEM2RP;
save —-ascii SEM20FF.txt SEM20FF;

% bar ([mean (GOOD{1,1}(:,1)) mean(GOOD{2,1}(:,1)) mean(GOOD{3,1}(:,1))

mean (GOOD{4,1}(:,1)) ...

% mean (GOOD{1,2} (:,1)) mean (GOOD{2,2} (:,1)) mean (GOOD{3,2} (:,1))

mean (GOOD{4,2} (:,1))1");

hold on;

errorbar (MN1ls, SEMls, '."');

% errorbar ([mean (GOOD{1,1} (:,1)) mean (GOOD{2,1} (:,1)) mean (GOOD{3,1}(:,1))
mean (GOOD{4,1} (:,1)) ...

% mean (GOOD{1,2}(:,1)) mean(GOOD{2,2}(:,1)) mean (GOOD{3,2}(:,1))

mean (GOOD{4,2} (:,1))1"', ...

oe

[std (GOOD{1,1}(:,1))/size(GOOD{1,1}(:,1),1)"0.5
std (GOOD{2,1}(:,1))/size(GOOD{2,1}(:,1),1)"0.5...
% std (GOOD{3,1}(:,1))/size(GOOD{3,1}(:,1),1)"0.5
std (GOOD{4,1}(:,1))/size(GOOD{4,1}(:,1),1)"0.5...
% std (GOOD{1,2}(:,1))/size(GOOD{1,2}(:,1),1)"0.5
std (GOOD{2,2} (:,1))/size(GOOD{2,2}(:,1),1)"0.5...
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% std (GOOD{3,2} (:,1))/size(GOOD{3,2}(:,1),1)"0.5

std (GOOD{4,2} (:,1))/size(GOOD{4,2} (:,1),1)"0.5]"',"'.");

title('ON")

subplot (312);

bar (MN2s) ;

% bar ([mean (GOOD{1l,1}(:,2)) mean (GOOD{2,1} (:,2)) mean (GOOD{3,1} (:,2))
mean (GOOD{4,1} (:,2)) ...

% mean (GOOD{1,2} (:,2)) mean(GOOD{2,2}(:,2)) mean (GOOD{3,2} (:,2))
mean (GOOD{4,2}(:,2))1");

hold on;

errorbar (MN2s, SEM2s, '."') ;

% errorbar ([mean (GOOD{1,1} (:,2)) mean (GOOD{2,1} (:,2)) mean(GOOD{3,1} (:,2))
mean (GOOD{4,1} (:,2)) ...

% mean (GOOD{1,2} (:,2)) mean(GOOD{2,2}(:,2)) mean (GOOD{3,2}(:,2))
mean (GOOD{4,2} (:,2))]1"', ...

% [std (GOOD{1,1}(:,2))/size(GOOD{1l,1}(:,2),1)"0.5

std (GOOD{2,1}(:,2))/size(GOOD{2,1}(:,2),1)"0.5...

% std (GOOD{3,1}(:,2))/size(GOOD{3,1}(:,2),1)70.5

std (GOOD{4,1}(:,2))/size(GOOD{4,1}(:,2),1)"0.5...

% std (GOOD{1,2}(:,2))/size(GOOD{1,2}(:,2),1)"0.5
std (GOOD{2,2} (:,2))/size(GOOD{2,2}(:,2),1)"0.5...
% std (GOOD{3,2}(:,2))/size (GOOD{3,2}(:,2),1)"0.5

std (GOOD{4,2}(:,2))/size(GOOD{4,2}(:,2),1)"0.51","'.");

title('RP")

subplot (313);

bar (MN3s) ;

% bar ([mean (GOOD{1,1}(:,3)) mean(GOOD{2,1}(:,3)) mean(GOOD{3,1}(:,3))
mean (GOOD{4,1} (:,3)) ...

% mean (GOOD{1,2} (:,3)) mean(GOOD{2,2}(:,3)) mean (GOOD{3,2} (:,3))
mean (GOOD{4,2} (:,3))1");

hold on;

errorbar (MN3s, SEM3s, '."');

% errorbar ([mean (GOOD({

% errorbar ([mean (GOOD{1,1}(:,3)) mean(GOOD{2,1}(:,3)) mean (GOOD{3,1} (:,3))
mean (GOOD{4,1}(:,3)) ...

S mean (GOOD{1,2} (:,3)) mean(GOOD{2,2}(:,3)) mean (GOOD{3,2} (:,3))

mean (GOOD{4,2} (:,3))1"',...

% [std (GOOD{1,1}(:,3))/size(GOOD{1,1}(:,3),1)"0.5
std (GOOD{2,1}(:,3))/size(GOOD{2,1}(:,3),1)"0.5...
% std (GOOD{3,1}(:,3))/size(GOOD{3,1}(:,3),1)"0.5

std (GOOD{4,1}(:,3))/size(GOOD{4,1}(:,3),1)"0.5...
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% std (GOOD{1,2} (:,3))/size(GOOD{1,2}(:,3),1)"0.5
std (GOOD{2,2} (:,3))/size(GOOD{2,2} (:,3),1)"0.5...
% std (GOOD{3,2}(:,3))/size(GOOD{3,2}(:,3),1)70.5
% std (GOOD{4,2} (:,3))/size(GOOD{4,2}(:,3),1)"0.51"',"'.")
set (gca, "xticklabel', {[]})
for n=1l:length (XLABELS)
hd=text (n,-0.035,XLABELS{n}) ;
set (hd, '"Rotation', 90) ;

end

%$set (gca, 'XTickLabel', XLABELS)

% bar ([mean (GOOD{1l} (:,3)) mean(GOOD{2} (:,3)) mean (GOOD{3} (:,3))

mean (GOOD{4} (:,3))1):

% hold on;

% errorbar ([mean (GOOD{1} (:,3)) mean(GOOD{2} (:,3)) mean (GOOD{3} (:,3))
mean (GOOD{4} (:,3))]1, ...

% [std (GOOD{1} (:,3))/size(GOOD{1l} (:,3),1)"0.5
std (GOOD{2} (:,3)) /size (GOOD{2} (:,3),1)"0.5...
% std (GOOD{3} (:,3))/size (GOOD{3}(:,3),1)70.5

std (GOOD{4} (:,3))/size (GOOD{4} (:,3),1)"0.5],"'.");
figure (3)
clf
figure (5)
clf;
figure (4)
clf
CLRs=jet (size (GOODMN, 1) *size (GOODMN, 2) ) ;
CLRlst=['krgb'];
for m=l:size (GOODMN, 1)
for n=1:size (GOODMN, 2)
MNtmpplt=0;
cnttmp=0;
MNtmpplt all=[];
for k=1:size (GOODMN, 3)
if (size (GOODMN{m,n,k},1)>1)
MNtmpplt=MNtmpplt+mean (GOODMN{m,n, k}) ;
MNtmpplt all=[MNtmpplt all;mean (GOODMN{m,n,k})];
cnttmp=cnttmp+1;
end
end

figure (3)
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subplot (size (GOODMN, 1), size (GOODMN, 2) ,size (GOODMN, 2) * (m-1) +n) ;
plot((O:length(MNtmpplt)—l)/15000,MNtmpplt_all','b');
hold on
plot ((0:length (MNtmpplt)-1) /15000, MNtmpplt/cnttmp, 'r");
axis([1 5 -0.035 0.00571);
if n==

ylabel (STRAINS{m}) ;
end
if m==

title (num2str (DAYS (n))) ;
end
figure (5)
subplot (size (GOODMN, 1), size (GOODMN, 2) ,size (GOODMN, 2) * (m-1) +n) ;
plot ((0:length (MNtmpplt)-1) /15000, MNtmpplt/cnttmp, 'r");
axis([1 5 -0.035 0.00571);

figure (4)

o

subplot (size (GOODMN,1),1,m);
subplot (1,size (GOODMN, 1) ,m) ;
hold on
plot ((0:length (MNtmpplt)-1) /15000, MNtmpplt/cnttmp, CLR1st (n)) ;
axis([1 5 -0.035 0.0051);
end

end

o

for m=1:size (GOODMN, 1)

oe

for n=1l:size (GOODMN, 2)

oe

plot ((0:size(X,2)-1)/15000,GOODMN{m,n}"', 'Color',CLRs ( (m-
1) *size (GOODMN, 2) +n, :)) ;

o

hold on

o

end

oe

end

oe

legend (XLABELS) ;

Matlab code for reading Heka file:

function [X]=heka read(FNM,N trl)
eval(['load ''' FNM ".mat'';']);
[Bn An]=iirnotch([50]/5000,1/5000) ;
% [B Al=butter (2, [100]/5000);

for n=1:N_trl

try
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eval (['X(:," num2str(n) ')=filtfilt(Bn,An,Trace 1 1 ' num2str(n)

eval (['X(:," num2str(n) ')=filtfilt(Bn,An,Trace 1 2 ' numZstr (n)

end

% plot((0:size(y,1)-1)/10000,y,'b")

% hold on

% plot((0:size(y,1)-1)/10000,mean(y"),'c")

Matlab program code to check traces and mean:

$Function to examine traces like EAG,LFP and finding good trials aftre

$removing DC.

%[GD]=check traces and mean (X, WINDOW, F's, THRESH)

%GD -> Vector containing the list of good trials
$X -> Matrix whose rows are the trials

SWINDOW -> The index of the points to be used for subtracting the mean.

%Fs -> Sampling frequency
STHRESH -> Scalng for threshold for comparing median with SD. Use 3 by
sdefault

function [GD]=check traces and mean (X, WINDOW, Fs, THRESH)

% MED=median (mean (X (:,WINDOW))); %$Takin median of trials in the window
% GD=find (abs (mean (X (:, WINDOW) ') -
MED) <THRESH*median (std (X (:,WINDOW) '))); %Find if any points is greater

than the median (true) std *THRESH
MED=median (X); %Takin median of trials
GD=find (max (abs (X-
ones (size(X,1),1)*MED) ') <THRESH*median (std (X (:,WINDOW) '))),; %Find if any
points is greater than the median (true) std *THRESH
figure (124)
clf
plot((0:size(X,2)-1)/Fs,X','b');
hold on;
plot ((0:size(X,2)-1)/Fs,median(X),'r");
try
plot ((0:size(X,2)-1)/Fs, (X(GD,:)),'k");
plot ((0:size(X,2)-1)/Fs,mean(X(GD,:)),'qg");
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o\

o\

catch

end
MN=mean (X (£ind (GD),:));
xlabel ('Time (sec)');
ylabel ('Variable (V)"'");
axis([1 7 -0.03 0.011);
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