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Introduction

1 Introduction

1.1 Protein misfolding diseases

Proteins need to adopt their native functional conformational states to ensure that
the cells and organisms function properly. The acquisition of this three-dimensional
functional conformational state of a protein, primarily determined by its amino-acid
sequence, is supervised by Chaperone proteins (Soto, 2003). However, under certain
conditions a specific peptide or protein may aggregate due to its failure to adopt its
native functional conformational state leading to its loss of function. The tightly
folded globular proteins require substantial unfolding to become amyloidogenic.
However, in case of intrinsically disordered proteins or polypeptides, the first and
critical step in the aggregation is partial folding (Uversky, 2008). This results in a
partially folded conformation with hydrophobic surface patches that favors self-
association. Such aggregate-prone conformations can polymerize to form fibrillar or
amorphous aggregates, or soluble oligomers. Under these conditions, there is a
reduction in the quantity of the protein that is available to play its normal role. This
transition of proteins from their soluble forms into highly ordered fibrillar
aggregates can give rise to pathological conditions generally referred to as protein
misfolding diseases. A few exceptions are when functional proteins occur in the
amyloid state, like the egg stalk of the green lace-wing fly (Geddes et al., 1968), the
Pmell7 protein associated with skin pigmentation (Kelly and Balch, 2003), and a
large number of secretory hormones (Maji et al., 2009). Protein misfolding diseases
can be broadly grouped into neurodegenerative diseases, in which aggregation
occurs in the brain, non-neuropathic localized amyloidosis, in which aggregation is
restricted to a single type of tissue other than the brain, and nonneuropathic systemic
amyloidosis, in which aggregation occurs in multiple tissues. Neurodegenerative
diseases present neuronal pathologic forms in which there is a progressive loss of
structure or function of neurons, ultimately leading to their death. Some of these
neurodegenerative diseases such as Alzheimer and Parkinson diseases are
predominantly sporadic, however several cases of hereditary forms have also been

reported (Chiti and Dobson, 2006). Some of the proteins that aggregate in
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neurodegenerative diseases are listed in table 1. The aggregates of Tau, a highly
soluble microtubule-associated protein, occur in a group of neurodegenerative
diseases such as progressive supranuclear palsy, corticobasal degeneration, Pick
disease, and frontotemporal dementia and parkinsonism linked to chromosome 17
(FTDP-17). These diseases, together with AD are collectively known as tauopathies.
Although aggregation of Tau has been studied in great detail, particularly in AD and
FTDP-17 (Esmaeli-Azad et al., 1994); the exact mechanism underlying this process

still remains a mystery.

Table I Human diseases associated with formation of extracellular amyloid deposits or intracellular inclusions with
amyloid-like characteristics
Aggregating protein or Number of Native structure of protein or
Disease peptide residues® peptide®
Neurodegenerative diseases
Alzheimer’s disease® Amyloid B peptide 40 or 42f Natively unfolded
Spongiform encephalopathies®® Prion protein or 253 Natively unfolded (residues 1-120)
fragments thereof and o-helical (residues 121-230)
Parkinson’ disease® a-Synuclein 140 Natively unfolded
Dementia with Lewy bodies® o-Synuclein 140 Natively unfolded
Frontotemporal dementa with Tau 352-441F Natively unfolded
Parkinsonism®
Amyotrophic lateral sclerosis® Superoxide dismutase 1 153 All-B, Ig like
Huntington’s diseased Huntingtin with polyQ 31448 Largely natively unfolded
expansion
Spinocerebellar ataxiasd Ataxins with polyQ g168h All- B, AXH domain (residues
expansion 562-694); the rest are unknown
Spinocerebellar ataxia 174 ‘TATA box-binding 3308 o+, TBP like (residues 159-339);
protein with polyQ unknown (residues 1-158)
expansion
Spinal and bulbar muscular atrophy? Androgen receptor with 9198 All- &, nuclear receptor
polyQ expansion ligand-binding domain (residues
669-919); the rest are unknown
Hereditary Atrophin-1 with polyQ 11858 Unknown
dentatorubral-pallidoluysian atrophy? expansion
Familial British dementiad ABri 23 Natively unfolded
Familial Danish dementiad ADan 23 Natively unfolded

aData refer to the number of residues of the processed polypeptide chains that deposit into aggregates, not of
the precursor proteins. PAccording to Structural Classification Of Proteins (SCOP), these are the structural
class and fold of the native states of the processed peptides or proteins that deposit into aggregates prior to
aggregation. ‘Predominantly sporadic, although in some cases hereditary forms associated with specific
mutations are well documented. “Predominantly hereditary, although in some cases sporadic forms are
documented. Five percent of the cases are transmitted (e.g., iatrogenic).'Fragments of various lengths are
generated and have been reported to be present in ex vivo fibrils..Lengths shown refer to the normal
sequences with nonpathogenic traits of polyQ. "Length shown is for ataxin-1 (Adapted from Chiti and
Dobson, 2006).
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1.2 Alzheimer disease (AD)

The name Alzheimer disease (AD) comes from a German psychiatrist and
pathologist Dr. Alois Alzheimer, who in 1907 described the case of a 51 year old
female patient’s death in a completely demented state (Alzheimer, 1907). AD, an
irreversible progressive neurodegenerative disorder, is the leading cause of dementia
among older people. An impaired memory is a general and a popular concept
associated with Alzheimer disease; however, a number of other changes occur in the
brain function in the patients suffering from this devastating disease. These
ultimately result in inattention, disoriented behavior, altered personality, difficulty
in speaking and comprehension, and impaired gait and movement (Tabert et al.,
2005; Waldemar et al., 2007). About 50% of the people with dementia suffer from
AD. The risk of getting AD increases as one gets older (beyond age 65) (Giacobini,
2000). In 2010, there were more than 30 Million people suffering with Alzheimer
disease but it is anticipated that by 2015 over 35 Million people worldwide will be
suffering from this disease. Traditionally thought to be a disease of the developed
nations owing to a larger proportion of elderly people, however, this notion is
changing as the developing countries are undergoing a demographic transition
towards more elderly population. By 2050, 59 percent of the world’s Alzheimer cases
will live in Asia. Global Alzheimer disease has increased manifold and is expected to
cross US$ 19 Billion by 2015. These astonishing figures underscore a need to develop
a strategy in order to curb this devastating disease. A major risk factor for AD is age;
however, family history, genetic predisposition and environmental factors are
important factors. (Gatz et al., 1997). Alzheimer disease can be of two basic types: the
sporadic AD (SAD), which is late in onset (>65 years) and has not been linked to any
mutation. In contrast, several mutations have been linked to the other type called
familial AD (FAD) which has an early onset (<40 years) (Campion et al., 1999;
Chartier-Harlin et al., 1991; Murrell et al., 1991) and can be seen in patients as young
as 25 (Miklossy et al., 2003). AD is however not a single-gene disorder, but involves
mutations and polymorphisms in multiple genes on several chromosomes. It is
associated with gene mutations on chromosomes 1, 14, and 21. Most of the FAD

cases are caused by mutations in two genes namely presenilin 1 (PS1) and presenilin
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2 (PS2) (Rogaev et al., 1995; Sherrington et al., 1995). In AD, no mutation has been
identified in the gene, MAPT which codes for Tau protein.

In its initial phases, the disease causes damage to specialized structures in the
brain like entorhinal cortex, hippocampus and basal forebrain that play a critical role
in memory (alzforum 2012). At the cellular level, the brains of AD patients are
characterised by the accumulation of two main types of protein aggregates:
extracellular neuritic amyloid plaques composed mainly of a 40- or 42-residue
peptide — amyloid-p protein (Ap) (Glenner and Wong, 1984b; Kosik, 1992; Masters
et al, 1985) and intracellular neurofibrillary tangles comprising of
hyperphosphorylated Tau ((Grundke-Igbal et al., 1986) (Goedert et al., 1996b; Lee,
1993; Mandelkow, 1999; Mandelkow and Mandelkow, 1998) (Fig 1.1).

Normal

Alzheimer's

>

fq

Figure 1.1: Pathological hallmarks of Alzheimer disease. Amyloid plaques are extracellular deposits of a
40- or 42-residue peptide called amyloid-f3 protein (AP) in the brain parenchyma and around the cerebral
vessel walls, while tangles composed of twisted fibers of Tau protein build up intracellularly in the
degenerating neurons. The plaques and tangles get deposited in structures in the brain that play a critical
role in memory and then spread to other regions. The plaques and tangles contribute to the degradation of
the neurons in the brain and are the main hallmark of Alzheimer’s disease. (Figure reproduced from
http://www.ahaf.org/alzheimers/about/understanding/plaques-and-tangles.html).

The disease slowly progresses and destroys large areas of the brain, leaving its
victims with little comprehension or unawareness. As the disease advances, patients
become bedridden, unable to restrain natural discharges and unable to feed
themselves. The patients survive from 2 to 15 years after the onset of symptoms, but
some may survive as long as 20 years. In spite of the fact that both the tangles and

plaques are found in conjunction, it is difficult to correlate the appearance and
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distribution of AP deposits with the progression of the disease; however, the
appearance and distribution of tangles can well be correlated ("Braak stages") (Braak

and Braak, 1991).

1.3 Tau: A microtubule-associated protein

1.3.1 Localization and functions of Tau protein

Tau protein was discovered in 1975 in Marc Kirschner's laboratory at Princeton
University (Weingarten et al., 1975) in an attempt to search for factors that promote
the self-assembly of tubulin into microtubules. However, Tau only gained interest
when it was found to be a subunit of protein aggregates called neurofibrillary
tangles, one of the major hallmarks of Alzheimer disease (AD) (Brion et al., 1985;
Grundke-Igbal et al., 1986) and has since then remained in the limelight. MAPs like
Tau consist of two other proteins MAP2 (Lewis et al., 1988) and MAP4 (Chapin and
Bulinski, 1991) occur throughout much of the animal kingdom namely:
Caenorhabditis elegans (Goedert et al.,, 1996a; McDermott et al., 1996), Drosophila
(Cambiazo et al.,, 1995; Irminger-Finger et al., 1990), goldfish (Liu et al., 1997),
bullfrog (Yin et al., 1995), rodents (Kosik and Finch, 1987; Lee et al., 1988), bovine
(Himmler, 1989; Himmler et al., 1989), goat (Nelson et al., 1996), monkeys (Nelson et
al., 1996), and human (Goedert et al., 1989a; Goedert et al., 1989D).

The gene encoding Tau protein is expressed predominantly in the neurons of the
central nervous system (CNS) and the peripheral nervous system (PNS) (Andreadis
et al., 1992).Tau is ubiquitously expressed in immature neurons. But as the neurons
mature, its localization gets restricted almost entirely to the axonal compartment.
Furthermore, there is a shift toward higher-molecular-weight isoforms and reduced
phosphorylation (Drubin and Kirschner, 1986; Kosik et al., 1989). In spite of this, low
levels of Tau can still be found in other neuronal compartments after maturation, for
example, the nucleus (Loomis et al, 1990; Sultan et al., 2011) and dendrites
(Papasozomenos and Binder, 1987), and in other brain cells, notably
oligodendrocytes (Goldbaum et al., 2003; LoPresti et al., 1995). Furthermore, the
presence of low Tau mRNA and Tau protein in astrocytes as well as in

oligodendrocytes has also been reported (LoPresti et al., 1995; Shin et al., 1991). In
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addition to this, Tau mRNA and proteins can also be detected in several peripheral
tissues such as heart, kidney, lung, muscle, pancreas, testis, as well as in fibroblasts
where its function is not clear (Gu et al., 1996; Ingelson et al., 1996; Vanier et al,,
1998). In muscle fibers Tau forms aggregates in inclusion body myositis (Askanas

and Engel, 2008).

Although it remains to be known as what causes Tau to be specifically sorted
into the axon, several mechanisms have been proposed, for example, selective
protein transport into axons, selective degradation in dendrites (Hirokawa et al.,
1996; Nakata and Hirokawa, 2003), selective axonal transport of Tau mRNA (Aronov
et al., 2002), selective up-regulation of translation in axons (Morita and Sobue, 2009)
and more recently the presence of a selective barrier in the axon hillock which
prevents the reentry/missorting of Tau back into the soma (Li et al., 2011). This is of
considerable importance as missorting of Tau into the somatodendritic compartment
is recognized as one of the earliest signs of neurodegeneration in AD and in mouse
models (Braak and Braak, 1994; Coleman and Yao, 2003). An insult to the neurons
triggered by various factors like AP, glutamate, oxidative stress leads to the
missorting of Tau into dendrites. This in turn, causes a decay of dendritic spines
mediated by Ca?* influx through NMDA receptors and hence a decay of neuronal
communication (Mattson, 2004; Shankar et al., 2007; Zempel et al., 2010).

Tau regulates the assembly of microtubules by binding to them and stabilizing
them. Microtubules are protein polymers of the cytoskeleton that play a role in
diverse cellular functions like stabilizing cell shape, mitosis, and as tracks for
intracellular transport by motor proteins (Garcia and Cleveland, 2001; Hirokawa,
1993, 1994). The evidence that support the role of Tau in regulating assembly,
stabilization, and bundling of microtubules came from the experiments whereby
purified bovine brain Tau protein microinjected into rat fibroblasts deficient in
endogenous Tau lead to an increased microtubule mass and enhanced microtubule
stability (Drubin and Kirschner, 1986). Additionally, neurons treated with antisense
oligonucleotides to Tau mRNA (siRNA) to block expression of Tau fail to extend
axon-like processes (Caceres and Kosik, 1990; Caceres et al., 1991). This suggests a

role of Tau protein in the establishment of neuronal polarity by stabilizing the
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microtubules specifically in a particular compartment during development (Caceres
and Kosik, 1990; Caceres et al., 1991). The above mentioned functions of Tau are a
result of direct interactions of Tau with microtubules and can be modulated by Tau
and its phosphorylation (Brandt et al., 2005; Dolan and Johnson, 2010) depending on
how dynamic the microtubules are needed in a particular compartment of the cell.
Furthermore, over-expression of Tau in Chinese hamster ovary (CHO) cells causes a
change in cell shape, retarded cell growth and an altered distribution of various
organelles known to be transported via microtubule-dependent motor proteins
(Ebneth et al., 1998). These findings were further consolidated with the experiments
in differentiated N2a cells, whereby over expression of Tau led to disappearance of
mitochondria from the neurites {Ebneth et al., 1998; Stamer et al., 2002). The above
mentioned functions of Tau with regard to microtubules are consequences of indirect
interactions and these interactions affect the binding of other proteins that may or
may not interact with the microtubules by themselves. Some of the examples are the
spacing of the microtubules to establish a clear zone in order to ensure smooth
transport in cells (Umeyama et al., 1993) and, inhibition of microtubule dependent
transport by motor proteins as a result of a competition between motors (kinesin,
dynein) and MAPs (including Tau) for binding sites on the microtubule surface

(Dixit et al., 2008; Seitz et al., 2002; Stamer et al., 2002).

Cell biologists wanted to elucidate the function of Tau further by producing
mice lacking Tau protein. To their surprise, the nervous system of Tau-deficient mice
looked normal immunohistologically with no major changes. But there was a
significant decrease in the microtubule stability and organization in some small-
calibre axons. It should be noted that the lack of Tau was associated with an increase
in microtubule-associated protein 1A (MAP1A) expression, possibly fullfiling the
function of Tau (Harada et al.,, 1994). Furthermore, the mice exhibited muscle
weakness and disturbances in memory (Ikegami et al., 2000). In one more example
where the authors knocked out Tau, the mice were viable and did not show any
macroscopic abnormalities. Again the lack of Tau was associated with an increase in
microtubule-associated protein 1A (MAP1A) levels at birth which declined with age.
In contrast to the previous studies, the primary neuron cultures from this Tau-

deficient mouse showed some abnormalities. The neurons showed slowed
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maturation with reduced neurite length throughout all developmental stages and
reduced axon length of stage 3 neurons (Dawson et al., 2010). Importantly, all these
abnormalities shown by the primary neuronal cultures obtained from this Tau-
deficient mouse were restored back to normal after crossing this Tau-deficient mouse
with human Tau-transgenic mouse (Dawson et al., 2010). These results suggest that
Tau plays an essential role in axonal growth and neurite extension.

A careful observation of the developing brains after Tau knockdown in a recent
study, however, revealed some important roles for Tau in the developing cerebral
cortex. A successful knockdown of Tau achieved by Tau shRNA electroporation into
the brains of E14 mouse embryos ex vitro resulted in an inhibition of neuronal
migration in the developing cortex. Furthermore, some of the Tau knocked down
postnatal brain neurons which were able to migrate and reach the cortical plate,
nevertheless, exhibited smaller somas and poorly developed dendrites which were
not able to make proper connections (Sapir et al., 2012), pointing to some
developmental defects. In summary these data show that although MAPs may be
redundant in their function, upregulation of MAP 1A in Tau-deficient mice (Harada
et al., 1994; Dawson et al., 2010) does not restore the normal function as it relates to

axonal and neurite extension in culture.

1.3.2 Isoforms of Tau

Human Tau is encoded by a single gene located on the long arm of chromosome 17
(17921) (Neve et al., 1986), however, alternative splicing generates six Tau isoforms
(Goedert et al., 1989a) (Fig 1.2). The six Tau isoforms differ in the presence of three
(3R Tau) or four (4R Tau) repeats of 31 or 32 amino acids in the carboxy-terminal
half, as well as in the presence or absence of inserts of 29 or 58 amino acids in the
amino terminal region (Goedert et al.,, 1989a; Goedert et al.,, 1988). The tandem
repeats in the carboxy-terminal half are encoded by exons 9, 10, 11, and 12, and it is
the alternative splicing of exon 10 that results in the generation of E10 + 4R Tau and
E10 - 3R Tau mRNAs and their corresponding 4R and 3R Tau isoforms, respectively.
This consecutive repeat region was thought to constitute the microtubule binding
domain of Tau protein (Butner and Kirschner, 1991; Goedert and Jakes, 1990; Goode

and Feinstein, 1994). However, Gustke et al in 1994 extensively studied the
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interaction of various Tau domains with respect to microtubules. They found that the
flanking regions (the proline-rich domain P upstream of the repeats and the fifth
repeat P3 downstream) of Tau act like jaws and strongly enhance the binding of Tau
repeat region to microtubules. Thus a well defined microtubule binding domain of
Tau protein consists of the repeat domain plus the flanking regions (Gustke et al.,

1994). The 4R Tau has a much higher affinity for microtubules and therefore, plays a

Tau [ | | [
gene — 1 A2-3— 4 ~ 5 — — 7 — 9 — 11 -12-—13.

Alternative splicing
and translation

3RON 35224, htauzs
v [ [A—{ [Pi[P2IRll— R P3| | :s1aa, htaus
RN | [ ]2 | [P1]P2 -— 410 a.a. , htau39
aRiN | [n}— [P1]|P2 412 a.a. , htau34
aeNn | [n]i2] [P1]P2 441a.a. , htaudo

Figure 1.2: Six Tau isoforms are generated by alternative splicing of a single human Tau gene. The
gene encoding Tau is a multi-exon gene that undergoes alternative post-transcriptional splicing of exons
2 (shown in orange), 3 (shown in blue) and 10 (shown in red) to yield six isoforms in the brain. The
exons shown in dark grey do not appear in the translated protein. Exons 9-12 encode microtubule-
binding repeat domains, and the exclusion or inclusion of exon 10 results in Tau with three (3R) or four
(4R) microtubule-binding domains, respectively (shown as red boxes) (Figure reproduced from (Gustke
et al., 1994), with modifications).

greater role in regulating the microtubule dynamics than 3R Tau (Goode and
Feinstein, 1994). The alternative splicing of the six brain Tau isoforms is
developmentally regulated. Developing brains require highly dynamic microtubules
which may be achieved by expressing only the shortest isoforms which explains why
the fetal human brains have only the three repeat Tau isoform without amino-
terminal inserts (Ikegami et al., 2000). The adult CNS contains the following Tau
isoforms in order of abundance: Tau with one amino-terminal insert (1IN Tau, 50%),
Tau with no amino-terminal insert (ON, 40%) and Tau with two amino-terminal
inserts (2N, 10%). The ratio between 4R and 3R Tau isoforms has been found to be 1
(Hong et al., 1998). Only three 4R Tau isoforms are known to be expressed in the
adult rodent brain, while a 3RON or fetal Tau isoform is expressed in the developing

CNS of rodents (Gotz et al., 1995; Kampers et al, 1999). In addition to these, a higher
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molecular weight Tau protein (~110 kDa) appears in the peripheral nervous system.
This Tau protein, referred to as big Tau, results due to the inclusion of E4a exon

(Couchie et al., 1992; Georgieff et al., 1991; Goedert et al., 1992).

14 Frontotemporal dementia and Parkinsonism linked to

chromosome 17 (FTDP-17)

Tauopathies are a group of neurodegenerative disorders characterized by the
presence of intracellular Tau inclusions (Lee et al., 2001). Among the MAP proteins
in the brain, Tau has received a tremendous attention because of its role in AD and
other tauopathies. Tauopathies depict a range of clinical manifestations including
memory and language impairments, behavioral and psychiatric abnormalities,
extrapyramidal signs, and motor deficits (Foster et al., 1997). In spite of the distinct
hallmark brain lesions shown by the patients suffering from this group of
heterogeneous dementias and movement disorders, the affected patients share a
common neuropathology characterized by abundant neuronal and to a lesser extent
glial fibrillary lesions composed of hyperphosphorylated Tau proteins and are
associated with a remarkable loss of neurons in affected regions (Reed et al., 1997;
Reed et al.,, 1998; Spillantini et al., 1998a; Spillantini et al., 1998b). Whether Tau
protein is causal to the disease or just an effect of some disease process was
debatable until 1998, when several mutations in the gene encoding Tau protein were
discovered in frontotemporal dementia and parkinsonism linked to chromosome 17
(FTDP-17), thereby confirming a causative role of Tau in neurodegeneration (Hutton
et al., 1998; Poorkaj et al., 1998; Spillantini et al., 1998a). Tau is now regarded as one
of the risk factors in PSP, PD and others (Hardy and Singleton, 2008). More than 40
different mutations in the Tau gene are known to occur in FTDP-17 (Goedert and
Spillantini, 2001; Poorkaj et al., 1998). These mutations include either missense,
deletion or silent mutation in the coding region (Fig 1.3) or intronic mutations
located close to the splice-donor site of the intron following the alternatively spliced

exon 10 (R2) (van Swieten and Spillantini, 2007).

10



Introduction

Tau mutations in FTDP-17 may act by two mechanisms. First, they may affect the
alternative splicing of exon 10 resulting in a change of the ratio of 4R: 3R Tau. These
mutations comprise a mixture of coding changes within exon 10 (N279K, delK280,
L284L, N296N/H, delN296, P301L/S, G303V, and S3055/N) and also intronic
mutations close to the 5" splice site of exon 10 (at positions +3, +11, +12, +13, +14,
+16, +19, and +29) (Wszolek et al., 2006). Second, the mutations (missense and
deletions) may directly cause deficits in the abilities of Tau to bind to microtubules
(MTs) and promote assembly and stability of MTs. This has been linked to several
Tau gene missense mutations including: G272V, delK280, P301L, P301S, V337M,
G389R, and R406W using in vitro studies (D'Souza et al., 1999; Hasegawa et al., 1998;
Hong et al., 1998). Recombinant G272V, N279K, AK280, P301L, V337M, and R406W

mutant Tau proteins show an enhanced filament formation in the presence of

G272V G303V
L266V—  deIN296— S320F— K3691 — T427M —
1260V—] L284L ] K317M ] V337M — R406W—
K257T — delk280— L315R—| Q336R—| G389R—
R5H/R5
N—_ 1 H 9 | ~|r11—12—13—c
E9+33 (+3) 8352L—
P301L/P301s— (+11)
(+12) E342V—]
(+13)
o (+14)
Non-exon 10 N296H/N296N— (+16) G335V —
Exon 10 (+19)
Exon 10 splice site N279K— (+29)

Figure 1.3: Tau gene mutations in FTDP-17. Known Tau mutations that occur in FTDP-17 are shown.
Mutations affect either the splicing of exon 10 (altering the ratio of 3R and 4R Tau isoforms) or the function
of Tau (mostly by increased aggregation tendency or reduced microtubule affinity) (reproduced from
(Schneider and Mandelkow, 2008).

heparin compared to wild type Tau protein (Arrasate et al., 1999; Barghorn et al.,
2000; Nacharaju et al., 1999). Moreover, mutations such as V337M and R406W in

exons other than those in exon 10 promote Tau aggregation which is composed of all
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six isoforms, whereas other exon 10 mutations (P301L) increase 4R Tau in insoluble
FTDP-17 brain fractions (Clark et al., 1998; Hong et al., 1998). Mutations such as
AK280 and P301L moderately decrease the affinity of Tau to microtubules, however,
strongly enhance the aggregation of Tau into PHFs (Barghorn et al., 2000; Schneider
and Mandelkow, 2008). Furthermore, polyanions like RNA was shown to induce the
assembly of all the six full-length isoforms of Tau, with three repeat constructs being
the most efficient at polymerization. RNA induces polymerization by the formation
of intermolecular disulphide brigdes between Cys3? in the third repeat of Tau
(Kampers et al., 1996). Mutations in the intronic sequence adjacent to the stem loop
structure in exon 10 have been identified that increase soluble 3R Tau by altering the
Tau splicing, leading to increased Tau proteolysis and neuronal apoptosis without

deposition of insoluble Tau aggregates (Stanford et al., 2003).

1.5 Tau aggregation

Tau shows no tendency to aggregate under physiological conditions because of its
highly soluble nature (Wille et al., 1992). Despite this fact, Tau aggregates are found
in several brain diseases collectively termed as tauopathies, including AD (Lee et al.,
2001) but the mechanism of Tau aggregation still remains to be known. In vitro
studies have shown that Tau aggregation is a multiple step process which involves
the formation of an oligomeric nucleus (rate-limiting nucleation step) followed by an
elongation step whereby protein subunits add to this nucleus (Friedhoff et al., 1998).
Two hexapeptide motifs [PHF6 (VQIVYK) and PHF6* (VQIINK)] within the repeat
domains of Tau which have the highest propensity for g-structure are responsible for
the Tau aggregation and during the aggregation process a transition from random
coil to B-structure takes place (Barghorn et al., 2000; von Bergen et al., 2000). Tau
aggregation can be suppressed by the introduction of two proline residues within
these hexapeptide motifs (1287P and I308P), which produce kinks in the chain due to
the cyclic structure of proline and hence act as B-breakers (von Bergen et al., 2001).
Furthermore, the deletion mutation AK280 which enhances this B-propensity
promotes Tau aggregation (Barghorn et al., 2000; Khlistunova et al., 2006). Although

it is not clear why a soluble protein like Tau forms insoluble fibers in various
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neurodegenerative diseases, various posttranslational modifications of Tau

discussed below play a role.

1.6 Tau phosphorylation

Tau phosphorylation, the most common posttranslational modification of Tau is
regulated by the balanced activities of various kinases and phosphatases. Fig 1.4
shows the number of potential amino acid residues that could be phosphorylated in
Tau. The role of phosphorylation on Tau aggregation has received the most attention
over the years but still remains to be a controversial field. For example, each Tau
molecule in AD brain is associated with eight or more phosphates compared with
only ~ two in normal adult brains (Kopke et al., 1993), but a normal fetal brain also
shows high phosphorylation status (~four), and likewise it is high in hibernating
animals (Hartig et al., 2007). There are a number of potential Phosphorylation sites
on Tau and majority of them are found to be phosphorylatable by multiple kinases
(>45) (Hanger et al., 2007). A subset of sites has gained prominence because they are
recognized by antibodies raised against AD Tau in a phosphorylation-dependent
manner. They include PHF1 (pS396 + pS404) (Greenberg and Davies, 1990), several
of the AT series of antibodies (Biernat et al., 1992; Goedert et al., 1994), for example,
AT8 (pS202 + pT205), AT180 (pT231 + pS235), AT270 (pT181) and AT100 (pT212 +
pS214), and Sternberger monoclonal antibodies of the SMI series (e.g., SMI31, 33, 34;
(Lichtenberg-Kraag et al., 1992).
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Figure 1.4: Tau phosphorylation sites. Phosphorylation sites in full length Tau (hTau40) isoform are targets
of various kinases and phosphatases. Phosphorylations at SP/TP motifs by kinases like GSK3{, CDK5 and
MAPK have transitional effect on Tau-microtubule affinity. PKA, MARK and SADK phosphorylate KXGS
motifs and S214. SFKs phosphorylate tyrosine residues at position 18, 29 and 394. Potential phosphatases
that can dephosphorylate Tau include PP2A and PP2B. (Figure reproduced from (Schneider and
Mandelkow, 2008).

Kinases that phosphorylate Tau can be divided into three classes: (i) Proline-Directed
Protein Kinases (PDPKs) which phosphorylate SP or TP motifs. Examples include:
GSK3p (Glycogen Synthase Kinase-3B) (Ishiguro et al., 1993; Mandelkow et al., 1992),
CDKS5 (Cyclin-Dependent Kinase 5) (Baumann et al.,, 1993) and MAPKs (Mitogen-
Activated Protein Kinases) (Drewes et al., 1992; Lu et al., 1993) which phosphorylate
SP/TP motifs in the flanking regions of the repeat region of Tau. (ii) Non PDPKs.
PKA (Protein Kinase A), MARK (Microtubule Affinity Regulating Kinase) (Drewes et
al., 1997) and SADK (Synapses of Amphids Defective Family Kinases) (Kishi et al.,
2005) are non PDPKs which target KXGS motifs in the repeat domain and other sites.
(iii) Protein kinases specific for tyrosines. SFKs (Src Family Kinases) such as Src (Lee,
2005), Lck (Williamson et al., 2002), Syk (Lebouvier et al., 2008), Fyn (Lee et al., 1998;
Lee et al.,, 2004) and c-Abl Kinase (Derkinderen et al., 2005) target Tau tyrosine
residues at Y18, Y29 and Y394.
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Phosphorylations at SP/TP motifs have only a weak influence on Tau-
microtubule interactions (Biernat et al., 1993; Drechsel et al., 1992; Schneider et al.,
1999), however, they are of diagnostic value because these phosphorylation sites are
elevated in Alzheimer Tau (Morishima-Kawashima et al., 1995). It is assumed that
hyperphosphorylation at SP or TP motifs may lead to aggregation, but the issue is
controversial since non-phosphorylated Tau in the presence of polyanions can also
aggregate and form filaments (von Bergen et al., 2000; Wille et al., 1992). The KXGS
motifs in the repeat domain (5262, S293, S324, S356) can be phosphorylated by
MARK (alias Par-1), PKA, SADK (alias BRSK), CamKII (Drewes et al., 1997). PKA
additionally phosphorylates 5214 (Brandt et al., 1994; Illenberger et al., 1998; Zheng-
Fischhofer et al., 1998). Tau phosphorylation in KXGS motifs strongly decreases the
Tau-microtubules affinity, as recognized by antibody 12E8; however, it does not
eliminate this binding (Seubert et al., 1995). Phosphorylation at these sites occurs
early in the AD process (Augustinack et al., 2002) as well as in Tau inducible
transgenic mice (Eckermann et al., 2007). It is assumed that phosphorylation drives
Tau into aggregation, and certain highly phosphorylated states of Tau might be
prone to aggregation (Igbal et al., 2008); on the contrary, phosphorylation at certain
sites (e.g., KXGS motifs) inhibits aggregation (Schneider et al., 1999). Tau is
dephosphorylated by PP2A (Protein Phosphatase 2A), PP2B (Protein Phosphatase
2B, calcineurin) and PP-1 (Protein Phosphatase-1) (Drewes et al., 1993; Gong et al.,
1994; Sontag et al., 1996; Sun et al., 2003). In short, equilibrium exists in the action of
various kinases and phosphatases in a cell and under certain conditions; this
equilibrium gets shifted specifically to one direction. Thus, hyperphosphorylation
can be ruled out as being an absolute indicator of a disease state. As far as the
phosphorylation and disease are concerned, Tau can be thought of getting protected
against aggregation while bound to the microtubules, but not when detached by
phosphorylation. The cartoon below explains the mechanism underlying the role of

Tau in neurodegeneration (Fig 1. 5).
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Figure 1.5: Tau hypothesis of AD. Hyperphosphorylation of Tau due to the disturbances in the
regulation of activity of kinases and phosphatases results in the detachment of Tau from microtubules.
Subsequent failure of microtubule stabilization causes inhibition of axonal transport.
Hyperphosphorylated Tau which is detached from MTs is now free to aggregate into PHFs. PHFs, in
turn can further augment the obstruction of axonal transport. All these things cause neuronal
dysfunction and ultimately lead to neurodegeneration (reproduced from (Mandelkow and Mandelkow,
1998).

1.7 Other modifications of Tau protein

Tau undergoes another major modification in the form of proteolytic cleavage. The
natively unfolded nature of Tau and the presence of a number of potential cleavage
sites (See Fig 1.6) make Tau an easy substrate to multiple proteases. Proteolysis
might yield breakdown products that could be toxic in various ways. For example,
caspases cleave Tau in the tail ends (behind D421 or behind D13) (Gamblin et al.,
2003; Horowitz et al., 2004; Rissman et al., 2004) perturbing the paperclip folding of
Tau (Jeganathan et al., 2006) resulting in the release of products which are more
vulnerable to aggregation. Calpains can cleave Tau at a number of sites (Canu and
Calissano, 2003; Park and Ferreira, 2005). A 17 kDa Tau fragment has been a centre of
focus. In vitro digestion of recombinant Tau by calpain was reported to generate this
17 KDa fragment which could subsequently be blocked upon treatment with calpain
inhibitor. This 17 kDa Tau fragment was thought to induce apoptosis in cerebellar
macroneurons and was assigned to residues from 73-315 of Tau, based on antibody
reaction assays (Canu et al., 1998). However, the exact N- and C-terminal ends were
unambiguous. Furthermore, pre-aggregated A treatment of cultured neurons was

also reported to generate a 17 KDa Tau fragment through the activation
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Figure 1.6: Diagram of proteolytic cleavage sites on Tau. Tau is divided into an N-terminal projection
domain and a C-terminal assembly domain containing the microtubule-binding elements, based on the
cleavage by chymotrypsin after Y197 (Steiner et al., 1990). The repeat domain of Tau (R1-R4) represents the
core of PHFs and is highly protease-resistant in PHFs (von Bergen et al., 2006; Wischik et al., 1988a). The
microtubule (MT) binding region of Tau contains the repeat domains plus the flanking proline-rich domains
P2 and P3 (Gustke et al., 1994; Preuss U et al., 1997). Cleavage sites after D13 by caspase 6 (Horowitz et al.,
2004), D421 by caspase 3 (Gamblin et al., 2003; Rissman et al., 2004), F8, M419, T427, 1436 by cathepsin D
(Kenessey et al., 1997), 1360, V363 by cathepsin L (Wang et al., 2007) and K257 by an unknown thrombin-like
cytosolic protease (Khlistunova et al., 2006; Wang et al., 2007) were validated by N-terminal protein
sequencing or mass spectrometry. Cleavages after D25 (putative caspase 3 cleavage site) (Rohn et al., 2002),
D402 (putative caspase 6 cleavage site) (Guo et al.,, 2004) and E391 were determined with site-directed
antibodies. E391 is cleaved by an unknown protease (Novak et al., 1993; Wischik et al., 1988b). Cleavage after
K44 and R230 was proposed from putative calpain cleavage sites found on Tau according to the P2-P1 rule
(Park and Ferreira, 2005). PSA stepwise removes residues from the N-terminus of Tau (Karsten et al., 2006)
(reproduced from Wang et al., 2010).

of calpain (Park and Ferreira, 2005). Based on the potential calpain cleavage sites on
Tau and the apparent molecular weight, the 17 kDa Tau fragment was assumed to be
Tausso30. Tauss2z0 over-expression induced apoptosis in CHO cells or cultured
neurons. Based on these findings, it was proposed that the Ap-induced
neurodegeneration is mediated by this 17 KDa Tauus.230 fragment (Park and Ferreira,
2005). The role of N-terminal part of Tau in neurodegeneration is also highlighted by
the finding that this region of Tau is essential for prefibrillar Ap induced microtubule
disassembly in cultured cells (King et al., 2006). However, until now the presence of
the 17 kDa calpain-induced Tau fragment has not been detected in AD brains so the
proposition, that, the Tau fragment is the mediator of A-induced
neurodegeneration is highly controversial. The proposition received a setback by the
recent work of Garg et al. 2011. They reported the generation of a metastable
fragment A125-R230 that spans several PXXP motifs and therefore has the potential

of scavenging SH3-containing proteins including tyrosine kinases (Garg et al., 2011).
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They demonstrated that the "17 kDa" fragment is actually much smaller, containing
residues 125-230 with an apparent molecular weight of 10.7 kDa. In addition, the
fragment could be generated by other cell stressors as well. Finally, they showed in
various cell lines that the overexpression of neither Tauus-230) nor Tau2s.230) fragment
is toxic. A third type of cleavage occurs by PSA (puromycin-sensitive
aminopeptidase), discovered by a genomic screen for modifiers of tauopathy in flies
(Karsten et al., 2006). Finally, expression of Tau repeat domain containing the FTDP-
17 mutation (K18AK280) leads to the formation of PHF like aggregates in an
inducible N2a cell model. In addition, the repeat domain is cleaved sequentially to
generate three small fragments (F1, F2, and F3) derived from the same N-terminal
cleavage site between K257 and S258 (thrombin-like protease) but different C-
terminal tails (Cathepsin L) (Wang et al., 2009). Of these, F2 and F3 are prone to
aggregation and form sarkosyl insoluble aggregates. Furthermore, the first cleavage
at K257 by an unknown thrombin-like protease seems to be important not only for
the aggregation of K18Ak280 but also for the two subsequent cleavages as a mutation
(K257A) at this site abolishes the proteolytic processing of the repeat domain. The
shortest fragment (S5258-1360) named “F3” has the highest propensity for
aggregation. It is sufficient to nucleate and co-aggregate with endogenous Tau
(Wang et al., 2007). Nitration and glycation are the other posttranslational
modifications of Tau in AD. Nitration of Tau is a salient feature of diverse
tauopathies (Horiguchi et al., 2003) and antibodies specific to nitrated Tau can stain
AD brains but not the normal brains (Reynolds et al., 2007). Glycation is a
consequence of oxidative damage and cross-linking, which accumulates once the

tangles are formed (Yan et al., 1994).

1.8 Tau degradation

Proteostasis, defined as a state of dynamic equilibrium in which protein synthesis
and folding is balanced with degradation, is necessary to maintain a healthy
proteome in a cell (Balch et al., 2008). The equilibrium maintains a specific protein
level necessary for the proper functioning of the cell and any disturbance in this
equilibrium could have profound effects. As far as the degradation of Tau protein is

concerned, both proteasome and autophagy have been found to contribute to this
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process. The proteasome may play a role in regulating Tau turnover because it
degrades misfolded proteins which otherwise would form potentially toxic
aggregates (Benaroudj et al., 2001; Ciechanover, 2001; Kisselev et al., 1998; Kisselev et
al., 1999; Tofaris et al., 2001; Touitou et al., 2001). 20S proteasome has been found to
contribute to Tau degradation through Trypsin-like activity (Cardozo and Michaud,
2002). Experiments with Tau transfected SH-SY5Y cells showed that inhibition of the
20S proteasome catalytic core by Lactacystin can inhibit Tau degradation (David et
al., 2002). Furthermore, the direct degradation of unfolded recombinant Tau by the
20S proteasome in vitro in an ubiquitin-independent and bi-directional manner leads
to the formation of stable intermediates during degradation process (~27 kDa and 17
kDa fragments) (David et al., 2002). Since AD brains have been shown to have a
decreased proteasomal activity, this could contribute to accumulation of aggregates
including Tau filaments (Keller et al., 2000; Lopez Salon et al., 2000). Corresponding
to this, the proteasome system has been shown to be inhibited by the binding of
PHF-Tau to the 20S core proteasome in human brain tissue (Keck et al., 2003).
Molecular chaperones bind Tau protein and target it for degradation via proteasomal
system, thereby preventing its aggregation and toxicity. Several studies have shown
that phosphorylated Tau can be ubiquitinated by the CHIP-Hsc70 complex and
targeted for proteasome degradation (Petrucelli et al., 2004; Shimura et al., 2004). All
these studies suggest Tau as a proteasomal substrate. However, other studies
contradict these findings (Brown et al., 2005; Delobel et al., 2005; Feuillette et al.,
2005). Tau phosphorylated at the KXGS motifs in the repeat domain is not degraded
via proteasome pathway (Dickey et al., 2007). Furthermore, proteasomal inhibitors
such as MG132 and epoxomicin have no effect on the clearance of Tau aggregates

detected in the sarkosyl insoluble fraction from the cells (Wang et al., 2009).

The other route for Tau degradation is through the autophagy-lysosomal system,
which includes three main pathways for the delivery of cargo to lysosomes:
macroautophagy, microautophagy and chaperone-mediated autophagy (CMA)
(Santambrogio and Cuervo, 2011). Induction of autophagy has been shown to protect
against the accumulation of proteins (Nixon et al., 2005). Macroautophagy induced
by rapamycin has been shown to degrade detergent-insoluble mutant Tau protein

(hTau40/P301L) (Berger et al., 2006), while blockage of macroautophagy by 3-
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methyladenine (a PI3K-type III inhibitor which can be wused to block
macroautophagy) (Seglen and Gordon, 1982) slows down Tau degradation (Hamano
et al., 2008). A recent study reported the macroautophagy mediated degradation of
both soluble and insoluble mutant Tau (Taurp/AK280) (Wang et al., 2009). CMA is a
type of lysosomal degradation that degrades cytosolic proteins containing a specific
pentapeptide motif KFERQ (Dice, 1990) and since there are two CMA-targeting
motifs (3*QVEVK340 and 3*KDRVQ?%!) present in the C-terminal repeat domain of
Tau, this makes Tau a good candidate for this type of degradation. Indeed, Wang et
al (2009) reported that the CMA machinery contributes to the delivery of a mutant
Tau construct to the lysosomes. Furthermore, recent findings that trehalose mediated
induction of autophagy can reduce the endogenous Tau levels in primary neurons
and insoluble Tau aggregates in a tauopathy cell model (Kruger et al., 2011) further

consolidate these results.

1.9 Amyloid-f cascade hypothesis

The accumulation of B-amyloid peptide (Ap) is a primary pathological hallmark of
AD brains. AR accumulates into amyloid plaques extracellularly (diffuse and later
neuritic) and, to a lesser extent, in blood vessels. AP was first sequenced in 1984 from
the meningeal blood vessels of AD patients and individuals with Down’s syndrome
(Glenner and Wong, 1984a) and in 1985, it was found to be the primary component
of the senile plaques of AD brain tissue (Masters et al., 1985). AB is a normal product
of the APP metabolism generated by the cleavage of APP by proteases called the a-,
B-, and y- secretases and is produced throughout life (Haass et al., 1992; Seubert et al.,
1992; Shoji et al., 1992); In the normal brain, most APP is processed in a non-
amyloidogenic secretory pathway involving the cleavage of APP by o-secretase
(Selkoe, 1994) that prevents the formation of potentially amyloidogenic fragments.
However, in AD brains APP gets cleaved predominantly by the 8-, and y- secretases
leading to the generation of amyloidogenic AB. Various mutations discovered in the
APP gene that are known to cause AD favor the processing of APP by the
amyloidogenic pathway (Cai et al., 1993; Citron et al., 1992; Suzuki et al., 1994). In
addition to this, APP mutations within the AP sequence increase the self-aggregation

of AP into amyloid fibrils (Wisniewski et al., 1991). All these findings led John Hardy
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and David Allsop in 1991 to formulate the Amyloid hypothesis of Alzheimer’s
disease. According to this hypothesis, the initiating event in AD is the accumulation
of AP caused by APP mismetabolism and the rest of the pathological events
including the formation of neurofibrillary tangles (NFTs) are downstream of this

cascade. A schematic view of this hypothesis is given in Fig 1.7 below:
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Figure 1.7: Amyloid cascade hypothesis of AD. Shown here is the sequence of pathogenic events that
finally lead to AD. AP oligomers can have an additional effect by causing injury to the synapses and
neurites of brain neurons directly as shown by the curved arrow (reproduced from (Hardy and Allsop,
1991).
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1.10 Connection between Ap and Tau

The two main hallmarks of AD are extracellular amyloid plaques and intracellular
NFTs. Although the connection between the two proteins Ap and Tau which form
these two types of aggregates, respectively, is still not clear, studies from the recent
years have provided some clue about the relationship between the two and their

hierarchy in the cascade of events that lead to Alzheimer’s disease.

Earlier work by Rapoport and his coworkers provided the first evidence of a
direct relationship between Tau and AP when they found that cultured hippocampal
neurons from Tau knockout mice were resistant to AB-induced neurodegeneration.
Furthermore, Tau knockout neurons possessed more dynamic microtubules as seen
by increased tubulin tyrosination (a marker of unstable microtubules) (Schulze and
Kirschner, 1987), suggesting that neurons may compensate for Ap-induced
neurodegeneration by having more dynamic microtubules (Rapoport et al., 2002).
Meanwhile, immunotherapy studies on triple transgenic mice (3xTg-AD), which
develop both the hallmark lesions of AD, surfaced in 2004. In this study, it was
found that the administration of antibodies against A in the hippocampus reduces
not only the extracellular AB plaques and intracellular AP load but more
importantly, this immunotherapy also led to the clearance of early Tau pathology.
Furthermore, after 30 days of post injection, AP deposits were the first to reemerge.
Therefore, this study established a hierarchy between AP and Tau as the
immunotherapy against Tau did not have any effects on either of the hallmark

lesions (Oddo et al., 2004).

Further studies showed that the reduction in endogenous Tau in hAPP mice
(Mucke et al., 2000) can prevent behavioral deficits, without affecting the APP
metabolism (Roberson et al., 2007). In addition to these studies, Tau which is an
axonal protein was recently assigned a dendritic function of targeting the kinase Fyn
to the dendrite. It was shown that in Tau knockout mice and mice expressing only
the amino-terminal projection domain (ATau74), which is totally excluded from the
dendrites, have reduced synaptic localization of Fyn. Reduced Fyn localization to
synapses, in turn, reduces the AP-induced toxicity as the premature lethality,

memory deficits and seizure susceptibility presented by APP23 mice were mitigated
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upon their crossing with ATau74 mice or Tau knockout mice (Ittner et al., 2010). All
these studies propose an effective strategy to treat the Alzheimer’s disease by
reducing the Tau levels. In contradiction to this, transgenic mice expressing hAPP
with Swedish mutation in a Tau knockout background showed neurite degeneration,
increased AP peptide deposits and severe cognitive deficits (Dawson et al., 2010).
Additional reports from Tau knockdown studies show that neuronal migration in
the developing cortex becomes perturbed and the postnatal brain neurons undergo
morphological defects upon Tau knockdown (Sapir et al., 2012). Hence, the
proposition that a reduction of Tau presents an effective strategy to combat this

disease remains controversial and needs further careful evaluation.

1.11 Caenorhabditis elegans as a model organism

Caenorhabditis elegans (C. elegans) is a free living soil nematode (roundworm) that
feeds on microbes, mainly bacteria. Under natural conditions C. elegans exists in two
sexes: hermaphrodite and male. Hermaphrodites are self-fertilizing organisms with 5
autosomal chromosomes and 2 sexual chromosomes (XX). Males have 5 autosomal
chromosomes and are hemizygous for the sex chromosome (XO). Males show a low
spontaneous occurrence (0.1%) in a population by spontaneous nondisjunction in the
hermaphrodite germ line. However, this frequency can approach up to 50% through
mating between males and hermaphrodites (Altun & Hall, 2008a). In the laboratory
C. elegans can be maintained in Petri dishes on the surface of an agar medium or in
liquid cultures with Escherichia coli (E. coli) as the food source. One of the important
property of C. elegans is its ability to withstand ultra-low temperatures that allows
the strains to be cryopreserved for long periods of time (typically 25-30 years), by

freezing in ultra-low freezers at -80°C.

C. elegans genome roughly codes for 20,000 genes (Claverie, 2001). Out of these,
83% have clear homologs in the human genome as inferred by a comparative
analysis of expressed sequence tags (ESTs) (Lai et al., 2000; Rubin et al., 2000). This
high degree of homology has earned C. elegans a high status among the most
privileged model organisms to study the genetics of human hereditary diseases. It
has a relatively small genome of roughly 97 million base pairs which is

approximately 20X bigger than that of E. coli and about 1/30 of that of human. The
23



Introduction

popularity of C. elegans as a model system received a major boost when its genome
was sequenced in 1998, also making it the first multicellular organism (and only the
second eukaryote, after Saccharomyces cerevisine) for which a complete genome
sequence was obtained (The C. elegans Sequencing Consortium, 1998). The
achievement of this big feat was well described by Robert Waterston when he said,
"This is a tremendously gratifying moment and more of a beginning than an end. We have
provided biologists with a powerful new tool to experiment with and learn how genomes
function. We'll be able to ask and answer questions we could never even think about before."
All the information regarding C. elegans genome is available online from the website
http:/ /wormbase.org/ (Chen et al., 2005). C. elegans has a simple body plan. Its
transparent body throughout life allows a detailed anatomical observation of the
whole animal through microscopy. The hermaphrodite body consists of exactly 959
somatic cells whereas the male bears 1031 somatic cells. A complete and well-defined
cell lineage, which is invariable between animals, makes it possible to follow the fate
of each single cell throughout its whole life (Brenner, 1973, 1974; Byerly et al., 1976;
Lewis and Fleming, 1995; Sulston et al., 1983; Wood, 1988).

One of the most important advantages of C. elegans which adds more to its
versatility as a tool for biological research is the ease with which the function of a
single gene can be reduced or eliminated by RNAi. This allows biologists to see how
that reduction affects the development of the worm. Notably, this gene silencing in
C. elegans is systemic. Administration of gene-specific double-stranded RNA
(dsRNA) into one tissue not only leads to the silencing of that gene in that particular
tissue but in other tissues as well. Furthermore, the silencing effect is inherited and
persists in the offspring after the double-stranded RNA that initiated the silencing
has disappeared (Fire et al., 1998). This systemic nature of RNAi has made it possible
to initiate RNAi by soaking animals in dsRNA (Maeda et al., 2001; Tabara et al.,
1998) or by growing worms on bacteria expressing dsRNA (Timmons et al., 2001;
Timmons and Fire, 1998). Subsequent work lead to the discovery of a
transmembrane protein SID-1 required cell-autonomously for systemic RNAi. SID-1
is thought to act as channel for dsRNA, siRNAs, or some other RNAi signals
(Winston et al., 2002). The RNAi-induced gene silencing shows some limitations
when it comes to neurons. However, recent genome wide screens have deciphered
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few mutations which can increase the neuronal RNAi sensitivity. Notable among
these mutations are eri-1, an endogenous inhibitor of RNAi and lin-15b. lin-15b is
implicated in chromatin remodeling and also enhances the response to dsRNA
(Kennedy et al., 2004; Sieburth et al., 2005; Wang et al., 2005). Presently a
combination of both of these mutations is used for most of the neuronal RNAi

studies owing to their additive effect on the RNAI sensitivity.

The small size of about 1 mm in length of adult individuals, its short life cycle of
3 days, its short lifespan of 14 days under laboratory conditions, an inexpensive
handling, a compact genome, stereotypical development, ease of propagation and
the ease with which it can be manipulated makes it one of the most prominent model

organism in genetics and molecular biology.

1.12 C. elegans life cycle

The life cycle of C. elegans comprises three major stages; embryogenesis, larval
development, and adulthood (Fig 1.8). The fertilization of the egg in the
hermaphrodite uterus marks the beginning of embryogenesis. The embryo gets laid
at approximately 30 cell stage (at gastrulation), undergoes organogenesis and the
young larva (stage L1) finally hatches from the egg. The hatched nematode passes
four larval stages (L1, L2, L3, and L4) before reaching the adulthood. Shifts between
the different stages are marked by molting processes during which the new cuticle

surrounding the animal replaces the old one.

Under unfavorable conditions, the L2 larva may enter an arrested state called the
dauer larva. Unfavorable conditions may be determined by scarcity of food
resources, overcrowded population (which causes the release of a pheromone) or an
adverse environment in general. During the dauer larval stage, the animal stops
feeding indefinitely and reduces movements compared to a non-stressed animal.
Apart from a change in morphology this particular larval stage has a lifespan that is
overwhelmingly longer than the adult worm (Cassada and Russell, 1975). However,
upon return of the favorable conditions, the dauer state ends and it starts feeding
again finally molting to the L4 stage. The last molt after the L4 stage leads to an adult

animal. Adult animals reach sexual maturity and start laying eggs in case of
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hermaphrodites or search for mates in the case of males. Under standard laboratory
conditions, C. elegans reproductive life cycle from egg to fertile animal takes about
three days. Having reached fertility, the adult hermaphrodite animal remains fertile
for 3-4 days, has a lifespan of 10-15 days and generates about 300 progenies (Altun &
Hall, 2008a). Figure 8 depicts the life-cycle of C. elegans.

I

Figure 1.8: Life cycle of hermaphrodite C. elegans at 22°C. The embryo is laid outside when it reaches
approximately the 30 cell stage. The embryo outside the body undergoes major changes until hatching,
finally releasing an L1 larva. Before reaching the adulthood, the larva undergoes post hatching development
through four larval stages: L1, L2, L3, and L4. A conditional developmental choice before the L1/L2 molt is
offered by the dauer larva stage. The names of the stages and the dimension in um of the animal are
indicated in black. The time required for the transition from one stage to the next is expressed in hours (hr)
and specified in light blue (Adapted from Altun & Hall, 2008a).

An adult hermaphrodite becomes mature and starts laying its first eggs at
approximately 45-54 hours post-hatching at 22°C-25°C, thereby completing its
reproductive life cycle (Byerly et al., 1976; Lewis and Fleming, 1995). The adult
hermaphrodite can remain fertile for a period of about 4 days during which it can

produce about 300 progeny through self-fertilization. This number can reach up to
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1200-1400 if mating with a male occurs. After this fertile period is over, the adult
hermaphrodite can live for an additional 10-15 days. After crossing the L4 stage,
males can successfully mate for 6 days and can father about 3000 progeny (Hodgkin,

1988).

A total of 1090 somatic cells are generated during hermaphrodite development,
out of these 131 undergo programmed cell death at characteristic times (Driscoll,
1995) leaving a total of 959 somatic cells in the adult hermaphrodite. Out of these 959
somatic cells, 302 are neurons and 95 are body wall muscle cells (White 1988). On the
other hand, the adult male has relatively more cells with a total number equal to
1031 somatic cells, out of which 381 are neurons (extra neurons in males play a role

in mating) (White 1988).

1.13 Evolution of C. elegans and its significance in biomedical
studies
C. elegans has gained a huge popularity since its introduction as a model organism to

understand the fundamentals of animal genetics, development and behavior by

Sydney Brenner (Brenner, 1974). The scientific classification of C. elegans is given

below:

Scientific classification
Kingdom: Animalia
Phylum: Nematoda
Class: Secernentea
Order: Rhabditida
Family: Rhabditidae
Genus: Caenorhabditis
Species: C. elegans

Binomial name

Caenorhabditis elegans
Maupas E., 1900

(http://en.wikipedia.org/wiki/Caenorhabditis elegans)

In order to extend the biological findings from the model organisms such as fruitfly
Drosophila melanogaster and the nematode C. elegans to higher vertebrates like man, it
is necessary to know the similarities between the species involved. Although a clear

consensus regarding the relationship between the three species is lacking, however,
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two hypotheses exist at the moment. The first hypothesis called “Coelomata
hypothesis", is based on the assumption that the mesoderm-lined body cavity or
coelom, found in arthropods and vertebrates, as well as in other phyla, has a
common origin. From this perspective, arthropods and vertebrates cluster together
on one branch of the phylogenetic tree and the nematodes, which do not have a true
coelom, on the other branch. The second hypothesis, namely “Ecdysozoa hypothesis"
is based on the similarity between animals undergoing molting of their cuticle, a
process called ecdysis. According to this hypothesis, nematodes and arthropods,
since both of them undergo ecdysis, are closer and thereby have been clustered on
one branch whereas, vertebrates which do not undergo any such phenomena

diverge to another branch.

Analysis of the 185 rRNA, Hox genes and myosin gene sequences along with the
presence of an epitope recognized by an anti-horseradish-peroxidase antibody,
peculiar to ecdysozoan nervous systems, support this hypothesis (Telford, 2004).
However a comparative genomic analysis, made possible with the availability of
fully sequenced genome for all the three species, support the Coelomata hypothesis.
Although more phylogenetic data are required to reinforce this hypothesis, it is
currently assumed that arthropods such as fruitflies are evolutionarily and
genetically closer to vertebrates than to nematodes (Fig 1.9) (Blair et al., 2002; Fitch,
2005; Telford, 2004).

Arthropods Arthropods

Nematodes Vertebrates

Vertebrates Nematodes
Ecdysozoa Coelomata

Figure 1.9: The two cladistics trees suggested by recent evolutionary analyses. The ecdysozoa hypothesis
maintains a closer relationship between arthropods and nematodes based on the molting process common to
both groups. However, the coelomata hypothesis based on the early formation of a coelomic body cavity
during embryogenesis joins arthropods with vertebrates. The latter hypothesis has gained more ground
recently and was reinforced by comparative genomics data (Adapted from (Blair et al., 2002).

Coelomata hypothesis suggests that C. elegans evolved faster and diverged utterly in

the past from the phylogenetic branches that later developed to the arthropod and
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the vertebrate clades. In other words, nematodes and vertebrates share a common
ancestor. It is from this perspective that C. elegans has been able to make a place
among the highly privileged model organisms relevant for biomedical research.
Molecular or physiological features, which are shared between vertebrates and
nematodes, could therefore be derived either by common ancestry or by convergent
evolution. If the shared characteristics originated before the separation of the
nematodes from the vertebrate and arthropod clades, their conservation reflects their
importance for the processes they control. This suggests that conserved features
could underlie basic biological mechanisms developed early in the evolutionary
history. From this perspective, C. elegans's place in the evolutionary tree offers a
privileged insight into crucial mechanisms that build metazoans bodies, associate to

diseases, and underlie aging processes.

1.14 Tau like protein in C. elegans

A true homolog of Tau is absent in C. elegans, however, a protein was identified
which shares 50% sequence identity within the microtubule tandem repeats with
mammalian Tau, MAP2, and MAP4 and thereby named ‘protein with Tau-like
repeats’ (PTL-1) (Goedert et al., 1996a; McDermott et al., 1996). The ptl-1 primary
transcript, like human Tau, is alternatively spliced to give rise to two isoforms PTL-
1A and PTL-1B with 4 and 5 repeats respectively (Goedert et al., 1996a; McDermott
et al,, 1996). Like human Tau, PTL-1B with 5 repeats is much more effective in
promoting the microtubule assembly than the 4 repeat isoform PTL-1A. The protein
is expressed in the embryonic epidermis and in mechanosensory neurons in C.
elegans, where microtubules have to play an essential functional role. Expression of
PTL-1 facilitates microtubule assembly in ptl-1 transfected COS cells (Goedert et al.,
1996a). Both the isoforms share similarities with human Tau in several other
important respects including size, amino acid content, charge distribution, predicted
secondary structure, hydrophobicity, and flexibility. In addition, both proteins
contain several potential glycosylation sites and numerous phosphorylation sites
(McDermott et al., 1996). Knockout of ptl-1 resulted in a reduction in the number of
viable progeny which was, however, incompletely penetrant; surviving animals

showed a reduced degree of mechanosensory response. Furthermore, ptl-1 knockout
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animals showed enhanced defects in the background of mec-12 and mec-7, which
encode alpha and beta tubulin subunits, respectively (Gordon et al., 2008). All these
results confirm two main roles of PLT-1: elongation during development and
mechanosensation in larval and adult animals; both roles may require PTL-1 to
provide structural support for microtubules. Taken together, these results show that
Tau-like proteins evolved early and might be present in many different phyla,
making C. elegans a powerful system amenable to genetic, molecular, and cellular

analysis in which to study the functions of this important class of proteins.

1.15 Human tauopathy models in C. elegans

Several human Tau transgenic C. elegans models have been generated in the recent
years. They are based on the overexpression of wild-type human fetal or adult Tau,
as well as human Tau containing different mutations. A brief description of these

models is given below:

1.15.1 Kraemer B.C. et al., 2003

C. elegans Tau transgenic models from Kraemer et al were based on the
overexpression either the wild type human 4RIN Tau or the FTDP-17 human Tau
mutants (V337M and/or P301L) in all the neurons using the pan neuronal aex-3
promoter. These transgenic lines show two major phenotypes. First, the transgenic
animals were uncoordinated and showed reduced motility. Second, the transgenic
animals showed a progressive axonal degeneration whereby gaps appeared in the
axonal bundles of the dorsal and ventral nerve cords. The phenotype was much
more severe in the mutant Tau transgenic animals. All these Tau transgenic lines
accumulated insoluble Tau, albeit at later stages of adulthood (Kraemer et al., 2003).

They further went on to identify genes participating in Tau neurotoxicity by
conducting a forward genetic screen for mutations that ameliorate Tau-induced

uncoordinated motion. Two suppressors were isolated, sut-1 and sut-2.

sut-1, which encodes an RNA and snRNP-binding protein (MacMorris et al.,
2007), is localized predominantly in the nucleus (Kraemer and Schellenberg, 2007).

sut-1 mutants show a partial suppression of Tau-induced toxicity and decreased
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levels of Tau (Kraemer and Schellenberg, 2007). Furthermore, SUT-1 was found to
interact with UNC-34/Mena/Enabled and double mutants of unc-
34/Mena/Enabled-sut-1 produced enhanced Tau-induced toxicity, suggesting that
unc-34 is either needed for the sut-1 suppression or acts in a parallel pathway to
affect motility (Kraemer and Schellenberg, 2007). It is interesting to note that in
mammals, Mena binds Fe65 (Ermekova et al., 1997) and forms a complex with APP
(Sabo et al., 2001). However, it is not known whether all these four proteins (SUT-1,
UNC-34/Mena/Enabled, FEH-1/Fe65, and APL-1) together also form a complex.

sut-2 encodes a protein with a novel sub-type of CCCH zinc finger motif
(Guthrie et al., 2009), similar to the zinc fingers contained within Nab2 in yeast and
ZC3H14 in humans (Kelly et al., 2007) and is identical to the mammalian SUT-2
(MSUT-2) (Guthrie et al., 2011). Interaction studies showed that SUT-2 binds with
ZYG-12, a HOOK cytoskeletal linker protein necessary for the attachment between
centrosomes and the nucleus (Guthrie et al.,, 2009), suggesting its role in Tau
movement. However, till date the exact mechanism of sut-1 and sut-2 mediated

suppression of Tau-induced toxicity remains unclear.

1.15.2 T. Miyasaka et al., 2005.

They generated transgenic lines overexpressing either wild type human 4RON Tau or
the FTDP-mutants (P301L and R406W) in six mechanosensory neurons involved in
touch response namely ALML/R, AVM, PLML/R and PVM. Reduced touch
sensitivity in animals reflects loss-of-function of the touch neurons. The worms
expressing Tau lost their sense of touch and it became worse with age. Worms
showed swollen neuronal cell bodies with thinner, kinked and tortuous axons often
associated with broken microtubules. The neurodegeneration induced by Tau
expression in touch neurons was found to be non-apoptotic as the animals in the ced-
3 or ced- 4 background, both of which are deficient in a functional caspase, did not
improve their touch response. Furthermore, the expression of human HSP70

significantly improved the touch response in mutant Tau-Tg lines but not in the

WT4R worms.
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1.15.3 R. Brandt at al., 2007

They generated Tau transgenic C. elegans with a pan neuronal expression of wild
type fetal human Tau (352 aa) and a pseudohyperphosphorylated (PHP) Tau (in
which the amino acids 5198, S199, S202, T231, S235, S396, S404, S409 and S413 were
changed to glutamate to mimic the AD-relevant tau phosphorylation). Additionally
they used TauAlal0 (in which the same codons were changed to alanine and hence
makes it resistant to phosphorylation) as a control to the PHP Tau. Both wild type
and PHP Tau induced a progressive age-dependent uncoordinated locomotion in the
absence of neuronal degeneration. However, only PHP Tau induced a defective
pattern of motor neuron development as could be seen by the presence of gaps in the

dorsal nerve cord, commissures on the wrong side and local broadening of axons.
In this work, we have taken advantage of C. elegans to study the toxic effects of Tau

aggregation by manipulating its nervous system for the expression of aggregation

prone human Tau protein.
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Aim of this study

Tau, a microtubule associated protein tau (MAPT), is predominantly expressed in
neurons where its main function is to stabilize microtubules, particularly in axons
(Binder et al., 1985). Under physiological conditions, tau is a highly soluble protein
and its binding to the microtubules is regulated by phosphorylation and other
posttranslational modifications (Alonso et al., 1994, 1996; Bancher et al., 1991; Biernat
et al., 1993; Bramblet et al., 1993; Drechsel et al., 1992; Gong et al., 2000; Horiguchi et
al., 2003; Igbal et al., 1986; Igbal et al., 1994; Lindwall and Cole, 1984; Liu et al., 2000,
2002a, 2002b; Morishima and Thara, 1994; Morishima-Kawashima et al., 1993; Munch
et al., 2002; Papasozomenos, 1989; Sato et al., 2001; Wang et al., 1995, 1996; Yoshida
and Ihara, 1993). However, in Alzheimer disease and other tauopathies, tau becomes
abnormally hyperphosphorylated and forms insoluble aggregates intracellularly
(Goedert et al., 1992a; Goedert et al., 1989a; Grundke-Igbal et al., 1986a; Grundke-
Igbal et al., 1986b; Lichtenberg-Kraag et al., 1992). Mutations in Tau protein like the
deletion of Lysine-280 (hTau40AK280) are found in patients with Frontotemporal
Dementia with Parkinsonism linked to chromosome 17 (FTDP-17). This mutation
decreases the microtubule affinity and enhances the self-aggregation propensity of
tau (Barghorn et al., 2000; Rizzu et al., 2000). In addition to this, there are two
hexapeptide motifs 2°VQIINK?0 and 300VQIVYK3!1 (von Bergen et al., 2000) in the 2nd
and 3rd repeat domain respectively, of a 4-repeat tau. These hexapeptide motifs have
the highest propensity for beta-structure and are known to drive and stabilize Tau
aggregation. However, if the two isoleucine residues in these hexapeptide motifs are
substituted with amino acid proline (I1287P and I308P), the aggregation is inhibited.
Proline has a cyclic structure which produces kinks in the beta-sheet and hence acts
as beta-sheet breaker (von Bergen et al., 2001). Furthermore, it has been shown in
N2a cells that Tau repeat domain undergoes a stepwise proteolysis leading to the
formation of a highly aggregation prone fragment F3 (Wang et al., 2007). This
fragment has been shown to act as a seed, which promotes the aggregation of the full

length tau protein.

The aim of the present study was the generation of a C. elegans model of

tauopathy based on Tau aggregation, with a well-defined and a severe phenotype
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early in its life. We achieved this by expressing a highly amyloidogenic pro-
aggregant F3AK280 fragment along with full length human tau V337M in the
nervous system of C. elegans. As a control we expressed the anti-aggregant

F3AK280PP along with full length human tau V337M.

This model helped us to study the influence of the tau aggregation process and
tau aggregates on cell toxicity and degeneration within the context of the whole
organism. Given the adult lifespan of approximately 2 weeks under normal
conditions, C. elegans allows experiments to be designed and carried out quite
rapidly compared with other model systems. The C. elegans system has
well-established techniques for forward and reverse genetics, a wide range of
mutants, and a fully sequenced genome, all of which could help us to find genetic

modifiers of tauopathy.

Another important aim was to test compounds that are known to have
dissolving activity on protein aggregates in general and on tau aggregates in
particular in vitro. C. elegans offers extra advantage for drug testing due to its ability
to grow in liquid cultures, which facilitates their entry into the worm. At the same
time, testing these drugs in the context of the whole organism would allow us to
nullify any off-target effects of these drugs. This will, in turn, help extrapolate the in
vitro results of these drugs to higher organisms. Owing to its simplicity and ease of
handling in the laboratory, this C. elegans model would offer us rapid and

high-throughput screening of new compounds.
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2 MATERIALS AND METHODS

2.1 Materials

211 Chemicals

All the high quality chemicals were purchased from Sigma-Aldrich, Calbiochem,

Serva, Gerbu, Applichem, Amersham pharmacia biotech, Fluka, Roth, New England

biolabs, Qiagen.

2.1.2 Enzymes

Restriction endonucleases
BSA

Fast Digest enzymes

T4 DNA ligase

Quick DNA ligase

Pfu ultra DNA polymerase
Taq Polymerase

50X dNTPs master mix
MgCl12

Pwo Master Mix

Proteinase K

2.1.3 Antibodies

AT100
CP13
Calreticulin
Mitotracker
LC3-II
K9JA

ATS8

12E8

New England Biolabs
New England Biolabs
Fermentas

New England Biolabs
New England Biolabs
Stratagene

New England Biolabs
Invitek
Merck-Novagen
Roche diagnostic

Invitrogen

Pierce
Davies
Sigma
Invitrogen
Nova
DAKO
Pierce

Elan Pharmaceuticals
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PHF1 Peter Davies

The antibodies against epitopes on Tau used are illustrated in the following figure:
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Fig 2.1: Diagram illustrating epitoes of Tau antibodies.
214 Molecular weight markers
Protein Magic marker Fermentas
Unstained protein molecular weight marker Fermentas
Page Ruler prestained protein ladder Fermentas
Smart ladder Fermentas
215 Kits
ECL western blotting detection kit Amersham
Sire directed mutagenesis kit Stratagene
Nucleospin Extract II elution kit Macherey-Nagel
GenElute plasmid miniprep kit Sigma-Aldrich
Nucleobond xtra midi EF Macherey-Nagel
Zero Blunt TOPO PCR cloning kit Invitrogen
Effectene transfection kit Qiagen
Multisite Gateway Three-Fragment Invitrogen

Vector Construction Kit

2.1.6 Vectors

L4440
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pPD30.38
pDONR221

p mec7

pRab3

pBI-5

p unc-25
pPD49.26 Paex3

21.7 Bacterial strains for cloning

XL-2 Blue

TOP-10

XL-10 Gold

DHba library efficiency

2.1.8 Antibiotics

Carbenicillin
Kenamycin
Tetracycline
Hygromycin
G418

Penicilin/Streptomycin

2.1.9 Bacterial media

LB medium

Stratagene
Invitrogen
Stratagene

Invitrogen

Carl Roth
Sigma aldrich
Sigma aldrich
PAA
Biochrom AG
PAA

Carl Roth GmBH

2.1.10 C. elegans media, buffers and chemicals

NGM (Nematode Growth Medium)

3 g/1 NaCl, 17 g/1 Agar (Serva), 2.5
g/l Bactopeptone (Becton,
Dickinson and company), 5 pg/ml
Cholesterol (Sigma), 1 mM CaCly, 1
mM MgSOs, 5 mM KHoPOs (pH
6.0), 20 pg/1 Nystatin (Roth)
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NGM for RNAIi feeding experiments

S Medium

Freezing buffer

M9 Buffer

Bleach solution:

Worm lysis buffer (WLB)

S Basal

1M Potassium citrate pH 6.0

Trace metals solution

2’-deoxy-5-fluorouridine (FUdR)

Nystatin

As NGM plus ImM IPTG; and 100
pg/ml antibiotics (ampicillin or
carbenicillin)

11 S Basal, 10 ml Potassium citrate
pH 6, 10 ml trace metals solution, 3
ml 1M CaCl,, 3 ml 1M MgSO;, add
components under sterile
conditions; do not autoclave.

01 M NaCl, 50 mM KH2P04, pH
6.0; 30% (w/v) glycerol; 1 M NaOH;
add optional 0.1 M MgSO4

3 g/1 KH2POy, 6 g/1 NaaHPOq, 5 g/1
NaCl; pH 6.0; add 1 mM MgSO4

1ml 5% bleach, 0.5 ml 5N NaOH

10 mM Tris, pH 8.2; 50 mM KCI; 2.5
mM MgCly; 0.45% NP40; 0.45%
Tween 20; 0.01% gelatine; 0.5
mg/ml Proteinase K

5.85g/1 NaCl, 1g/1 KoHPOs, 6g/1
KH>POy4, 1 ml cholesterol (5 mg/ml
in ethanol), sterilize by autoclaving

20 g/l citric acid monohydrate,
2935 g/l tri-potassium citrate
monohydrate, sterilize by
autoclaving

1.86 g/1 disodium EDTA, 0.69 g/1
FeS04.7H>0, O.2g/1 MnClz.4Hzo,
029 g/l ZnSO.7H.O, 0.025 g/1
CuSO4.5H20, sterilize by
autoclaving

Sigma-Aldrich GmbH

Sigma-Aldrich GmbH
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2.1.12

2.1.11 Cell culture media and reagents

MEM with earle’s salts
Dubecco’s PBS

Fetal calf serum
Non-essential amino acids

Trypsin-EDTA

Software

Vector NTI

AIDA

LSM5 Image processing software
ZEN

Graph Pad Prism

EndNote X4

2.1.13 List of equipments

Centrifuges and sonicators
Centrifuge 5415 D

MIKRO 200R

Centrifuge 5810 R

TL-100 ultracentrifuge
Sonorex RK102

Sonoplus (sonotrode 73)

Spectrophotometers
Ultrospec 3000 pro
Ultrospec 3100 pro
Nanodrop (ND-1000)

Microscope

PAA
PAA
Sigma
PAA
PAA

Invitrogen

Fuji

Zeiss

Zeiss

Graph Pad Software, California,
USA

Thomson Reuters, UK

Eppendorf
Hettich
Eppendorf
Beckman Coulter
Bandelin

Bandelin

Amersham pharmacia biotech
Amersham biosciences

peQLab Biotechnologie GmbH
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LSM510 microscope Zeiss
LSM700 Zeiss
Miscellaneous equipment
PCR machine Eppendorf
Analytic balances, BP 310S and PT 1200 Sartorius
BioDoc Analyze Transilluminator Biometra
ABI PRISM 310 genetic analyser PE Applied Biosystems
Fujifilm LAS3000 camera Fuji
Fujifilm LAS4000 camera Fuji
TECAN infinite M200 plate reader Safire
Mixing Block MB-102 BIOER
Microwave oven BOSCH
37°C Incubator/shaker INFORS HT
Ultra-centrifuge tubes Beckman
Micro-dialyser Tubes (3000 KDa) Millipore
2.1.14 List of buffers
1X SDS Running Buffer 0.025 M Tris-HCI, 0.192 M Glycine, 0.1% SDS
10X Blotting Buffer 480 mM Tris-HCI, 390 mM Glycine, 50%
Methanol, 1% SDS
10X TBST 100 mM Tris-HCl pH 7.5, 1.5 M NaCl,
5% Tween 20
1XTAE 40 mM Tris-Acetate pH 8.0, 2 mM EDTA
6X DNA Loading Buffer 10 mM Tris-HCl pH 7.6, 0.03%

Bromophenol blue, 0.03% Xylene cyanol
FF, 60 mM EDTA, 60% Glycerol
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5X SDS Sample Buffer 1.25 M Tris-HCI pH 6.8, Glycerol, 50%
SDS, 0.25% Bromophenol blue

2X SDS Sample Buffer 0.5 M Tris-HCI pH 6.8, Glycerol, 10%
SDS, 0.1% Bromophenol blue

RAB 100mM Mes/1mM EGTA/0.5mM
MgSO4/20mM NaF
RIPA 150mM NaCl/1% Nonidet P-40/0.5%

deoxycholate/0.1% SDS/50mM Tris, pH 8.0

BUFFER H 10 mM Tris-HCl (pH 7.4), 0.8 M NaCl, 1 mM
EGTA, and 10% sucrose. Protease inhibitors
(end conc,): 1 mM benzamidine, 10 pg/ml
aprotinin, 10 pg/ml pepstatin, 10 pg/ml
leupeptin. Phosphatase inhibitor (final conc):
2uM OA (Okadaic acid)

2.2 Methods

221 Molecular biological methods

2211 Preparation of HT115 competent cells for RNAi in C. elegans

5 ml Lb medium was inoculated with bacteria from glycerol stock (gift from Dr.
Daniele Bano) and incubated at 37°C O/N in E. coli shaker. 500 pl from this O/N
culture was used to inoculate 50 ml fresh LB medium and allowed to grow at 37 °C
with constant shaking. The culture was taken out when the cell density reached 0.45
- 0.5 at Aeoo (3 - 4 hrs). The bacterial culture was allowed to cool down on ice (~ 10
min.). The bacteria were collected by centrifugation at 4000 g for 10 min. After
removing the supernatant, the bacterial pellet was resuspended carefully in half of

the original volume (25 ml) of sterile 100 mM CaCl, and incubated on ice for 15 min.
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The bacteria were again collected by centrifugation at 4000 g for 5 min. at 4°C and

supernatant was again removed. The bacterial pellet was finally resuspended very

carefully (after CaCl, treatment the bacteria become very fragile) in 1/15 original

volume (3.5 ml) of 50 mM CaCl, and 100 pul of this bacterial suspension was

portioned in pre-chilled Eppendorf tubes. The tubes were incubated on ice in cold

room for 3 hrs before transformation. The rest of the tubes were frozen in liquid

nitrogen and stored at - 80°C.

2.2.1.2 Site directed mutagenesis

Site directed mutagenesis was performed using the QuikChange site-directed

mutagenesis kit (Stratagene). The components of the reaction mixture were as

follows:
10X Reaction mixture 2ul
dsDNA template (25 ng/ pl) 1l
Reverse primer (10 pmol/ pl) 1l
Forward primer (10 pmol/ul) 1l
dNTP mix (2.5 mM) 1l
Pfuturbo DNA polymerase (2.5 U/ ul) 0.5 ul
H>O to a final volume of 20 pul
Cycling parameters:
Cycles Temperature Time
1 95 °oC 30 seconds
95 °oC 30 seconds
12 55 °C 1 minute
68 °C 2 minutes/Kb of plasmid length

Following temperature cycling, reaction was placed on ice for 2 minutes.

2.2.1.3 Digesting the products

0.5 pl of the Dpnl restriction enzyme (10 U/pl) was added to the amplification

reaction. Reaction mixture was gently and thoroughly mixed by pipetting up and
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down several times. The mixture was centrifuged for 1 minute and incubated at 37°C

for 1 hour to digest the parental supercoiled dsDNA.

2214 Agarose gel electrophoresis

1% agarose gels were prepared to separate the particular DNA size fragments.
Agarose was dissolved in 1X TAE by heating for a minimum time required. While
the agarose solution was cooling, the comb was placed above the plate. Warm
agarose solution was poured into the mould by taking care that no air bubble was
entrapped in the gel. Gel was allowed to solidify and thereafter comb was removed
carefully. Gel was mounted in the electrophoresis tank filled with 1X TAE. DNA
samples were mixed with 0.20 volume of the 6X DNA gel loading buffer(10 mM Tris-
HCI pH 7.6, 0.03% Bromophenol blue, 0.03% Xylene cyanol FF, 60 mM EDTA, 60%
Glycerol) and loaded into the slots of the submerged gel along with the DNA marker
(Smart ladder, Eurogentec). Electrophoresis was done at 100V for 30-90 minutes.
After electrophoresis, the gel was stained in ethidium bromide solution (80 pl of 1%
ethidium bromide + 200 ml of H>O) for 10-15 minutes at room temperature and then
washed in H>O for 10 minutes at room temperature. Photography was performed

under transilluminator (BioDoc Analyze, Biometra).

2215 Restriction digestion

1 pg of DNA sample was mixed with 1U of enzyme with appropriate 10X NEB
buffer in a total reaction volume of 20 ul and incubated at 37 °C for 1 hour.
Afterwards, 10 pl of reaction mixture was mixed with 0.20 volume of 6X DNA gel

loading buffer and loaded onto 1% agarose gel for electrophoresis at 100V.

221.6 DNA extraction from agarose gel

Appropriate DNA fragments were excised under UV light using a sterile scalpel and
were transferred to a sterile 1.5 ml microcentrifuge tubes. The elution of DNA was

performed using the Nucleospin Extract II elution kit.

221.7 Ligation

Ligation of DNA fragments was performed with T4 DNA ligase (NEB). The reaction

was set up as following:
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Vector (100 ng) 2 ul
Insert 300 ng
10X Quick ligase buffer 2 ul
T4 DNA ligase 1l
BSA 0.5ul
H>O to a final volume of 20 ul

The ligation mixture was incubated at 16 °C temperature overnight and then cooled

in ice before transformation.

2.2.1.8 Chemical transformation

2 ul of ligation mixture was added to 50 pl of XL-2 blue competent cells (Stratagene).
Cells were incubated on ice for 30 minutes, heat shocked for 45 seconds at 42 °C, then
immediately transferred to ice and incubated for 2 minutes. Afterwards, 200 pl of
prewarmed SOC medium was added to cells. Cells were shaked horizontally at 37 °C
for 1 hour. 10-50 pl from transformation reaction was spreaded on a prewarmed

selective plate and incubated overnight at 37 °C.

2.2.1.9 Analysis of positive clones

6-7 single colonies were picked and incubated overnight in 5 ml LB medium
containing selective antibiotic. Mini plasmid DNA preparation was done using
GenElute plasmid miniprep kit (Sigma-Aldrich). Analysis of the clones was carried
out by restriction endonuclease digestion and DNA sequencing. Thereafter, one
positive clone was inoculated to 100 ml LB medium containing selective antibiotic
and cultured at 37 °C overnight. Midi plasmid DNA preparation was done using
Nucleobond xtra midi EF (Macherey-Nagel).

22110 Estimation of DNA concentration wusing spectrophotometric
method
Nucleic acids absorb light in the UV range due to the presence of purine and

pyrimidine bases in their structures. DNA have absorption maximum at or near 260

nm. For checking the purity of nucleic acid sample, absorption is measured at 260
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nm as well as 280 nm. The ratio of 260 to 280 nm absorption should be between 1.8

and 2.0 for pure nucleic acids sample.

On an average, if absorbance (optical density) of a DNA sample at 260 nm is 1, it
has 50 pg/ml DNA (light path = 1 cm). For smaller size oligonucleotides, it is 35

ug/ml.

1 pl of DNA sample was diluted in 119 pl of H>O, mixed and absorbance was

measured at 260 nm and 280 nm.

2.21.11 Sanger method of DNA sequencing (Dideoxynucleotide chain
termination method)
DNA sequencing reactions were performed using Sanger’s method (Sanger et al.,

1977). It is a fluorescent dye labeling method and is also called as enzymatic DNA

sequencing. The components of the reaction mixture were as follows:

Terminator ready reaction mix 8 ul
dsDNA 500 ng
Primer (10 pmol/ ul) 1l
H>O to a final volume of 20 ul

Cycling parameters:

Step Temperature Time Cycles
Denaturation 96 °C 10 seconds
Annealing 50°C 5 seconds 25X
Extension 60 °C 4 minutes

20 pl of the PCR product was added to 35 ul of 95% ethanol and the sample was
incubated on ice for 10 minutes. Then the sample was centrifuged at 14,000 rpm, 4 °C
for 20 minutes. Supernatant was discarded and pellet was air dried. Pellet was then
resuspended in 75 pl of HPLC-grade ddH>O, heated at 80 °C for 2 minutes.
Sequencing was performed using ABI PRISM 310 Genetic Analyzer (PE Applied

Biosystems).
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2.2.1.12 Zero blunt TOPO PCR cloning

2.2.1.12.1 Principle

The plasmid vector (pCR™4Blunt-TOPO®) is supplied linearized with Vaccinia
virus DNA topoisomerase I covalently bound to the 3" end of each DNA strand
(referred to as "TOPO®-activated" vector). Topoisomerase I from Vaccinia virus
binds to duplex DNA at specific sites and cleaves the phosphodiester backbone after
5-CCCTT in one strand (Shuman, 1991). The energy from the broken phosphodiester
backbone is conserved by formation of a covalent bond between the 3" phosphate of
the cleaved strand and a tyrosyl residue (Tyr-274) of topoisomerase I. The phospho-
tyrosyl bond between the DNA and enzyme can subsequently be attacked by the 5
hydroxyl of the original cleaved strand, reversing the reaction and releasing
topoisomerase (Shuman, 1994). TOPO® Cloning exploits this reaction to efficiently
clone PCR products.

Topolsomerase
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Figure 2.2: Schematic view of TOPO blunt end ligation.

Topoisomerase binding to double-stranded DNA leads to the cleavage of phosphodiester backbone, the
energy released is used in the formation of a bond between the 3’ phosphate of the cleaved strand and a
tyrosyl residue of topoisomerase 1. The reaction is reversed when the 5 hydroxyl of the original cleaved
strand attacks the new phospho-tyrosyl bond, thereby releasing the topoisomerase I (adapted from Zero
Blunt end TOPO cloning manual, Invitrogen).

TOPO PCR cloning was performed using the Zero Blunt TOPO PCR cloning kit

(Invitrogen).

2.2.1.12.2 Producing blunt-end PCR products

The components of the reaction mixture were as follows:

dsDNA template (500 ng)
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Reverse primer (10 pmol/ pl) 1pl
Forward primer (10 pmol/ul) 1pl
Pwo Master Mix 25 ul
H>O to a final volume of 50 pl

Amplification was done using the following cycling parameters:

‘Melting temperature was calculated for each oligonuclotide primers pair.

YElongation time depends on the expected size of the fragment.

Step Time Temperature | Cycles
Initial denaturation | 2 minutes 95°C 1X
Denaturation 30 seconds 95°C

Annealing 30 seconds TmteC 30X
Extension X8 minutes 72°C

Final Extension 10 minutes 720°C 1X

The melting temperature (ITm) of the oligonucleotide primers (see Appendix 6.3)
was calculated either by using the Vector NTI program or according to the following

empirical equation (Newton & Graham, 1997):

Tm = [(number of A + T) x 2°C] + [(number of G + C) x 4°C]

After producing blunt-end PCR product, agarose gel electrophoresis was done to

verify the quality and quantity of PCR product.

2.2.1.12.3 TOPO cloning reaction

The following reagents were used to set up the TOPO cloning reaction:

Fresh PCR product 2l
Salt solution 1l
PCR II-Blunt-TOPO 1ul
H>O to a final volume of 6 ul

Reaction was mixed gently and incubated for 5 minutes at room temperature before

transformation into a competent bacterial strain (TOP-10 or XL-10 Gold).
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Ten colonies were picked and inoculated for plasmid preparation. The plasmids
were digested with EcoR I sites flanking the PCR product insertion to allow
screening of positive clones. Once a positive clone was identified, the TOPO vector
containing the gene of interest and the appropriate destination vector(s) (for vectors
see Appendix 6.4) were cut with the appropriate endonuclease enzyme(s) using the
temperature and buffer as recommended on

http:/ /www.neb.com/nebecomm /products/protocol445.asp and

http:/ /www .fermentas.com/en/support/ ApplicationProtocols/?country code=DE

for conventional restriction enzymes from NEB and Fastdigest enzymes from
Fermentas respectively. After restriction the vector DNA was subsequently
dephosphorylated with alkaline phosphatase (Roche Diagnostics, Mannheim,
Germany) according to manufacturer's instructions in order to avoid religation.
Ligation reaction was prepared as described in section 2.2.1.7 and used for

transformation in chemically competent cells.

2.21.13 Gateway cloning

The Gateway™ technology (Invitrogen, Karlsruhe, Germany) is a universal cloning
method that makes it possible to clone a desired insert into multiple vector
backbones. The system is based on the site-specific recombination properties of the

recombinase from bacteriophage lambda (Landy, 1989).

In Gateway™ cloning technology a single cloning event can lead to the
generation of a construct (entry clone) from which the fragment of interest can be
subcloned to a vast array of vectors. A whole array of vectors is now available for the
functional and biochemical analysis of specific DNA sequences and their products,
thanks to the lambda recombination system. Using the Gateway™ technology the
fragment of interest, once properly cloned, will always keep the same orientation
and reading frame allowing directional cloning and easy tagging with the tag of
interest. Gateway™ cloning is based on Lambda recombination that occurs between
site-specific attachment (att) sites. The att sites integrated in the vector serve as the
binding site for recombination proteins and have been well-characterized (Weisberg
et al.,, 1983). There is no loss of genetic material during recombination and the

recombination reaction perfectly combines the replacement of a given sequence in
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the vector of interest with the inserted sequence without the need for canonical

ligation or restriction steps (Fig. 2.4).

a attB attB attL attL altR attR
(W= Cw=
attB-flanked PCR donor by-product
product or atfB vector
expression clone
b altlL atrL altR altR altB alnB ap apP

LR Clonase™

destination —_— expression by-product
vector clone

Figure 2.4: Schematic view of the BR and LR reaction occurring during the Gateway™ cloning. (a):
Schematic view of the generation of an entry vector. A PCR fragment flanked by the two attB sites is
combined with the donor vector. A recombination event takes place in presence of BP clonase generating an
entry clone with the fragment of interest and a by-product composed of the ccdB cassette flanked by two
attR sequences. (b): Schematic view of the generation of an expression clone. An entry clone flanked by the
two attL sites recombine with the attR sites of the destination vector in presence of LR clonase forming an
expression clone and a by-product. Note that the expression clone insert is flanked by two attB sites allowing
a recloning in a donor vector (adapted from Gateway™ technology manual).

First of all a PCR amplified insert was generated using specific primers containing a
50 adaptor region called attB site (Fig. 2.4 a) in order to perform the first BP reaction.
The reaction occurred in a total volume of 50 pl. The PCR product was purified

according to the following protocol:

25 ul PCR product was mixed with 75 pl TE buffer, pH 8.0 and 50 pl 30% PEG
8000/30 mM MgCly, vortexed and centrifuged for 20 minutes at RT as recommended
in the Gateway™ technology manual. The supernatant was removed carefully and
the pellet dissolved in 25 pl of TE, pH 8.0. The purified PCR product was checked on

agarose gel for purity before performing the recombination reaction.

7 ul of the purified linear PCR product were incubated with 1 pl of the donor
vector (150 ng/ pl) with the attP sites and 2 pl of BP Clonase II Enzyme. The mixture
was vortexed briefly and incubated at 25°C overnight. The BP reaction led to the
integration of the fragment into the donor vector by specific recombination of the
attB cassette of the insert with the attP cassette of the donor vector. For easy selection
of true recombinants the donor vector contained the toxic ccdB cassette that allowed

a negative selection of the bacteria transformed with donor vectors that do not come
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from a recombination event. Once the insert was integrated into the donor vector,

the new clone was referred to as “entry clone".

In the whole process of recombination a by-product containing the ccdB cassette
flanked by two attR sequences was generated (Fig. 2.4a). This newly generated entry
clone was used for bacterial transformation and transformed cells were selected for
the antibiotic resistance carried by the donor vector. The entry clone was
transformed for amplification in bacterial cells as described in section 2.2.1.8 and

purified as described in section 2.2.1.6. After purification the new construct was

stored in TE buffer at -20°C.

Once an entry clone is generated, the Gateway™ technology allows the insertion
of the fragment of interest into the functional vector of choice through an LR

reaction.

2.2.2 C.elegans methods

2221 Maintenance of C. elegans strains

Animals were maintained on NGM agar plates (J 3.5 cm, 5 cm, or 9 cm) seeded with
E. coli OP50 as previously described (Brenner, 1974). The basic culture methods were
performed as described elsewhere (Lewis and Fleming, 1995; Stiernagle, 2006). NGM

plates with worms were kept in cardboard boxes at 15, 20, or 25°C.

2.2.2.2 Freezing of C. elegans strains

Slow freezing at -80°C allows storing of C. elegans strains for a long time period at
cryogenic temperatures. When needed, a 9 cm plate was grown until fully covered
by slightly starved L1 and L2 stage animals. After washing the worms off the plate
with M9 medium (section 2.1.11), they were placed in a 15 ml tube. Animals were
washed two times by spinning at 1,000 g at 4°C for 2 minutes and changing the M9
buffer twice. Finally the worm suspension was mixed 1:1 with freezing buffer
(section 2.1.11) and aliquots of 1 ml were transferred into cryovials (Thermo Fisher
Scientifc, Langenselbold, Germany). Six cryovials were placed in Styrofoam boxes
and placed in an ultra-low temperature freezer at -80°C overnight. The following day

a control vial was thawed and the content placed in a fresh NGM plate seeded with
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OP50. When the rescue of freezed worms exceeded hundred units the freezing
procedure was considered successful. In this case four of the five remaining vials

were kept at -80°C and 1 stored as backup in liquid nitrogen.

2.2.2.3 Out crossing of C. elegans strains

All not out crossed mutant strains obtained by external laboratories or produced
from our lab were backcrossed at least five times with the C. elegans N2 wild type
animals in order to eliminate possible unwanted secondary mutations from the
genome. L4 stage hermaphrodites and males were placed in small plates in a ratio of
1 to 5, respectively and transferred into a fresh small plate after 24 hours. The eggs
laid in the first 24 hours were discarded due to the high probability of self-
fertilization. F1 progeny obtained by eggs laid in the following 24 hours was
controlled for a ratio of hermaphrodites to males of 1:1, which was considered as a
successful cross. About 20 young F1 hermaphrodite animals were singled out in
separate plates at the L4 stage to test the F2 generation. The F2 progeny was
analyzed in detail to confirm the success of the cross. Depending on the features of
the mutant involved, the genotype of the F2 generation was analyzed by SW-PCR
(section 2.2.2.4), fluorescent marker, or the combination of these methods. Once the
correct F2 worms were identified a final confirmation of F3 worms completed the

crossing experiment.

2224 Worm lysis for single worm PCR (SW-PCR)

To determine the genotype of the worms via PCR, single worms were transferred
into single PCR reaction tubes with 4 pl lysis buffer (section 2.1.11). The tubes were
incubated at -80°C for 40 minutes then heated to 65°C for 40 minutes and to 95°C for
10 minutes and kept on ice until the time of usage. The worm lysate was then used
directly for the specific PCR reaction. PCR settings were optimized according to the

characteristics of the primers and the length of the fragment of interest.

2.2.25 Decontamination and synchronization of C. elegans strains

For the decontamination or synchronization of C. elegans strains, worms were

treated with alkaline hypochlorite. To obtain a synchronized population, well fed
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worms from one to two 10 cm plates were rinsed off with M9 buffer into a 15 ml
falcon tube. The animals were washed by spinning at 1,300 g at 4°C for 30 seconds
exchanging the M9 buffer once. After the second centrifugation the M9 buffer was
eliminated up to 3.5 ml and 1.5 ml of bleaching solution was added. The falcon tube
was shaken vigorously by vortexing intermittently for 10 minutes to destroy the
cuticle of gravid animals and allow the release of eggs. After 10 minutes of vigorous
shaking, eggs and worm debris were pelleted by centrifugation at 1,300 g at 4°C for
30 seconds. The hypochlorite was then replaced by fresh M9 medium. After at least
four washing steps the eggs were resuspended in fresh M9 medium and transferred
into a new falcon tube. After 2 more washing steps, eggs were incubated overnight
in M9 medium. On the following morning synchronized L1 worms were ready to be

used for subsequent analysis.

2226 Generation of Tau transgenic C. elegans strains for muscle

expression

All extra chromosomal transgenic strains were generated as previously described
(Mello et al., 1991). For the expression of tau in body wall muscles, pPD30_38 vector
was used which contains the unc-54 promoter (myosin heavy chain). Following Tau
chimeras were generated for expression in muscle cells:

pPD30_38:htau40Dk280

pPD30_38:htau40Dk280PP

pPD30_38:K18Dk280

pPD30_38:K18Dk280PP

pPD30_38:F3Dk280

pPD30_38:F3Dk280PP

The method consisted of the co-injection of the expression plasmid of interest and a
marker plasmid into the germ line of a young hermaphrodite adult worm and the
observation of the following generations. The concentration of DNA mixture used in

the microinjection was:

Tau constructs 1.0ng/pl
Mcherry marker 20ng/pl
Salmon sperm DNA 100ng/ ul
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Worms bearing the transgenic marker gene were kept for further analysis. Single
worm PCR was used to detect the presence of transgene using the Htau Fwd (JB 307)
and Htau Rev (JB 308) primers (see Apendix 6.3). The transgenic strains and the
transgenic arrays generated were named individually so that the history of each
transgenic line was clearly identified. The transgenic lines generated for the study of
tauopathy in the body wall muscles are listed below:
Ex[pPD30_38::Htau404K280;Pmyo-2:mcherry]

Ex[pPD30_38::Htau404K280PP; Pmyo-2:mcherry]

Ex[pPD30_38::K184K280; Pmyo-2:mcherry]

Ex[pPD30_38::K184K280PP;Pmyo-2:mcherry]

Ex[pPD30_38::F34K280;Pmyo-2:mcherry]

Ex[pPD30_38::F34K280PP;Pmyo-2:mcherry]

Integration of all the above mentioned extrachromosomal arrays was carried out
using the Cesium source at ZKF. 30 grays were applied on the plates. The penetrance
of all our lines was approximately 10 % before integration. After the integration, the
F3 generation had more than 75 % penetrance (25% the homozygous, 50% the hetero,
plus the background penetrance for the non-integrated). Following three integrated
lines were obtained in the first shot:

Int[pPD30_38::Htau404K280;Pmyo-2:mcherry]

Int[pPD30_38::F34K280;Pmyo-2:mcherry]

Int[pPD30_38::F34K280PP;Pmyo-2:mcherry]

2.2.2.7 RNA interference (RNAi) feeding experiments

For RNAI against tau we decided to clone the tau repeat fragment F3AK280 which
would serve to silence both the full length pro- and anti-aggregant tau variants and
their repeat fragments. cDNA encoding F3AK280 was cloned into L4440 feeding
vector (Timmons and Fire, 1998) at the MCS using Nhel and Xbal restriction sites.
The L4440 plasmid has an IPTG inducible T7 promoter on both ends of the construct
leading to the transcription of the sense and antisense strand of the inserted DNA
under IPTG induction (see Apendix 6.4). The ingested dsRNA triggers the knock-
down of the gene of interest in C. elegans. The bacterial strain of choice for the RNAi

experiments was E. coli HT115 (DE3) (Fire et al., 1998).
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In practice, the RNAi experiments were conducted on NGM agar plates.
Synchronized L1 larvae obtained by bleaching as described in section 2.5.6 were

poured onto RNAI plates.

For the preparation of RNAI plates, cultures of HT115 (DE3) bacteria containing
the RNAi clone of interest were grown overnight in LB medium containing 12 pg/ml
tetracycline and 50 pg/ml carbenicillin. After overnight incubation the bacterial
culture was diluted 1:1 in fresh LB medium with the aforementioned antibiotics. The
expression of the RNAi construct was induced in the 1:1 diluted culture for 6 hours
with 1 mM IPTG. After the period of induction the bacteria were plated on NGM
plates containing 1 mM IPTG and 100 png/ml carbenicillin or ampicillin, and dried.

As negative and positive controls bacteria transformed with the empty vector L4440.

2228 2’-deoxy-5-uorouridine (FUdR) treatment

FUdR was solved in ddH2O to obtain a 100 mM stock solution. The stock solution
was applied to the E. coli seeded NGM plates to obtain a final concentration of 100
uM. For experimental analysis, late L4 worms were placed on FUdR plates and

allowed to grow for one day before being transferred to the normal NGM plates.

2.2.2.9 Sucrose flotation of worms

To clean off the worms from the bacteria and the dead animals, worms were
collected from 10cm NGM plates in 0.1M NaCl, transferred to a 15ml tube. The tube
was vortexed briefly (the broken NGM chunks will stick to the sides of tube, while
the worms stay in liquid) and the liquid transferred to a new tube. The worms were
then pelleted at 3000rpm for 1 min. The liquid was removed and the pellet washed
1X with 10ml cold (4°C) 0.1M NaCl. Worms were pelleted again at 3000 rpm. Worms
were resuspended in 5ml cold 0.IM NaCl and an equal vol (5ml) ice cold 60%

sucrose was added and mixed quickly.

The liquid was layered with 2ml ice cold 0.1M NaCl on top of the sucrose and
spun at 3000rpm for 5min. Live worms were collected at the interface of 0.1M NaCl
and sucrose. The ~2.5 ml upper phase was transferred to a new 15ml tube containing

10ml M9 buffer and pelleted at 3000rpm.
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22210 PERCHLORIC ACID EXTRACTION OF TAU

Worms were collected from the NGM plates and cleared off from bacteria/dead
animals by sucrose floatation as mentioned above. Worms were lysed in 3 times
(wt/vol) of 2.5% perchloric acid (HCIO4) by sonication on ice (6x 10 s with 10 s
breaks on ice, 40% amplitude). The lysate was incubated on ice for 20 min and
centrifuged for 10 min at 10 000 g (Mikro 200R, Hettach). The supernatant was
dialyzed overnight at 4°C in micro dialyzer tubes (Millipore) against 5% formic acid
and recentrifuged. The resulting supernatant was concentrated using a speed

vacuum apparatus and run on a 17% PAGE for western blot analysis (Goedert et al.,

1990).

2.2.2.10.1 Sequential extraction of Tau (method 1)

Dead animals and bacteria were removed by flotation on a 30% sucrose solution. The
entire extraction procedure was carried out on ice and centrifugation steps were at
4°C except the last step with 70% formic acid. To extract the different tau fractions
(Ishihara, T. et al., 1999), worm pellets after sucrose separation were directly
resuspended in an equal amount (wt/vol) of high salt RAB buffer (100 mM Mes, 1
mM EGTA, 0.5 mM MgSO4, 20 mM NaF). Worms were lysed by sonication (6 x10s,
10s break) on ice, and homogenates were centrifuged at 40,000 x g for 40 min. The
supernatant constitutes the RAB fraction. The pellet was reextracted with 1 M
sucrose in RAB buffer and centrifuged 20 min at 40,000 x g, and the supernatant was
discarded. The pellet was extracted with RIPA buffer (150 mM NaCl, 1% Nonidet P-
40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) and centrifuged at 40,000 x g
for 20 min. The supernatant is the RIPA fraction. The pellet left after RIPA extraction
was dissolved in 70% formic acid (FA) and centrifuged at 13,000 x g for 15 min. The
supernatant is the FA fraction. All buffers contained Complete Protease Inhibitor

mixture 3x (Sigma P8340) and 0.5 mM PMSF.

2.2.2.10.2 Sequential extraction of Tau (method 2)

Dead animals and bacteria were removed by flotation on a 30% sucrose solution. The
entire extraction procedure was carried out on ice and centrifugation steps were at

4°C except the last step with 70% formic acid. To extract the different tau fractions
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(Ishihara et al, 1999), worm pellets after sucrose separation were directly
resuspended in an equal amount (wt/vol) of high salt RAB buffer (100 mM Mes, 1
mM EGTA, 0.5 mM MgSO4, 20 mM NaF). Worms were lysed by sonication (6 x10s,
10s break) on ice, and homogenates were centrifuged at 40,000 x g for 40 min. The
supernatant constitutes the RAB fraction. The pellet was reextracted with 1 M
sucrose in RAB buffer and centrifuged 20 min at 40,000 x g, and the supernatant was
discarded. The pellet was extracted with RIPA buffer (150 mM NaCl, 1% Nonidet P-
40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) and centrifuged at 40,000 x g
for 20 min. The supernatant is the RIPA fraction. The pellet was resuspended in
RIPA buffer and centrifuged at 40,000 x g for 20 min and supernatant added to the
first RIPA fraction. The final pellet left after the second RIPA extraction was washed
in 1ml of RIPA buffer to remove all the soluble tau stuck on the tubes. The washed
pellet was finally extracted with 70% formic acid (FA) and centrifuged at 13,000 x g
for 15 min. The supernatant is the FA fraction. All buffers contained Complete
Protease Inhibitor mixture 3x (Sigma P8340) and 0.5 mM PMSEF. So compared to the
tirst method, here two steps each of RAB and RIPA extractions along with additional
washings are carried out to dissolve all the salt soluble and membrane-associated
detergent soluble Tau. This in turn, reduces the contamination of RAB and RIPA

fractions going into the insoluble fraction dissolved by 70% formic acid.

2.2.2.10.3 Sarkosyl extraction

Before starting the 1.5 ml eppendorf tubes were weighed. Worms in 15 ml tubes
were washed until the solution was clean and transparent. The worms were then
transferred into the 1.5 ml eppendorf tubes and the tubes weighed again. The worm
pellets were resuspended in 3 vol (w/v) homogenization buffer consisting of 10 mM
Tris HCI (pH 7.4), 0.8 M NaCl, 1 mM EGTA, 5 mM EDTA, 5 mM NaF, 100 nM
okadaic acid, 1 mM orthovanadate, 5 mM microcystin, 3x Complete Protease
Inhibitor mixture, and 10% sucrose. The worm pellets were lysed by sonication (9 x
10 s, 10 s break, BANDELIN SONOPULS HD3200, sonotrode: MS73) on ice and later
incubated on ice for 20 min. The worm lysates were centrifuged at 14000 rpm
(Eppendorf centrifuge) for 20 min. at 4°C to remove the debris. The supernatants
were added to new tubes (supernatant 1). The worm debris was rehomogenized

with equal volume of the original worm pellet and centrifuged at 14000 rpm for 20
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min at 4°C to collect the supernatant 2. The supernatant 2 was combined with
supernatant 1. The worm debris left after the second extraction was boiled in 2x
sample buffer (w/v of the original worm pellet) and equal volume from each sample
was loaded onto the gel. The final volume of the supernatant (1+2) was measured
and brought to final 1% N-lauroyl-sarcosinate and 10pg/ml B-mercaptoethanol was
added (we keep a 10% N-lauroyl-sarcosinate solution and the ratio of 10% N-lauroyl-
sarcosinate to supernatant 1+2 is 1:9). The cell lysates were incubated for 1 h at room
temperature while shaking and centrifuged at 100,000 x g for 35 min at 4°C (Rotor
TLA100.3). The supernatants were transferred to new tubes and the pellets washed
carefully with 100ul 1x TBS 3 times. In the 34 1x TBS wash, the pellets were
centrifuged briefly for 10 min at 100,000 x g at 4°C to remove any soluble tau from
the tube surface and the remaining supernatants were carefully removed. The pellet
was resuspended in 50 mM Tris-HCl (pH 7.4), 0.5 ul/mg of starting worm pellet (this
will be sarkosyl- insoluble tau). To the aliquots of supernatant (sarkosyl soluble tau)
and pellets (sarkosyl-insoluble tau) equal volume of 2x SDS sample buffer was
added. The samples were loaded on SDS PAGE in the ratio of 1:3 (soluble to

insoluble).

2.2.2.10.4 Compound treatment

E. coli OP50 were grown overnight at 37°C in LB media, pelleted by centrifugation,
frozen at -70°C, and then resuspended at a final OD of 1.5 (595 nm) in nematode S-
medium (Wood, 1988). Compounds dissolved in the corresponding solvents (100%
dmso in case of bb14, BSc3094, compound 16, Anle 138b and Anle 138c or 1x PBS in
case of methylene blue and trehalose) were diluted into E. coli suspension to the
desired concentrations. 1% dmso was used as a control in case of the compounds
which were dissolved in dmso and the final concentration of dmso in the compound
treated samples was also adjusted to 1% (Anle138 b and ¢ precipitated in the liquid
media; therefore, the two compounds were tested in the solid medium by dissolving
the compounds in the NGM to their desired concentration before pouring the plates).
5 ml of the final mixture was added per well in a 6-well polystyrene plate and
synchronized pro-aggregation L1 larvae collected overnight were added to the wells
containing the desired compounds. The worms were allowed to grow at 20°C with

constant shaking until day 4 of adulthood and harvested for the protein extraction.
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2.2.2.10.5 Thrash Assay

The "thrashing assay", is used as a measure of motility in the genetic model organism
Caenorhabditis elegans as well as in parasitic nematodes. In this assay, the nematodes
are placed in liquid and the frequency of lateral swimming ("thrashing") movements
is estimated. A thrash is defined as the change in direction at the mid-body, so that

when a thrash is completed both the tail and the head point in the same direction.

It is used as an index of the effects of drugs, chemicals or mutations on motility
and has proved to be useful. For thrash assays, compounds were diluted to the
desired concentrations into S-medium containing OP-50 at a final OD of 0.5 (595 nm).
200ul of the final solution was added per well of a 96-well polystyrene plate and
synchronized L1 larvae obtained by bleaching as described in section 2.2.2.5 were
added to each well with/without compounds. The worms were allowed to grow in
this medium up to day 3 of adult stage, at which the worms were transferred to
NGM plates containing the same concentration of the respective compounds and
allowed to acclimatize for 1 hour before analyzing them for the thrashes. For thrash
assays, single worms were randomly picked and placed in 20 ul drop of M9 buffer,
allowed to recover for 1 min. Thrashes were recorded using Cell*A soft Imaging

system with Olympus SC30 camera mounted on an Olympus SZH10_Zoom Stereo

Microscope.

2.2.2.10.6 Autophagy Flux

For flux experiment, FUdR-sterilized 1 day old adults were grown in OP50
suspension in four separate wells, two without trehalose and two with trehalose
(200mM), of a 6-well polystyrene plate. The worms were allowed to grow at 20°C
with constant shaking until day 4 of adulthood. Worms at this stage in two of the
four wells, one with trehalose and one without trehalose were treated with 150mM
NH4CI for a period of 8hrs and harvested later. For efficient sonication and in order
to avoid foam formation, worm pellets were sonicated in an equal volume (wt/vol)
of lysis buffer without detergent (50mM Tris-HCI, pH 7.4, 10% glycerol, 20mM NaF,
1mM sodium orthovanadate, 150mM NaCl, 3x Complete Protease Inhibitor mixture
(Sigma P8340), 5uM okadaic acid, ImM PMSEF). The lysate was mixed with the same
amount (wt/vol) of lysis buffer containing 2x detergent (50mM Tris-HCl, pH 7.4,
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10% glycerol, 2% NP40, 20mM NaF, 1mM sodium orthovanadate, 150mM NaCl, 3x
Complete Protease Inhibitor mixture (Sigma P8340), 10mM CHAPS, 5uM okadaic
acid, ImM PMSF), vortexed briefly and incubated on ice for 30 min. The lysate was
centrifuged at 50,000 x g for 20 min and supernatant checked for LGG2 levels
(MAP1LC-3 ortholog in C. elegans) (Alberti et al., 2010).

2.2.2.10.7 Food clearance assay

E. coli OP50 were grown overnight at 37°C in LB media, pelleted by centrifugation,
frozen at -70°C, and then resuspended at a final OD of 0.5 (595 nm) in nematode S-
medium (Wood, 1988) (supplemented with 100x streptomycin/penicillin,
Invitrogen). 200ul of the final mixture was added per well in a 96-well polystyrene

plate.

Approximately, 20-30 synchronized L1 larvae collected overnight were added to
the wells. Micro titer plates containing animals were incubated at 20°C with constant
shaking. The absorbance (OD 595nm) was measured daily using TECAN. The mean

O.D. was calculated for each day from triplicate samples.

2.2.2.10.8 Statistical analyses

One-way ANOVA was applied to test statistical differences between independent
groups within the same experiment. Statistical significance was tested with
Newman-Keuls, Tukey, and Bonferroni post tests. Two-tailed unpaired Student's t-
test was used to examine direct differences between independent groups and to
validate ANOVA results. Statistical analysis of survival curves for the lifespan

experiments were conducted by use of the Logrank (Mantel-Cox) test.

2.2.211 Biochemical Assays

For solubility assays, cells were collected by centrifugation at 1,000 x g for 5 min. The
levels and solubility of different tau constructs were determined by sarkosyl
extraction or sequential extraction using buffers of increasing stringency (RAB,
RIPA, and FA). Soluble and insoluble fractions were analyzed by Western blotting.
In case of sarkosyl fractions, the amount of material loaded for supernatant and

sarkosyl-insoluble pellet represented ~0.5 and 15% of the total material present in the
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supernatant and pellet, respectively (the ratio between supernatant and sarkosyl
insoluble pellet was always 1:30). For quantification of tau levels, the Western blots
were probed with pan-tau antibody K9JA (DAKO, Glostrup, Denmark) and
analyzed by densitometry.

2.2.2.12 Immunofluorescence

Inducible N2a cells were transfected with pBI5 plasmids encoding tau fragments
mentioned above. After 1 day, cells were induced to express tau with 1 pug/ml
doxycycline for 2-3 days. The cells on the coverslips were fixed with 4%
paraformaldehyde in PBS for 15min, then permeabilized with 80% MeOH for 6min
at -20°C, blocked with 10% goat serum (PBS) for 30 min. Samples were incubated
with antibody K9JA against tau and/or antibody against calreticulin for ER
localization in 5% goat serum (PBS). The secondary antibodies (anti-rabbit antibody
labeled with Cy5 and anti-chick antibody labeled with Cy3) were also diluted with
5% goat serum in PBS and incubated for 45 min. The cells were incubated with DAPI
in PBS for 5 min for nuclear staining and afterwards washed twice with PBS, once
with water, and mounted. For mitochondrial localization, cells on the coverslips
were incubated with Mitotraker in PBS for 45 minutes before fixation. Confocal
microscopy was done with a LSM510 microscope (Zeiss, Oberkochen, Germany) and

LSM700 (Zeiss).

2.2.3 Biochemical methods

2231 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-PAGE for separation of proteins was performed according to a modified
protocol (Laemmli, 1970; Matsudaira and Burgess, 1978). Sodium dodecyl sulfate, an
anionic detergent, is used to completely suppress the native charge on the proteins. It
gives them a large negative coat of detergent molecules. The SDS also interacts with
the hydrophobic core of proteins, it causes a rapid and irreversible unfolding that
linearizes the polypeptide chains which all now have a roughly equivalent
charge/mass ratio. Therefore, in SDS-PAGE, the separation of proteins is on the basis

of molecular weight (size) of the proteins.
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A system with vertically oriented glass plates with 1 mm spacer in between was
used for casting gels. Separating gel (small pore size gel) and stacking gel (large pore

size gel) were prepared as first described by Ornstein, 1964.

Composition of separating and stacking gel:

Components Separating gel Separating gel | Stacking gel
(4%) (ml)
10% (ml) 17% (ml)
40% Acrylamide/ Bis
acrylamide (37.5:1) o 0 >4
Tris HCI (1.0 M, pH 8.8) 22 22 -
Tris HCI (0.25 M, pH 6.8) - - 27
10% SDS 0.6 0.6 0.54
TEMED 0.12 0.12 0.108
10% APS 0.065 0.065 0.065
H>O 22 11.5 20.9

First the separating gel was poured between glass plates and a layer of isopropanol
was applied onto it. After polymerization of separating gel, the layer of isopropanol
was removed and polymerized gel was washed with H>O. Then the stacking gel was
poured on the top of the polymerized separating gel and the comb was inserted.
When the gel solution got solidified, the gel was placed in the electrophoresis
chamber filled with the 1X SDS running buffer and comb was removed. Protein
sample to be electrophoresed was mixed with 6X SDS sample buffer containing 1.25
M Tris-HCl, pH 6.8, Glycerol, 50% SDS and 0.25% Bromophenol blue and denatured
completely by heating at 95 °C for 5 minutes. Then the denatured protein samples
were loaded along with molecular weight marker proteins and electrophoresis was

performed at 150 volts.
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Molecular weight protein markers used were:

Protein name Molecular weight (kDa)
B-Galactosidase 116.0
Bovine serum albumin 66.2
Lactate-dehydrogenase 45.0
Restriction endonuclease Bsp981 35.0
Lactoglobulin 18.0
Lysozyme 14.4

2.2.3.2 Coomassie brilliant blue total protein stain

The SDS gels were incubated in a Coomassie brilliant blue staining solution (0.025%
coomassie blue R-250, 40% methanol and 5% acetic acid) for 2 hours. After staining,
the gels were destained in an intensive destaining solution (50% methanol and 10%
acetic acid) for 1 hour. Afterwards, the gels were transferred to a normal destaining
solution (5% methanol and 7.5% acetic acid) for 1 hour, with regular changes of
destaining solution throughout this period until protein bands appear deep blue
against a colorless background. All steps were carried out at room temperature, with

gentle agitation on an orbital shaker.

2.2.3.3 Western electroblotting

After electrophoresis, SDS gels were equilibrated in western blotting buffer (1X) for
10 minutes at room temperature. Then the gel was transferred on to a methanol
activated PVDF membrane by using electric current of 1 mA/cm? for 60 minutes, a
procedure called electroblotting. After electroblotting, the membrane was blocked in
4% milk dissolved in TBST (1X). Then the membrane was incubated with specific
primary antibody (diluted in 4% milk/TBST) at 37 °C for 1 hour to allow the antigen-
antibody reaction take place. The membrane was then washed three times with TBST
and incubated with a peroxidase conjugated secondary antibody (diluted in 4%
milk/TBST) at 37 °C for 1 hour. Afterwards, the membrane was again washed three
times with TBST. The ECL based detection system was used to detect the
luminescent product of the secondary antibody.

Blotting buffer 75 mM Tris-Cl, 20% (v/v) methanol, pH 7.4
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Phosphate-buffered saline (PBS) 140 mM Na(l, 2.7 mM KCl, 10 mM
Na2HPO1.8 mM KH.HPO,, pH 7.3

PBST 0.1% (v/v) Tween-20 in PBS
Blocking buffer 5% milk powder in PBST
Glycine stripping solution 0.2 M glycine pH 2.8, 0.5 M NaCl
SDS stripping solution 16 mM Tris-HCl pH 6.8, 2% SDS,

0.1 M -mercaptoethanol

2.2.34 Stripping of nitrocellulose membranes

Removal of antibodies from a blot was done under mild conditions to reduce the
background for incubation with another primary antibody, either from a different
species or for a protein of clearly distinct size than in the first decoration. After
washing the membrane in PBST, it was incubated 5-20 min in glycine stripping
solution. The solution was neutralized with 1 M Tris-HCl pH 8.5, followed by
several washes in PBST. If it was crucial to remove antibodies completely, the blot
was incubated in SDS stripping solution for 30 min, tightly closed, on a wheel at
50°C, followed by several washes in PBST. Decoration of the membrane was done as

described above, starting from the blocking step again.

2.2.3.5 Estimation of protein using bicinchoninic acid (BCA)

The macromolecular structure of protein, the number of peptide bonds and the
presence of four particular amino acids (Cysteine, Cystine, Tryptophan, Tyrosine)
are responsible for color development with BCA. Accordingly, protein
concentrations generally are determined and reported with reference to standards of

a common protein such as bovine serum albumin (BSA).

A series of dilutions of known concentration were prepared from the standard
protein BSA and assayed alongside the protein sample of unknown concentration.
Standard (Volume in pl)

H>O 25 20 15 10 |0

BSA (1 pg/pl) | 0 5 10 [15 |25
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Just before use, BCA reagent was prepared by mixing one part of copper sulfate
(Sigma-Aldrich) with 50 parts of BCA (Sigma). The aliquot and water was taken upto
25 pl, and to it, 200 pl of BCA reagent was added. After mixing, it was incubated at
37 °C for 30 minutes in dark. Thereafter, the absorbance was measured at 562 nm

using TECAN infinite M200 plate reader.
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3 RESULTS

31  Single worm PCR confirms the presence of transgenes

The presence of well-established forward and reverse genetic tools, a wide range of
mutants and a fully sequenced genome along with the relative ease and speed with
which the genetic modifiers of disease phenotype can be discovered makes C. elegans
an excellent model to study the human diseases. Furthermore, given the ease with
which C. elegans can be grown in liquid cultures which facilitates uptake of
substances from the aqueous medium makes it ideal for a high throughput
pharmacological screening. Several tauopathy models of C. elegans have been
described before (Brandt et al., 2009; Kraemer et al., 2003; Miyasaka et al., 2005). Only
one of these models accumulates tau aggregates and hence develops defects at a very
late stage in their life. Previous studies have shown that the proteostasis regulation
which is important for cellular maintenance gets disrupted as the organism ages. For
example, the protein degradation machinery which takes care of the damaged
proteins and helps in recycling them becomes less efficient with age (Cuervo and
Dice, 2000; Tonoki et al., 2009), levels of molecular chaperones which guide the
proper folding of the nascent polypeptide chains or misfolded proteins change with
age (Lund et al, 2002). In addition, proteins undergo increased irreversible
modifications like oxidation and nitration with age which in turn disrupts their
recycling (Squier, 2001). Furthermore, in C. elegans several hundreds of proteins have
been identified which become prone to aggregation with age (David et al., 2010).
Keeping all these things in mind, a general phenomenon of aging can contribute to a
disease phenotype that appears at a later stage in the life-span of an organism like C.
elegans which has such a short life-span of approximately 2 weeks. Therefore, in
order to perfectly model a human disease in C elegans, it becomes necessary to have
a disease phenotype as early in its life-span as possible. Here we wanted to develop a
model system having tau aggregates very early in its life so as to uncouple a disease
phenotype with a natural decline in the proteostasis with age. This would allow us to
attribute the phenotype solely to the presence of tau transgenes in the worm which

will finally pave the way for this novel tauopathy model to be used to find the
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modifiers of tauopathy by genetic screening. Last but not least, this model would
help us to screen for new compounds against tau aggregates, in addition to those
already tested in the in vitro studies on tau aggregates (Ballatore et al., 2007; Bulic et
al., 2009; Pickhardt et al., 2007). In order to achieve this, we co-expressed in a single
line the highly amyloidogenic pro-aggregant F3 fragment containing AK280

mutation known to accelerate the aggregation of the full-length tau protein by
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Figure 3.1: Single worm PCR analysis to detect the presence of tansgenes. Single Tau-transgenic F3, F32P
and FL Tau V337M strains show only one band corresponding to F3AK280, F3AK280PP and FL Tau V337V,
while double tau-transgenic pro-aggregant and anti-aggregant strains show two bands corresponding to FL
Tau V337M and F3AK280 or F3AK280PP respectively. N2 wild type non-transgenic laboratory strain serves as
a control.

forming seeds (Wang et al, 2007) with a well characterized AK280 mutation
(Eckermann et al., 2007; Khlistunova et al., 2006; Mocanu et al., 2008; Sydow et al.,
2011) along with the full-length V337M tau. This was achieved by crossing a strain
expressing the tau repeat fragment F3AK280 panneuronally driven by Rab-3
promoter with the already published CK10 stain expressing the full-length V337M tau
also panneuronally driven by aex-3 promoter (Kraemer et al., 2003). As a control, we
crossed the CK10 strain with a strain expressing the anti-aggregant repeat fragment
of tau F3AK280PP, containing two additional proline residues within the
hexapeptide motifs (1287P and I308P). The presence of additional prolines produces

kinks in the peptide chain due to the cyclic nature of amino acid proline which in
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turn destabilizes the amyloid sheet and hence inhibits the aggregation (von Bergen et

al., 2001).

To confirm the presence of tau transgenes in our tau-tg model, we designed the
reverse primer which binds to the repeat region of tau and hence would act as a
common primer for both the transgenes (the full-length tauV®*”M and the F3AK280/
F3AK280PP repeat fragment) in a double tau-tg C. elegans line. The forward primers
for the two transgenes were selected from their respective promoter regions (Paex-3
for full-length and pRab-3 for F3AK280/F3AK280PP fragment). The result is that a
single tau-tg line would yield a single band and a double tau-tg line would yield two
bands corresponding to the two transgenes in a single PCR amplification reaction as

shown in Fig 3.1.

3.2  Western blot analysis for tau-transgenic expression

In order to observe the expression of tau transgenes in Tau-transgenic worms, worm
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Figure 3.2: Tau expression by immunoblotting using K9JA pan tau antibody. Packed mixed stage worm
pellets after boilng in 2X SDS sample buffer (A) or 2.5% perchloric acid extraction (B) were analyzed.
Perchloric acid samples were analyzed by running on an 8-20% gradient gel to facilitate the detection of the
F3AK280/F3AK280PP fragments. Lanes 1 and 2 denote recombinant F3AK280 and htau40AK280 proteins
respectively. N2 is wild type non-transgenic control worm, F3 is single transgenic line expressing F3AK280,
F3PP is single transgenic line expressing F3AK280PP, V337M is single transgenic line expressing FL Tau
V337M, Pro denotes double trangenic pro-aggregant strain and anti stands for double transgenic anti-
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aggregant strain. A thick band corresponding to F3AK280 in case of pro-aggregant strain (*) and a faint band
(*) corresponding to F3AK280PP in case of anti-aggregant strain can be seen after 2.5% perchloric acid
extraction only. However, no F3AK280 and F3AK280PP bands were detected in the single transgenic F3 and
F3PP strains.

pellets were boiled in 2 X sample buffer and the supernatant after centrifugation was
loaded onto a 17%-PAGE gel and blotted with K9JA antibody. Western blot analysis
showed the FL tauV337M bands in the FL tauV337M, pro-aggregant and anti-aggregant
strains. However, there were no traces of the repeat fragments, F3AK280 in the pro-
aggregant line and F3AK280PP in the anti-aggregant line, as well as in the F3 and
F3PP single transgenic lines (Fig 3.2 A).

3.3  2.5% perchloric acid extraction of tau

The continued search for the repeat fragments in the two double-tg lines prompted
us to exploit a very unusual property of tau, which is its solubility in perchloric acid.
The perchloric acid solubility of tau has been used to isolate and purify tau from
other proteins from crude brain extracts (Lindwall and Cole, 1984). We extracted tau
protein from mixed stage adult animals from each tau-transgenic line (Fig 3.2B).
Using this extraction method, we were able to isolate not only the FL tauV337M but
also the repeat fragments F3AK280 and F3AK280PP in the pro- and anti-aggregant
strains respectively (lanes 6 and 7 marked by red and green asterisks for pro- and
anti-aggregant strains respectively). However, in the single transgenic F3AK280 and
F3AK280PP lines we could not find any protein, probably due to the degradation of

these small fragments when expressed alone.

To verify that the tau transgene arrays are expressed at similar levels, we
performed the perchloric acid extraction of tau from L4 larval stage and day 3 adult
animals from each tau-transgenic strain. We analysed two independent strains from
the pro-aggregant and anti-aggregant lines (strains A and strain B in each case) for
protein expression. Western blot analysis verified that the transgenes were expressed
at comparable levels (Fig 3.3). Since the Tau expression levels were similar in the
strain A and strain B from each double Tau-tg animals, we decided to analyse only

one strain for the further experiments.

68



Results

A. B
Total lysate L4 larval stage
R 200-
& @ F & © e
$ e & S £ 150
2 asediibdis —w  E
: — 60 g 100
é =40 5 50-
— u o v'~ R
Actin-—_t~ - Q‘O
5 day old adults
C. Total lysate D.
% & O o
L QY F A . < 300
=] pra— — —
: ——— e ——-— - —e0 % 200-
é —40 E 100-
—20 0
«\“@

Actin &= =2 -~

Figure 3.3 (A): Western blot of total lysates from synchronized L4 larvae using 2.5% perchloric acid
extraction. K9JA pan tau antibody, which recognizes the Tau repeat domain (RD) and thus detects both full
length (FL) Tau and F3AK280/F3AK280PP fragments, was used to probe the blots. Anti-actin antibody was
used as loading control. L4 larvae extracts did not show the F3 fragment but total levels of Tau expression
were similar among all the different transgenic lines (normalization to actin). (B): quantification of the blot is
shown here. The error bars denote standard error of the mean (s.em.) from three repetitions of the
experiment, and differences were considered non-significant (p>0.05) after performing one-way ANOVA. (C):
Western blot of total lysates from synchronized day 5 old adults using 2.5% perchloric acid extraction.
Both FL Tau V337M and F3AK280/F3AK280PP fragments were detected with K9JA antibody. The
independently integrated strains express the F3 fragment at comparable levels (normalization to actin). (D):
Shown here is the quantification of the F3 signals. The error bars denote s.e.m. from three repetitions of the
experiment, and differences were considered non-significant (p>0.05) after performing one-way ANOVA.

34  Full-length tau along with the F3 fragment leads to

uncoordinated phenotype

The pro-aggregant combination resulted in a strong phenotype characterized by a
strong uncoordinated locomotion, which was clearly seen right from the L1 larval
stage. On a solid NGM, the pro-aggregant worms moved sluggishly with recurrent
tail dragging and were unable to perform a normal sinusoidal movement. The
recurrent tail dragging was seen in almost all the pro-aggregant worms after
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reaching 3 days of adulthood. In liquid, wild type C. elegans thrash rapidly and the
uncoordinated pro-aggregant worms thrash slowly. The thrashes can be followed by
looking at the change in the direction at the mid-body so that when a thrash is
completed, both the head and the tail point in the same direction. However, the pro-
aggregant line often kept its tail coiled and showed movements only in the head
when compared to the wild-type strain, the FL tauV337M strain or the anti-aggregant
line (3 day old video 1). We quantified the thrashes at day 1, day 3 and day 5 of the
adult stage, pro-aggregation strain depicted far less thrashes at all of the stages
observed (Fig 3.4). Beyond day 5 of adulthood, it became difficult to analyze the

thrashes made by the pro-aggregant strain as they hardly moved when placed in a

liquid drop.
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Figure 3.4: Locomotion defects (uncoordinated motion) upon pan-neuronal expression of pro-aggregant
human Tau transgenes. Thrash assay was used as readout. Pro-aggregant animals are severely
uncoordinated and show less thrashes at all three stages analyzed. The severity of uncoordinated phenotype
increases with age. Each point is the mean thrashing rate for 20 developmentally synchronized non-
transgenic N2, single-transgenic FL Tau V337M, pro-aggregant and anti-aggregant animals. Error bars denote
SEM. Two-way ANOVA with Bonferroni correction was used for comparison (***P<0.0001).

When a wild type N2 C. elegans is gently touched at the head, it normally reacts by
moving backwards quickly resulting in 3-4 sinusoidal waves. A 3 day old adult
worm from the tauV¥"M-tg line and the anti-aggregant line showed no noticeable
defects and reacted normally to the gentle touch as did the wild-type C. elegans;

however, by this age almost all the pro-aggregant animals reacted sluggishly to this
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gentle touch with no or very slow backward movement, if at all (video 2). All these

phenotypic defects became more severe with age.

3.5  Pro-aggregant strain shows a relatively delayed clearance of

food

C. elegans has a short life cycle of roughly 54 hrs at 20°C and can be easily grown in
liquid culture. The quality of producing young can be followed up by monitoring the

A. E. coli
L1 animals

G

Incubate in 96 well plate (25°C)

|

Measure 0.D. at 595 nm every day for 5-6 days

B.
0.6~
0.5 N2 non-tg
F3

=+ F3PP

0. V337TM
- pro
& anti

Absorbance (O.D. 595 nm)
=)
-

0.2+
0.1+
U-C - v o L] L4 b L4 .
0 1 2 3 4 5 6 7 8
Days

Figure 3.5: Food clearance assay (A): Flow diagram of the food clearance assay. 30 L1 larval stage animals
from each strain synchronized overnight were incubated at 25°C in E. coli OP-50 at a final OD (A595) of 0.4 in
96 well micotiter plate wells. Three replicates were kept for each strain and the OD of the microtiter plate
was measured daily for 6 days. (B): The mean OD is calculated for each day from triplicate samples for each
strain and plotted over time. Error bars represent SEM. Pro-aggregant worms show delayed food clearance
compared to the wild-type and the anti-aggregant strains until 2nd day of incubation (a*p<0.05) but the
differences became insignificant afterwards (p>0.05 after performing one-way ANOVA).
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rate at which the limited food source (E. coli suspension) is consumed. Each
individual is capable of producing hundreds of progeny that rapidly consume the
limited E. coli supply. As a result, the OD of wells decreases as they reproduce. Any
interruption in their growth, survival or fecundity would result in a reduction of the
rate at which food is cleared. Here we wanted to see if there is an effect on the
fecundity by the over expression of different combinations of tau compared to the
wild type N2 strain and single transgenic FL TauV®"M strain. The pro-aggregant
strain showed a relatively delayed clearance of E. coli suspension compared to the
other strains, however, the difference became statistically insignificant after the 2nd
day of incubation (Fig 3.5). From this experiment, we can infer that the expression of
different combinations of tau transgenes do not have a huge impact on the
pharyngeal pumping and fecundity. Furthermore, the type and level of toxicity due
to the expression of transgenes is different and cannot be compared to those of toxic

compounds like LiCl (Voisine et al., 2007).

3.6  Pro-aggregant worms have a shorter life-span

The pro-aggregant combination of tau transgenes appeared to reduce the life-span of
the worms as was apparent during the routine handling of these animals. We

thereby performed a survival rate assay to quantify this difference in the life-span.
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Figure 3.6: Aging graph of C. elegans. Shown here are the survival curves of the Tau-transgenic strains
versus wild-type N2 strain. The percentage of surviving animals at each day of adulthood is presented. Tau-
transgene expression leads to a reduction in the life-span of worms. Pro-aggregant animals have the shortest
life-span compared to the FL Tau V337M and anti-aggregant animals. However, all of them live shorter
compared to the wild type non-transgenic N2 strain. Chi square Log-rank (Mantel Cox) Test was used for
comparison (** P <0.01, **** P <0.0001).

72



Results

In order to prevent the spawning of progeny, the worms were sterilized by
incubating on NGM plates containing 75 pM FUdR after they had crossed the L4
larval stage. We found that the pro-aggregant animals lived significantly shorter (Fig
3.6). Whether this reduced life span of pro-aggregant animals is related to the insulin
growth factor (IGF)-1-like signalling (IIS) pathway (Kenyon et al., 1993) needs to be

investigated.

3.7  Full-length tau along with the F3 fragment leads to
aggregation (ThS Staining)

Whole worm immunostaining using K9JA pan Tau antibody was used to confirm the
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Figure 3.7: Panneuronal expression of FL Tau V337M along with F3AK280 leads to deposition of
aggregates in C. elegans. (A-C): Tau transgene expression in the nervous system detected with K9JA as
primary antibody and Alexa488 goat anti-rabbit secondary antibody. Neuronal structures were stained in
the anti-aggregant (B) and pro-aggregant (C) Tau transgenic strains (marked with yellow arrowheads), while
faint background staining is observed in non-transgenic controls (A). (D-F): Maximal Intensity Projections
(MIP) of the head region of worms stained with Thioflavin-S to image Tau aggregates. The strong signal in
the pharynx of the animals (marked with a green star) was the result of expression of the transformation
marker (Pmyo-2::gfp), which is excited by the FITC laser used for Thioflavin visualization. Wild type strain
(transformation marker only) in (D) shows only background staining, the anti-aggregant strain (E) shows
very few spots, and the pro-aggregant strain in (F) shows extensive decoration with spots around the nerve
ring area. (G-I): Zoomed in images from K-M, corresponding to the dotted rectangle region. Yellow
arrowheads point to exemplary Thioflavin-S stained Tau aggregates. Scale bar in all the above pictures is 20
pm (adapted from Fatouros C and Pir GJ et al.,, HMG, 2012).
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expression of Tau in the nervous system (Fig 3.7A-C). In order to visualize the tau
aggregates in the worm, Thioflavin-S (ThS) staining was used. ThS is known to bind
amyloid structures irrespective of the source of protein and has been used to detect
the presence of protein aggregates (Link, 1995; Minniti et al., 2009). ThS was applied
on synchronous young adult populations of pro-aggregant and anti-aggregant
worms, as a control worms expressing only the transformation marker were used.
The pro-aggregant animals showed an intense ThS staining in the nerve cord where
most of the neurons in C. elegans make connections, while the anti-aggregation

animals hardly showed any staining (Fig 3.7D-I).

3.8  Pro-aggregation tau combination leads to the deposition of

aggregates right at day 1 of adulthood

We hypothesized that the early onset of phenotype seen in the pro-aggregant
animals right from the first larval stage would be because of the presence of highly
amyloidogenic pro-aggregant repeat fragment F3AK280, which would accelerate the
aggregation of the full-length tau V337M by forming seeds. Thereby, we collected a
synchronous 1 day old adult population of the worms to observe the presence of tau
aggregates at such an early stage. Proteins such as tau, amyloid-p, polyQ-Ht and o-
synuclein, which have implications in various neurodegenerative diseases, are
known to form aggregates that remain insoluble in strong-detergent buffers (DiFiglia
et al., 1997; Kawarabayashi et al., 2001; Lee et al., 1999; Spillantini et al., 1997).
However, the aggregates formed by these proteins can be solubilized by formic acid
or urea and analyzed by SDS-PAGE gels. We sequentially extracted soluble Tau from
the tau-transgenic C. elegans lines using buffers of higher stringency leaving behind
the highly insoluble tau aggregates, which were extracted using formic acid. In
striking contrast to FL tau V337M and anti-aggregant strains, when tau is co expressed
with pro-aggregant repeat fragment F3AK280 in the pro-aggregant line, both
components begin to aggregate and appear in both the detergent soluble as well as
the detergent insoluble fractions, starting at day 1 of the adulthood (Fig 3.8, top
panel_K9JA). Furthermore, the pro-aggregant F3AK280 in the pro-aggregant line
appears only in the detergent insoluble FA fraction, in contrast to the anti-aggregant
repeat fragment F3AK280PP in anti-aggregant line which appears solely in the

74



Results

soluble RAB fraction by this age. However, only full-length V337M tau is
phosphorylated at the KXGS motif (Fig 3.8, mid panel 12E8). Furthermore, tau
aggregates were also phosphorylated at the S396 and S404 epitopes (Fig 3.8, lower
panel_PHEF-1). Taken together the data indicate that the F3AK280 forms seeds and
thereby, initiates and accelerates the aggregation of full-length tau, resulting in the
rapid appearance of aggregates early in the life of the pro-aggregant line. At the
same time, it also confirms that the aggregation of the full-length tau initiated by
F3AK280 is not unique for the WT full-length Tau, AK280 mutant form of full-length
tau or the P301L mutant form of full-length tau (Wang et al., 2007), but extends to the

FL TauV3¥"M mutant as well.
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Figure 3.8: Insoluble Tau aggregates accumulate in the pro-aggregant strain starting at day 1 of
adulthood. Tau was sequentially extracted from equivalent amounts of packed 1-day-old adults using
buffers of increasing stringency and blotted with pan Tau antibody K9JA (upper panel), pS262 antibody
12E8 (middle panel) and pS396, pS404 antibody PHF-1 (lower panel). Anti-actin antibody served as a
loading control. After sequential extraction of tau from 1-day-old adult transgenic C. elegans strains (with
laboratory N2 wild type strain as control), only the pro-aggregant strain (lane 3) showed detergent soluble
(RIPA) and detergent insoluble tau aggregates solubilized with 70% formic acid (FA). FL Tau V337M but not
the F3AK280 fragment is phosphorylated at the KXGS motif (12E8 panel) and the S396 and S404 epitopes
(PHF-1 panel). In the pro-aggregant strain, F3AK280 appears only in the detergent insoluble fraction (lane 3
of the FA fraction in the top panel). In contrast, F3AK280/2P in the anti-aggregant strain appears solely in the
soluble fraction (lane 4 of the RAB fraction, top panel).
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3.9 RNAIi against tau ameliorates the phenotype

In order to make sure that the phenotypic defects seen in our transgenic line are due

to toxicity mediated by tau aggregation so that any attribution of toxicity to the other

200 p<0.001

locomotion speed (um/sec)

Figure 3.9: RNAi against tau ameliorates the phenotype in pro-aggregant animals. Bar diagram plotting
the mean locomotion speed of day 1 adult animals on an empty NGM agar plate grown either on 14440
(empty vector) or F3AK280 RNAi expressing HT115 bacteria. Error bars denote the standard deviation
(adapted from Fatouros C and Pir GJ et al., HMG, 2012).

side-effects caused by the insertion and integration of transgenes into the main
chromosome could be nullified, RNAi against tau was performed in the tau
transgenic strains. Unfortunately, not all the tissues are equally sensitive to RNAi in
C. elegans. Nervous system in C. elegans, in general, is refractory to RNAi in a wild-
type genetic background, however, a few mutations have been discovered which
enhance the RNAi sensitivity in neurons (Samuelson et al., 2007; Simmer et al., 2002).
Therefore, in order for systemic RNAIi to be effective in the neurons where the tau
transgenes are expressed, all the transgenic strains were crossed into a neuronal
RNAI sensitizing background [strain eri-1 (mg366)IV;lin-15B(n744)X (Samuelson et
al., 2007)]. Upon RNAi against F3AK280, the pro-aggregant worms showed a

considerable improvement in the motility (speed=70.7£17 pm/sec for RNAI treated
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versus 36.4+18 for control), while the anti-aggregant worms showed no difference
upon treatment (Fig 3.9). From these experiments it can be concluded that the pro-
aggregant F3AK280 combination with FL TauV3"M leads to accelerated formation of
insoluble tau species and increased toxicity associated by early uncoordinated
locomotion, whereas the FL TauV®"M alone or the anti-aggregant combination does

not.

310 Aggregation increases with age more prominently in pro-

aggregant line

Since the defects in the locomotion enhanced progressively with age and the pro-
aggregant strain showed much stronger and more severe phenotype than the anti-
aggregant strain and the FL TauV®M strain, we looked at the aggregates by
sequentially extracting tau from 7-day old adult worms. At first we performed a
two-step extraction whereby, we extracted the soluble Tau using high salt buffer and
the worm pellet left after first extraction step was dissolved directly in formic acid to
isolate the remaining tau protein which would eventually be considered as insoluble

tau (Fig 3.10).
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Figure 3.10: Tau solubility using two-step protocol. Tau was extracted from equivalent amounts of packed
mixed stage C. elegans transgenic strains (with laboratory N2 strain as control) and immunoblotted with
K9JA pan tau antibody, which recognizes the Tau repeat domain and thus detects both full length V337M
Tau and F3AK280/ F3AK280PP fragments. Anti-actin antibody served as a loading control.

However, to gain more insight into the different species of aggregated tau we

performed the 3 step extraction, thereby dividing the aggregated tau into one that is
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Figure 3.11: Western blot of sequentially extracted of Tau from 7-day-old adult animals using the old
protocol (see methods section 2.2.2.10.1). Samples were blotted using pan Tau K9JA antibody and anti-actin
antibody was used as a loading control. Equal amount of protein was loaded and normalized against FL Tau
V337M sample. The pro-aggregant shows approximately 2-fold soluble (RAB blot), 4-fold detergent soluble
(RIPA blot) and 8-fold detergent insoluble Tau (FA blot), as quantified from 3 independent experiments
(One-Way ANOVA, *p<0.05, **p<0.01, ***p<0.001).

detergent soluble (RIPA fraction) and one that is detergent insoluble (FA fraction).
By following the protocol published earlier, we found both the detergent soluble and
the detergent insoluble aggregates even in the FL TauV3"M strain which corroborated
well with the earlier reports for the FL TauV3¥M strain (Kraemer et al., 2003) (Fig
3.11A), but the pro-aggregant strain showed ~4-fold more aggregates compared to
the FL TauV3¥M strain (Fig 3.11B). However, a small modification of the protocol
whereby the samples were extracted with RIPA buffer twice with additional

washing steps (see section 2.2.2.10.2), yielded detergent insoluble tau only in the
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pro-aggregant strain (Fig 3.12). Taken together, the pro-aggregant repeat fragment
F3AK280 nucleates in C. elegans neurons and provides seeds that leads to the
accelerated aggregation of the full-length V337M Tau. The accelerated aggregation,
in turn, leads to a well-defined and easily distinguishable phenotype early in the life-
span of this C. elegans tauopathy model. This makes it an ideal model for the genetic

screening and last but not least, the compound screening.
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Figure 3.12: Sequential extraction of Tau from 7-day-old adult animals using the modified protocol (for
protocol see methods section 2.2.2.10.2). Equal amount of protein was loaded and immunoblotted using
K9JA pan tau antibody. Anti-actin antibody served as a loading control. Single transgenic F3AK280 (F3) and
F3AK280PP (F3PP) show no bands. FL Htau34 V337M strain (V337M) and anti-aggregant strain (anti) show
the detergent soluble tau (lanes 4 and 6 of the RIPA fraction) but the detergent insoluble aggregates
(solubilized with 70% formic acid) consisting of the FL Htau34 Y337M along with a proteolytic fragment and
the F3AK280 appear only in the pro-aggregant strain (lane 6 of the FA fraction). Lanes 1 and 2 represent the
htau40AK280 and F3AK280 recombinant proteins.

311 Full-length tau along with the F3 fragment leads to gaps in

the motor neurons

To determine whether the severe phenotypic defects observed in the pro-aggregant
strain are a consequence of the defects in the neuronal development and
connectivity, the motor neurons of the tau transgenic strains were examined.
GABAergic motor neurons were visualized by crossing the tau lines with

juls73:[Punc-25::¢fp]lll reporter strain (Lundquist et al., 2001) expressing GFP in the
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Figure 3.13: Pro-aggregant transgenic C. elegans show structural defects in the GABAergic and cholinergic
motor neurons. (A): Wild type example of the Punc-25::gfp reporter which stains GABAergic motor neurons.
(B): Anti-aggregant GABAergic reporter strain (C) Pro-aggregant GABAergic reporter strain. All depicted
worms are day 1 adults. The individual figures are Maximum Intensity Projections (MIP) and the yellow
arrowheads point to axonal gaps along the ventral or dorsal cord. Green stars denote the pharynx which
expresses the GFP transformation marker. Scale bars are 20 um. (D): Graph plotting the percentage of
animals having axonal gaps at day 1, day 3 and day 5 of adulthood. Progressive accumulation of defects is
observed for the pro-aggregant strain (2-way ANOVA, ** for p<0.01, ** for p<0.001 regarding the
comparison or the pro- vs the anti-aggregant strain at the different time points). (E): Percentage of day 1
adult worms showing axonal gaps in the cholinergic motor neurons (Punc-29::mCherry reporter). Three times
more pro-aggregant animals have axonal gaps compared to anti-aggregant animals. (F-H): Representative
MIP pictures of the mid-body cholinergic motor nervous system of (F) wild type Punc-29::mCherry reporter,
(G) anti-aggregant strain and (H) pro-aggregant strain with a ventral axonalgap (yellow arrowhead). Scale
bars here are 20 um. In summary, the pro-aggregant worms show high occurrence of neuronal structural
damage and progressive degeneration (adapted from Fatouros C and Pir GJ et al., HMG, 2012).

GABAergic inhibitory neurons. The pro-aggregant strain showed frequent structural
defects in the form of axonal gaps and varicosities both in the ventral and the dorsal

nerve cord, starting at day 1 of adulthood, which coincided well with the presence of
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detergent insoluble tau aggregates in the pro-aggregant strain at day 1 of adulthood.
In contrast, the anti-aggregant strain did not show severe morphological defects (Fig
3.13 A-C). The structural defects rose with age, so that almost 100% of the pro-
aggregant worms showed axonal gaps by day 5 of adulthood (Fig 3.13 D). By that
age, only 30% of the anti-aggregant reporters developed such defects.

To further consolidate these results, the cholinergic motor neurons which
provide the activating signals to the neuromuscular junctions in coordination with
the GABAergic inhibitory neurons on the opposite side (Schultheis et al., 2011) were
also examined. For this purpose, an extrachromosomal array which marks the
cholinergic neurons [Punc-29::mCherry] was introduced into the tau lines to help
visualize the dorsal and ventral nerve cords of young adult animals for structural
defects. Wild-type reporter strain and the anti-aggregant strain hardly showed any
structural defects (%age of worms with gaps for wild type is 2.3+0.5 and 8.5+3.5 for
the anti-aggregant) (Fig 3.13 F-G). In striking contrast to this, the pro-aggregant
strain showed frequent gaps (%age=27.8+4.8 for day 1 adults), similar to what was
observed in the GABAergic neurons (Fig 3.13 H). These data further support the fact
that the pro-aggregation but not the anti-aggregation Tau combination is toxic for the

neurons.

312 Tau is phosphorylated to a higher extent in the pro-
aggregant C. elegans line

Abnormal pathological fibres in many neurodegenerative tauopatheis are primarily
composed of hyperphosphorylated tau (Buee et al., 2000; Gamblin et al., 2003) and
this phosphorylation of tau has been suggested to play a role in its aggregation (Igbal
et al., 2005; Kosik and Shimura, 2005). We therefore examined the phosphorylation
status of the sequentially extracted tau in our tau transgenic C. elegans lines. As a
control of protein concentration, we used the pan-tau antibody K9JA which detected
both the proteolytic repeat fragments (F3AK280 in pro- and F3AK280PP in anti-
aggregant strain) as well as the full-length tauV3*™ (Fig 3.14_upper pannel). Both
high salt soluble and detergent soluble tau from the three transgenic lines were
phosphorylated at 5 epitopes examined. However, three epitopes pSer202 (Ab CP13),
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Figure 3.14: Pro-aggregant strain shows a pronounced hyperphosphorylation of tau. Tau was sequentially
extracted using buffers of increasing stringency and blotted against the respective antibodies. Anti-actin
antibody served as a loading control. RAB (soluble Tau) and RIPA fractions (detergent soluble Tau) from all
transgenic strains were phosphorylated at all sites examined with the respective phosphorylation-specific
antibodies (12E8 for S262; PHF-1 for S396 and S404; CP13 for S202; ATS8 for S202, and T205; AT100 for T212
and S214) with the exception that no phosphorylation at the CP13, AT8 and AT100 epitopes was observed in
the anti-aggregant strain. Furthermore, the detergent insoluble Tau (FA fraction) of the pro-aggregant strain
was phosphorylated at all sites, except T212 and S214 (AT100 epitope). In addition, PHF-1 antibody detects a
>100-kDa band in the FA fraction of this strain indicating the presence of highly insoluble
hyperphosphorylated aggregates. AT8 also detects a =220-KDa band in the soluble fraction of the same
sample, probably representing intermediate oligomers. In short, insoluble Tau in the pro-aggregant strain
becomes hyperphosphorylated at multiple epitopes.

pSer202, pThr205 (Ab AT8) and pThr212, pSer214 (Ab AT100) showed reduced
phosphorylation in the FL tauV®™ strain compared to the pro-aggregant strain.

Furthermore, detergent soluble RIPA fraction from the anti-aggregant strain did not
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Figure 3.15: (A): Sequentially extracted Tau using buffers of increasing stringency was immunoblotted using
12E8 antibody. The 12E8 antibody against tau phospho-epitope 5262 detects bands (marked by red asterisk
*) common to all the strains including the wild type laboratory N2 strain. The pro-aggregant repeat fragment
F3AK280 is not phosphorylated at this epitope, however, anti-aggregant strain shows a faint band (marked
by green asterisk *) corresponding to F3AK280PP in the soluble RAB fraction. (B): Sequence alignment of the
repeat domains from PTL-1A, Human Tau, Human MAP2 and Human MAP4 proteins showing
homologous regions highlighted in black. The KXGS motifs (in red squares) are conserved throughout
[adapted from (Goedert et al., 1996a)].

show any phosphorylation at the three epitopes vis-a-vis pSer202 (Ab CP13),
pSer202, pThr205 (Ab AT8) and pThr212, pSer214 (Ab AT100). Detergent insoluble
tau (solubilized in 70% formic acid FA) only from pro-aggregant strain was
phosphorylated at all these sites except At100 (pSer214). In addition, AT8 detected a
band of ~220 KDa in the soluble RAB fraction of pro-aggregant strain (Fig 3.14 5th

panel) showing the presence of some intermediate oligomers in the process of
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aggregation. Furthermore, PHF-1 (pSer396/pSer404) also detected a higher band of
>100 KDa in the detergent insoluble FA fraction (Fig 3.14_3rd panel) of pro-
aggregant strain, again confirming the presence of phosphorylated higher oligomeric

Tau species in the pro-aggregant animals.

It is important to note that the antibody against 12E8 phospho-epitope (pS262)
detected two additional bands of ~20 KDa and >30 KDa. These two bands were
common to all the strains including the wild type non-transgenic N2 strain (shown
by red asterisks in (Fig 3.15 A). It has already been reported that Human Tau and C.
elegans PTL-1 (protein with Tau like repeats) share ~50% homology in the repeat
domain (Goedert et al., 1996a; Goedert et al., 1996b). In particular the KXGS motif,
which contains the phosphorylation specific epitope recognized by 12ES, is present
in the PTL-1 repeat domain of C. elegans (Fig 3.15 B). It is reasonable to predict that
this epitope could also be a target for phosphorylation and therefore, we assume
these bands to be the proteolytic fragments of endogenous MAP in C. elegans. In
summary tau of the soluble and insoluble fraction was phosphorylated to a higher
degree in the pro-aggregant strain compared to the FL tauV3®M strain and the anti-

aggregant strain.

3.13 Pro-aggregant animals accumulate higher oligomeric species

One of the hallmarks of AD and other tauopathies is that tau protein gets
accumulated in NFTs consisting of insoluble twisted filaments made of
hyperphosphorylated tau (Mandelkow and Mandelkow, 1998). These insoluble
twisted filaments can be isolated from the brains of patients with AD based on
sarkosyl insolubility (Greenberg and Davies, 1990). In order to observe the presence
of NFTs in our C. elegans Tau-transgenic lines, we allowed a synchronous population
of tau lines to grow for 9 days and used them to isolate tau based on sarkosyl
insolubility. The pro-aggregant line showed only traces of FL. monomeric V337M Tau
in the sarkosyl insoluble fraction (Fig 3.16). Interestingly, we found a higher band of
>220 KDa in the soluble fraction of 9-day old adult pro-aggregant worms. This band
persists in the worm debris even after two extraction steps with high salt buffer (Fig

3.16_Debris blot); showing the presence of higher oligomeric Tau species in the
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Figure 3.16: Blots of sarkosyl extracted Tau from synchronized 9-day old adult worms with pan Tau
antibody K9JA. Proteins were extracted from equal amount of well-packed worm pellets on the basis of
their solubility in sarkosyl and blotted. Anti-actin antibody served as a loading control. The worm debris
which remained after sarkosyl extraction, were dissolved in 2X sample buffer and loaded onto the gel
(Debris-blot). Even after two extractions with high salt buffer, the debris still contained a visible amount of
Tau in case of pro-aggregant samples. This consisted of FL Tau V337M and a higher molecular weight band
of ~220 KDa representing some kind of oligomeric Tau species (lane 3 of Debris-blot). This indicates the
presence of highly insoluble Tau aggregates in pro-aggregant worms. In the sarkosyl-soluble fraction
(sarkosyl sol. blot), the same ~220 KDa band can be seen in the pro-aggregant strain only (lane 3). A faint
signal corresponding to the same band can also be seen in the sarkosyl-insoluble fraction of pro-aggregant
strain (shown by green asterisk in the sarkosyl insol. blot). Asterisks mark non-specific bands common to all
the strains including the laboratory N2 wild type strain. In summary, the pro-aggregant strain shows
accumulation of highly aggregating Tau species in the form of monomers and higher molecular weight
oligomers. These data corroborate the notion that Tau displays increased aggregation when combined with
the amyloidogenic F3AK280 fragment in the pro-aggregant strain, whereas combination with the non-
amyloidogenic F3AK280/2P fragment, or FL Tau V337M alone, do not aggregate to such extent.

pro-aggregant worm which cannot be solubilized with high salt buffer used in the
Davies preparation. A portion of this high molecular weight band also showed up in
the sarkosyl insoluble fraction of the pro-aggregant line. Here again we found some
bands running lower than the full length tau in all the strains including the wild-
type strain as was the case with the 12E8 antibody (see Fig 3.15A). We assume that

because of a different procedure adopted to isolate the insoluble tau using sarkosyl,
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the endogenous MAP proteins like PTL-1, which share about 50% homology with
the repeat fragment of human tau, may get degraded and in the process might
expose the epitopes in the repeat region to a highly specific pan-tau antibody like
KO9JA. This is, however, not the case with the sequential extraction of tau using RAB,
RIPA and FA (as seen in the blots earlier) whereby, the lysates are not incubated at
room temperature. Taken together the data confirm that the presence of the pro-
aggregant repeat fragment F3AK280 potentiates the aggregation of FL V337M Tau in
the pro-aggregant strain, resulting in the rapid appearance of higher molecular

weight soluble Tau oligomeric species.

314 Accumulation of synaptobrevin-1 in the presynaptic areas of

the pro-aggregant line

So far we have described our C. elegans tauopathy model that recapitulates the
cellular pathology observed in mammalian tauopathy models like the accumulation
of hyperphosphorylated Tau aggregates. Earlier studies have linked
hyperphosphorylation and aggregation of Tau to axonal transport defects, synaptic
malfunction and degeneration (Morris et al., 2011). We therefore next set out to
examine the morphology of the synapses, in particular the pre-synaptic areas of the
motor neurons. To examine the synapse morphology in the Tau-transgenic strains, a
reporter gene nls52:[Punc-47::snb-1::¢fp] (Weimer et al., 2003) expressing GFP fused to
Synaptobrevin-1 (SNB-1::GFP) from the motor neuron-specific promoter was used.
Dorsal nerve cord in the posterior gonadal arm was selected to quantify the GFP
fluorescence (Fig 3.17 A-C). The wild type reporter strain showed a regular punctate
pattern of SNB-1::GFP along the neural cord (Fig 3.17 D) as has been described
before also (Nonet, 1999). The anti-aggregant strain also showed a similar pattern
(Fig 3.17 E). On the contrary, the pro-aggregant strain displayed a discontinuous

punctate pattern and staining was generally more diffuse in pre-synaptic areas,
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Figure 3.17: Pro-aggregant animals display defective presynaptic structures and organization already at
early adulthood that deteriorates with age. (A-C): DIC images of the dorsal region above the posterior
gonadal arm (where the imaging of the dorsal neural cord is performed) of (A) wild type, (B) anti-aggregant
and (C) pro-aggregant animals expressing the Punc-49:snb-1::gfp reporter. (D-F): Maximal Intensity
Projections (MIP) of the SNB-1::GFP fluorescent puncta (pre-synaptic termini) along the dorsal neural cord
corresponding to the regions shown in the DIC pictures above. Note that for the pro-aggregation example,
the SNB-1::GFP puncta are weaker and more diffuse (region between the yellow arrowheads). (G-I): Similar
to (A-C) but shown for animals at day 5 of adulthood. (J-K): The MIP of the SNB-1::GFP puncta along the
dorsal cord correspond to the regions shown in (G-I). Note the complete absence of SNB-1::GFP puncta in
the right part of the MIP from the pro-aggregation animal (region between arrowheads). Scale bars are 20
pum. Pre-synaptic termini in the pro-aggregant strain often show diffuse structure and progressively vanish.
(M): Scatter plot of the mean fluorescent intensity of SNB-1::GFP puncta (Arbitrary Units), as measured from
the MIP images for each animal. The line denotes the mean (n.s for non-significant). Kruskall-Wallis
ANOVA (non-parametric) with Dunn’s post hoc test was used for comparisons.(N): Scatter plot showing the
number of SNB-1::GFP puncta (synapses) per 50 um of dorsal cord, calculated from the same images that
were used for the puncta intensity quantification graph in (D). Kruskall-Wallis ANOVA with Dunn’s post
hoc test was used for comparisons. This figure demonstrates the extent of synaptic loss in the pro-aggregant
worms. Synaptobrevin-1 puncta on the dorsal cord are both less intense and less numerous compared to
wild type or anti-aggregant strain (adapted from Fatouros C and Pir GJ et al., HMG, 2012).

87



Results

which serves as an indicator for synaptic transport defects or synaptic loss (Fig 3.17
F). In older animals, this phenotypic pattern deteriorated further (Fig 3.17 G-L).
Quantification of the mean fluorescence intensity of SNB-1::GFP puncta from more
than 25 animals of each genotype showed a reduction in the puncta intensity of the
pro-aggregant strain (mean intensity + s.d.= 1022 + 330 arbitrary units, AU)
compared to both wild type (1410 + 300 AU) and anti-aggregant (1292 + 400 AU)
strains (Fig 3.17 M). Moreover, the density of puncta (number of puncta per 50 um)
was also reduced (Fig 3.17 N). Specifically, pro-aggregant worms had 8.9 * 5.1
puncta per 50 pm, whereas wild type had 14.1 + 3.3 and the anti-aggregants had 12.5
+ 3.5. These alterations in intensity and density of staining can very well represent
the alterations in presynaptic structures, as previously correlated by others (Jin, 2002;
Nonet, 1999). Thus, the over expression of amyloidogenic Tau species causes

extensive progressive synaptotoxicity in this C. elegans Tauopathy model.

3.15 Mitochondria get mislocalized in the DA9 motor neuron of

the pro-aggregant line

Most of the mammalian neurodegenerative models depict a perturbation of
mitochondrial transport and the subsequent energy crisis is known to contribute to
neurodegeneration (Lasagna-Reeves et al., 2011, Morris et al.,, 2011; Schon and
Przedborski, 2011; Thies and Mandelkow, 2007). In order to examine this neuronal
mitochondria mislocalization phenotype in our Tauopathy model, the reporter strain
wyEx2709 [Pitr-1::TOM-20"5%=:yfp] (Klassen et al., 2010), which labels mitochondria
only in the DAY neuron close to the posterior end of the animal was used. DA9 is a
well-defined neuron which possesses a soma located at the ventral side near the
anus, and extends a dendrite anterioventrally, and an axon towards the dorsal cord
which then extends anteriodorsally. This anteriodorsal region typically displays a
regular distribution of mitochondrial particles in a wild-type background (Klassen et
al., 2010) (Fig 3.18 A), extending to the distal axonal segment. The vertical axonal
part is asynaptic and has few mitochondria (Klassen et al.,, 2010). When this
WyEx2709 strain was crossed into the pro-aggregant strain, this regular

mitochondrial distribution was found to be distorted. Few or no mitochondrial
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Figure 3.18: Mitochondria mislocalize to the proximal axonal segment of the DA9 neuron in pro-
aggregation strain. (A): MIP of the YFP fluorescence from the tail region of a Pitr-1::TOM-20"-%::yfp wild
type reporter worm, showing the distribution of labeled mitochondrial particles along the DA9 neuron. The
cell body (labeled by a green star) is located ventrally, extending a dendrite towards the anterior and an
axon to the dorsal cord which then extends anteriorly (yellow arrowheads point to representative labeled
mitochondria). The big fluorescent mass in the middle is the autofluorescence of the gut. Scale bar is 10 um.
(B): MIP of the YFP fluorescence from the tail region of an anti-aggregant worm. YFP-labeled mitochondria
(arrowheads show representative mitochondria) are distributed along the dorsal axon, similar as in wild
type. (C): MIP of the YFP fluorescence from the tail region of a pro-aggregant worm. Note the defective
distribution of YFP labeled mitochondria along the DA9 neuron (the yellow arrowheads point to
mitochondria in the proximal axon, the distal segment is devoid of puncta). (D): Stacked bar diagram
showing the distributions (percentage) of mitochondrial YFP particles in the proximal and distal axonal
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segments (the axon was arbitrarily divided in two parts of equal length for this analysis, see also Fig. S3).
Relatively more mitochondria cluster in the proximal axon of the pro-aggregant Tau transgenics. While in
the wild type reference strain, around 60 % of the total axonal mitochondria are in the distal axonal part, in
the pro-aggregant strain the situation is reversed, with 60% being in the proximal axonal segment. The anti-
aggregants show an intermediate phenotype. 15 to 20 animals from each strain were used for quantification
and error bars denote the standard deviation. Chi-Square Test with Yates’ correction was used for
comparisons. In this figure, the lack of mitochondria in the distal axonal segment of the pro-aggregants’ DA9
neuron is highlighted (adapted from Fatouros C and Pir GJ et al., HMG, 2012).

particles were detected in the distal axonal segment (Fig 3.18 C) whereas the anti-
aggregant strain upon crossing with WyEx2709 strain showed only a moderate
perturbation (Fig 3.18 B). Quantification showed that almost 60% of the axonal
mitochondria accumulated in the proximal region and typically did not reach the
more distal parts of the axon in the pro-aggregant worms. In contrast, only 32% and
45% of the axonal mitochondrial population was localized to the proximal axonal
segment of wild type and anti-aggregant animals, respectively (Fig 3.18 D). It is not
clear whether the absence of mitochondria in the distal axonal region arose from a
severe transport problem or from axonal retraction, reminiscent of the axonal gaps in
Figure 3.13. The results further support the notion that a highly amyloidogenic Tau
species is detrimental for neurons, whereas the non-amyloidogenic species does not

cause severe problems.

3.16 Defective axonal transport in the mechanosensory neurons

of the pro-aggregant line

Since the pro-aggregant animals depicted a mitochondrial mislocalization
phenotype, the next step was to examine if the axonal transport of mitochondria is
affected. The strain js[s609 expresses GFP with a mitochondrial localization signal
(MLS) in the six mechanosensory neurons of C. elegans. The strain was crossed with
our Tau mutants, creating the pro-aggregant and the anti-aggregant mitochondrial
marker strains. Mitochondrial movements were quantified by performing single
plane live imaging of the middle axonal segment of the PLML or PLMR neurons in

immobilized worms. The PLM axon closer to the microscope objective was selected
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Figure 3.19: Pro-aggregant Tau transgenic worms show defective mitochondrial transport in the axons of
mechanosensory neurons. Representative kymographs of PLM axons of pro-, anti-aggregant animals and
wild type derived from time-lapse imaging are shown. Vertical lines represent stationary/docked
mitochondria and oblique lines (labeled by arrowheads) represent the tracks of moving mitochondria. The
slope of this track is an indicator of velocity. Anterograde movements: slope declines to the right, in
retrograde movements to the left. The kymograph space and time scale is shown at the bottom. (A): A
kymograph recorded from a day 1 adult wild type animal. (B): A kymograph recorded from a day 1 adult
animal of the anti-aggregant strain. Note the oblique line in the middle which shows the track of a fast
moving mitochondrial particle (arrowhead). (C): A kymograph recorded from a day 1 adult animal of the
pro-aggregant strain. Note that the two particles in motion make long pauses (oblique lines become vertical,
labeled by yellow arrowheads) and their track displacement is rather limited. (D): Scatter plot of the mean
velocities of mitochondrial particles that were manually tracked from 20 time lapse videos that were
analyzed for each strain. Instantaneous velocity values that were < 10 nm/sec were not included in the
calculation of the means for this plot, as these frames were classified as pause events that were separately
analyzed (see next graph). (E): Bar diagram for the quantification of pausing frequency in relation to time
and distance parameter. The number of pausing events is significantly increased in the pro-aggregant strain.
Error bars account for standard error of the mean (s.e.m).In summary, the axonal transport of mitochondria
in pro-aggregant worms does not run smoothly due to increased pause events, although instantaneous
velocities per se are not substantially different from those seen in the anti-aggregant worms (adapted from
Fatouros C and Pir GJ et al., HMG, 2012).
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for analysis. At least 20 time lapse acquisitions were collected for each strain, the
representative examples of each strain are shown as kymographs in Figures 3.19A-C.
The mean velocity of the continuously moving particles was calculated by manually
tracking each moving GFP particle with Image] (Fig 3.19 D). The pro-aggregant
strain showed lower mitochondrial velocity than the wild type (mean + s.d. =171 +
111 nm/sec versus 256 + 117 nm/sec), whereas the anti-aggregant strain (194 + 131
nm/sec) did not substantially differ from wild type (Figure 3.19 D). However, there
was a striking difference in the mitochondrial pausing frequency between pro-
aggregant and the other two strains. The pro-aggregant strain showed
approximately four times more frequent pause events compared to the anti-
aggregant (Fig 3.19 E). The data suggests that there is a reduced mitochondrial
transport in the axons of the pro-aggregant strain. In summary, our Tau transgenic
strains recapitulate most of the phenotypic defects found in the mammalian
neurodegenerative models and further consolidates the notion that the

amyloidogenic properties of Tau can block axonal transport of mitochondria.

3.17 Compound treatment

Compounds had no effect on the wild-type N2 strain

Having developed a worm model with a well characterised phenotype very early in
its life-span, which shows pathology reminiscent of the cellular pathology, observed
in patients with tauopathy, we next set out to test various compounds which are
known to have anti-aggregation properties. Some of these compounds have already
been tested in vitro (Ballatore et al., 2007; Bulic et al., 2010; Bulic et al., 2009;
Pickhardt et al., 2007). These compounds were tested by supplying them in the liquid
culture so as to facilitate their entry into the worm through all three entry routes
reported so far namely: ingestion, uptake through the skin and uptake via exposed
sensory neuronal endings (Choy et al., 2006; Perkins et al., 1986, Smith and
Campbell, 1996). Given the fact that drugs can have off-target effects when studied
within the context of a whole organism, we tested these compounds first on the wild

type N2 strains in order to make sure that there are no off-target effects and any
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amelioration in the phenotype could be attributed to the anti-aggregation quality of

these drugs.
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Figure 3.20: Compound treatment of wild type N2 strain. (A): Structure of the compounds. bb14 is a
Rhodanine derivative and BSc3094 belongs to the phenylthiazolyl-hydrazide class of compounds while
compound 16 (cmp16) belongs to the aminothienopyridazine (ATPZ) class of tau inhibitors (5-Amino-3-(4-
chlorophenyl)-N-cyclopropyl-4-oxo-3,4-dihydrothieno[3,4—-d]pyridazine-1-carboxamide). ~ (B): Compound
treatment in liquid culture was started at the L1 larval stage until day-3 of adulthood and the thrash assay
was used as readout. bb14, BSc3094 and cmpl6 had no effect on the wild type N2 strain at the three

concentrations used.

We first started with bb14, BSc3094 and compound 16. The compound bb14 is a
Rhodanine derivative and, BSc3094 is a phenylthiazolyl-hydrazide derivative. They
were the two most promising hit compounds obtained in a mammalian cell model of
tau toxicity (Pickhardt et al., 2007). Compound 16 (cmpl6) belongs to the

aminothienopyridazine (ATPZ) class of tau inhibitors (5-Amino-3-(4-chlorophenyl)-
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N-cyclopropyl-4-oxo-3,4-dihydrothieno[3,4-d]pyridazine-1-carboxamide and was the
most prominent tau aggregation inhibitor compound published in a recent in vitro
screen (see figure 3.20 A for structure). It is also able to cross the blood brain barrier
that makes it a good choice for the clinical applications (Ballatore et al., 2010). The
worms were allowed to grow in liquid culture supplied with drugs at three different
concentrations: 25 uM, 50 uM and 100 uM in DMSO. 1% DMSO was used as a control
and thrash assay was used as the readout of the phenotype. The drugs did not have
any effect on the thrashes made by wild type worms at any of these concentrations

(Fig 3.20 B) which confirms that the drugs have no apparent side-effects.

3.18 bbl4, BSc3094 and cmpl6 lead to an amelioration of the
phenotype in the pro-aggregant strain

Now that the drugs did not have any effect on the wild type strain we finally went

on to test these compounds on the pro-aggregant strain in these three concentrations.

A B
150
£ £
E E
E E 100- sk
[+ [ ]
= =
E E 501
= =
- -
U_
h (o) o o o
\‘&F ﬁ a&d& Q@ q‘b Q;-".: Q?"
o *“ & 0% o o
o w0 o o8 e% o & R
C
m_
e Fodokok
£ o
@
2 a0
[1:]
(1]
= 207
l—
U-
O o o .0
@i‘z‘ ‘g._, &Q\ {Q?\ @?\
& V4 < (&
S
A '@ﬁ

Figure 3.21: Treatment of pro-aggregant strain with the anti-aggregation compounds can ameliorate the
phenotype. Bar diagram plotting the thrashing rates of synchronized day-3-old adult pro-aggregant animals
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either untreated in S medium and 1% DMSO as controls or treated with compounds at three different
concentrations. The error bars denote the SEM. bb14 at 50uM (A), BSc3094 at 25uM (B) and compound 16 at
100uM (C) increased the thrash rates by ~ 3, ~5 and ~ 3 times respectively. Unpaired t test was implemented
for comparisons (*** stands for p<0.001, **** stands for p<0.0001 in the comparisons between untreated pro-
aggregant (S medium or 1% DMSO) and compound treated pro-aggregant at the best concentrations.
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Figure 3.22: Sequential extraction of Tau from synchronized pro-aggregant animals after treatment with
aggregation inhibitor compounds. Soluble Tau fraction (RAB), detergent soluble fraction (RIPA) and
detergent insoluble fraction made soluble by 70% formic acid (FA) were immunoblotted using pan Tau
antibody, which recognizes both the full-length V337M Tau and the repeat fragments F3AK280/ F3AK280PP.
Anti-actin antibody was used as an internal control. (A): There is a slight decrease in the insoluble Tau
extracted with formic acid (FA-blot) upon BSc3094 (25 uM) and cmpl6 (100 uM) treatment but not a
significant difference after bb14 (50 pM) treatment. However, treatment with all the three compounds led to
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disappearance of F3AK280 fragment. Asterisk in red (*) may be a proteolytic fragment of Tau. (B):
Quantification of the total, soluble, detergent soluble and detergent insoluble Tau from the pro-aggregant
strain after 50 pM bb14, 25 uM BSc3094 and 100 uM cmp16 treatment. Equal amount of protein was loaded
and immunoblotted with K9JA pan tau antibody, using actin as a loading control. For the quantification lane
intensities were normalized against the untreated (DMSO). BSc3094 and cmp16 lead to approximately 40%
and 50% decrease in the insoluble Tau respectively (One-Way ANOVA, **p<0.01, **p<0.001).

Treated pro-aggregant worms showed more thrashes per minute than the control 1%
DMSO treated worms. The compounds ameliorated the phenotype to different
extents and at different concentrations. 50pM bb14, 25uM BSc3094 and 100uM cmp16
treated worms produced 3 times, 6 times and 3 times more thrashes per minute
respectively than the control 1% DMSO treated counterparts (Fig 3.21). We used
these particular concentrations to perform the biochemistry after the compound
treatment in order to look at the insoluble tau levels. To perform biochemistry, the
culture conditions were extended to 6-well polystyrene plates and allowed to grow
the worms in the presence or absence of compounds until day 3 of adulthood before
lysing them for protein extraction. At the biochemical level, compound treatment
reduced the Tau aggregates. In addition, no F3AK280 appeared in the formic acid
fraction (Fig 3.22 A). BSc3094 reduced the insoluble tau by ~40% and cmp16 by ~50%
(Fig 3.22 B).

3.19 Methylene blue

Methylene blue (MB) is a tricyclic phenothiazine drug (see figure 3.23 A for
structure) (Wainwright and Amaral, 2005). It has been in use for almost 120 years as
a medical drug as well as a staining reagent (Schirmer et al., 2011), however, it has
been recently shown to reduce the aggregation of tau and thereby slow down the
disease (Hattori et al., 2008; Wischik et al., 1996). We tested this compound on the
pro-aggregant strain. We first treated wild type worms with MB and found no
difference in the thrash rates between the treated and the untreated worms (Fig 3.23
B). However, MB treatment led to a partial amelioration of phenotype in pro-
aggregant animals and the treated worms showed ~2 times more thrashes per
minute at 25 pM concentration than the untreated worms (Fig 2.23 C). It should be
noted that at higher concentrations MB started to crystallize in solution. So we

continued with 25 pM MB concentration for biochemical analysis to look at the Tau
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aggregates in the FA fraction (Fig 3.23 D). At the biochemical level, MB treatment
altered the tau solubility and reduced detergent insoluble tau by ~35% (Fig 3.23 E).
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Figure 3.23: Methylene Blue treatment leads to partial amelioration of phenotype along with reduction in
detergent insoluble tau. Total Tau, soluble Tau fraction (RAB), detergent soluble fraction (RIPA) and
detergent insoluble fraction made soluble by 70% formic acid (FA) were immunoblotted using pan Tau
antibody, which recognizes the repeat domains and hence detects both the full-length V337M Tau and the
repeat fragments F3AK280/ F3AK280PP. Anti-actin antibody was used as an internal control. (A): Chemical
structure of Methylene Blue (MB). (B): Bar diagram plotting the thrashing rates of synchronized day-3-old
adult wild type N2 animals either untreated (S medium) as control or treated with 25 uM and 50 pM MB.
MB had no effect on the wild type N2 strain. (C): Bar diagram plotting the thrashing rates of synchronized
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day-3-old adult pro-aggregant animals either untreated (S medium) as control or treated with 25 uM and 50
UM MB. The error bars denote the SEM. MB at 25uM increased the thrash rates by ~ 2.5 times. Higher
concentrations of MB led to its precipitation and were not effective. Unpaired ¢ test was implemented for
comparisons (** stands for p<0.01 in the comparison between untreated pro-aggregant (S medium) and
compound treated pro-aggregant at the best concentration. (D): Sequential extraction of Tau from
synchronized pro-aggregant animals after treatment with MB. Insoluble Tau species in the formic acid
fraction (FA) decrease after Methylene Blue treatment (25 uM). (E): Quantification of the total, soluble,
detergent soluble and detergent insoluble Tau from the pro-aggregant strain after Methylene Blue treatment.
Equal amount of protein was loaded and immunoblotted with K9JA pan tau antibody. For the quantification
lane intensities were normalized against the untreated sample. MB treatment leads to approximately 35%
decrease in the insoluble Tau (Paired t test, *p<0.05).

3.20 Trehalose treatment ameliorates the phenotype of pro-
aggregant line, decreases the aggregation load by inducing
autophagy

The disaccharide trehalose has been reported to induce autophagy and hence
enhance the clearance of autophagy substrates like mutant huntingtin and the A30P
and A53T mutants of alpha-synuclein, associated with Huntington disease (HD) and
Parkinson disease (PD), respectively (Sarkar et al., 2007a). Though it is controversial
whether tau protein is a proteasomal substrate (David et al., 2002; Mori et al., 1987;
Zhang et al., 2005) or not (Brown et al., 2005; Delobel et al., 2005; Feuillette et al.,
2005), recent evidence show that the amount of tau aggregates increase by blocking
the macroautophagy, pointing towards the role of autophagy in the clearance of tau
aggregates (Wang et al., 2009). Furthermore, trehalose treatment reduced the amount
of sarkosyl insoluble Tau in a tet-on N2a cell model and reduced the overall Tau
levels in primary neurons (Kruger et al., 2011). Thereby we tested this disaccharide
in our pro-aggregant strain to see if there is an amelioration of phenotype. The
worms were treated in liquid cultures supplied with 200 mM trehalose starting at L1
larval stage. The adults were analyzed at day 3 of adulthood for locomotion using
the thrash assay as readout. Trehalose led to a partial amelioration of the
uncoordinated phenotype and the trehalose treated worms showed ~2 times more
thrashes per minute than their untreated counterparts (Fig 3.24 B). Then the worms
were analyzed biochemically to examine the levels of tau aggregates on trehalose
treatment (Fig 3.24 C). Upon sequential extraction of tau, it was found that trehalose

treatment resulted in a profound decrease (~50%) in the detergent insoluble tau (Fig
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Figure 3.24: Trehalose treatment leads to partial amelioration of phenotype along with reduction in
detergent insoluble tau. Total Tau, soluble Tau fraction (RAB), detergent soluble fraction (RIPA) and
detergent insoluble fraction made soluble by 70% formic acid (FA) were immunoblotted using pan Tau
antibody, which recognizes both the full-length V337M Tau and the repeat fragments F3AK280/ F3AK280PP.
Anti-actin antibody was used as an internal control. (A): Bar diagram plotting the thrashing rates of
synchronized day-3-old adult wild type N2 animals either untreated S medium as control or treated with
200 mM trehalose. Trehalose had no effect on the wild type N2 strain. (B): Bar diagram plotting the
thrashing rates of synchronized day-3-old adult pro-aggregant animals either untreated S medium as control
or treated with 200 mM trehalose. The error bars denote the SEM. 200 mM trehalose treated pro-aggregant
worms showed ~2 fold thrashes than their counterparts in the S-medium. Unpaired ¢ test was implemented
for comparisons (*** stands for p<0.001 in the comparison between untreated pro-aggregant (S medium) and
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trehalose treated pro-aggregant. (C): Sequential extraction of Tau from synchronized pro-aggregant animals
after treatment with trehalose. (D): Quantification of the total, soluble, detergent soluble and detergent
insoluble Tau from the pro-aggregant strain after trehalose treatment. Equal amount of protein was loaded
and immunoblotted with K9JA pan tau antibody. For the quantification lane intensities were normalized
against the untreated sample. Trehalose treatment led to approximately 50% decrease in the insoluble tau
(Paired t test, ** p<0.01). (E): Chemical structure of trehalose.

3.24 D). These results clearly show that the solubilizing property of trehalose is not
limited to a specific protein as shown also earlier (Arora et al., 2004; Liu et al., 2005;
Tanaka et al., 2004) but is able to solubilize the tau aggregates as well.

Next we examined whether the decrease in the tau aggregates was due to an increase
in the autophagy level induced by trehalose as reported earlier (Sarkar et al., 2007a).
A flux experiment was performed to look at the level of LGG2 (Alberti et al., 2010),
C. elegans ortholog of human MAP1-LC3 (a marker of autophagy) (Rubinsztein et al.,
2009). We decided to use the lysosomotrophic chemical NH4Cl to neutralize the
lysosomal pH and hence block the degradation of LGG2. By blocking its
degradation, we could compare the LGG2 levels in the trehalose treated and the
untreated worms. To determine the saturating concentration of NH4Cl that was
needed to block the lysosomal degradation, we did a concentration dependent
treatment of worms with NH4Cl for 8 hrs and later checked for the LGG2 levels. It
was found that NH4Cl at 150 mM concentration led to the highest accumulation of
LGG2 and beyond 150mM concentration there was again a decrease in the
accumulation of LGG2 (Fig 3.25 A). So we decided to use 150 mM NHyCl
concentration.

Next we allowed synchronized day 1 old adults to grow in liquid cultures in 6-
well polystyrene plates supplemented with 200 mM trehalose until day 3 of
adulthood, at which day they were treated with NH4Cl for 8 hrs to block the
degradation of LGG2. Worms treated with both 150 mM NH4Cl and 200 mM
trehalose showed a huge accumulation of LGG2 compared to the worms treated
either with NHyCl alone or with trehalose alone (Fig 3.25 B). It is important to
mention here that Igg-1 and Igg-2 are two C. elegans homologues of yeast Atg8
(ubiquitin-like protein present on autophagosomal membranes) (Ichimura et al.,
2000). Both LGG-1 and LGG-2 localize to autophagosomes, display a similar

expression pattern and are known to act synergistically in autophagy-induced
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Figure 3.25: Trehalose increases the autophagy level. (A): NH:Cl (a lysosomotrophic chemical) inhibits the
lysosomal degradation by neutralizing their acidic pH, leading to the accumulation of non-degraded
products. Shown here is the concentration dependent effect of NH4Cl on autophagy as seen by the increase
in the levels of LGG-2. Equal amount of protein was loaded and immunoblotted with antibody against
mouse LC3. NHiCl at 150 mM showed the highest accumulation of LGG2 levels and was therefore used for
the subsequent flux experiment. (B): Trehalose treatment in combination with NH4Cl (lane 4) leads to an
additional accumulation of LGG2 compared to the NH:Cl alone (lane 2). No LGG-2 accumulation was seen
in the untreated worms (lane 1) and the worms treated with trehalose alone (lane 3). (C): Figure shows the
sequence alignment of amino acids from the C-terminal segments of LGG-1 and LGG-2 and their
homologues. The conserved residues are shaded in black and the arrow indicates the cleavage site in Atg8p
and MAPLC3 [adapted from (Alberti et al., 2010)].

conditions, namely dauer formation, starvation and aging. Therefore, both can be
used as autophagic markers. However, LGG-2 is more closely related to human
MAP1LC-3 and was shown to be recognized by human LC3 antibody (see Fig 3.25 C
for sequence homology) (Alberti et al., 2010). We used the human-LC3 antibody in

101



Results

our experiments to determine the levels of LGG-2, which in turn served as an
autophagy marker in C. elegans.

This result confirms that trehalose induces autophagy in C. elegans, which would
in turn lead to the clearance of tau aggregates. As a result of which, the toxic protein
aggregate load in the pro-aggregant strain would be reduced which would explain
the amelioration of wuncoordinated phenotype wupon trehalose treatment.
Furthermore, since tau in our C. elegans model is highly phosphorylated at multiple
sites including the KXGS motif (see 12E8 panel_figure 3.14), it is reasonable to
consider that the results from trehalose treatment in our C. elegans tau model lend
support to the earlier findings that tau phosphorylated at the repeat domains is
degraded by macroautophagy (Wang et al., 2009).
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4 Discussion

Aggregation of proteins has been associated with a number of diseases. Tau, a highly
conserved microtubule-associated protein (Cambiazo et al.,, 1995; Goedert et al.,
1996a; Goedert et al., 1989), is predominantly expressed in neurons where its
primary role is to support the neurite outgrowth and axonal transport by way of
stabilizing the microtubules. Tau is an important protein from various disease points
of view in that it undergoes a transition from a highly soluble state to an insoluble
aggregated state. In fact, this pathological aggregation of Tau is one of the hallmarks
of Alzheimer disease and a group of diseases called tauopathies. In this study we
have addressed the issue of aggregation-mediated toxicity of Tau in a well-described
model organism, C. elegans. Our C. elegans model system is based on the expression
of FL V337M Tau and the repeat fragment with AK280 mutation that is endowed
with a tendency to form seeds which lead to an accelerated aggregation and hence an
early appearance of a severe uncoordinated phenotype. The results will be discussed

below:

4.1  Phenotypic characterization of C. elegans Tau-transgenic

lines

In this study we have described C. elegans Tau-transgenic lines based on Tau
aggregation. In order to achieve this we co-expressed two combinations of Tau
transgenes. One that co-expresses a full length V337M Tau (Kraemer et al, 2003)
along with an aggregation prone repeat fragment F3AK280 and the other that co-
expresses full length V337M Tau along with an anti-aggregant repeat fragment
F3AK280PP containing two proline substitutions that prevent aggregation (von
Bergen et al., 2001). In other words, the two lines only differ in the presence of a pro-
aggregant or an anti-aggregant F3 fragment. When we look at the properties of these
two repeat fragments F3AK280 and F3AK280PP, they are the same when it comes to
the functional aspects like microtubule interaction (both have very poor binding) or
phosphorylation sites (both contain the same phosphorylation sites) (Khlistunova et

al., 2006; Wang et al., 2007). However, they only differ in their aggregation
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propensity, therefore, this allowed us to attribute the phenotypic differences in the
two lines solely to Tau aggregation and decouple it from the other functional aspects
of these repeat fragments (phosphorylation, microtubule binding). The first thing we
observed was a severe uncoordinated movement (using thrash assay as readout)
visible already at the first day of adulthood only in the pro-aggregant animals. This
uncoordinated phenotype was progressive and resulted in almost complete paralysis
at day 7 of adulthood making it difficult to analyze their thrashes (Fig 3.4). The anti-
aggregant animals did not show an uncoordinated phenotype in the early days of
adulthood. However, later in their life (after day 5 of adulthood), anti-aggregant
animals developed a rather mild phenotype. This can be explained by the fact that
the expression of full length V337M Tau can produce an age dependent
uncoordinated phenotype in C. elegans as described before (Kraemer et al., 2003). At
the same time, the early onset of the phenotype already at the first day of adulthood
in pro-aggregant animals shows certain advantages over previously published
Tauopathy models of C. elegans (Brandt et al., 2009; Kraemer et al., 2003; Miyasaka et
al., 2005) in that the age-related natural decline in proteostasis (Ben-Zvi et al., 2009;
David et al., 2010; Dillin and Cohen, 2011) can be uncoupled from the Tau-mediated
toxicity. We are also sure that the phenotype shown by the pro-aggregant worms is
not due to a disturbance in important genome loci that might have happened in the
course of integrating the transgenes because a combination of the same pro-
aggregation transgenes in an extrachromosomal array showed a similar effect.
Moreover, RNAi directed against the pro-aggregation fragment F3AK280 partially
suppressed the phenotype (Fig 3.9). This argues that the toxicity solely comes as a

result of the co-expression of the highly amyloidogenic F3 fragment.

Experiments in collaboration with the Baumeister lab (Chronis Fattouros)
showed that the pro-aggregant animals possess three more prominent phenotypic
defects namely, neuronal abnormalities, synaptic dysfunction and mitochondrial

transport defects which will be discussed below:

Neuronal loss is a prominent feature of many neurodegenerative disorders and
many mammalian models of tauopathy can recapitulate this phenotype (Obulesu et

al., 2011). Neuronal dysfunction in our C. elegans tauopathy model was seen as
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discontinuities in dorsal and ventral nerve cords, incomplete commissures and gaps
in the axons (Fig 3.13); however, we saw all these morphological abnormalities
occurred in the neurons in the absence of neuronal loss. There could be several
reasons why there was not an apparent neuronal loss in our model system. First, the
short life-span of C. elegans which gives a relatively short time frame to follow up the
neuronal loss compared to the other model systems. Secondly, it could be that the
neuronal dysfunction in the absence of neuronal loss, as seen in our model system, is
more important during the early phase of AD and other tauopathies. Recent progress
in the pathogenesis of tauopathies has indeed shown that mice develop characteristic
symptoms resembling the human diseases without neuronal loss. It has been
suggested that the physical changes that happen to the neurons in the absence of
neurodegeneration underlie cognitive decline (Yankner et al., 2008). Same sort of
results have surfaced earlier, whereby various animal models of Huntington’s
disease, spinobulbar muscular atrophy (SBMA) and tauopathy develop the
characteristic human disease symptoms in the absence of neuronal loss (Brandt et al.,
2009; Eckermann et al., 2007; Katsuno et al., 2002; Mangiarini et al., 1996; Miyasaka et
al., 2005; Parker et al., 2001; Turmaine et al., 2000; Van der Jeugd et al., 2012).
Furthermore, healthy brain aging is characterized by fine structural changes such as
synaptic deterioration, neuronal sprouting, and restructuring rather than neuronal
loss (Yankner et al., 2008) and these findings were further consolidated by the results
in a recent work from aging C. elegans nervous system (Toth et al., 2012). This means
it is the finer structural changes rather than a neuronal loss that may promote
neuronal dysfunction in neurodegenerative diseases and our tauopathy model can

successfully recapitulate these phenomena.

A loss of pre-synaptic marker SNB-1 in our model system (3.17) gives a clear
indication that the neurons are not functioning properly. It is worthwhile to mention
that synaptic dysfunction does not necessarily correlate with the neuronal loss as has
been shown in the previous studies (D'Amelio et al., 2011, Hoover et al., 2010; Van
der Jeugd et al., 2012). Pro-aggregant C. elegans expressing highly aggregating Tau
species in their neurons have a relatively lower number of synapses (fewer SNB-1
puncta) and weaker synapses as seen by lower puncta intensity. It is important to

note that a perfect correlation of the SNB-1 puncta with the presence of synapses has
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been demonstrated already (Jin, 2002; Nonet, 1999). These observations suggest that
the expression of aggregation prone Tau species in C. elegans neurons leads to
synaptic dysfunction. These findings correlate well with the recent observation from
a mouse model of tauopathy, whereby the expression of a pro-aggregant but not
anti-aggregant full length Tau led to a spinal loss in the absence of neuronal loss

(Van der Jeugd et al., 2012).

As we know that mitochondria play diverse roles in a cell but the most
important function that sets them apart from the other sub-cellular organelles is their
capacity to generate energy currency for the cell in the form of adenosine
triphosphate (ATP), which gives them the name “power houses of the cell”. Their
proper distribution, shape, size, anchorage, turnover and transport are thus essential
for the survival of the cell; in particular the post-mitotic cells like neurons. Therefore,
it is reasonable to think that a perturbation in any of these parameters could underlie
neurodegeneration (Court and Coleman, 2012; De Vos et al., 2008; Ittner et al., 2008;
Roy et al., 2005; Schon and Przedborski, 2011). Two parameters were examined in
our system: mitochondrial distribution and transport. The mitochondrial distribution
was examined in the DAY tail neuron, the cell body of which is located on the ventral
side of the body near vulva and extends a dendrite that runs anterioventrally and an
axon vertically up towards the dorsal cord which further runs anteriodorsally after
making a turn. The distal part of the axon depicts a specific synaptic pattern made en
passant. Since synapses are the highly active components of a neuron that has high
energy demands, mitochondria accumulate and colocalize with these regions
(Klassen et al., 2010). The pro-aggregation animals have proportionally less
fluorescent puncta corresponding to tagged mitochondria in the distal axonal
segment of the DAY tail neuron (Fig 3.18). The puncta seemed to have accumulated
near the cell body. These results point towards three possibilities which are: first,
there is a disruption in the normal mitochondrial transport to the most distal
synapses; secondly, synapses themselves are lost, thereby no mitochondria could be
found and thirdly, the expression of aggregation prone Tau species in the neurons
led to the retraction of axons. In order to differentiate between these possibilities,
mitochondrial transport by time lapse imaging was examined. The results show that

indeed the axonal transport of mitochondria is impaired in the pro-aggregant
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animals expressing the highly amyloidogenic Tau species (Fig 3.19). Although, the
pro- and the anti-aggregant animals do not differ much in the instantaneous particle
velocity, however, the particles make frequent pauses in the pro-aggregant animals.
Mitochondrial particles make short bursts of displacements followed by pauses,
appearing as if they are trying to squeeze in through a mesh but are experiencing
strong resistance. This shows that there is a traffic jam in the neuronal processes and
the supply of cargo material and energy to the growth cones is disrupted. With the
result that the high energy demands of the growth cones are not met, making the cell
processes vulnerable. It would be interesting to examine if the Tau aggregation

inhibitor compounds are able to counteract these phenotypic characteristics.

Furthermore, we also observed that the pro-aggregant animals propagated
slowly compared to the other animals. C. elegans has a short life cycle and is able to
grow in liquid cultures with E. coli as food source. Each animal is capable of
producing hundreds of progenies in a few days. As a matter of fact, if the E. coli food
source is limited, the animals will rapidly consume the E. coli which will result in a
decrease in the OD of wells. This decrease in OD was used as readout for survival or
fecundity of our Tau-transgenic C. elegans. Pro-aggregant animals significantly
differed in finishing the limited E. coli food source until the 24 day of incubation;
however, this difference became insignificant after the 2nd day (Fig 3.5). It has been
shown that certain compounds that decrease C. elegans growth, survival or fecundity
produce a dose dependent delay in food clearance (Voisine et al., 2007). One
explanation for the lack of difference after the 2"d day of incubation would be that,
the decrease in optical density (OD) associated with the consumption of E. coli after
the 2nd day of incubation is compensated by the fecal matter egested overtime by an

increasing population or by some sort of bacterial growth.

4.2  Pro-aggregation strain shows appearance of higher
oligomeric Tau species along with accelerated aggregation at

an early age

The reason behind these phenotypic changes in C. elegans upon expression of

aggregation prone Tau species will be described in this section. Tau is a highly
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soluble protein under physiological conditions (Wille et al., 1992), yet aggregates in
various neurodegenerative diseases. The accumulation of detergent insoluble Tau
aggregates in the pro-aggregant animals were observed very early starting at the first
day of adulthood (roughly 60 hrs. post-hatching) (Fig 3.8), which coincided with the
appearance of other phenotypic defects like severe uncoordinated motion,
morphological changes in the neurons, synaptic dysfunction, and impaired
mitochondrial transport. The presence of aggregates only in the pro-aggregation
strain at the first day of adulthood could not be due to an overall higher tau
expression levels in this strain compared to the others, since both pro- and anti-
aggregant animals show the same level of Tau expression. Even if the FL V337M
strain and the anti-aggregant strain are compared, the total Tau levels in the anti-
aggregant strain is definitely higher because the anti-aggregant strain co-expresses
two Tau species (full-length V337M Tau and F3AK280PP) while the FL V337M
expresses only the full-length V337M Tau, yet the two strains do not differ in their
phenotype. This means it is the higher B-propensity of the Tau species in pro-
aggregation strain rather than the overall protein levels that induce protein
aggregation and the accompanied toxicity. From these results we can infer that the
highly amyloidogenic Tau species are toxic which is in accordance with the recent

reports of mouse models as well (Sydow et al., 2011).

The role of aggregation in the pathogenesis of the disease is still under debate,
while some believe it to be protective as it may take away the more toxic oligomeric
species; others contradict this view (Ballatore et al., 2007; Brunden et al., 2008;
Caughey and Lansbury, 2003; Congdon and Duff, 2008; Morris et al., 2011; Obulesu
et al., 2011; Oddo et al., 2006; Sahara et al., 2008; Santacruz et al., 2005; Spires-Jones et
al., 2011). We believe that aggregates can be tolerated by a cell unto a certain
threshold level. However, once this threshold level is crossed, it can no longer be
protective. The cell cannot simply afford to disown the big garbage lying somewhere
in it, so it has to find some measures to get rid of this garbage. This can be done by
allocating molecular chaperones to the aggregation site in order to dissolve them or
target them for degradation. Besides this, an accelerated aggregation as seen in the
pro-aggregation animals can have many more consequences for a cell. It can

sequester some of the important endogenous proteins in the cell as has been
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suggested by the previous studies (Olzscha et al., 2011) leading to a breakdown of
protein homeostasis and an overall cellular dysfunction. The newly synthesized
polypeptide chains may not find enough molecular chaperones to assist them for
proper folding and this may trigger a new chain of misfolding in the cell leading to a

severe proteostasis breakdown.

On the other hand, we believe that there is an equilibrium existing between
monomers, oligomers and higher Tau aggregates. The presence of a highly
amyloidogenic Tau species like F3AK280 in pro-aggregant animals, enhances the rate
at which this equilibrium is reached which further means that all sorts of
intermediate Tau species including highly toxic oligomeric species start
accumulating and are free to exert their toxic effects by influencing a number of
molecular pathways in the cell. Indeed, the pro-aggregant strain showed the
accumulation of higher oligomers of roughly 220 KDa (Fig 3.16) which could not be
fully solubilized by high salt buffer and remained in the worm debris. However,
these higher oligomers could be solubilized by using SDS which means that they
represent some high molecular weight Tau oligomers capable of interacting with the

membrane proteins.

4.3  Pro-aggregation Tau species reduce the lifespan in C. elegans

The accumulation of damaged protein aggregates can perturb the cell’s capacity for
proteostasis and provoke aging. Increased protein aggregation can lead to the
sequestration of many important proteins including some heat-shock factors, which
might ultimately result in cellular dysfunction (Olzscha et al., 2011). More and more
molecular chaperones become engaged with these aggregates in an effort to dissolve
them or direct them for degradation. This may result in a chaperone crisis in the cell.
With less molecular chaperones available to attend to their newly synthesized
polypeptide clients, a malicious cycle of further protein misfolding and aggregation
may get triggered (Balch et al., 2008; Bence et al., 2001; David et al., 2010; Gidalevitz
et al., 2006). In our case, pro-aggregant animals accumulate Tau aggregates early
starting at the first day of adulthood. This would mean a severe homeostatic
disturbance in the cell which might lead to their premature death. The appearance of

Tau aggregates in the other Tau-transgenic lines (FL V337M line and anti-aggregant
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line) at a later stage might offer a possible explanation for their relatively shorter life-
span compared to the wild-type N2 strain which was only moderately affected (Fig
3.6). Similar findings have been reported in a Drosophila tauopathy model whereby

Tau expression led to a decrease in their life-span (Wittmann et al., 2001).

It would be interesting to see if the Tau aggregates are maintained soluble by
reducing the daf-2/insulin/IGF-1 signaling, which triggers the expression of many
cell-protective proteins and pathways (Henis-Korenblit et al., 2010; Lee et al., 2003;
Melendez et al., 2003; Murphy et al., 2003) that protect from proteostasis breakdown.
A decrease in insulin-signaling was recently shown to also prevent the structural
damage to the neurons in C. elegans which may explain their longer life-span (Toth et
al., 2012). Of equal interest would be to examine if the phenotype of the anti-
aggregant strain gets worse when crossed in a daf-16 deficient background with
increased insulin-signaling and a shorter life-span or in hsf-1 deficient background

with lower expression of cell-protective proteins (Hsu et al., 2003).

44  Full-length V337M Tau but not the seeding F3AK280
fragment is highly phosphorylated in the pro-aggregation

strain

Phosphorylation of Tau and its implications in AD and other Tauopathies is a highly
controversial subject. There are contradictory reports from different studies
employing different model systems that have emerged in recent years. As an
example, a Tau-transgenic Drosophila model showed a high correlation between the
severity of neurodegeneration and Tau phosphorylation with age (Wittmann et al.,
2001). Furthermore, overexpression of shaggy, the fly homolog of glycogen synthase
kinase-34 (GSK-3f) and a potent kinase for Tau phosphorylation, exacerbated the
neurodegeneration. This was associated with an increase in Tau phosphorylation
and appearance of filamentous Tau aggregates (Jackson et al., 2002). Overexpression
of GSK-3p also deteriorated the Tau-induced neurodegeneration in a C. elegans
tauopathy model (Miyasaka et al., 2005). In contradiction to this, overexpression of

GSK-3f improved the motor neuron defects and axonopathy in a Tau-transgenic
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mouse model, in spite of the fact that GSK-3f increases Tau phosphorylation
(Brownlees et al., 1997; Lucas et al., 2001; Spittaels et al., 2000).

We examined the phosphorylation status of Tau in our Tau-transgenic worms at
two stages: 1 day-old adult stage (Fig 3.8) and 7 day old adult stage (Fig 3.14). In 1-
day old adults, there was no major difference in the phosphorylation of soluble Tau
in the FL V337M Tau line, pro-aggregant and anti-aggregant line. Since the FL
V337M Tau line and the anti-aggregant line did not accumulate detergent soluble
and detergent insoluble Tau at this stage, there was no way that we could see
phosphorylation in the fractions of these two lines. However, the pro-aggregant line
showed phosphorylation of Tau in all the three fractions (RAB, RIPA and FA) at the
KXGS motif (12E8 epitope) and the S396 and S404 sites (PHF-1 epitope). Interesting
to note is that only full-length V337M Tau was phosphorylated not the F3AK280
fragment as recognized by the 12E8 antibody. Furthermore, biochemical analysis of
the phosphorylation status of Tau in 7 day-old adults showed that Tau is
phosphorylated in the other lines as well, although not to the extent as it is in the
pro-aggregant line. Again it was only the full-length V337M Tau that was
phosphorylated at the KXGS motif as was the case in 1 day-old adult pro-
aggregation line. Interestingly, a faint signal was recognized by 12E8 antibody
(shown in Fig 3.15 by green asterisk) corresponding to F3AK280PP fragment in the
soluble RAB fraction of anti-aggregant line. It is important to note that the
aggregation of highly amyloidogenic F3AK280 fragment, which is expressed in our
pro-aggregant line, was shown to have no correlation with the degree of
phosphorylation at KXGS motifs (Khlistunova et al., 2006) and at the same time
phosphorylation at KXGS motifs inhibits the processing of repeat domain K18AK280
and thereby slows down the aggregation of Tau (unpublished data from our lab).
From these results, we can infer two things: first, the seed formation by a highly
amyloidogenic Tau fragment like F3AK280 may mask this phosphorylation site,
however, the same site is free to be phosphorylated in anti-aggregant Tau fragment
like F3AK280PP. Second, an amyloidogenic fragment F3AK280 is highly toxic to the
neurons even though it is not phosphorylated while a non-amyloidogenic fragment
F3AK280PP which becomes phosphorylated but is unable to aggregate can be

tolerated by the neurons. To put it in simple terms, phosphorylation in the flanking
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regions of full-length Tau may not be a primary event in the pathogenesis of
tauopathy. However, the fact that we observed some higher soluble (Fig 3.14_ATS8
panel) and insoluble oligomers (Fig 3.14_PHEF-1 panel) only in the pro-aggregant
animals, do not exclude the possibility that phosphorylation plays a role in Tau-
induced toxicity. Whether phosphorylation follows aggregation or vice versa
remains an enigmatic question. It is known that both, too much as well as too little
phosphorylation could be detrimental (Mandelkow and Mandelkow, 2012). In the
former case, more tau can get detached from the microtubules and is available to
aggregate. In the latter case, more Tau is going to bind to microtubules thereby,
setting up a competition to other microtubule binding proteins. What we can say is
that there is a right balance between the function of kinases and phosphatases in a
cell, which regulate the phosphorylation of Tau and any disturbance in this balance,

might be toxic for the cell.

45  Inhibiotor compounds of Tau aggregation protect against

Tau-induced toxicity

The ultimate aim of studying the mechanism of Tau-induced toxicity in lower
organisms is to eventually use them for drug testing. If a drug shows positive results,
it could be followed up in higher animals and eventually promoted for clinical trials.
C. elegans offers many advantages when it comes to drug testing. The drugs can be
tested in liquid cultures which enhance the drug delivery into the worm through all
the three entry routes described (Choy et al., 2006; Perkins et al., 1986; Smith and
Campbell, 1996). The fact that the drugs are tested in the context of the whole
organism, any off-target effects due to their interaction with a wide range of proteins
in the cell can be nullified. Furthermore, drugs which pass the initial in vitro tests
may not be active in vivo because they may not enter the cells, may get selectively
transported out, or may be rapidly metabolized when tested in whole organisms
(Mazanetz and Fischer, 2007). This emphasizes the need to have a disease model
which can allow a rapid, high throughput in vivo drug testing which may not be

offered by the higher animal models like transgenic mice.
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In this study, thrashe assay, an undulatory movement shown by the worms
when placed in a drop of liquid, was used as readout to screen compounds some of
which have been proven to be effective against Tau aggregation. Methylene blue
(MB) and two other compounds bbl4, BSc3094 belonging to the Rhodanine and
phenylthiazolyl-hydrazide class of compounds respectively were tested initially. The
compounds can partially ameliorate the uncoordinated phenotype of pro-
aggregation animals by reducing the Tau aggregates. The compound treatment led
to the disappearance of the seed forming repeat fragment F3AK280 from the
detergent insoluble Tau aggregates, which means that the extent of Tau aggregation
is dramatically reduced by compound treatment (Fig 3.22). Important to mention is
that in order for compounds to be essentially effective they need to be administered
from the early larval stages, so as to inhibit even the initial formation of toxic
oligomeric Tau species. MB, bbl4 and BSc3094 have recently been demonstrated to
have protective effects in various cell and animals models (Bulic et al., 2007; Bulic et
al., 2010; Hattori et al., 2008; Medina and Wandosell, 2011; Pickhardt et al., 2007;
Schirmer et al., 2011; Wischik et al., 1996). Using the results from MB, bb14 and
BSc3094 treatment as proof of principle, we tested another compound on our C.
elegans tauopathy model namely; compound 16 (cmpl6). Cmpl6é belongs to the
ATPZ class of compounds and the treatment with this compound showed protection
against Tau aggregation-induced toxicity. This ATPZ Tau inhibitor has been shown
to block Tau aggregation in vitro (Ballatore et al., 2010). Cmp16 also has a potential
to cross the blood brain barrier making it a good candidate to be promoted for
studies in higher animal models. It is possible that the bacteria in the culture, which
serve as food for worms, could metabolize the compounds and alter their chemical
structure. However, the use of dead bacteria as food source together with the fact
that a significant improvement in the Tau aggregation-induced phenotype after

treatment was observed, rules out any such possibility.
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4.6  Trehalose induces autophagy and relieves the worms from

Tau-aggregation induced toxicity

Aggregation of Tau, an otherwise highly soluble protein under physiological
conditions, is a characteristic feature of several neurodegenerative diseases including
AD. Autophagy plays a cardinal role in the cellular protein quality control and this is
particularly important in post-mitotic cells like neurons, where the cell cannot reduce
the total damaged protein and organelle load by redistribution to daughter cells.
Besides homeostasis, autophagy also plays an important role in the remodeling of
neuronal structures required to support neuronal plasticity (Wong and Cuervo,
2010). Keeping these things in mind and besides the fact that our tauopathy C.
elegans model expresses Tau transgenes in the nervous system, any efforts to restore
autophagy levels may prove to be protective. Here we show that, trehalose treatment
can mitigate Tau aggregation- induced toxic effects through autophagy mediated
reduction of Tau aggregate burden in our C. elegans model of tauopathy. Treatment
of pro-aggregation worms with trehalose from the early embryonic stages
ameliorates the Tau-induced uncoordinated phenotype (Fig 3.24). Studies have
pointed out a role for autophagy in the clearance of protein aggregates for a number
of proteins, including B-amyloid, a-synuclein, ataxin-3, prion protein and huntingtin
(Casarejos et al., 2011; Heiseke et al., 2009; Majumdar et al., 2011; Pickford et al., 2008;
Riedel et al., 2010; Sarkar et al., 2007b; Spilman et al., 2010; Webb et al., 2003). As far
as the degradation pathway of Tau is concerned, it has been studied in systems
based on Tau overexpression and the results are controversial. While some advocate
for the proteasomal pathway (Carrettiero et al., 2009; Dickey et al., 2008; Shimura et
al., 2004; Zhang et al., 2005), others argue that autophagy plays a major role (Berger
et al., 2006; Hamano et al., 2008; Wang et al., 2009). However, a recent study focused
on the endogenous Tau in primary neurons and found that the induction of
autophagy can reduce endogenous Tau levels (Kruger et al., 2011). In this study, we
show that trehalose can induce autophagy in C. elegans, as seen by an increased level
of LGG-2 (MAP1LC3 ortholog in C. elegans) in autophagy flux experiment (Fig 3.25),
and reduce the level of detergent insoluble Tau aggregates (Fig 3.24). This

observation is in agreement with the previous reports, namely that trehalose induces
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autophagy through an mTOR-independent pathway in cancer cell lines (Sarkar et al.,
2007a). Furthermore, an FDA approved drug that increases autophagy in a TOR-
dependent manner has also been shown to be protective against Tau pathology in fly
and mouse models as well (Berger et al., 2006; Caccamo et al., 2010).

Additionally, trehalose was shown to be protective by inducing autophagy-
mediated degradation of Tau aggregates in a tet-on N2a cell model of Tau
aggregation. The same study reported that trehalose can inhibit protein aggregation
in vitro as well (Kruger et al., 2011). Besides inducing autophagy, trehalose is known
to act as a chaperone and stabilize the proteins in their native confirmation in vitro
protecting them from aggregation (Hammarstrom et al., 2003; Singer and Lindquist,
1998). Therefore, by inducing autophagy and inhibiting aggregation at the same
time, trehalose may offer a dual protection and being a disaccharide that can easily
pass the blood brain barrier along with the fact that an increased autophagy may be
protective against various protein misfolding diseases including AD, makes

trehalose a promising candidate for treating these diseases.

An interesting future perspective would be to examine if the neuronal defects
seen in our Tau-transgenic model can be improved by inducing autophagy (for
example by trehalose) or by epigenetical studies using a C. elegans mutant with an
over-activated pathway for lysosomal biogenesis (Settembre et al., 2011).

We finally arrive at the model shown below:
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Figure 4.1: Tau is a highly soluble protein under physiological conditions; however, under pathological
conditions it can aggregate and form PHFs. We propose that the aggregation is a multi-step process which
proceeds through nucleation step with nuclei acting as foundation stones and that there is an equillibrium
existing between the soluble and the insoluble tau. The nucleation step seems to be the rate limiting step.
Under physioligical conditions, a high activation energy is required to cross this barrier, thereby, shifting the
equillibrium towards the elongation process. In the in vitro experiments, this activation energy can be
brought down by the addition of polymerizing agents like heparin. While the aggregation of full-length tau
in a cell can be accelerated by the proteolysis of the full-length tau which results in the release of highly
aggregating species like the repeat domain (K18) and its proteolytic fragments (F2 and F3) with a high
nucleation property. Once the foundation stone is laid, the nuclei can elongate very fast by adding to them
the free tau molecules in the cell and at the same time may also sequester other proteins in the cell. We
propose in our model that the presence of F3Ak280 brings down the activation energy needed for the full-
length tau (V337M) to cross the nucleation barrier. This leads to the acceleration of the aggregation of full-
length tau and a high abundance of toxic species (right panel). In a normal wild type worm, the neuronal
transport including that of synaptic vesicles, mitochondria and other important factors required for a normal
synaptic transmission is maintained by a balanced activity and turn over of the mircotubules and the
associated MAP proteins (left upper panel). The presence of aggregates, however, hinders this normal
transport either by themselves or by the sequestration of the endogenous MAP proteins and other factors
required for the microtubule stabilization and turnover. The sequestration may also provoke the cell to
increase the expression of the endogenous MAPs which will increase the amount of MAP protein bound to
microtubules, leaving no binding sites for the motor proteins that carry out transport (left middle panel).
This impairment in transport will lead to the starvation and blockage of the synaptic transmission at the
synapses which will ultimately lead to the neuronal death. Antiaggregation-compounds restore the normal
transport partially either by decelerating the aggregation process or by breaking down the aggregates to
easily degradable species (left bottom panel).

116



Summary

5 Summary

Proteins under certain conditions polymerize to form soluble oligomers, which
eventually lead to insoluble fibrillar or amorphous aggregates. This may lead to an
obstruction of the cell and a reduced availability of the protein for normal functions.
Tau is one example; under normal conditions, Tau is a highly soluble protein that
binds and stabilizes axonal microtubules (Binder et al., 1985). However, Tau gets
modified posttranslationally and forms highly ordered fibrillar aggregates which
accumulate as neurofibrillary tangles in AD and other neurodegenerative
tauopathies (Mandelkow and Mandelkow, 2012). In this study we have generated
transgenic C. elegans lines in which full-length V337M Tau is co-expressed with
different fragments of the Tau repeat domain in the nervous system. The repeat
fragments differ by two point mutations in the hexapeptide motifs, which determine
whether they can adopt a beta structure conformation and hence aggregate or not.
The “pro-aggregant” C. elegans line co-expresses full-length V337M Tau along with
the aggregation prone repeat fragment F3AK280. By contrast, the anti-aggregant line
co-expresses full-length V337M Tau along with the repeat fragment F3AK280PP,
which cannot aggregate due to the presence of two beta-sheet breaking prolines. The
project was aimed at a better understanding of the role of Tau aggregation on cell
toxicity and dysfunction in the context of a whole organism. An additional aim was
to explore the potential for drug screening against Tau aggregation in a cost effective

manner. The results are summarized as follows:

(i) The pro-aggregant animals show a severe uncoordinated phenotype (paralysis)
starting at the first day of adulthood which is due to a defective pre-synaptic
transmission. The nervous system of the pro-aggregant animals shows abnormalities
in the form of neuronal gaps and defective axonal mitochondrial transport. By

contrast, the control anti-aggregant animals show a rather mild phenotype.

(ii) The pro-aggregant animals accumulate detergent soluble and detergent
insoluble Tau aggregates starting at the first day of adulthood (roughly 60 hrs. after
hatching) while anti-aggregant animals do not. The presence of Tau aggregates in

pro-aggregant animals at such an early age allows one to attribute this phenotype to
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the presence of Tau protein and to distinguish it from age-related breakdown of
proteostasis. Besides this, soluble and insoluble oligomeric Tau species of roughly
220 kDa appear in the pro-aggregant animals as shown by biochemical analysis. As a
result, the pro-aggregant animals suffer from stress due to misfolded protein
accumulation. This is the likely cause for decreased microtubule stabilization,

defective axonal transport, and ultimately neuronal dysfunction.

(iii) Tau is extensively phosphorylated in the pro-aggregant animals at most of the
sites found in the AD brain. Higher order soluble oligomeric Tau species (high salt
soluble RAB fraction) of roughly 220 kDa were detected by AT8 antibody (pSer202
and pThr205 epitope) only in the pro-aggregant animals. These intermediate
oligomers are thought to be the most toxic species. The pro-aggregant animals also
developed detergent insoluble Tau oligomeric species of roughly 100 kDa detected
by PHF-1 antibody (pSer396 and pSer404 epitope). The results show that human Tau

can undergo post-translational modification in C. elegans to a disease state.

(iv) The severe uncoordinated phenotype in this animal model allowed us to test
compounds against Tau aggregation. Several compounds can ameliorate the
phenotype by reducing the Tau aggregates. This illustrates the usefulness of the C.
elegans model as a fast and cost-effective tool for assessing potential drugs for Tau

pathology.
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7.1
AP
ABAD
ACTH
AD
ADDLs
ADP
ALS
AMP
ANOVA
APOE
APP
APS
ATP
ATPZ
BBB
BCA
BMB
BRSK
BSA
CaClx
CAST
CD
CDK
CHAP

CHIP
CHO
Cmplé
CNS
CREB

Abbreviations

Amyloid-p peptide

AB-binding alcohol dehydrogenase
Adrenocorticotropic hormone
Alzheimer’s disease

AB-derived diffusible ligands
Adenosine diphosphate
Amyotrophic lateral sclerosis
Adenosine monophosphate
Analysis of variance
Apolipoprotein E

Amyloid precursor protein
Ammonium persulfate

Adenosine triphosphate
Aminothienopyridazine

Blood brain barrier

Bicinchoninic acid

Bromophenol blue

Brain specific kinase

Bovine serum albumin

Calcium chloride

Calpastatin

Circular dichroism spectroscopy
Cyclin dependent kinase
(3-[(3-Cholamidopropyl) dimethylammonio]-1-
propane sulfonate)

Carboxyl terminus of Hsp70-interacting protein
Chinese hamster ovary

Compound 16

Central nervous system

cAMP response element binding protein
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CSF Cerebrospinal fluid

Da Dalton

DDPAC Disinhibition-dementia-parkinsonism-amyotrophy
complex

DIV Days in vitro

DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid

DTIT Dithiothreitol

ECL Enhanced chemiluminescence light

EDTA Ethylene diamine tetraacetic acid

EF Endotoxin free

EGTA Ethylene glycol tetraacetic acid

ER Endoplasmic reticulum

EthD Ethidium homodimer

FA Formic acid

FAD Familial Alzheimer’s disease

FBS Fetal bovine serum

FL-Tau Full-length Tau

FL V337M Tau Full-length Tau with V337M mutation

FTDP-17 Frontotemporal dementia and parkinsonism linked to

chromosome 17

FUdR Floxuridine (5-fluorodeoxyuridine)
GFP Green fluorescent protein

GRK G-protein coupled receptor kinase
GSK-3p Glycogen synthase kinase 3§

GSS Gerstmann-Scheinker-Straussler syndrome
HBSS Hank’s buffered salt solution

HCl Hydrochloric acid

HCIO4 Perchloric acid

HD Huntington disease

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol
H2O2 Hydrogen peroxide
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HPLC
Hsc70
hsf-1
Hsp70
IGF-1
IPTG
kDa
LB
LDH
MAP
MAPK
MAPT
MARK
MB
MBq
MCS
MEM
mg
MgCla
MHC
ml
mM
mRNA

MSTD
mt
MT

MTT

MW
N2

High pressure liquid chromatography
Heat shock cognate 70

Heat shock factor 1

Heat shock protein 70

Insulin-like growth factor 1

Isopropyl B-D-1-thiogalactopyranoside
Kilo-Dalton

Luria-Bertani

Lactate dehydrogenase

Microtubule associated protein
Mitogen activated protein kinase
Microtubule associated protein Tau
Microtubule-affinity regulating kinase
Methylene blue

Megabecquerel

Multiple cloning site

Modified essential medium

Miligram

Magnesium chloride

Major histocompatibility complex
Mililitre

Milimolar

Messenger ribonucleic acid

Apparent relative molecular weight
Familial multiple system tauopathy with presenile
dementia

Mitochondria

Microtubule
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

Molecular weight

Normal wild-type laboratory
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NaCl
NADH
NADPH
NaF
NaHCO;
NaN3
NaOCl
Na3zVOq
NFTs
ng
NGM
NH4Cl
NH4HCO3
nm

nM
NMDA
NP40
OA

OD
PARP
PBS
PCR
PD
PDC
PDPKs
PHF
PKA
pmol
PMSF
PNS
PPND

C. elegans strain

Sodium chloride

Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide phosphate
Sodium fluoride

Sodium bicarbonate

Sodium nitrite

Sodium hypochlorite

Sodium vandate

Neurofibrillary tangles

Nanogram

Nematode growth medium
Ammonium chloride

Ammonium bicarbonate
Nanometre

Nanomolar

N-methyl-D-aspartate

Nonyl phenoxypolyethoxylethanol
Okadaic acid

Optical density

Poly (ADP) ribose polymerase
Phosphate buffered saline
Polymerase chain reaction
Parkinson’s disease
Parkinson-dementia complex
Proline directed protein kinases
Paired helical filament

Cyclic AMP-dependent protein kinase A
Picomolar
Phenylmethylsulfonylfluoride
Peripheral nervous system

Pallid-ponto-nigral degeneration
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PS

PSA
p-Tau
PTH
PVDF
RAB
RIPA buffer
RNAi
rpm
SAD
SADK
SDS
SDS-PAGE
SFKs
SNB

spP
SW-PCR
TAE
Tau
TBST

Tg

ThS

ThT
U/mg
uv
WLB

Wt
3xTg
3R
4R
B-Me

Presenilins

Puromycin sensitive aminopeptidase
Phospho-Tau

Phenylthiohydantoin

Polyvinylidene fluoride

Release assay buffer
Radioimmunoprecipitation assay buffer
Ribonucleic acid interference
Revolutions/rotations per minute
Sporadic Alzheimer’s disease

Synapses of Amphids Defective Family Kinases
Sodium dodecyl sulfate
SDS-polyacrylamide gel electrophoresis
Src Family kinases

Synaptobrevin

Senile plaques

Single worm polymerase chain reaction
Tris-Acetate-EDTA buffer
Tubulin-associated unit

Tris buffer saline containing tween
Transgenic

Thioflavin S

Thioflavin T

Units per milligram

Ultraviolet

Worm lysis buffer

Weight/volume

Wildtype

Triple transgenic

3 repeat Tau domain

4 repeat Tau domain

B-mercaptoethanol
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Hg

uM

um

7.2

Deletion
Microgram
Microlitre
Micromolar

Micrometre

Protein sequences

Protein sequence of Tau (longest isoform in CNS, 441 residues)

1
61
121
181
241
301
361
421

maeprgefev
setsdakstp
hvtgarmvsk
tppssgeppk
srlgtapvpm
pgggsvgivy
thvpgggnkk
dspglatlad

medhagtygl
taedvtaplv
skdgtgsddk
sgdrsgyssp
pdlknvkski
kpvdlskvts
iethkltfre

evsaslakqgg

gdrkdgggyt
degapgkgaa
kakgadgktk
gspgtpgsrs
gstenlkhagp
kcgslgnihh
nakaktdhga
1

mhgdgegdtd
agphteipeg
iatprgaapp
rtpslptppt
gggkvgiink
kpgggqgvevk

eivykspvvs

aglkesplgt
ttaeeagigd
ggkgganatr
repkkvavvr
kldlsnvgsk
sekldfkdrv

gdtsprhlsn

ptedgseepg
tpsledeaag
ipaktppapk
tppkspssak
cgskdnikhv
gskigsldni
vsstgsidmv

(Genbank accession no: NP_005901) (Goedert et al., 1989a)

Protein sequence of hTau40AK280

51
101

151
201
251
301

351
401

MAEPRQEFEV MEDHAGTYGL GDRKDQGGYT MHQDQEGDTD
AGLKESPLQT

PTEDGSEEPG SETSDAKSTP TAEDVTAPLV DEGAPGKQAA AQPHTEIPEG
TTAEEAGIGD TPSLEDEAAG HVTQARMVSK SKDGTGSDDK
KAKGADGKTK

IATPRGAAPP GOQKGQANATR IPAKTPPAPK TPPSSGEPPK SGDRSGYSSP
GSPGTPGSRS RTPSLPTPPT REPKKVAVVR TPPKSPSSAK SRLQTAPVPM
PDLKNVKSKI GSTENLKHQP GGGKVQIINK LDLSNVQSKC GSKDNIKHVP
GGGSVQIVYK PVDLSKVTSK CGSLGNIHHK PGGGQVEVKS
EKLDFKDRVQ

SKIGSLDNIT HVPGGGNKKI ETHKLTFREN AKAKTDHGAE IVYKSPVVSG
DTSPRHLSNV SSTGSIDMVD SPQLATLADE VSASLAKQGL *
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Protein sequence of anti-aggregant hTau40AK280PP

" MAEPRQEFEV MEDHAGTYGL GDRKDQGGYT MHQDQEGDTD
AGLKESPLQT

51 PTEDGSEEPG SETSDAKSTP TAEDVTAPLV DEGAPGKQAA AQPHTEIPEG

101 TTAEEAGIGD TPSLEDEAAG HVTQARMYVSK SKDGTGSDDK
KAKGADGKTK

151 IATPRGAAPP GQKGQANATR IPAKTPPAPK TPPSSGEPPK SGDRSGYSSP

201 GSPGTPGSRS RTPSLPTPPT REPKKVAVVR TPPKSPSSAK SRLQTAPVPM
251 PDLKNVKSKI GSTENLKHQP GGGKVQPINK LDLSNVQSKC GSKDNIKHVP
301 GGGSVQPVYK PVDLSKVTSK CGSLGNIHHK PGGGQVEVKS EKLDFKDRVQ
351 SKIGSLDNIT HVPGGGNKKI ETHKLTFREN AKAKTDHGAE IVYKSPVVSG
401 DTSPRHLSNV SSTGSIDMVD SPQLATLADE VSASLAKQGL *

Protein sequence of pro-aggregant repeat domain K18AK280

1 MQTAPVPMPD LKNVKSKIGS TENLKHQPGG GKVQIINKLD LSNVQSKCGS
51 KDNIKHVPGG GSVQIVYKPV DLSKVTSKCG SLGNIHHKPG GGQVEVKSEK
101 LDFKDRVQSK IGSLDNITHV PGGGNKKIE*

Protein sequence of anti-aggregant repeat domain K18AK280PP

1 MQTAPVPMPD LKNVKSKIGS TENLKHQPGG GKVQPINKLD LSNVQSKCGS
51 KDNIKHVPGG GSVQPVYKPV DLSKVTSKCG SLGNIHHKPG GGQVEVKSEK
101 LDFKDRVQSK IGSLDNITHV PGGGNKKIE*

Protein sequence of pro-aggregant repeat fragment F3AK280

1 MSKIGSTENLKHQPGGGKVQ IINKLDLSNV QSKCGSKDNI KHVPGGGSVQ
51 IVYKPVDLSK VTSKCGSLGN IHHKPGGGQV EVKSEKLDFK DRVQSKIGSL
101 DNI*

Protein sequence of pro-aggregant repeat fragment F3AK280PP

1 MSKIGSTENLKHQPGGGKVQ PINKLDLSNV QSKCGSKDNI KHVPGGGSVQ
51 PVYKPVDLSKVTSKCGSLGN IHHKPGGGQV EVKSEKLDFK DRVQSKIGSL
101 DNI*
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7.3 Oligonucleotide sequences

Unc N-t GGGCTGCTCATCTAATCTTTTGTCATTTTGTTC
Unc C-t CGGCATCCGCTTACAGACAAG

NcoKpn K18 Nt CCATGGTACCATGCAGACAGCCCCCGTG

K18 EcoRI Ct GAATTCCTATTCAATCTTTTTATTTCCTCCGCC

Unc-25 Xbal Nt

Unc-25 Ncol Ct

F3 NcoKpn Nt

F3 EcoRI Ct

Ht40 KpnNco Nt
Ht40 EcoRI Ct
Htau Spel Ct
Ht40 EcoRIEagl

K18 EcoRIEagl

F3 EcoRIEagl

K18 Nt pRab
pRab Ct

K18 Nt Punc
Punc25 Ct
Paex31
(pCJ151 Fwd)
Paex3 2
Paex3 3
Paex3 4
Paex3 5

CTCTAGAAAAAACACCCACTTTTTGATCTCAAA
TTTGCACITATTAAG
CCCATGGGGCGGTGAACTGAGCTITTTCCC
TATTCC
CCCATGGTACCATGTCCAAGATCGGCTCCA
CTGAG
GGAATTCCTAGATATTGTCCAGGGACCCAA
TCTTC

GGGTACCATGGCTGAGCCCCGCCAG
GGAATTCTCACAAACCCTGCTTGGCCAGG
AACTAGTCTCACAAACCCTGCTTGGCCAGG
CCGGCCGAATTCTCACAAACCCTGCTTGGCC
AGG
CCGGCCGAATTCCTATTCAATCTITTTTATTTC
CTCCGCC
CCGGCCGAATTCCTAGATATTGTCCAGGGA
CCCAATCITC

GTGCCCATGCCAGACCTGAA
GGGAACAAAAGCTGGCGITA
GTGCCCATGCCAGACCTGAA
AAATTTGTTATCCGCGGCCG
ATCACACGGAAATCTGTTIT

TCTCTCCCTCTATTGATTTG
AAATATTGGATGTCGTGGGA
CCAGTCAAATGAAGTCCAAA
TAATTTCTTCTGTTCCGTTT
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Paex3 6

Paex3 7 (pCJ151 Rev)
ECFP KpnNco Fwd
ECFP NdXhEcEag Rev

Ptl-1A Ndel fwd
Ptl-1A Nhel rev
Ptl-1B Nhel rev
Pti1-1

Ptl1-2

Ptl1-3

Pti1-4

Ptl1-5

Ptl1-6

Ptl1-7

Ptl-1A Rpt Ndel
Ptll s

Ptl1 as

Paex-3 Spel fwd
Htau BamHI fwd
Htau XhoIBamHI rev

Htau40attB1 fwd

Htau40attB2 rev

GGATAGGTACATTGGTGCAA
CCGTTACGAAACAGACTGAT
CGGTACCATGGTGAGCAAGGGCGAGGAG
CCGGCCGAATTCCTCGAGCATATGCTTGT
ACAGCTCGTCCATGCCGAG
CCATATGTCAACCCCTCAATCAGAGCCTGGA
TCCG
GGCTAGCTCAGCGATTGAATATAAAATCAG
GAGAAAGAGGATAAATGGC
GGCTAGCTCAATTATTGTGGCCGTCATCATT
TTTGGTCGAC

TTCCGGTTCAGGTTCGGGC
TCGAATCTCCTCCTCGAGAACAAG
TCGAGCTCTCTCGGAGCGATATC
AGTACACCAAGACAAACTGCITCAAC
ATCGAAAACAGGAAGCTAGATTITTC
ACTATCTTCACGTCAGACTTTGCTGG
AGTCAAAAATTGAACTGGAAAGCC
CCATATGGGAAGAATGAACGCCAAAGGTT
AACGCCAAATTTGTAAAT
GAAGGAGATATACATATGGGAAGAATGACGC
CAAAGG
CCTTTGGCGTCATTCTTCCCATATGTATAT
CTCCITC
GACTAGTAGCTTAGCTTCCACAAAAACTGCCG
GGGATCCATGGCTGAGCCCCGCCAG
CGGATCCCTCGAGTCACAAACCCTGCTTGGC
CAGG
GGGGACAAAGTTITGTACAAAAAAGCAGGCT
CCACCATGGCTGAGCCCCGCCAG
GGGGACCACTTTGTACAAGAAAGCTGGGTAT
CACAAACCCTGCTITGGCCAGG
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F3attB1 fwd GGGGACAAGTTTGTACAAAAAAGCAGGC
TCCACCATGTCCAAGATCGGCTCCACTGAG

F3attB1 rev GGGGACCACTTTGTACAAGAAAGCTGGG
TACTAGATATTGTCCAGGGACCCAATCTTC

Stop del s CATGGACGAGCTITATAAGGCAAGCGGCCG
CATGGCTGAG

Stop del as CTCAGCCATGCGGCCGCTTGCCTTATAAAGC
TCGTCCATG

Ht40 Notl Fwd GGCGGCCGCATGGCTGAGCCCCGCCAG

Ht40 XbaEcoRYV rev TATCTAGAGATATCGGATCCGTGATCAC
AAACCCTGCTTGGCCAG

CFP KpnNco fwd CGGTACCATGGTGAGCAAGGGCGAGGAG

F3 XbaEcoRV rev CGATATCTAGACTAGATATTGTCCAGGGACCC
AATCTTC

F3 Sall rev GATATCGTCGACTGACTAGATATTGTCCAGG
GACCCAATCITC

Mt-F3 Clal Fwd ATCGATGGCCCCATACTCCCTCCTCGTGACTC

GGCTCCAAAAGGCGCTCGGCGTGCGGCAATACCACG
TGGCCTCCGTGCTCTGTCAACGGGCCAAGGTGGCGAT
GTCCTCCAAGATCGG

SP-F3 Clal Fwd CCGCATCGATATGAAGCTCTCCCTGGTGGCCG
CGATGCTGCTGCTGCTCAGCGCGGCGCGGGCCGAGT
CCAAGATCGGCTCCACTG

F3-KDEL Sall rev CCAGTCTAGAGATATCGTCGACGGATCCTGAC
TACAACTCATCITTGATATTGTCCAGGGAC
CCAAT

SP-K18 Clal fwd CCGCATCGATATGAAGCTCTCCCTGGTGGC
CGCGATGCTGCTGCTGCTCAGCGCGGCGCGGGL
CGAGCGACAGCCCCCGTGCCCATG

K18-KDEL Sall rev CCAGTCTAGAGATATCGTCGACGGATCCTGA
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CTACAACTCATCITTITTCAATCITITTATTTCCTCCGCC
AGG

Mt-K18 Clal fwd ATCGATGGCCCCATACTCCCTCCTCGTGAC
TCGGCTCCAAAAGGCGCTCGGCGTGCGGCAATACCA
CGTGGCCTCCGTGCTCTGTCAACGGGCCAAGGTGGCG

GTCCCAGACAGCCCC

K18 Sall rev GATATCGTCGACTGACTATTCAATCTTTTTATT
TCCTCCGCCAGG

K18-KDEL Xbal rev CTTATCTAGAAGCCTACAACTCATCTTITITCAAT
CTTTTTATTTCCTCC

Mt-signal Sall Fwd CCGTCGACACCATGGCCCCATACTCCCTCCT
CGTG

K18 Xbal rev CTTATCTAGAAGCCTATTCAATCTTTITATTTC
CTCCGCCAGGG

SP-signal Sall Fwd CCGTCGACACCATGAAGCTCTCCCTGGTGGCCG

F3 Xbal rev CTTATCTAGAAGCCTAGATATTGTCCAGGGAC
CCAATCTTCG

F3-KDEL Xbal rev CTTATCTAGAAGCCTACAACTCATCTTTGATA
TTGTCCAGGGACC

K18 Sall fwd CCGTCGACACCATGTCCAAGATCGGCTCCA
CTGAG
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2.1.6 Vectors
T7 promoter
MCS
r>
T7 promoter
lacZ a
pBR322 origin v
1 origin
L4440
2790 bp
-
AmpR promoter
AmpR

Plasmid-map of RNAIi feeding vector L4440.
Note the multiple cloning site (MCS) between the two convergent T7 promoters. The T7
promoters drive expression of sense and antisense insert sequence (Timmons and Fire, 1998).

lac promoter unc-54.enh

P
l

pBR322 origin
unc-54.5'
_~ Nhe 1(1063)
pPD30.38
4812 bp Kpn 1(1079)
AmpR

w

AmpR promoter

Plasmid-map of pPD30.38.
C. elegans expression vector containing body wall muscle specific promoter unc-54. Nhel and Kpnl
restriction sites for the insertion of tau are highlighted (Mello and Fire, 1995).

168



Appendix

rrnB T2 transcription terminator
/ rrB T1 transcription terminator
~ Q@ attP1

pDONR221

Kan(R) | |
| 4762 bp

ccdB

T7 promoter S 4
attP2 —
cm(R)

Plasmid-map of pDONR221. Entry vector for Gateway® cloning (Invitrogen, Karlsruhe, Germany).

pBR322-ori 5 BamHI(g04)
mec
P Kpnl (964)
3742bp
EcoRI(g66)

R lactamase

C. elegans expression vector containing mechanosensory neuron specific mec7 promoter (gift of Dr.
Sandhya P. Koushika, NCBS, TIFR, Bangalore, India). Kpnl and EcoRI restriction sites for the insertion of
genomic sequence of Tau are highlighted.
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pannuronal prmoter

pRab3
5538 bp

:
"'! h
!
X. veol (1633)

G Eagl(Ha43)

Blactamase

C. elegans expression vector containing pan neuronal rab3 promoter (gift of Dr. Sandhya P. Koushika,
NCBS, TIFR, Bangalore, India). Ncol and Eagl restriction sites for the insertion of genomic sequence of
Tau are highlighted.

p unc-25 vector
4616 bp

/

Neol (1816)

Eagl(1827)

C. elegans expression vector containing motor neuron specific unc-25 promoter (gift of Dr. Sandhya P.
Koushika, NCBS, TIFR, Bangalore, India). Ncol and Eagl restriction sites for the insertion of genomic sequence of
Tau are highlighted.

M13rev. HmndII(s3)
1 (; BamHI(49)

Paex-3 promoter

pPD49.26 Paex3
4660bp

Neol(xass)
EcoRV (1211
Ampicillin

Mo

AmpR promoter

C. elegans expression vector containing pan neuronal aex-3 promoter (gift of Dr. Daniele Bano, DZNE, Bonn,
Germany). Ncol and EcoRYV restriction sites for the insertion of genomic sequence of Tau are highlighted.
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Increased Tau protein amyloidogenicity has been causatively implicated in several neurodegenerative dis-
eases, collectively called tauopathies. In pathological conditions, Tau becomes hyperphosphorylated and
forms intracellular aggregates. The deletion of K280, which is a mutation that commonly appears in patients
with frontotemporal dementia with Parkinsonism linked to chromosome 17, enhances Tau aggregation pro-
pensity (pro-aggregation). In contrast, introduction of the 1277P and I1308P mutations prevents -sheet forma-
tion and subsequent aggregation (anti-aggregation). In this study, we created a tauopathy model by
expressing pro- or anti-aggregant Tau species in the nervous system of Caenorhabditis elegans. Animals
expressing the highly amyloidogenic Tau species showed accelerated Tau aggregation and pathology man-
ifested by severely impaired motility and evident neuronal dysfunction. In addition, we observed that the
axonal transport of mitochondria was perturbed in these animals. Control animals expressing the anti-aggre-
gant combination had rather mild phenotype. We subsequently tested several Tau aggregation inhibitor com-
pounds and observed a mitigation of Tau proteotoxicity. In particular, a novel compound that crosses the
blood-brain barrier of mammals proved effective in ameliorating the motility as well as delaying the accumu-
lation of neuronal defects. Our study establishes a new C. elegans model of Tau aggregation-mediated tox-
icity and supports the emerging notion that inhibiting the nucleation of Tau aggregation can be
neuroprotective.

INTRODUCTION neurodegenerative diseases collectively called tauopathies

(1-5). An unresolved debate in the field focuses on the role
Aggregation of mutant or even wild-type, hyperphosphory- of terminal Tau aggregates termed neurofibrillary tangles for
lated Tau is a common factor in the course of several the pathogenesis of the disease. It is still unclear whether
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these are the cause of neuronal toxicity, or whether they result
from an effort of the cell to sequester the more toxic oligomers
that could disrupt various cellular functions, such as axonal
transport (4,6,7). A deluge of recent evidence points to the pre-
tangle oligomers with high propensity to aggregate as being
the instigating factor of toxicity, not only for Tau (reviewed
in 7), but also for amyloid-beta or Huntingtin (8,9). Their con-
tinuous presence in the cell is detrimental, although no correl-
ation was detected between neuronal toxicity and the
formation of tangles which can persist even after expression
of transgenic Tau has been switched off (10—14).

An experimental approach to uncouple the aggregation-
mediated toxicity of Tau from other functions involves the
AK280 pro-aggregation mutation which is found in patients
with FDTP-17 (15) and the respective anti-aggregation muta-
tions 1277P and 1308P in the hexapeptide motifs. These substi-
tutions prevent the formation of a B-sheet structure and thus
hinder aggregation (10—13,16). These studies have shown
that the pro-aggregant Tau species is very toxic, whereas at
a similar expression level the anti-aggregant species is not
(16). Moreover, the F3AK280 fragment of Tau (amino acids
258-360) has been shown to act as a nucleation agent, and
leads to accelerated toxicity by promoting the aggregation of
both mutant and wild-type Tau (17).

The C. elegans system presents numerous practical advan-
tages, especially for high-throughput screening approaches
(18-21). As a result, transgenic strains expressing various
human Tau mutations have been studied as disease models
by several groups (22—-27). However, a common theme in
these previously published tauopathy models is that they
develop a significant proteotoxicity phenotype at a rather
advanced age. Specifically, it has been shown that expression
of hyperphosphorylated, mutated Tau protein, and also wild-
type Tau, can lead to progressive accumulation of structural
damage such as axonal breaks in the GABAergic motor
neurons and age-dependent defects in locomotion (25). Add-
itionally, expression of different Tau mutants (P301L and
V337M) in the C. elegans nervous system was reported to
result in Tau pathology (24). Kraemer et al. used their tauopa-
thy model to perform a mutagenesis screen, uncovering two
new factors that participate in the pathological cascade,
namely SUT-1 and SUT-2 (22,26,28). The latter was shown
in a follow-up study to have a direct homologue in humans
(MSUT-2), whose knock-down also alleviated Tau pathology
in a mammalian cell culture model (28). These seminal contri-
butions served as proof of principle, showing that human Tau
mutants can indeed recapitulate neuron-related phenotypes in
the worm, and that insights gained in such a time and cost-
effective model can have relevance for understanding the
disease in humans. Importantly, studying human Tau
mutants in C. elegans has the advantage of avoiding interfer-
ence with endogenous Tau, since the only Tau homologue in
the worm, PTL-1, is expressed only in a small subset of
neurons (29,30).

Here, we take advantage of the well-documented molecular
dissection of Tau aggregation-mediated toxicity (11,13,16)
and establish a C. elegans model of tauopathy based on the
highly amyloidogenic AK280 Tau mutation. We strove to
achieve a strong toxicity phenotype that could be attributed
to the process of accelerated aggregation already in young

adult worms. For this purpose, we introduced a pan-neuronally
expressed pro-aggregant F3AK280 Tau fragment (encompass-
ing the repeat domain of Tau) in the full-length (FL) Tau
V337M strain CK10 (22), using the anti-aggregant
F3AK280-PP transgene as a control. Pro-aggregant Tau led
to substantially increased toxicity in the worms. This recapitu-
lated the main aspects of tauopathy known from mammalian
models of the disease (4,6,13), manifested by uncoordinated
movement from the first day of adulthood, axonal defects
such as gaps and varicosities in motor neurons, impaired pre-
synaptic areas and perturbed axonal transport of mitochondria.
The anti-aggregant combination caused only a mild phenotype
with a significantly reduced level of morphological abnormal-
ities. We also showed that the levels of rapidly aggregating
Tau in the pro-aggregant worms are increased. Treating the
worms with methylene blue (MB), an aggregation inhibitor
of the phenothiazine class (31,32), resulted in beneficial
effects. We also demonstrated that the treatment of the
pro-aggregant transgenic strains with a novel Tau aggregation
inhibitor, a compound belonging to the aminothienopyridazine
(ATPZ) class (compound #16 in reference 33, hereafter re-
ferred to as cmpl6), ameliorated the motility phenotype,
reflected also by a reduced extent of the progressive accumu-
lation of neuronal morphological abnormalities.

RESULTS

Rapid deposition of Tau aggregates in the nervous system
of C. elegans led to early onset of uncoordinated phenotype

Our first aim was to create a novel tauopathy model in the
nematode C. elegans that allows distinction of pathological
mechanisms specifically induced by aggregation of the Tau
protein. For this purpose, we focused on the well-characterized
AK280 mutation (10—13), which specifically leads to
aggregation-mediated toxicity. We generated transgenic
strains expressing chromosomally integrated versions of the
amyloidogenic F3AK280 fragment of human Tau [derived
from the repeat domain of TauAK280 (16,17)] from the
rab-3 promoter, to achieve pan-neuronal expression. In one
set of C. elegans strains, we expressed the pathological
FDTP-17 mutant AK280, which enhances aggregation,
whereas the other set harbours, in addition to AK280, the
proline substitutions 1277P and I308P (PP), which act as
[B-sheet breakers and prevent aggregation (15). We obtained
two independently integrated lines for each mutant, which
we then backcrossed to wild-type N2 worms 10 times each,
to get rid of possible background mutations caused by the in-
sertion events. Our hypothesis was that the strains carrying
integrated transgenes of the pro-aggregant F3AK280
(bylsi61, byls193) would result in a more pronounced pheno-
type than that of the strains expressing the anti-aggregant
F3AK280-PP transgenes (byls162, byls194). However, the
locomotion phenotype of day 1 adult animals of these single-
transgenic strains was very similar (Supplementary Material,
Fig. S1A), which could be the consequence of the nucleation
process being too slow compared with the short lifespan of
the animals. We therefore crossed each of these strains with
CK10, a previously characterized strain that expresses pan-
neuronal FL Tau V337M (23,24). We hypothesized that
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co-generating FL mutant Tau and the F3AK280 fragment
should potentiate nucleation of aggregation and result in
increased toxicity. Indeed, strongly defective locomotion
phenotype developed at day 1 of adulthood for both strains
expressing FL Tau plus F3AK280 (BR5485 pro-aggr. line 1
mean speed + standard deviation (SD)=70.6 + 17.9 pm/s
and BR5706 pro-aggr. line 2 speed = 60.8 + 22.3 pwm/s),
compared with both the anti-aggregant strains expressing FL
Tau plus F3AK280-PP (BR5486 anti-aggr line 1 speed =
103.5 £+ 29.5 wm/s and BR6427 anti-aggr line 2 speed =
108.7 £ 27.5 wm/s; Fig. 1A). The latter strains did not
exhibit obvious locomotion defects (Supplementary Material,
Movies S1-S3).

We verified with western blot analysis that the independent-
ly integrated transgene arrays are expressed at similar levels in
both sets of strains (Fig. 1B and C). We also performed anti-
body staining to confirm that Tau is properly expressed in the
nervous system (Fig. 1D—F). Since the two independent
strains for each transgene combination had similar phenotype
and comparable expression levels, we decided to further
analyse one strain from each set, namely the pro-aggregant
line 1 (with the bylsi6] transgene) and the anti-aggregant
line 1 (with the bylsl62 transgene).

In order to quantitate aggregate formation, we applied
thioflavin-S (ThS) staining, which detects amyloid deposits
(34,35) on synchronous young adult populations of worms, in-
cluding worms expressing just the transformation marker as
control. We observed extensive ThS staining at the nerve ring
of the pro-aggregant strain (mean number of aggregates =
14.6, range = 1-64), whereas the anti-aggregant strain
showed only minimal staining (mean = 2.2, range: 0-6),
similar to negative controls (mean = 0.7, range = 0—2). Repre-
sentative images are shown in Figure 1G—1 and quantification is
shown in Supplementary Material, Figure S1B. We next
extracted Tau aggregates from these worms, using formic acid
(FA) (Fig. 2A). The pro-aggregant F3AK280 fragment appeared
only in the detergent insoluble fraction (FA fraction), whereas
the anti-aggregant F3AK280-PP appeared solely in the soluble
RAB fraction (Fig. 2A, upper panel), suggesting that the
pro-aggregation construct indeed preferably aggregated. In add-
ition, only FL. Tau V337M was phosphorylated at the KXGS
motif (Fig. 2A, mid panel, 12E8), S396 and S404 (PHF-1
epitope) (Fig. 2A, lower panel, PHF-1). We then extracted
Tau from 7-day-old worms and detected both detergent-soluble
and -insoluble aggregates even in the CK10 strain (FL Tau
V337M) as reported earlier (24). However, the pro-aggregant
strain displayed approximately four times more aggregated
Tau (Fig. 2B). We conclude that F3AK280 fragment is
capable of accelerating the aggregation of FL Tau, and this
process can be monitored in the short lifespan of C. elegans,
causing an easily distinguishable phenotype.

Hyperphosphorylation of Tau is complex and has been sug-
gested to play a role in its toxicity (36—39) even in the absence
of higher order aggregates (40,41), whereas other studies have
shown a dissociation of hyperphosphorylation and toxicity
(42,43). Therefore, we wanted to determine the phosphoryl-
ation status of the sequentially extracted Tau from our trans-
genic strains. Both the soluble and insoluble Tau from all
three Tau transgenic strains were phosphorylated at various
sites and the CP13, AT8 and ATI100 epitopes revealed
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reduced phosphorylation in the CK10 strain compared with
the pro-aggregant strain and least levels of phosphorylation
in the anti-aggregant strain (Supplementary Material,
Fig. S2). Overall, Tau, both in the soluble and in the insoluble
fractions, was phosphorylated to a higher degree in the
pro-aggregant strain compared with the other two strains.

In order to add further support to our hypothesis that the
locomotion defect phenotype that we described was caused
by Tau aggregation-mediated toxicity and not by unknown
neighbourhood effects of the transgene insertion event, we
performed RNAIi against Tau after crossing the strains into a
neuronal RNAIi sensitizing mutant background [strain
eri-1(mg366)1V;lin-15B(n744)X (44)]. The motility of the
pro-aggregant worms was considerably enhanced upon apply-
ing RNAi against F3AK280 (speed = 70.7 + 17 pm/s for
RNAi-treated versus 40.3 + 17 for control), whereas the anti-
aggregant worms showed no difference upon treatment (Sup-
plementary Material, Fig. S1C). In addition, introducing a
non-integrated extrachromosomal array expressing F3AK280
also reduced the motility of the FL Tau V337M strain (by
~30%), whereas an F3AK280-PP extrachromosomal array
did not (Supplementary Material, Fig. S1D). These experi-
ments suggested that the phenotypic differences observed are
indeed due to the differential aggregation propensities of the
Tau fragments and were not caused by transgene insertion.
In summary, we conclude that expression of the highly
amyloidogenic combination of Tau species leads to rapid for-
mation of aggregates and overt toxicity in C. elegans,
manifested by uncoordinated locomotion, whereas the anti-
aggregant combination does not.

Accelerated aggregation of Tau caused morphological
abnormalities in the motor neurons of C. elegans

We next hypothesized that the locomotion phenotype is caused
by damage in the motor neurons, since the transgenes are
expressed in the whole nervous system, and neuronal struc-
tural defects have been demonstrated in previous neurodegen-
erative C. elegans models (24,25). We first looked at the
GABAergic motor neurons, using the juls73:[Punc-25::gfp]ll1
reporter (45) and measured the number of axonal discontinu-
ities (gaps) in the ventral and dorsal cords of the animals
during larval stages as well as during adulthood (representa-
tive example of a wild-type young adult animal is shown in
Fig. 3A). In wild-type animals, the development of the
nervous system is mostly completed in the L3 stage. Corres-
pondingly, GFP-stained processes show no gaps and have con-
tinuous dorsal and ventral cords (Fig. 3D). In contrast, we
observed severe developmental defects in the pro-aggregant
strain (BR5707) that manifest as increased numbers of persist-
ent gaps in both the ventral and dorsal neural cords (mean +
SD = 2.7 + 1.4 gaps at the L3 stage). Gaps were still visible at
the L4 stage (Fig. 3D). At day 1 of adulthood, we observed
1.32 + 0.8 gaps in the cords of the pro-aggregant strain
(example of a young adult in Fig. 3C). In contrast, the anti-
aggregant strain (BR5674) did not show comparable morpho-
logical defects during development (Fig. 3D), and as young
adults (example in Fig. 3B), they showed very few, if any,
gaps (mean + SD = 0.13 + 0.3). The number of axonal gaps
in the pro-aggregant strain rose with age, so that by day 5 of
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Figure 1. Pan-neuronal expression of pro-aggregant human Tau transgenes resulted in the deposition of aggregates and locomotion defects. (A) Mean locomotion
speed of day 1 adult animals from strains carrying independently integrated transgene arrays with pro- or anti-aggregant Tau. N2 wild-type strain serves as control.
Error bars denote SD. One-way ANOV A with Tukey’s test was applied for comparisons (#.s., non-significant). (B) Western blot of total lysates from synchronized L4
larvae. The blots were probed with the K9JA antibody (upper panel), which recognizes the Tau repeat domain (RD) and thus detects both the FL Tau and the F3
fragment. An anti-actin antibody was used as loading control (lower panel). L4 larvae extracts did not show the F3 fragment but total levels of Tau expression
were similar among all the different transgenic lines (normalization to actin)— quantification shown in the graph below the blot. The error bars denote SEM
from three repetitions of the experiment, and differences were considered non-significant (P > 0.05) after performing one-way ANOVA. (C) Western blot of
total lysates from synchronized day-5-old adults. Both the FL Tau and the F3 fragment were detected with the K9JA antibody. The independently integrated
strains express the F3 fragment at comparable levels (normalization to actin)— quantification shown in the graph below the blot. The error bars denote SEM
from three repetitions of the experiment, and differences were considered non-significant (P > 0.05) after performing one-way ANOVA. (D—F) Tau expression
detected with anti-Tau K9JA antibody. Neuronal structures were stained in the anti-aggregant (E) and pro-aggregant (F) Tau transgenic strains (marked with
arrowheads). Only background staining is observed in non-transgenic controls (D). (G—I) Maximal intensity projections (MIP) of worms stained with ThS to
image Tau aggregates in the nerve ring. The strong signal in the pharynx of the animals (marked with an asterisk) derives from the transformation marker
(Pmyo-2::gfp). Wild-type strain (transformation marker only) in (G) shows only background staining, the anti-aggregant strain (H) shows very few spots and the
pro-aggregant strain in (I) shows extensive decoration, with spots around the nerve ring area. (J—L) Zoom of the marked area of (G)—(I), corresponding to the
dotted rectangle region. Grey arrowheads point to individual ThS-stained Tau aggregates. Scale bars: 20 wm.

adulthood almost 100% of the worms showed axonal gaps
(3.1 £ 0.9) (Fig. 3D). By that age, the anti-aggregant strain
showed a reduced number of gaps (1.1 + 0.9), which was
not very different from wild-type (0.5 + 0.4) (Fig. 3D). To
corroborate this result, we also looked at the cholinergic

motor neurons, which provide the activating signals to the
neuromuscular junctions in coordination with the GABAergic
inhibitory neurons on the opposite side (46). For this purpose,
we introduced an extrachromosomal array to mark the cholin-
ergic neurons [Punc-129::mCherry] and examined the ventral
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Figure 2. Sequential extraction revealed increased accumulation of insoluble Tau in the pro-aggregant strain. (A) After sequential extraction of Tau from day 1
adult transgenic C. elegans strains (with laboratory wild-type N2 strain as control), only the pro-aggregant strain (lane 3) shows the detergent-soluble (RIPA) and
the detergent-insoluble tau aggregates, which were solubilized with 70% FA. FL Tau V337M, but not the F3AK280 fragment, is phosphorylated at the KXGS
motif (12E8 panel) and the S396 and S404 epitopes (PHF-1 panel). In the pro-aggregant strain, F3AK280 appears only in the detergent-insoluble fraction (lane 3
of the FA fraction in the top panel). In contrast, F3AK280-PP in the anti-aggregant strain appears solely in the soluble fraction (lane 4 of the RAB fraction, top
panel). (B) Sequential extraction of Tau from day 7 adult animals. Equal amount of protein was loaded and normalized against the CK10 sample. The
pro-aggregant shows ~2-fold soluble (RAB blot), 4-fold detergent-soluble (RIPA blot) and 8-fold detergent-insoluble Tau (FA blot), as quantified from
three independent experiments (one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001). These data corroborate the notion that Tau displays increased aggre-
gation when combined with the amyloidogenic F3AK280 fragment in the pro-aggregant strain, whereas combination with the non-amyloidogenic F3AK280-PP

fragment, or FL Tau V337M alone, does not aggregate to such extent.

and dorsal cords of young adult animals for morphological
abnormalities. The wild-type reporter strain (BR6061) and
the anti-aggregant strain (BR6089) showed rare occurrence
of gaps (wild-type: 2.3 + 0.5% animals with gaps, 8.5 +
3.2% in anti-aggregant) (Fig. 3E and Supplementary Material,
Fig. S3). In contrast, the pro-aggregant strain showed frequent
occurrence of gaps (27.8 + 4.8% of day 1 adult animals),
similar to those observed in the GABAergic neurons
(Fig. 3E and Supplementary Material, Fig. S3). From these
data, we conclude that the continued expression of FL Tau
V337M and F3AK280 is toxic for the neurons and as a conse-
quence, the development of the nervous system is perturbed.
The continuous rise of the number of gaps later in adulthood

suggests that progressive axonal degeneration follows the
initial developmental defects. Combination of FL Tau
V337M with the non-amyloidogenic F3AK280-PP produced
only mild defects which only in day 5 old animals became
statistically distinguishable from wild-type.

The pro-aggregant strain had defective accumulation of
synaptobrevin-1 in the pre-synaptic termini, indicating
impaired presynaptic transmission

Aberrant phosphorylation and aggregation of Tau have been

linked to axonal transport problems, synaptic malfunction
and degeneration (6). In order to examine synapse morphology
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Figure 3. Morphological abnormalities accumulated in the motor neurons of the pro-aggregant Tau transgenic worms. (A—C) Maximum intensity projections (MIP)
of (A) wild-type with Punc-25::gfp reporter straining GABAergic motor neurons, day 1 adult. Intact ventral and dorsal cords are observed. (B) Anti-aggregant
GABAergic reporter strain, day 1 adult. No gaps are observed. (C) Pro-aggregant GABAergic reporter strain, day 1 adult. Arrowheads point to axonal gaps
along the ventral or dorsal cord. Asterisks denote the pharynx, which expresses the transformation marker Pmyo-2::GFP. Scale bar: 20 wm. (D) The graph plotting
the average number of gaps occurring in the neural cords of the animals as a function of time during larval development and through adulthood. Increased numbers of
defects during development as well as progressive increase of gaps during adulthood were observed for the pro-aggregant strain (two-way ANOVA with Dunn’s test,
*P < 0.05,**P < 0.01,***P < 0.001) Error bars denote SEM. Thirty worms were scored per strain and per time point. (E) Percentage of day 1 adult worms showing
axonal gaps in the cholinergic motor neurons (Punc-129::mCherry reporter). Three times more pro-aggregant animals have axonal gaps compared with anti-

aggregant animals. Error bars denote SD.

in Tau-expressing worms, we used the reporter gene
nls52:[Punc-47::snb-1::gfp] as a marker (47) that expresses
GFP fused to synaptobrevin-1 from the motor neuron-specific
unc-47 promoter. For quantitation, we focused on analysing
the dorsal neural cord at the posterior gonadal arm
(Fig. 4A—C). In the wild-type strain, SNB-1::GFP formed a
regular pattern of puncta along the neural cord (Fig. 4D) as
described before (48). This pattern was similar to that of the
anti-aggregant strain (BR5793, Fig. 4E). In contrast, the
pro-aggregant strain (BR5792) displayed a discontinuous
punctate pattern and staining was generally more diffuse in
pre-synaptic areas, which we take as an indicator for synaptic
transport defects or potentially synaptic loss (Fig. 4F). In older
animals, this phenotypic pattern deteriorated further (Supple-
mentary Material, Fig. S4A—F). We quantitated the mean of
the fluorescence intensity in SNB-1::GFP puncta from 25
animals of each genotype (Fig. 4G—I) and found that the
puncta intensity of the pro-aggregant strain was reduced
(mean intensity + SD = 1022 + 330 arbitrary units, AU)
compared with both wild-type (1410 + 300 AU) and anti-
aggregant (1292 + 400 AU) strains (Fig. 4J). Moreover, the
density of puncta (number of puncta per 50 wm) was also
reduced (Fig. 4K). Specifically, pro-aggregant worms had
8.9 + 5.1 puncta per 50 wm, whereas wild-type had 14.1 + 3.3

and the anti-aggregants had 12.5 £ 3.5. This indicated that
SNB-1 failed to properly accumulate at the presynaptic
termini of young adult pro-aggregant worms. At day 5 of
adulthood, reduction of puncta numbers was already seen in
wild-type and anti-aggregant strains compared with young
adults. However, the staining loss was more pronounced for
the pro-aggregant strain (Supplementary Material, Fig. S4J).
Since previous experiments performed by others (48,49) sug-
gested a correlation of SNB-1 puncta with the presence of
synapses, we are confident that our marker staining faithfully
represents the alterations of presynaptic structures.

This finding suggests that synaptic transmission may be
negatively affected. In order to test neurotransmission in the
individual strains, we performed aldicarb and levamisole sen-
sitivity assays with day 1 adult animals (50). Worms with
functional neurotransmitter release should be sensitive to
both substances and become paralysed due to muscle hyper-
contraction (50). Resistance to aldicarb can arise from either
a pre- or a post-synaptic perturbation, whereas resistance to
levamisole typically indicates a post-synaptic defect (50).
Animals of the pro-aggregant strain displayed a mild resist-
ance to aldicarb, producing a paralysis profile intermediate
between the sensitive wild-type N2 and the resistant
rab-3(js49) strain, which we used as controls (Fig. 5A).
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Figure 4. Defective presynaptic accumulation and organization of synaptobrevin-1 puncta in the pro-aggregant strain. (A—C) DIC images of the dorsal neural
cord above the posterior gonadal arm of (A) wild-type animals, (B) anti-aggregant and (C) pro-aggregant strains expressing the Punc-47::snb-1::gfp reporter.
Day 1 adults are shown. (D—F) MIP of the SNB-1::GFP fluorescent puncta (pre-synaptic termini) along the dorsal neural cord corresponding to the regions
shown in the DIC pictures above. Note that for the pro-aggregation example, the SNB-1::GFP puncta are weaker and more diffuse (region between the arrow-
heads). (G—I) Panel showing a compilation of 23 straightened dorsal cord segments (after binary thresholding) of day 1 adult animals expressing
Punc-47::snb-1::gfp . (G) Wild-type, (H) anti-aggregant strain, (I) pro-aggregant strain. (J) Scatter plot of the mean fluorescent intensity of SNB-1::GFP
puncta (arbitrary units), as measured from the MIP images for each animal. The line denotes the mean. The Kruskall-Wallis ANOVA (non-parametric)
with Dunn’s post hoc test was used for comparisons. (K) Scatter plot showing the number of SNB-1::GFP puncta (synapses) per 50 pm of dorsal cord, calculated
from the same images that were used for the puncta intensity quantification graph in (J). The Kruskall-Wallis ANOVA with Dunn’s post hoc test was used for
comparisons. Pre-synaptic SNB-1 puncta in the pro-aggregant strain often show diffuse structure and are less in numbers.

The anti-aggregant strain also displayed mild resistance to anti-aggregant and pro-aggregant strains was not statistically
aldicarb, although animals typically became paralysed earlier significant). All the transgenic strains were sensitive to lev-
than pro-aggregants (Fig. 5A, the small difference between amisole and indistinguishable from wild-type (Fig. 5B).
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Figure 5. Tau expression resulted in mild resistance against aldicarb-induced
paralysis but did not change the levamisole sensitivity. (A) Time course of
aldicarb-induced paralysis. The percentage of worms still moving on 1 mm
aldicarb plates after being touched with a metal wire is plotted as a function
of time. The lev-1(x21) strain is strongly resistant to aldicarb, whereas the
rab-3(js49) is mildly resistant and wild-type N2 is sensitive (50). Both the
pro- and anti-aggregant strains displayed slight resistance to aldicarb.
Two-way ANOVA with the Bonferroni correction was applied for compari-
sons and produced P < 0.001 for both the pro- and anti-aggregants compared
with N2 for the time points of 140, 220 and 280 min. Error bars denote SEM
calculated from three repetitions of the experiment (blind test). (B) Time
course of levamisole-induced paralysis. The percentage of worms still
moving on 0.2 mm levamisole plates after being touched with a metal wire
is plotted as a function of time. The lev-/(x21) strain is strongly resistant to
levamisole and did not paralyse. The different Tau transgenic strains paralysed
fast, at the same rate as wild-type (N2), indicating levamisole sensitivity.

Taken together, these experiments suggest that both anti- and
pro-aggregant strains may display pre-synaptic defects. This
corresponds to the observed SNB-1 puncta defect at the pre-
synaptic termini of the pro-aggregant strain. We conclude
that expression of amyloidogenic Tau fragments in combin-
ation with FL Tau V337M perturbs proper presynaptic organ-
ization in this C. elegans tauopathy model.

The pro-aggregant Tau strain showed mislocalized
mitochondria in the DA9 motor neuron

Mitochondrial transport problems have been suggested to con-
tribute to the progression of pathology in most mammalian

neurodegeneration models, so we examined whether our tauo-
pathy model recapitulates the neuronal mitochondria misloca-
lization phenotype (6,51—-53). For this purpose, we took
advantage of the wyEx2709 [Pitr-1::TOM-20""%::yfp] re-
porter strain (54), which labels mitochondria only in the
DAY neuron close to the posterior end of the animal. The
soma of the DA9 neuron is located at the ventral side near
the anus and extends a dendrite anterioventrally and an axon
towards the dorsal cord which then extends anteriodorsally.
This region typically displays a regular distribution of mito-
chondrial particles (54) (Fig. 6A), extending to the distal
axonal segment. The vertical axonal part is asynaptic and
has few mitochondria (54). We crossed WyEx2709 into the
pro-aggregant strain (resulting in strain BR6011) and discov-
ered that this regular mitochondrial distribution was distorted.
Few or no mitochondrial particles were detected in the
distal axonal segment (example in Fig. 6C), whereas the
anti-aggregant strain (BR6012) showed only a moderate per-
turbation (example in Fig. 6B). Almost 60% of the axonal
mitochondria accumulated in the proximal region and typical-
ly did not reach the more distal parts of the axon in the animals
of the pro-aggregant strain. In contrast, only 32 and 45% of the
axonal mitochondrial population was localized to the proximal
axonal segment of wild-type and anti-aggregant strain,
respectively (Fig. 6D and Supplementary Material, Fig. S5).
It is unclear whether this mislocalization arose from a severe
transport problem or from axonal retraction, reminiscent of
the axonal gaps in Figure 3. In summary, the results shown
so far further support the notion that a highly amyloidogenic
Tau species is detrimental for neurons, whereas the
non-amyloidogenic species does not cause severe problems.

Axonal transport was perturbed in mechanosensory
neurons of the pro-aggregant Tau transgenic worms

We reasoned that aggregation-prone Tau species might affect
axonal transport properties which, for example, may alter the
motility of mitochondria. The strain js/s609 expresses GFP
with a mitochondrial localization signal (MLS) in the six
mechanosensory neurons of C. elegans. We crossed this strain
with our Tau mutants, creating the pro-aggregant (BR6174)
and the anti-aggregant (BR6175) mitochondrial marker
strains. To quantify mitochondrial movements, we performed
single-plane live imaging of the middle axonal segment
of the PLML or PLMR neurons in immobilized worms, for
~8—10 min per time lapse (see Materials and Methods). For
analysis, we selected in each animal the PLM axon closer to
the microscope objective. We chose these posterior neurons
for two reasons: (i) analysis of the axons of the other mechano-
sensory neurons is frequently obscured by gut autofluorescence
or the GFP transformation markers used, and (ii) with our
anaesthetic-free immobilization protocol we get animals that
can still slightly move their heads and have a pumping
pharynx—both may affect the quality of data acquisitions. We
collected time lapse acquisitions from 20 animals of each
strain—representative examples of which are shown as kymo-
graphs in Figure 7A—C and as movies in the Supplementary Ma-
terial, Movies S4—S6. We manually tracked each moving GFP
particle with ImageJ and extracted the instantaneous velocity
values of continuously moving particles (Fig. 7D). The velocity
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Figure 6. In the pro-aggregant strain, mitochondria mislocalized to the proximal
axonal segment of the DA9 neuron. (A) MIP of the YFP fluorescence from the tail
region of a Pitr-1::TOM-20""">*: :yfp wild-type reporter worm, showing the dis-
tribution of labelled mitochondrial particles along the DA9 neuron. The cell body
(denoted by an asterisk) is located ventrally, extending a dendrite anterior-
ventrally and an axon to the anterior dorsal cord (arrowheads point to representa-
tively labelled mitochondria). The strongly fluorescent mass in the middle is the
autofluorescence of the gut. Scale bar: 10 wm. (B) MIP of the YFP fluorescence
from the tail region of a representative animal with anti-aggregant Tau.
YFP-labelled mitochondria (arrowheads) are distributed along the dorsal axon,
similar to wild-type. (C) MIP of the YFP fluorescence from the tail region of a
pro-aggregant animal. Note the altered distribution of YFP labelled mitochondria
along the DA9 neuron (the arrowheads point to mitochondria in the proximal axon;
the distal segment is devoid of puncta). (D) Stacked bar diagram showing the dis-
tributions (percentage) of mitochondrial YFP particles in the proximal and distal
axonal segments (the axon was arbitrarily divided in two parts of equal length for
this analysis; see also Supplementary Material, Fig. S5). In wild-type, ~60% of
the axonal mitochondria are located in the distal part of the axon, whereas in the
pro-aggregant strain, mitochondria cluster preferentially (60%) in the proximal
part of the axon. The anti-aggregant strain shows an intermediate phenotype.
Fifteen to 20 animals from each strain were used for quantification and error
bars denote SD. y* test with Yates’s correction was used for comparisons.
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of mitochondrial transport in the pro-aggregant strain was lower
than in wild-type (mean + SD =171 + 111 versus 256 +
117 nm/s), whereas the anti-aggregant strain (194 + 131 nm/
s) did not substantially differ from wild- type (Fig. 7D). In add-
ition, a striking difference in the mitochondrial pausing
frequency was observed between pro-aggregant and the other
two strains, with approximately four times more frequent
pause events for the pro- compared with the anti-aggregant
(Fig. 7E). This suggests that mitochondrial transport in the
axons of this strain is perturbed. The mitochondrial flux
(number of moving mitochondria per minute) was slightly
reduced in both Tau transgenics (Fig. 7F), and the ratio of
mobile to stationary mitochondria was also lower, particularly
in the pro-aggregants (Fig. 7F), although these differences
proved to be not statistically significant. The range of track
lengths we recorded for the pro-aggregants was from 1 to
33.1 wm (mean = 6.31 wm), whereas for the anti-aggregants
we recorded a range from 1.6 to 87.2 pm (mean =
14.39 pm); for the wild-type, these values ranged from 2.7 to
87.3 pm (mean = 19.2 pm) (Fig. 7G). Taken together, the
track length of mitochondria in a given time lapse was smaller
in the pro-aggregant strain. In summary, we found that several
phenotypic criteria tested allow us to distinguish between
pro-aggregant and anti-aggregant Tau transgenic strains. There-
fore, our C. elegans model indicates that amyloidogenic proper-
ties of Tau block axonal transport of mitochondria.

A novel Tau aggregation inhibitor compound ameliorated
the phenotype of the pro-aggregant strains and mitigated
neurotoxicity

The pathology we observed in C. elegans is reminiscent of the
cellular pathology observed in mammalian tauopathy models.
Aiming to see whether we can ameliorate the phenotype, we
set out to test small molecule compounds that have already
been shown to have Tau anti-aggregation properties in vitro.
As a proof of principle, we first tested the efficacy of MB, a
Tau aggregation inhibitor with potential cognition-enhancing
effects (55,56). We supplemented the growth medium of syn-
chronized L1 larvae (pro-aggregant strain) with 25 um MB
and measured their locomotion speed as day 1 young adults.
This treatment led to 15% amelioration of locomotion (Sup-
plementary Material, Fig. S6A). Higher MB concentrations
were not effective. At the biochemical level, MB treatment
altered Tau solubility, shifting the equilibrium towards more
soluble Tau and reduced detergent-insoluble Tau by ~35%
in the pro-aggregant strain (Fig. 8A, quantitation in 8§B), con-
sistent with its anti-aggregation properties (31). We then
applied, in the 96-well liquid culture format, the two most
promising hit compounds obtained in a mammalian cell
model of Tau toxicity (57), namely the phenylthiazolyl-
hydrazide derivatives Bsc3094 and bbl4, and observed a
similar amelioration effect in locomotion (Supplementary Ma-
terial, Fig. S6B). BSc3094 resulted in 40% decrease in the
detergent-insoluble Tau (FA fraction) in pro-aggregant
animals, but there was no apparent change in the
detergent-insoluble monomeric Tau after bbl4 treatment
(Fig. 8C, quantitation in 8D).

The successful treatment using a small molecule served as a
proof of principle, suggesting that the C. elegans tauopathy

€102 ‘ST Afenuer uo zuesuo A1seAlun 1 /Bio'seunolpioxo-Buiyy/:dny wouy papeoumoq


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds190/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds190/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds190/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds190/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds190/-/DC1
http://hmg.oxfordjournals.org/

3596 Human Molecular Genetics, 2012, Vol. 21, No. 16

D o pro.05 |
°
§ 600 " |—|
E e_0 A
< 400! .:‘ ¥
> ° ') AA Vv
S 0% a%a v
o &;
2 200 _gﬁ_ _@_
v
- ﬁiﬁ o

wild type anti-aggr. pro-aggr.

E
107 @ witd type (n=47) 0001
® anti-aggr (n=41) p_‘
e 84 O pro-aggr (n=30)
3
o 6
"5 p=<0.01
24 [ 2
E
2 2
o - .
P /mi P [10pm
F e G n.s p<0.01
05, —S [ wild type (n=19) 128 T " |
anti-aggr (n=24) .. &
& pro-aggr (n=17) — 64 L™
0.4 E
5 2 §f A v
= ® v
0.3 £ 16 Cblt g
5 ge:@ %
0.2 % 2 & _W_
g 4 F v
= @ v
0.1 ° A v
2 A w77
0.0 | = 1 i 1 LS
m/s ratio wild type  anti-aggr  pro-aggr

Figure 7. Mitochondrial transport was perturbed in axons of mechanosensory neurons in the pro-aggregant Tau transgenic worms. (A—C) Representative kymo-
graphs of PLM axons from day | adult animals of the pro-, anti-aggregant and wild-type strain derived from time lapse imaging are shown. Vertical lines rep-
resent stationary/docked mitochondria, and oblique lines (denoted by arrowheads) represent the tracks of moving mitochondria. The slope of this track is an
indicator of velocity. Anterograde movements: the slope declines to the right, in retrograde movements to the left. The kymograph space and time scale is
shown at the bottom. (A) Wild-type: Two mitochondrial particles were recorded to move anterograde (arrowheads), making only short intervening pauses.
(B) Anti-aggregant strain: Note the oblique line in the middle which shows the track of a fast moving mitochondrial particle (arrowhead). (C) Pro-aggregant
strain: Note that the two particles in motion make long pauses (oblique lines become vertical, denoted by arrowheads) and their track displacement is rather
limited. (D) Scatter plot of the mean velocities of mitochondrial particles that were manually tracked from 20 time lapse videos that were analysed for each
strain. Instantaneous velocity values that were <10 nm/s were not included in the calculation of the means for this plot, as these frames were classified as
pause events that were separately analysed (see the next graph). (E) Bar diagram for the quantification of pausing frequency in relation to time and distance
parameter. The number of pausing events is significantly increased in the pro-aggregant strain. Error bars denote SEM. (F) Stacked bar diagram showing the
quantification of mitochondrial flux (number of mobile mitochondria/min) and the mobile/stationary ratio (m/s ratio). No statistically significant difference
was observed between the transgenics, although the ratio was slightly reduced for the pro-aggregant worms. Error bars denote SEM. (G) Scatter plot of the
mitochondrial track displacement length that was measured for each particle from the three different strains. The Y axis is in the log, scale, and the line
denotes the mean of each distribution. The mitochondria in the pro-aggregant worms typically covered shorter distances during comparable lengths of time
lapse acquisitions (8—10 min for each time lapse). In summary, the axonal transport of mitochondria in pro-aggregant worms does not run smoothly due to
increased pause events and subsequently shorter track distances, although instantaneous velocities per se are not substantially different from those seen in
the anti-aggregant worms.

model we generated is well suited for the in vivo testing of
compounds in high throughput. We next analysed the most
prominent Tau aggregation inhibitor compound from a recent-
ly published in vitro screen (compound #16 in reference 33),
which belongs to the ATPZ class of Tau inhibitors
(5-amino-3-(4-chlorophenyl)-N-cyclopropyl-4-oxo-3,4-dihyd-
rothieno[3,4-p]pyridazine-1-carboxamide, referred to as
cmpl6 for simplicity, structure shown in Fig. 9A). This com-
pound prevents Tau fibril formation in vitro, and is able to

cross the mammalian blood—brain barrier, an attribute that
makes it favourable for clinical applications (33). We incu-
bated pro-aggregant L1 larvae with increasing concentrations
of cmp16 until adulthood. At 100 M, we observed improved
locomotion of treated animals. These animals moved
approximately 1.6 times faster than DMSO-treated controls
(Fig. 9A). The compound did not have an effect on the other
strains tested, suggesting that it acts specifically by reducing
the toxicity of the amyloidogenic F3AK280 fragment
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Figure 8. Tau aggregation inhibitors reduced detergent-insoluble Tau in the pro-aggregant Tau strain. Sequential extraction of Tau from synchronized
pro-aggregant animals after treatment with aggregation inhibitor compounds. (A) Insoluble Tau species in the FA fraction decrease after MB treatment
(25 uMm). (B) Quantification of the total, soluble, detergent-soluble and detergent-insoluble Tau from the pro-aggregant strain after 25 pm MB treatment.
Equal amount of protein was loaded, and for the quantification, signal intensities were normalized against the untreated sample. The experiment was repeated
three times. MB treatment leads to ~35% decrease in the insoluble Tau (paired 7-test, *P < 0.05, error bars denote SEM). (C) There is a slight decrease in the
insoluble Tau extracted with FA (FA blot) upon BSc3094 (25 M) and cmp16 (100 pwm) treatment but no difference after bb14 (50 M) treatment. However,
F3AK280 becomes visible only in the control (DMSO only). (D) Quantification of the total, soluble, detergent-soluble and detergent-insoluble Tau from the
pro-aggregant strain after bb14, BSc3094 and cmp16 treatment. Equal amounts of protein were loaded and, for the quantification signal intensities, were normal-
ized against the untreated control (DMSO). The experiment was repeated three times. Compound bb14 leads to ~25% increase in the detergent soluble Tau.
BSc3094 and cmpl6 lead to ~40 and 50% decrease in the insoluble Tau, respectively (one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001; error bars

denote SEM).

(Supplementary Material, Fig. S6C). To visualize whether
cmpl6 is successful in reducing neural outgrowth defects,
we also treated the pro-aggregant GABAergic reporter strain
(described in Fig. 3), using the same conditions. For this
purpose, we sampled animals at day 1, day 3 and day 5 of
adulthood and counted the number of axonal discontinuities
in the motor neurons. Treatment with cmpl6 diminished the
progressive accumulation of neurite gaps in the motor
neurons of the pro-aggregant animals compared with the
DMSO-treated controls (from 3.2 + 1 gaps at day 5 of the
DMSO-treated strains to 2.4 + 1 gaps of the cmpl6-treated
strains, P < 0.05) (Fig. 9B). Lower accumulation of structural
damage in neurons can be interpreted as a sign of reduced neu-
rodegeneration (22,58). This phenotype correlated with a re-
duction of the insoluble Tau species by ~50% in animals,
following cmpl6 treatment (Fig. 8B and D). In summary,
these data indicate that this novel Tau anti-aggregation com-
pound may be neuroprotective.

DISCUSSION

In this study, we created and characterized a new tauopathy
model in C. elegans by combining expression of FL Tau
V337M (22) and the F3 fragment harbouring the FDTP-17
mutation AK280 (15). This model differs from previously
described tauopathy models in C. elegans (24,25) since it is
based on a well-characterized pathology basis and shows a
robust toxicity phenotype. The latter appears already at day
1 of adulthood, which allows the uncoupling from age-related
alterations of proteostasis (59—-62). Importantly, using this
model allowed us to focus on Tau aggregation-mediated tox-
icity and decouple this effect from Tau hyperphosphorylation
or association with microtubules or membranes. To achieve
this, we did not restrict ourselves to comparing phenotypes
of transgenic versus non-transgenic animals, as was done in
previous C. elegans Tau studies. Instead, we compared
strains that all harboured FL Tau V337M, coexpressed either
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Figure 9. Tau aggregation inhibitor cmp16 partially suppressed the locomotion defect of the pro-aggregant strain and delayed the progressive accumulation of
neuronal abnormalities. (A) Mean locomotion speed of synchronized day 1 adult animals treated with either 1% DMSO (solvent control) or a series of increasing
concentrations of cmp16 (in 1% DMSO). The chemical structure of the compound is depicted next to the graph, and the error bars denote SD. Worms treated
with 100 uM cmp16 showed 1.6 times faster locomotion compared with DMSO-treated controls. Worms incubated with higher concentrations were not assayed
(N.A.) due to compound precipitation and toxicity in the liquid cultures. (B) Time course graph plotting the number of axonal discontinuities in the GABAergic
motor nervous system of synchronized worms treated with the Tau inhibitor cmp16 or 1% DMSO control, from L1 stage until the day of scoring (day 1, day 3
and day 5 of adulthood). Cmp16 treatment reduced the accumulation of neuronal morphological abnormalities. Error bars denote SEM from three repetitions of
the experiment, with approximately 30 worms per group and time point. Two-way ANOVA with the Bonferroni correction was implemented for comparisons

(*P < 0.05).

with a pro-aggregant F3AK280 or with an anti-aggregant
F3AK280-PP fragment. These strains revealed significant
phenotypic differences that will allow using them for modifier
screening assays. These F3 fragments have been shown to
differ only in their amyloidogenic propensity and not in
other aspects, such as microtubule interaction (both have
very poor binding) or phosphorylation patterns (both contain
only a few phosphorylation sites in the repeat domain)
(12,16). Consequently, this provides support that the toxicity
which manifests itself through neuronal morphological abnor-
malities, loss of SNB-1 puncta and impaired mitochondrial
transport correlates with the amyloidogenic potential of Tau
moieties and this is in accordance with recent reports in
mouse models (13).

Axonal transport of mitochondria is a vital process for neur-
onal physiology and it is not surprising that its perturbation is
thought to contribute to the neurodegenerative demise
(52,63-66). We probed axonal transport of mitochondria in
our system with two approaches. First, we examined the local-
ization of mitochondria along the axon of the DAY tail neuron
and found that there are proportionally less fluorescent puncta
corresponding to tagged mitochondria in the distal axonal
segment of the pro-aggregant strain. These mitochondrial accu-
mulations that correspond to synapses made en passant along
the DA9 neuron (54) suggest either a lack of supply of mito-
chondria to the most distal synapses, or they may be caused
by a loss of synapses or axonal retraction. With the marker we
used here we cannot distinguish between these possibilities, as
we would need the co-expression of a soluble fluorescent
protein to fill the axonal cytoplasm and discern its boundaries.
However, the results obtained with the second method, time
lapse imaging and tracking of moving mitochondria, support
the interpretation that their transport is perturbed by the amyloi-
dogenic Tau species. Although the instantaneous particle
velocities are similar, the pausing frequencies in the

pro-aggregation animals show a significant increase. This is
reminiscent of the differences between fast and slow axonal
transport in mammalian neurons, which differ not by the motor-
driven instantaneous speed, but by the intervening pauses (67).
Many mitochondrial particles in these animals demonstrate a
characteristic motion of short bursts of displacement followed
by pauses, reminiscent of a traffic jam (68). We conclude that
such a mitochondrial behaviour is unfavourable for the high
energy demands of neurons.

The rapid occurrence of the neural toxicity phenotype
already during development, and also its age-dependent pro-
gression, supports the notion that the accelerated formation
of amyloidogenic oligomers within neurons is the causative
toxicity factor. The robust locomotion defect that appears in
our transgenic model makes this aspect a particularly suitable
read-out for time- and cost-effective pharmacological or
genetic screens to uncover specific modulators of Tau path-
ology. Several other neurodegeneration screens have been suc-
cessfully performed before in C. elegans, as exemplified for
Tau (22), amyloid-beta peptide (69,70), Huntingtin/polyQ
(19,71) and spinal muscular atrophy (72) disease models. To
demonstrate the value of our new model, we tested several
compounds for which an efficacy against Tau aggregation
has been suggested. These were MB, which was already
tested in mouse models (56,73), BSc3094 and bbl4, which
demonstrated protective effects in cell culture models
(57,74,75), and the ATPZ Tau inhibitor cmpl6, which
blocked Tau aggregation in vitro and has been shown to
readily cross the blood—brain barrier of mice (33). We
showed here that they are all capable of at least partially pre-
venting or delaying Tau-mediated toxicity in C. elegans. At
the biochemical level, we demonstrated a reduction of insol-
uble Tau after applying the compounds in liquid cultures. Con-
cerning the bioavailability of the reported compounds, all of
them have chemical structures such as benzene rings that
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have been found enriched in molecules that can accumulate
within C. elegans tissues (76). This lends support to our inter-
pretation that these compounds reach the neurons of the
worms and act on Tau species inhibiting their aggregation.

An important conclusion from this study is that, by inhibit-
ing the aggregation process, neuronal damage can be thwarted.
We achieved this in two ways: by expressing the F3A280-PP
fragment, which does not allow accelerated aggregate forma-
tion, and by treating with compounds that have anti-
aggregation capacities. This treatment is essentially effective
if administered from the early larval stages onwards, to sup-
press even the initial formation of toxic oligomers. Actively
preventing the aggregation process is a promising therapeutic
avenue and encompasses a particularly active research field
(75,77—80). Capitalizing on advances in structural and com-
putational biology, researchers have recently developed non-
natural amino acid inhibitors of Tau and polyQ aggregation
(81,82). Moreover, the compound thioflavin-T, which is pre-
dominantly known as a staining reagent for aggregates, has
been recently revisited and demonstrated to prevent wide-
spread aggregation and proteotoxicity in worms (83). The
fact that amyloidogenic intermediates share common structure
(84) implies that compounds that are able to block the process
in a non-protein-specific way can be effective in a wider range
of protein folding disorders. In this study, we used MB,
BSc3094 and bbl4 as proof of principle and demonstrated
that a new compound belonging to the ATPZ class can be pro-
tective against Tau aggregation-mediated toxicity. It would be
interesting to know whether this compound has therapeutic po-
tential by testing it in mouse models of tauopathies and, if
proven effective, to promote it for clinical testing in an
effort to curb the progression of this debilitating condition.
Finally, this new C. elegans model of tauopathy can be
exploited for high-throughput screening approaches to
uncover novel modulators of neurodegeneration.

MATERIALS AND METHODS
Generation and maintenance of C. elegans strains

The following transgenic C. elegans strains were generated for
this study: BR5270: bylsl61[Prab-3::F3AK280;Pmyo-2::m
Cherry], BR5271:byls162;[Prab-3::F3AK280(1277P)(1308P);
Pmyo-2::mCherry], BR5944:  bylsl193[Prab-3::F3AK280;
Pmyo-2::mCherry], BR6516: byls194;[Prab-3::F3AK280(127
7P)(I308P),; Pmyo-2::mCherry], CK10: bkisl0[Paex-3::h4R1
NTauV337M;Pmyo-2::gfp] (provided by Brian Kraemer) (24),
BR5485: bylsi61;bkis10 (pro-aggregant line 1), BR5486:
byls162;bkls10 (anti-aggregant line 1), BR5706: byls193;
bkis10 (pro-aggregant line 2), BR6427: byls194,;bkls10 (anti-
aggregant line 2), BR5625: eri-1(mg366)IV;lin-15B(n744)
X;byls161;bkls10 (pro-aggregant, neuronal RNAi-sensitized
strain), BR5578: eri-1(mg366)1V;lin-15B(n744)X;byls162;b-
kIs10 (anti-aggregant, neuronal RNAi sensitized strain)
and juls73:[Punc-25::gfp]lll (provided by Erik Lundquist)
(45), BRS5674: bylsl162;bkls10;juls73, BRS5707: bylsi6l;
bkis10;juls73, nls52:[Punc-47::snb-1::gfp] (provided by Erik
Jorgensen) (47), BR5792: bylsl161;bkls10;nls52, BR5793:
byls162;bkls10;nls52, BRS5960: bklsl0;Ex1069[Pmyo-2::m
Cherry, Prab-3::F3AK280], BR5961: bkis10;Ex1070
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[Pmyo-2::mCherry; Prab-3::F3AK280(1277P)(1308P)] and
wyEx 2709:[Pitr-1::TOM-20"%": -yfp; Podr-1::gfp] (provided
by Kang Shen) (54), BR6011: bylsi61,;bkis10,wyEx2709,
BR6012:  byls162;bkls10,wyEx2709, BR6088: bylsi6l;
bkis10;Ex[Punc-129::mCherry], BR6089: byls162;bkisl0;
Ex[Punc-129::mCherry], BR6061: Ex[Prab-3::GFP;Punc-
129::mCherry] (provided by Stefan Eimer) and js/s609:Is[P-
mec-4::MLS::gfp], BR6174: byls161,bkls10;jsls609, BR6175:
byls162;bkls10,jsls609.

The following mutant strains were used in this study:
BR4338: eri-1(mg366)1V;lin-15B(n744)X [sensitized strain
for neuronal RNAi (44)], BR794: lev-1(x21)IV, NM791:
rab-3(js49)1I (as resistant controls for the aldicarb and levami-
sole assays).

General worm handling and generation of transgenic worms
were performed according to standard procedures described
previously (85). Worm cultures were maintained at 20°C
unless otherwise mentioned. Integration of extra chromosomal
arrays was achieved after subjecting L4 transgenic larvae to 30
Gy dosage of y-irradiation and screening the F2 generation for
clones that have 100% fluorescent marker penetrance. The
stable lines obtained were subsequently backcrossed to labora-
tory N2 wild-type males for 10 rounds, to get rid of back-
ground mutations. The strains were typically thawed fresh
from —80°C glycerol stocks every 4—5 months, to avoid
(epi)genetic drift.

Sequential extraction of proteins

Synchronized worms were washed off NGM plates with M9
buffer. Dead animals and bacteria were removed by flotation
on a 30% sucrose solution. The entire extraction procedure
was carried out on ice and centrifugation steps were at 4°C
except for the last step with 70% FA, which was performed
at room temperature. To extract the different Tau fractions
(86), worm pellets—after sucrose separation—were directly
resuspended in an equal amount (w/v) of high-salt RAB
buffer [100 mm 2-(N-morpholino) ethanesulfonic acid
(MES), 1 mm EGTA, 0.5 mm MgSO,, 20 mm NaF]. Worms
were lysed by sonication (6 x 10s, 10 s break) on ice, and
homogenates were centrifuged at 40 000g for 40 min. The
supernatant constitutes the RAB fraction. The pellet was
re-extracted with 1 M sucrose in RAB buffer and centrifuged
for 20 min at 40 000g, and the supernatant was discarded.
The pellet was extracted with RIPA buffer (150 mm NacCl,
1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mm
Tris, pH 8.0) and centrifuged at 40 000g for 20 min. The
supernatant is the RIPA fraction. The pellet, after a brief
washing with RIPA buffer, was extracted with 70% FA and
centrifuged at 13 000g for 15 min. The supernatant is the FA
fraction. All buffers contained Complete Protease Inhibitor
Mixture 3x (Sigma-Aldrich P8340, Hamburg, Germany)
and 0.5 mm PMSF.

Immunohistochemistry

Antibody staining was done as described previously (87). To
detect Tau and F3 fragment together, the K9JA antibody
was used at 1:20 000 dilution. An Alexa 488 goat anti-rabbit
antibody (1:5000) was used for detection. Imaging was
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performed with a Nikon A1 CLEM confocal through a Plan
Apo VC 60x Oil DIC N2 objective, using a 488 nm laser at
14% power and 120 PMT value.

Thioflavin S staining

ThS (Sigma-Aldrich, Hamburg, Germany) was used to stain
aggregates as described previously (34,35), with the modifica-
tion that the fixation procedure was performed according to the
antibody-staining protocol to increase the permeability of the
cuticle. ThS signal was visualized with a Plan Apo VC 60 x
Oil DIC N2 objective and a 488 nm laser at 25% power,
110 PMT. Z-stacks were acquired with 1.5x zoom, and the
region between the first and the second pharyngeal bulb
(where the nerve ring is located) was examined for the pres-
ence of ThS-positive staining. For quantification, the acquired
images were thresholded at 600 arbitrary intensity units, and
spots were counted using the NIS Elements 3.0 software
(Nikon).

Live imaging

Images were acquired with a Nikon A1 CLEM confocal and a
Nikon A1 CCD camera. Within each group of reporter strains,
the laser power and PMT values were kept constant, always
avoiding oversaturation. For immobilizing the animals on
the slides, a suspension of 1% (v/v) solution of 0.1 wm diam-
eter polystyrene beads (Polysciences Europe, Eppelheim,
Germany) was used without the need for anaesthetics as
described in Wasserman et al. (88). The worms become immo-
bilized due to their inability to surpass friction between the
beads and the underlying 8% agarose pad. Z-stacks of the pos-
terior dorsal neural cord of Punc-47::snb-1::gfp reporter
strains were collected with 30% GFP laser power, 150 PMT
with a Plan Apo VC 60x WI DIC N2 objective and a 2x
zoom factor. Imaging of the DA9 tail neuron to visualize the
mitochondrial marker Pitr-1:TOM-20""%":-yfp was per-
formed with 30% power of a 514.5 nm laser, 140 PMT and
a 1.68 zoom factor of a Plan Apo VC 60 x WI DIC N2 object-
ive. For time lapse imaging of the Pmec-4:MLS:gfp mitochon-
drial marker, a 488 nm laser at 13.5% power and 140 PMT
was used, with a 1.5x zoom factor of a Plan Apo VC 60 x
WI DIC N2 objective and 1.3 airy unit pinhole size. For
each time lapse video, an axonal region of the PLML or
PLMR neuron was selected that could be observed in a
single plane, and one frame was acquired every 2s, for
8—10 min.

Quantitation of synapses

In all sampled animals, the dorsal cord segment above the pos-
terior gonadal arm was imaged and Z-stacks were acquired for
comparisons. The resulting files were analysed with the NIS
Elements 3.0 software (Nikon). A region of interest was
drawn around the neural cord, and a threshold was set at
600 intensity units, as well as at 0.5 wm diameter to select
fluorescent puncta. Then the puncta number and the mean in-
tensity for each punctum were calculated. The length of each
imaged cord was measured as well, in order to extract the ratio
of number of synapses per 50 wm. For the compilation of the

cumulative panels in Figure 4 and Supplementary Material,
Figure S4, the Image] ‘Straighten’ function was applied to
straighten the cords, using a line width of 50 pixels, and
then the ‘Threshold’ function was performed, selecting the
default B&W method and setting the threshold level at 600 ar-
bitrary intensity units.

Aldicarb and levamisole assays

We performed aldicarb and levamisole assays as previously
described (50,89), using plates with 1 mm aldicarb (Supelco
Germany Gmbh) and 0.2 mm levamisole (Fluka Analytical,
Germany), respectively. The scoring of animals for paralysis
was performed blind to the genotype with 30 animals per
strains and the experiment was repeated three times.

Compound treatment

The compounds were applied in liquid culture in the 96-well
plate format. OP50 bacteria were grown overnight at 37°C
in LB medium, collected by centrifugation, frozen at —80°C
and then resuspended in nematode S-medium (90), so that
the ODs9s was 1.5 in four times diluted samples. Twenty
microlitres of this suspension were added per well. Synchro-
nized L1 larvae were resuspended in S-medium supplemented
with 10 pg/ml fungizone and 10 pg/ml cholesterol (both from
Sigma-Aldrich) in an appropriate volume so that there is ap-
proximately one worm per microlitre, and 20 pl was added
per well. Finally, 40 ul of a 2x compound solution in
S-medium was added per well, reaching a total volume of
80 pl. The final concentrations used in the experiments were
100 pm cmp16, 50 wm BSc3094 and 50 pwm bb14 each in 1%
DMSO. Worms cultured in 1% DMSO served as treatment
control. Water-soluble MB was used at a final concentration
of 25 M, with H,O as control. Plates were sealed with paraf-
ilm and incubated at 20°C for 4 days. The worms were then
transferred to empty NGM plates to measure the locomotion
speed by acquiring and analysing movies as described in Sup-
plementary Material, Methods. For biochemical characteriza-
tion, the same procedure was scaled up for the six-well plate
format, having 5 ml of final volume added per well. Synchro-
nized L1 larvae were added to the wells containing the com-
pounds of interest, and when the worms became L4 larvae,
75 M FuDR was added to prevent spawning of progeny.
The worms were allowed to grow at 20°C with constant
shaking until harvested for protein extraction.

Statistical analysis

For statistical analyses, the software GraphPad Prism 4.03 was
used (GraphPad Software, Inc., LaJolla, CA, USA). One-way
ANOVA was used for comparisons between three or more
groups, with Tukey’s post hoc test for comparisons between
all groups. In case of non-parametric distributions, the
Kruskall-Wallis ANOVA with Dunn’s post hoc test was
used. For the time course experiments with the drug treat-
ments, two-way ANOVA with the Bonferroni correction was
applied. For the comparison of mitochondrial distributions,
Yates’s x° test was used. In all graphs, the error bars depict

€102 ‘ST Afenuer uo zuesuo A1seAlun 1 /Bio'seunolpioxo-Buiyy/:dny wouy papeoumoq


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds190/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds190/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds190/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds190/-/DC1
http://hmg.oxfordjournals.org/

the SD, unless otherwise mentioned. Differences at P < 0.05
were accepted as statistically significant.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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