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1 Introduction

1.1 Neurodegenerative diseases

Neurodegenerative diseases are an umbrella term of hereditary and sporadic disorders which are
characterized by degeneration and selective progressive death of particular neuron subtypes in
the human brain [1]. A common symptom of neurodegenerative diseases is cognitive decline
and partially impairments in movement [2]. A hallmark of neurodegenerative diseases are pro-
tein deposits that are present in the brain in Alzheimer’s disease (AD), Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD) and polyglutamine diseases
including Huntington’s disease (HD) [3]. The involved disease-related proteins such as amyloid-
β and tau in AD [4], α-synuclein and parkin in PD [5, 6], transactive response DNA-binding
protein 43 (TDP-43) in ALS and FTD [7, 8] and the huntingtin protein in HD [9] accumulate
and form aggregates, which can be localized in the cytoplasmic, the nuclear or the extracellular
space [10].
Major efforts have been made to identify the molecular causes of these diseases. Several in-
tracellular processes, including oxidative metabolism, ubiquitin-proteasome system and axonal
transport seem to be altered in neurodegenerative diseases [11]. Mitochondrial and synaptic dys-
function, altered vesicle transport, increased oxidative stress and disruption of the proteasome
system are implicated in neurodegenerative diseases [11]. However, the exact molecular mech-
anisms involved in the origin and pathogenesis of neurodegenerative diseases are still poorly
understood.

1.2 Polyglutamine diseases

Nine inherited neurological disorders are linked to an expansion of a trinucleotide repeat (CAG),
including Huntington’s disease (Table 1.1). The CAG triplet repeat encodes for the amino acid
glutamine, which results in a polyglutamine (polyQ) tract in the transcribed protein and causes
the production of a mutated form of the protein. The elongated polyQ tract provokes the disease
either through a loss-of-function or a gain-of-function or a combination of both [12]. The first
described polyQ disease is the X-linked spinal bulbar muscular atrophy (SBMA) that is caused
by a mutation in the androgen receptor (AR) gene. It leads to a progressive weakness resulting



1.2 Polyglutamine diseases

from a loss of motor neurons [13]. Nine other diseases caused by polyQ-expanded proteins in-
cluding Machado-Joseph disease (MJD / SCA3), dentatorubro-pallidoluysian atrophy (DRPLA)
and six forms of spinocerebellar ataxia (SCA1, 2, 6, 7 and 17) were identified so far [14, 15].

Table 1.1: Polyglutamine- associated diseases and their affected proteins.
Modified from [15, 16].

Disease Protein Normal CAG(n) Expanded CAG(n) Most affected brain areas
SCA1 Ataxin-1 6 – 39 41 – 83 Cerebellum
SCA2 Ataxin-2 14 – 32 34 – 77 Cerebellum
SCA6 CACNA1A 4 – 18 21 – 30 Cerebellum
SCA7 Ataxin-7 7 – 18 38 – 200 Cerebellum, Eye retina
SCA17 TBP 25 – 43 45 – 63 Cerebellum
MJD / SCA3 Ataxin-3 12 – 40 63 – 86 Spinal cord
HD Huntingtin 6 – 35 36 – 180 Striatum
DRPLA Atrophin-1 3 – 38 49 – 88 Cerebellum

SBMA Androgen 6 – 36 38 – 62 Spinal cord and brainstemreceptor

The prevalence of polyQ diseases averages one – ten cases per 100,000 people [17]. The most
common polyQ diseases are HD and SCA3 [18], though the occurrence differs between nations.
Many cases of SCA2 were reported from Cuba [19], SCA3 was frequently observed in Portugal
[20] and DRPLA predominantly occurs in Japan [21].
In already two of the polyQ diseases, SCA8 and HD, repeat-associated non-ATG (RAN) trans-
lation have been reported [22, 23]. RAN translation was first discovered in SCA8 by Zu and
colleagues [24]. The group mutated the ATG initiation codon of the SCA8 gene and showed the
expression of homopolymeric polyglutamine, polyalanine and polyserine proteins in transfected
cells. Additional, the SCA8 polyalanine proteins were detected in mouse models and human tis-
sue. A recent study demonstrated the accumulation of homopolymeric expansion proteins such
as polyAla, polySer, polyLeu and polyCys in HD human brains, indicating that RAN translation
could also contribute to other polyQ diseases [23].

2



1.3 Chorea Huntington

1.3 Chorea Huntington

Huntington’s disease (also Huntington’s chorea) was first described in 1872 by George Hunting-
ton [25]. HD is an autosomal dominant inherited, progressive neurodegenerative disorder with a
prevalence of about five – seven cases per 100,000 in Europe [26]. The disease is characterized
by adult-onset motor abnormalities, cognitive defects and psychiatric disturbances [26].

1.3.1 Symptoms

Cognitive and psychiatric problems can be evident up to 15 years before the motor symptoms
manifest [27]. These include personality changes such as depression, anxiety, impulsiveness and
aggression [26, 27]. With disease progression, cognitive impairments develop into dementia. In
5 – 10% of the cases, the depression results in suicide [26]. Motor symptoms include involuntary
movements, also known as ”chorea”, and akinesia and rigidity at a later stage of the disease [26,
28]. The decline of the motor function decreases the speech output and even affects the ability
to chew and swallow, which can lead to the commonly observed weight loss [29]. Many HD
patients succumbs heart diseases due to aspiration pneumonia caused by swallowing problems.
The typical duration from onset of symptoms to death is 10 to 20 years [30].

1.3.2 Neuropathology

The most notable neuropathological feature of HD is the selective neuronal loss of the striatum
(caudate nucleus and putamen) and the cerebral cortex (Fig. 1.1) [31]. The most severely affected
region in HD is the striatum that is comprised of approximately 95 % medium spiny neurons
(MSNs) and 5 % interneurons [32]. The MSNs are characterized by a long axon, medium-size
cell bodies and spiny dendrites. In contrast, interneurons are characterized by short axons, large
cell bodies and dendrites [33, 34]. Striatal MSNs, which are the main and earliest cell type,
affected in HD show differences in vulnerability among specific subpopulations of MSNs. The
enkephalin-expressing MSNs projecting to the external segment of the globus pallidus die earlier
than the P-expressingMSNs projecting to the internal segment of the globus pallidus. In compar-
ison the interneurons are mildly affected at a late stage of the disease. Loss of cortical neurons,
in special large pyramidal projection neurons in cortical layers III, V and VI that project to the
striatum, is only evident in late stage HD [33, 34].
The neuropathology of HD is classified in five grades (0 – 4) depending on the severity of neu-
ronal loss within the brain [35]. For example, grade 0 brains show a neuronal loss of 30 to 40 %
of the caudate nucleus, whereby the brains of grade 1 exhibit 50 % atrophy of the caudate and
grade 4 displays 95 % loss of the caudate and widespread loss of the putamen [35]. In addition
to the atrophy of specific brain regions, abnormalities in peripheral tissues have been reported.

3



1.3 Chorea Huntington

Here, altered glucose homeostasis and sub-cellular abnormalities in fibroblasts, lymphocytes and
erythrocytes were observed [36].

Figure 1.1: Macroscopic analysis of a Huntington’s disease brain (right) compared to a
normal brain (left).
The brain shows atrophy of the caudate and putamen and an increase of the fluid-filled lateral ventricle in
the HD brain. Moreover, changes in cortical grey matter and white matter are observable. Adapted from
[37].

1.3.3 Genetics

In 1993 the Huntington’s disease Collaborative Research Group (HDCRG) identified the respon-
sible gene for HD, the IT15 gene also known as huntingtin (HTT ) [38]. The huntingtin gene is
located on the short arm of chromosome 4 and encodes for the protein huntingtin (HTT). The
HTT gene is characterized by a CAG trinucleotide repeat located in the first of 67 exons and
encodes sequential glutamines [38]. In healthy individuals the HTT gene contains up to 35 CAG
repeats, whereas individuals with 36 – 39 CAG repeats are at risk to develop the disease. Full
penetrance is observed for a repeat length of > 40. Extremely large repeats of > 60 CAGs are
associated with a disease onset during childhood or adolescence (juvenile HD) [38, 39]. There
is an inverse correlation between the CAG repeat length and the onset of disease. Patients with
a large number of glutamines develop symptoms at an earlier age [39, 40]. Moreover, genetic
anticipation, environmental as well as genetic factors influence the variance in the age of onset
[41, 42].

4



1.3 Chorea Huntington

1.3.4 The huntingtin protein

The human wild-type huntingtin (wHTT) consists of 3144 amino acids that encode a ~350 kDa
protein (Fig. 1.2). It is characterized by a polyQ tract at the N-terminus of the protein of up
to 35 glutamines (in healthy individuals), two polyproline regions (polyP) and several HEAT
(Huntingtin elongation factor 3, the PR65/A subunit of protein phosphatase2A and the lipid ki-
nase Tor) repeats downstream of the polyP regions [42]. The polyQ tract is a key regulator of
huntingtin binding to its cellular partners [43, 44]. X-ray crystallography has been shown that
the polyQ tract in HTT can adopt multiple flexible conformations, including α-helixes, random
coils and an extended loop [45]. These data also indicate that the structure of the polyQ tract
may be influenced by the polyP region. The specific conformations depends on its binding part-
ners, sub-cellular location and differentiation of a given cell type and tissue [45, 46]. It has been
shown that the polyQ region stabilize protein-protein-interactions [47]. A number of 37 putative
HEAT repeats were found in HTT, which are clustered in three main groups. This structural
motif was found to be involved in protein-protein interactions [48]. Moreover, HTT harbors a
nuclear localization signal (NLS) and a functionally very active carboxy nuclear export signal
(NES) sequence, indicating that the protein can shuttle in and out of the nucleus [49].

Figure 1.2: Schematic diagram of the HTT amino acid sequence.
Full-length HTT consist of 3144 amino acids in length. It contains a polyglutamine tract, two proline-rich
regions and three clusters of HEAT repeats. The yellow and green arrows indicate potential cleavage sites
by caspases and calpains. The polyQ tract is labeled in orange and the polyP regions in purple.

The HTT protein contains consensus cleavage sites and can be cleaved by several intracellular
proteases, resulting in the formation of a large number of N-terminal fragments. Many studies
have demonstrated that proteolytically cleaved HTT fragments are sufficient to cause an HD-like
phenotype in model organisms [50] - [52]. HTT can be cleaved by caspase-3 at amino acid 513
and 552, caspase-2 at amino acid 552, caspase-6 at amino acid 586 and calpain at amino acids
469 and 536 [50, 53]. Inhibition of caspase-3 and caspase-6 cleavage reduces pathogenicity,
whereby further analysis showed no contribution of HTT proteolysis by caspase-6 [54]. Even
smaller N-terminal fragments, such as the cleavage products A and B (cp-A and -B) produced by
an aspartyl protease and unidentified proteases were detectable [55]. The potential importance
of smaller N-terminal HTT fragments is substantiated by their presence in HD postmortem brain

5



1.4 Aggregation and toxicity of mutant HTT

[9]. Many studies currently use the HTT exon-1 fragment as a model of HD [56] - [58]. Recently,
it was shown that the pathogenic HTT exon-1 fragment is produced by aberrant splicing in HD
patient tissue [59]. In this way, the exon-1 fragment represents a very important disease relevant
fragment.
Various post-translational modifications of the HTT protein have been described [42]. This
includes sumoylation, ubiquitination, phosphorylation and palmitoylation. Ubiquitination has
been linked to reduced toxicity most probably by increased clearance of HTT by the proteasome,
whereas sumoylation of HTT exacerbates toxicity in a Drosophila model of HD [60]. The HTT
protein has several known phosphorylation sites including phosphorylation at serines-13, -16, -
421 and -434 and threonine-3 [46]. The importance of phosphorylation has been shown by Yang
and colleagues, who developed a BACHD mice model that expressed full-length mutant HTT
with a mutation of serine-13 and -16 to either aspartate or alanine [61]. The disease pathogen-
esis was reversed in these mice. Phosphorylation at serine-13 and -16 has been shown to target
the clearance of wildtype-huntingtin by the proteasome and lysosome [61, 62].
HTT is ubiquitously expressed with the highest levels found in neurons in the CNS [63]. In cells,
HTT is associated with various subcellular compartments, including the endoplasmic reticulum,
the Golgi complex, mitochondria and the nucleus [64]. It is also found at various vesicular struc-
tures within neurites and synapses [46]. Furthermore, HTT is involved in anti-apoptotic pro-
cesses, transcriptional regulation, microtubule transport, synaptic transmission and endocytosis
[43]. Finally, it was demonstrated that HTT is essential for embryonic development, as knock-out
mice die before gastrulation [65].

1.4 Aggregation and toxicity of mutant HTT

One pathological characteristic of HD is the appearance of nuclear or cytoplasmic inclusion bod-
ies. Often, these nuclear inclusion bodies contain small N-terminal huntingtin fragments that
were first discovered in transgenic mice and later examined in postmortem brains of HD patients
[9, 66].
Currently, two major aggregation mechanisms for mutant HTT are discussed. Perutz proposed
that HTT with an elongated polyQ undergo a conformational change from a random coil struc-
ture to a stable hairpin structure when the number of glutamines exceeds 41 [67]. This stable
structure is called polar zipper that consists of two antiparallel β-sheet strands of polyQ repeats
linked together by hydrogen bonds between their man-chain and side-chain amides. The polyQ
containing hairpins could associate with each other and causes formation of fibrillar aggregates.
Evidence for this hypothesis came from Scherzinger et al. who showed that short huntingtin frag-
ments with elongated polyQ tract self-assemble in vitro into fibrillar or ribbon-like aggregates
[68]. To initiate the aggregation, a critical concentration of mutant HTT has to be exceeded. The

6



1.4 Aggregation and toxicity of mutant HTT

aggregation follows a nucleation-dependent pathway (Fig. 1.3 A), meaning the formation of a
nucleus is essential before the polymerization into ordered fibrils occur [69].
The other pathway was found for the polyQ containing N-terminal 17 amino acids sequence of
HTT exon-1 (Fig. 1.3 B). Thakur et al. proposed that with increasing polyQ length this structure
unfolds and self-assembles to globular-intermediate structures with the first 17 amino acids in
its core and the polyQ sequences exposed to the surface [70]. The polyP region does not incor-
porate into the core [71]. Subsequently, the globular intermediate collapses and rearranges into
protofibrillar structures with high β-sheet content that grow by the addition of monomer.

Figure 1.3: The process of aggregate formation.
(A) Nucleation-dependent polymerization mechanism. The mutant protein undergoes a conformational
change from a random coil to a hairpin structure. After exceeding a critical concentration, the nucleus
is formed during the lag phase. Subsequently, oligomers arise, that grow by adding further monomers.
Mutant huntingtin forms amyloid-like structures rich in β-sheet strands forming molecular zipper. (B)
17-amino-acid flanking sequence mediated aggregation pathway. The first 17 amino acids unfold in the
presence of elongated polyQ tracts. Non-fibrillar oligomers are formed, with the N-terminal fragment in
the core and the polyQ tracts exposed on the surface. With increasing polyQ tract, the structure decompacts
and oligomers or protofibrils rearrange into amyloid-like structure, which rapidly propagate by monomer
addition and producing aggregates. Adapted from [70].
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1.4 Aggregation and toxicity of mutant HTT

The in vitro polymerization of polyQ-containing HTT exon-1 fragments can be accelerated by
addition of preformed fibrils / aggregates, which can act as seeds for the polymerization and
accelerate the transition into an insoluble state [68]. Even the accumulation of wild-type HTT
exon-1 fragments in aggregates ofmutant HTTwas observed [72]. Besides HTT itself, it has been
shown that proteins with Q-rich domains such as transcription factors like TBP (TATA-binding
protein) and CBP (CREB-binding protein) are able to co-aggregate with HTT [73]. Also other
proteins without a Q- or N-rich domain can be sequestered into HTT aggregates. For example,
components of the ubiquitin-proteasome pathway and molecular chaperones co-aggregate with
HTT [64].
Several studies revealed that N-terminal fragments of HTT are essential for the spontaneous
formation of insoluble aggregates [9, 57]. Often, neuronal inclusions could only be detected
with antibodies that bind to the N-terminus of HTT [9, 57, 74]. Cell-free and cell-based stud-
ies demonstrated that N-terminal fragments of HTT with expanded polyQ tracts effectively form
aggregates, whereas neuroblastoma cells transfected with full-length huntingtin show a diffuse
localization of the protein [55, 75]. Moreover, the inhibition of the production of N-terminal
HTT fragments produced by proteolytic cleavage leads to a reduction in toxicity and aggregate
formation [50]. The spontaneous aggregation of N-terminal HTT fragments is highly dependent
on their length and the size of the polyQ repeat [76, 77]. Cell culture experiments exhibited an
increasing toxicity with decreasing protein length and increasing polyQ size [77, 78]. These data
suggest that the truncation of full-length HTT is a crucial step in the disease process and a pre-
requisite for the aggregation of the protein in patients and disease models.
The question whether the native protein, the misfolded protein, aggregation intermediates or ma-
ture aggregates are the toxic species in HD is still unanswered. An increasing body of evidence
indicates that mutant HTT aggregates are toxic structures [9]. Several studies showed that large
cytoplasmic inclusions as well as nuclear inclusions cause toxicity [9, 75, 78]. Also, the local-
ization of the inclusions seems to play a role, since nuclear but not cytoplasmic inclusions lead to
dramatic cell death in a cell culture and mouse model [79, 80]. In contrast, a recent study claimed
that cytoplasmic aggregates cause the pathology [81]. The toxic behavior of aggregates has also
been demonstrated in a number of cell types that take up and internalize HTT aggregates supplied
by the medium [79, 82]. Moreover, a recent study by Jeon and colleagues exhibited the trans-
mission of HTT aggregates from patient’s fibroblasts as well as induced pluripotent stem cells
to healthy tissue of neonatal mice [83]. After implantation into the cerebral ventricles, transmit-
ted HTT aggregates increased motor and cognitive symptoms and loss of striatal medium spiny
neurons. The transmission of mutant HTT aggregates from cell to cell was also exhibited by
the integration of human stem cell-derived neurons into mouse organotypic brain slices and by
investigating the localization of tagged HTT aggregates in a fly model of HD [84, 85].
In contrast, it has been demonstrated that the presence of HTT aggregates / inclusions does not
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correlate with neuronal cell death in mouse model systems [86, 87]. Arrasate and colleagues
demonstrated that the formation of inclusion bodies reduces the level of free diffusible mutant
HTT in the cytoplasm resulting in decreased neuronal death [88]. Other studies showed that the
formation of inclusion bodies is protective. The suppression of inclusion body formation in cells
even increased death [89]. Also aggresomes, which are microtubule-dependent cytoplasmic in-
clusion bodies, have been shown to be cytoprotective in a cellular model of X-linked spinobulbar
muscular atrophy and a yeast model of HD [90, 91]. Muchowski and others suggested that ac-
tive transport processes along microtubules are required for inclusion body formation that might
contribute to a decrease in toxicity in mammalian cells [92].

Figure 1.4: Potential pathogenic mechanisms in Huntington’s disease.
(A) Full-length HTT is cleaved by several proteases. The generated fragments are ubiquitinated and tar-
geted to the proteasome. (B) N-terminal HTT fragments accumulate and cause impairments in calcium
signaling and homeostasis (C) and mitochondrial dysfunction (D). Mutant HTT translocates to the nu-
cleus and impairs gene transcription (E). Also vesicular transport and recycling are altered by mHTT (F).
Adapted from [46].

Many cellular processes are dysregulated in HD (Fig. 1.4). The ubiquitin-proteasome system
(UPS), which degrades ubiquitin-labeled proteins and plays a critical role in the clearance of
misfolded proteins, found to be impaired [93]. It was shown that components of the proteasome
such as subunits of the 26S proteasome and the molecular chaperones Hsp40 and Hsp70 co-
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localize with HTT inclusions [94]. Reduced neuronal UPS activity may be responsible for the
preferential accumulation of misfolded proteins in neurons [95]. N-terminal fragments of mu-
tant HTT have been shown to translocate to the nucleus and cause transcriptional dysregulation
[96]. One major pathway is the sequestration of transcription factors into HTT aggregates and
the modulation of their transcriptional activity. The aberrant form of HTT results also in global
cellular impairments such as mitochondrial dysfunction, defective energy imbalance, synaptic
dysfunction and axonal transport impairment [37].

1.5 Modulation of mutant HTT aggregation by other proteins

In cells, misfolded proteins are refolded into the correct conformation bymolecular chaperones or
targeted for degradation by the proteasomal or lysosomal pathway [97]. Molecular chaperones
provide the first line of defense against misfolded, aggregation-prone proteins [98]. Analysis
of molecular chaperone levels in mice and flies exhibit a biphasic response in neurodegenera-
tive diseases [99]. At first, the expression of chaperones shows an increase in the early stage
of the disease caused by aggregate-induced cellular stress [100]. In the late stage, the levels
decrease due to the sequestration into HTT aggregates [99]. Several chaperones have been iden-
tified that suppress protein aggregation in different HD and other polyQ disease models [101] -
[106]. The Overexpression of both HSPA1A (Hsp70) and DnaJB1 (Hsp40), but not HSPA1A
alone, prevents the formation of insoluble HTT inclusions in cells [101]. Another member of the
DNAJ-chaperone family, DnaJB6, potently delays the aggregation of a 6.5 kb polyQ peptide by
overexpression as well [102]. In yeast, Hsp70 and Hsp40 co-expression inhibits the formation
of large and detergent-insoluble aggregates [103]. Another study demonstrated a suppression
of polyQ mediated toxicity by co-expression of the human chaperones Hsp70 and Hsp40 chap-
erone (dHdj1) in a Drosophila model of Machado-Joseph disease (MJD) [104, 105]. Also, the
chaperonin TRiC (TCP1-ring complex) inhibits HTT aggregation in vitro and in vivo [106]. The
chaperonin binds to fibril tips and encapsulates small oligomers, which lead to an inhibition of
large fibrillary structures in vitro [106]. Further modifiers of mutant HTT aggregation and tox-
icity such as CRMP1 were described to reduce toxicity and aggregation in transgenic HD flies
by overexpression [107]. Another therapeutic strategy targeting the transcriptional dysregulation
is the inhibition of histone deacetylases (HDAC). The HDAC inhibitor 4b ameliorates transcrip-
tional abnormalities and the disease phenotype in HD mice [108]. In other studies, positive
modulators of HTT aggregation were identified such as MOAG-4 that induces a conformational
change in aggregation-prone proteins and promotes the aggregate formation process [109].
The clearance of mutant HTT is primarily mediated by the ubiquitin-proteasomal system and au-
tophagy, whereby the UPS is more efficient to remove soluble N-terminal HTT fragments [110].
The degradation of aggregates is mainly promoted by macroautophagy [111] - [113]. Ravikumar
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and colleagues found that overexpression of the early endosomal protein Rab5 attenuates toxicity
in cell and fly models of HD by macroautophagy [114].

1.6 Therapeutic approaches against polyQ mediated toxicity

At the present time, no treatments can alter the course of Huntington’s disease. Currently used
pharmaceutics ameliorate the primary symptomatology, as for instance psychiatric drugs to con-
trol behavioral symptoms, motor sedatives and cognitive enhancers, to improve the quality of
life [115]. Several potential therapeutic agents have been tested and have shown improvement
of motor and cognitive dysfunction. Drugs against mitochondrial dysfunction or excitotoxicity
such as tetrabenazine were analyzed. Tetrabenazine is a dopamine pathway inhibitor and reduces
chorea in HD patients with side effects [116]. Other studies examined drugs that target caspase
activities and the proteolysis of HTT by using caspase inhibitors [117]. Transcriptional dysreg-
ulation is an early event in the pathology of HD and is considered as a target for therapeutic
intervention. Therefore, several HDAC inhibitors such as soidium butyrate and phenylbutyrate
were already examined and showed a neuroprotective effect in a transgenic mouse model of HD
[118, 119]. Another approach is to target aggregates or the aggregation process of HTT using
anti-aggregation compounds such as Epigallocathechin gallate (EGCG) or drugs that increase
the level of molecular chaperones [120]. Compounds may also induce degrading pathways, such
as Sulforaphane that increases proteasome and autophagy activity in transgenic mice or small-
molecule enhancers that enhance autophagy [121, 122].
A recently announced clinical trial ”Huntingtin Lowering Trial” aims at reducing HTT levels in
patient brains using an antisense oligonucleotide (ASO) [123]. The administration of the ASO
drug IONIS-HTTRx that has entered phase I in 2015, specifically binds HTT RNAs and inhibits
the production of the protein. The reduction of mutant HTT levels should slow the disease pro-
gression as has been shown in animal studies before [124, 125].

1.7 Animal model for studying the molecular mechanism in HD

After the identification of theHTT gene, a variety of genetic animal models that express a mutant
HTT protein with an expanded polyQ tract were generated [126, 127]. The significance for these
transgenic models is indisputable, since fundamental studies in humans are limited. Studies with
animal models are relatively fast, allow expression of the transgene in specific tissues and provide
the opportunity to interfere with disease progression using therapeutic molecules.
Rodents are the most commonly used animals for modelling HD [127]. The most frequently
used rodents models are the R6/2, N171-82Q, BACHD and YAC128 mice that express various
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HTT fragments or full-length HTT, respectively [56], [128] - [130]. These mouse models show
a progressive HD phenotype with motor and cognitive impairments. Furthermore, large animal
models such as transgenic HD rhesus monkeys, transgenic pigs and sheep that revealed a mild
HD phenotype have been developed [131]. The large transgenic models show typical clinical fea-
tures of HD and provide a powerful tool for preclinical experiments and long-term safety studies
[132, 133]. In addition to rodent or large animal models, invertebrate models like Caenorhab-
ditis elegans and Drosophila melanogaster HD models were also established and are often used
for mechanistic investigations [72, 85], [134] - [137]. These model systems allow a fast analysis
of potential disease underlying mechanisms and can also be applied for testing of therapeutic
strategies [138] - [140].
The fruit flyDrosophila melanogaster offers many advantages like easy cultivation and handling,
a development cycle as short as two weeks, simple genetics and well-established transgenesis
technologies and experimental tools [141]. Flies are a multicellular organism and are more suit-
able to mimic human diseases compared to yeast or cell culture. The currently used Drosophila
models of HD displayed in Table 1.2 were generated by P-element mutagenesis, which leads to
random insertion of the transgene into the fly genome [142].

Table 1.2: Representative Drosophila melanogaster models of HD.
The stated phenotypes were observed in the highlighted (underlined) flies. Modified from [131, 143].
Model Transgene product Promotor Phenotype Ref.
HTTQ2,

1-142 a.a. HTT GMR Degeneration of photoreceptor neurons [144]HTTQ75,
HTTQ120
HTT.Q20.ex1p, 1-90 a.a. HTT GMR, Loss of rhabdomers and reduced survival [58]HTT.Q93.ex1p Elav

HTT.128Q.1-336 1-336 a.a. HTT GMR, Progressive deficit in climbing, reduced survival [145]Elav and neurodegenerative phenotype in eye
HTT.Q0, 1-548 a.a. HTT GMR, Abnormal motor behavior, reduced survival [146]HTT.Q128 Elav and photoreceptor degeneration
HTT.16Q.FL, Full-length HTT GMR, Progressive eye degeneration and climbing [147]HTT.128Q.FL Elav deficits and electrophysiological abnormalities

The HTT.128Q.FL flies show neuronal degeneration, impaired motor function and reduced lifes-
pan with no detectable huntingtin aggregates [147]. In contrast, the truncated HTT.Q128 flies,
which produce a 548 amino acid long HTT fragment, display a behavioral disease phenotype and
cytoplasmic HTT aggregates in neuronal and non-neuronal tissue [146]. The expression of the
HTTQ75 and HTTQ120 proteins in flies induces retinal degeneration and causes the formation of
nuclear inclusions [144]. Likewise, flies carrying the labeled N-terminal fragment with the first
588 amino acids (RFP.Htt.138Q) exhibit the formation of HTT aggregates, which spread rapidly
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from one region to another in the brain [85]. Experimental evidence that small N-terminal HTT
fragments are critical for the formation of aggregates in flies was also shown by Pearce et al..
Finally, it was demonstrated that the expression of the exon1 fragment with 91 glutamine repeats
in flies leads to the formation of aggregates that can converts the wild-type protein with 25 glu-
tamines into an aggregated state [72].
Since the pathology of HD including the formation of nuclear inclusions, behavioral defects and
progressive degeneration of neurons can be emulated in fruit fly, they are very valuable models
for the identification of potential therapeutic compounds [139, 148]. Thus, drugs that are initially
identified in cell-based assays as modulators of mutant HTT aggregation can next be validated in
transgenic flies, which is fast and cost effective prior to their analysis in transgenic mouse models
[149].

1.8 Drosophila melanogaster, a versatile model organism for
studying disease mechanism

The common fruit fly, Drosophila melanogaster, has been used since the last century to study bi-
ological processes, including inheritance, embryonic development, learning, behavior and aging
[150]. Despite the outward difference, fundamental biological mechanisms are conserved across
evolution between the fruit fly and humans [140]. Approximately 77 % of the human genes
associated with diseases are found in the fly genome [151]. The fly harbors ~14,000 genes on
four chromosomes and exhibits a higher density of genes per chromosome compared to humans,
which harbors 22,000 genes that are allocated on 23 chromosomes [150].

1.8.1 The life cycle of Drosophila melanogaster

The life cycle of fruit flies comprises of four stages, the egg, the larva, the pupa and the adult
fly (Fig. 1.5) [150]. After fertilization, the embryos develop in the eggs for one day before the
larva hatches. The larvae consume a lot of food when they growth through the first, second and
third larva stage [150]. The Drosophila larva is characterized by the presence of giant polytene
chromosomes in the salivary glands [152]. Giant polytene chromosomes are over-sized chro-
mosomes, which develop from normal chromosomes that begin repeated rounds of DNA repli-
cation without cell division (endoreplication). The centromeric regions of the chromosomes do
not endoreplicate with the result that the centromeres of all chromosomes bundle together in the
chromocenter [152]. The polytene chromosomes allow high levels of gene expression and a fast
larval growing. The third instar larva stage is followed by the pupal stage, which is character-
ized by dramatic reorganization during the metamorphosis into the adult fly. The developmental
period of flies takes about twelve days at 25 °C. After the adult flies emerge from the pupae, it
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takes eight – twelve hours until female flies become receptive to courtship. The average lifespan
of wild-type fruit flies is ~50 days [153].

Figure 1.5: The Drosophila life cycle.
The development stages of a fertile egg to an adult fly over a ten day period at 25 °C. Following the
hatching (eclosion), the larvae goes through three instars before reaching the pupation stage at which the
metamorphosis to the adult fly takes place. Figure taken from [154].

1.8.2 Drosophila anatomy

The adult body of a Drosophila fly is divided into three main body parts, the head, the thorax and
the abdomen [155]. The abdomen consists of five or six segments in male flies and seven or eight
segments in female flies. The thorax is built up of three segments (prothorax, mesothorax and
metathorax), the wings and the legs. The fly head consists of the brain and the compound eye,
which is composed of approximately 800 ommatidia with eight photoreceptor cells each [156].
The major regions of the Drosophila brain are the optical lobes and central brain including the
antennal lobes and the mushroom bodies (Fig. 1.6). The antennal lobes are the primary olfactory
centers and consist of projection neurons and local interneurons. The projection neurons receive
signals form the olfactory receptor neurons and pass the olfactory information to the lateral horn
and the mushroom body neuron dendrites in the calyx. The mushroom bodies are prominent neu-
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ropil structures in the fly brain that are arranged as pairs. The mushroom bodies can be divided
in α, α’, β, β’ and γ lobes and are composed of Kenyon cells [157].

Figure 1.6: Detailed model of the fly brain and anatomy of the mushroom bodies.
Sown is a dorsal view of a fly headwith themain parts of the olfactory pathway in the brain. Themushroom
body comprises α, α’, β, β’ and γ lobes. Adapted from [158].

1.8.3 Transgenesis of Drosophila melanogaster

Transgenesis in Drosophila melanogaster has undergone some revolution in recent years. The
first established tool and classical technique for mutagenesis in fruit flies was the P-element trans-
position system [159]. The system has been used to knock-out genes as well as to insert genes in
theDrosophila genome [160]. P-elements are transposable elements found in the fly genome and
encode the functional P transposase protein with flanking inverted terminal repeats to enable the
cut-and-paste mechanism in the genome [161, 162]. After some modifications the transposase
protein has been transferred to an additional vector, called helper-plasmid. A multiple cloning
site and a visible marker gene were introduced between the inverted terminal repeats instead of
the transposase. The multiple cloning site facilitates the insertion of the gene of interest [163].
The marker gene, which is used to identify the transformants, is commonly the white mini-gene
[164]. A sex-linked mutation in the white gene causes a white-eye phenotype (w1118 strain). An
insertion of the modified P-element leads to a colored eye phenotype induced by the mini-white
gene in the white mutant background [164]. A drawback of this system is the random insertion
of transgenes in the genome, because position effects can influence gene expression and impede
a direct comparison of transgenic flies.
A suitable alternative method to P-element mutagenesis is the site-specific ΦC31 integration sys-
tem [165, 166]. The ΦC31 integrase is a sequence-specific recombinase and is encoded in the
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genome of the bacteriophage ΦC31. The ΦC31 integrase mediates a recombination between a
bacterial attachment site (attB) in the expression vector and a phage attachment site (attP) in the
fly genome as shown in Figure 1.7. In comparison to the P-element mutagenesis, a site-specific
integration is mediated [167]. In recent years, a number of well-characterized and highly effi-
cient landing sites throughout the four chromosomes of Drosophila have been developed [168,
169]. Additionally, the ΦC31 integrase was integrated in the fly genome to overcome the need of
coinjecting the integrase [169]. Similar as the P-element mutagenesis, a plasmid containing the
transgene, the mini-white gene and the attB site is injected into eggs of aDrosophila strain with a
whitemutation. The integration of the plasmid in the fly genome leads to colored eye phenotype,
which can be easily monitored [165].

Figure 1.7: Principle of the ΦC31 integration system.
The ΦC31 integrase mediates the site-specific integration of the donor plasmid containing the attB site,
the transgene and a mini-white gene into the attP site in the fly genome. Adapted from [170].

One challenge of the work with Drosophila melanogaster is that flies cannot be archived and
mutant or transgenic flies have to be propagated continuously [171]. Moreover, genetic manipu-
lations without a marker gene like deletions are difficult to track from generation to generation.
Also mutations, which are lethal or sterile in a homozygote state, are successively abolished dur-
ing strain maintenance of heterozygote flies. A solution is the usage of balancer chromosomes
that stabilize chromosomes and carry at least one phenotypic marker gene [171, 172]. Balancer
chromosomes contain multiple inverted sections to prevent homologous recombination between
two chromosomes, called crossing over. These chromosomes contain a lethal recessive allele,
which leads to lethality in a homozygote state. Therefore, the combination of a chromosome
carrying a mutation or a transgene with a balancer chromosome leads to a stable fly line with no
need for selection of transgenic flies in each generation. This arrangement is called the ”balanced
system” [172]. It provides a predictable and verifiable tool for genetic crossings and therefore
avoids the sequencing step required for mouse experiments.

1.8.4 Expression of transgenes in Drosophila melanogaster

The GAL4 / UAS expression system is a powerful tool for the constitutive expression of trans-
genes in transgenic flies [173] - [175]. The GAL4 protein, originally found in Saccharomyces
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cerevisiae, regulates the transcription of genes by a defined binding site. This specific binding
site, called UpstreamActivating Sequences (UAS), is fused upstream to the target gene of interest
(Fig. 1.8 A). The GAL4 gene is placed close to a promotor or enhancer that directs the expression
in a cell- or tissue-specific manner. As a consequence, the tissue-specifically expressed GAL4
protein binds to the UAS sequence of the target gene and activates transcription of this gene in the
same cells or tissues [176]. The man feature of this bipartite expression system is that the GAL4
gene and the UAS-target gene are separated in two different fly lines until expression is desired.
The fly strain harboring the GAL4 protein expresses the transcription activator, but not the tar-
get gene. Flies containing the UAS-target gene, miss the transcription activator, hence the target
gene is silent. Exclusively through the cross-breeding of these two fly strains both elements are
combined in the progeny, which leads to the expression of the target gene. This bipartite system
allows the strain maintenance of viable UAS lines for which tissue-specific expression is lethal.
Furthermore, target genes can be analyzed in a wide range of tissues through the application of
different GAL4 lines [176]. A drawback of this spatially controlled expression system is the lack
of temporal control over the expression of the target gene.

Recently, several alternatives expression systems were generated, including the temporal and re-
gional gene expression targeting (TARGET) system and the hormone-inducible chimeric GAL4
activator system, also termed the Gene-Switch system [178, 179].
The TARGET system is based on a temperature-sensitive GAL80 protein (Fig. 1.8 B). In yeast,
the GAL80 protein represses the GAL4 protein in the absence of galactose. A temperature-
sensitive mutant of GAL80 (GAL80ts), found in yeast, regulates the repression of GAL4 in a
temperature-dependent manner. At 19 °C the GAL80ts protein is in an active state and represses
the activity of the GAL4 protein. At 29 °C or higher temperatures the GAL80ts is in an inactive
state and the expression of the target gene through binding of the GAL4 protein to the UAS takes
place. GAL80ts lines can be combined with existing GAL4 driver lines. The resulting system
offers the combination of spatial and temporal control of the target gene expression through the
conventional GAL4 / UAS system [177, 180].
In contrast, the Gene-Switch system is based on a modified GAL4 protein (Fig. 1.8 C). The
DNA-binding domain of the GAL4 protein is fused to the p65 activation domain and a mu-
tant progesterone receptor ligand binding domain, enabling a ligand-stimulated activation of the
GAL4 protein complex [179]. The hormone ru-486 (ligand) is able to bind to the ligand binding
domain of the progesterone receptor. In the absence of ru-486, the Gene-Switch protein complex
is inactive. In the presence of the hormone, however, the GAL4 complex changes into an active
conformation that can bind to the UAS sequence and stimulate the expression [173, 177]. The
activation of the ru-486 mediated expression is carried out by feeding the hormone to flies. The
expression can be turned off by transferring the flies on hormone-free food.
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Figure 1.8: The GAL4 / UAS, TARGET and Gene-Switch system.
(A) The GAL4 / UAS expression system. The yeast transcription activator GAL4, driven by a specific
enhancer or promoter, binds to the UAS sequence and activates the transcription of the target gene (TG)
cloned downstream of the UAS. (B) The TARGET expression system. The GAL4 / UAS system is reg-
ulated by a temperature sensitive mutant of GAL80. At 19 °C the transcription is repressed. After a
temperature shift to 30 °C the GAL80ts protein is inactive and the target gene is expressed. (C) The Gene-
Switch expression system. In the absence of the hormone the system is in the ”off” state. Addition of the
hormone leads to a change to an active conformation that binds the UAS and activates expression of the
target gene. Modified from [177].

1.9 Aim of this work

One aim of my study was the establishment of newDrosophilamodels for HD that should be pro-
duced byΦC31-mediated integration in the fly genome to ensure direct comparability of different
HD fly models. Flies containing HTT fragments with various amino acids in length, combined
with non-pathogenic or pathogenic polyQ lengths should be generated. The newly generated flies
should to be characterized using a combination of biochemical and behavioral approaches. An-
other aim was the development of an adult-onset Drosophila model of HD. To understand the
underlying mechanisms of disease progression, HTT with a wild-type or a mutant polyQ tract
should be inducible expressed in the nervous system of the adult fly. Subsequently, short-term
and long-term induced flies shall be systematically analyzed. Additionally, the modulation of
mutant HTT toxicity should to be analyzed in proof-of-principle experiments by co-expression

18



1.9 Aim of this work

of a chaperone. This should provide the basis for the analysis of the effect of small compounds
on the aggregation of mutant HTT and its toxicity in flies.
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2 Results

2.1 Establishment of new Drosophila transgenic models of HD

Existing and commonly used Drosophila models of HD were produced by p-element-mediated
integration, which leads to a random integration of the transgenes in the genome of Drosophila
melanogaster [58, 147]. Position effects might influence the expression of different HTT frag-
ments [181], suggesting that the generated fly lines cannot be compared directly. To overcome
these limitations and to avoid chromosomal position effects, new transgenic models of HD were
generated using the ΦC31-mediated insertion of different HTT transgenes at the same genomic
insertion site.
Previous studies indicate that N-terminal HTT fragments play an important role in HD pathogen-
esis [50] - [52]. Several proteases have been identified which cleave the full-length HTT protein,
resulting in the production of N-terminal HTT fragments of different [50, 53]. For instance, the
caspase-3 produces a HTT fragment with 513 amino acids in length. In addition, the N-terminal
HTT exon-1 fragment has been shown to be produced by aberrant splicing [59]. To investi-
gate and compare the pathogenic effects of different HTT fragments, I generated transgenic fly
lines, which harbor N-terminal HTT fragments of different sizes. The transgenic flies contain
either HTT exon-1 fragment (HTTex1), HTT fragment with the first 513 amino acids (HTT513)
or full-length HTT (HTTfl). The different HTT fragments were combined with different CAG
repeats, including wild-type and mutant-associated repeats (Table 2.1). The corresponding pro-
teins, which are produced by the transgenic flies, contain consequential different polyQ-lengths.
To monitor the polyQ length-dependent effects of HTTex1 fragments, flies containing a non-
pathogenic length of 17 CAG repeats (HTTex1Q17) and flies with expanded length of 49 (HT-
Tex1Q49) and 97 CAG repeats (HTTex1Q97) were generated. Additionally, flies containing the
HTT fragment without CAG repeats (HTTex1Q0) were created. Furthermore, flies were gener-
ated that harbor HTT513 fragments with a non-pathogenic length of 17 CAG repeats (HTT513-
Q17) and a pathogenic length of 68 (HTT513Q68) and 145 CAG repeats (HTT513Q145). In
terms of full-length HTT, flies were produced which contain a wild-type length of 23 CAG re-
peats (HTTflQ23) and mutant lengths of 73 (HTTflQ73) and 145 CAG repeats (HTTflQ145).



2.1 Establishment of new Drosophila transgenic models of HD

2.1.1 Generation of expression plasmids containing different huntingtin
fragments

In order to generate the above described transgenic flies, the required HTT cDNAs were con-
structed if they were not yet available in the plasmid library of the Wanker lab. The cDNA
encoding the HTTexQ0 protein was amplified by polymerase chain reaction (PCR) from the
fragment HTT336Q0, which was available in the library. The template (HTT336Q0) consists
of codons that were optimized for expression in yeast. However, this modified DNA sequence
does not affect the amino acid sequence so that it is still comparable to the other HTTex1 proteins.
The inclusion of attB sites at the 5’ and 3’ ends, which are essential for gateway cloning, were
added by amplification using the attB-HTT-ex1-fwd and attB-HTT-ex1-Stop1-rev primers. The
HTTex1Q97 cDNA was produced by PCR using a template (HTTex1Q97-stop) without a stop
codon. The primers attB-HTT-ex1-fwd and attB-HTT-ex1-Stop2-rev were used to introduce the
stop codon. The attB-flanked PCR products were purified from an agarose gel and were shuttled
into the gateway-compatible pDONR221 vector. The remaining HTT cDNAs did already exist
as entry clones in the plasmid library. To assess whether the generated plasmids are correct,
entry clones were examined by restriction digestion with the BsrGI restriction enzyme (data not
shown).

Figure 2.1: Generation of expression vectors (pUAST) containing different HTT cDNAs.
(A) Schematic representation of the different HTT fragments that are encoded by the generated expression
plasmids. The light gray box represents the N-terminus, the red box the polyQ tract and the middle gray
box represents the C-terminus of HTT. (B) A schematic representation of the pUAST-HTT-attB vector for
ΦC31 mediates integration in the fly genome [169].
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The different HTT cDNAs were transferred from the generated entry clones into the gateway-
based destination vector pUAST-attB-rfA [169] (Fig. 2.1 A and B). This Drosophila specific
destination vector contains an attB site downstream of the UAS-transgene for site-specific inte-
gration in the genome of the fly by ΦC31 integration [165, 166]. The vector also contains the
eye-specific white+ marker gene, which allows the selection of fly transformants [165]. The cor-
rect sequences of the HTT cDNA fragments and the size of the CAG repeats encoding glutamine
tracts (Fig. 2.1) were confirmed by DNA sequencing. The obtained sequences are shown in Fig-
ure 7.1 - 7.5.

The generated destination vectors containing different HTT transgenes were sent to the company
Rainbow Transgenic Flies for injection in Drosophila melanogaster embryos. The Drosophila
strain y[1] M{vas-int.Dm}ZH-2A,M{3xP3-RFP.attP’}ZH-68E that includes a phage attachment
site (attP) on the third chromosome (2A3, 68E) in the fly genome, which is complementary to the
bacteriophage attachment site (attB) of the Gateway-based destination vectors was used. All des-
tination vectors were integrated on the pre-selected site within the genome using the co-injected
ΦC31 integrase. The offspring was selected for white+ expression and was sent to our laboratory.
The transgenic flies were crossed with the balancer strain CyO

Sp ;TM6,T b,Hu
MKRS,Sb to generate stable HTT

fly-lines (Table 2.1).
For a clear representation, flies were named after the transgenes they carry. For example, flies
carrying the cDNA encoding the HTTflQ23 protein are called HTTflQ23 flies. The gene-drivers
used will be introduced at the beginning of the corresponding chapter.

Table 2.1: Established transgenic fly models of Huntington’s disease.
HTTex1Q0 HTT513Q17 HTTflQ23
HTTex1Q17 HTT513Q68 HTTflQ73
HTTex1Q49 HTT513Q145 HTTflQ145
HTTex1Q97
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2.2 Characterization of transgenic Drosophila models
expressing the full-length HTT protein

2.2.1 Expression of full-length huntingtin in transgenic flies

In order to confirm the correct genetic identity of the newly generated Drosophila HD models,
transgenic flies were genotyped using genomic DNA. The full-length transgenes were examined
by amplification of the exon-1 fragment with the pUAST-fwd and HTT-ex1-rev-end primer, to
display the appropriate size of the CAG repeats. The analysis in the agarose gel obtained expected
PCR products with ~450 bp for HTTflQ23, ~600 bp for HTTflQ73 and ~800 bp for HTTflQ145
(Fig. 2.2 A).

To investigate whether HTT proteins are expressed in the full-length HDmodels, fly head lysates
from flies that were obtained from cross-breeding with Elav-GAL4 flies were examined by SDS-
Page andWestern blotting. Elav-GAL4 driven pan-neuronal expression of the transgenes leads to
HTT protein synthesis in neurons at all developmental stages [182]. The C-terminal HTT-specific
antibodyMAB2166, which binds to amino acid 181 – 810, was used to detect the full-length HTT
proteins. The full-length HTT proteins display protein bands that have a molecular weight above
250 kDa (Fig. 2.2 B), suggesting that the full-length HTT proteins are expressed in transgenic
flies. Since no high molecular weight marker was used, the real molecular weight could not be
confirmed.

Figure 2.2: Analysis of the CAG repeat sequence size in transgenes and of the protein ex-
pression in HD transgenic flies.
(A) PCR analysis of flies containing the full-length transgenes using the ex1 primer pair. The expected
PCR products of 433 bp (HTTflQ23), 583 bp (HTTflQ73) and 799 bp (HTTflQ145) were obtained. (B)
Western blot analysis of the full-length HTT proteins produced in HD transgenic flies using the C-terminal
HTT-specific MAB2166 antibody.
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2.2.2 Behavioral analysis of the full-length models

In order to investigate whether the expression of HTT proteins with pathogenic polyQ lengths
influences locomotion and circadian rhythm, male flies expressing the full-length proteins HT-
TflQ23, HTTflQ73 andHTTflQ145were analyzed using theDrosophilaActivityMonitor (DAM)
System [183]. The DAM harbors 32 glass tubes with an individual male fly in each tube. The
locomotor activities of flies were measured over 30 days every five minutes by counting the beam
breaks of three infrared light beams that are distributed over the glass tube. Flies containing the
UAS-transgenes were crossed with Elav-GAL4 flies to receive Elav;HTT flies that express the
transgenes pan-neuronal.

Figure 2.3: Effects of pan-neuronal expression of HTTflQ23, HTTflQ73 or HTTflQ145 on
circadian locomotor behavior in Drosophila melanogaster.
(A) Average locomotor activity of five days old male flies (HTTflQ23 n = 18; HTTflQ73 n = 16; HT-
TflQ145 n = 18) under 12:12 light-dark cycle (light switching-on 7 am, light switching-off 7 pm). The
full-length transgenes were expressed pan-neuronal using the Elav-GAL4 gene driver. (B) Average loco-
motor activity of 20 days old male flies. (C) Quantification of average locomotor activity of five days old
flies. Relative activity is displayed as area under the curve normalized to HTTflQ23 flies. Error bars rep-
resent mean ± SEM; one-way ANOVA Dunnett’s post hoc test compared to HTTflQ23 flies; n.s. means
not statistically significant. (D) Quantification of average locomotor activity of 20 days old flies. Error
bars represent mean ± SEM; one-way ANOVADunnett’s post hoc test compared to HTTflQ23; * p <0.05.
(E) Mean daybreak activity peak calculated by the mean of beam breaks between 7:00 and 7:30 am for
each day.
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All full-length HTT expressing flies showed normal crepuscular behavior with a clear activity
peak at daybreak at 7 am and during the twilight activity period at 9 pm (Fig. 2.3 A). The rela-
tive activity, calculated from the area under the curve, showed no significant difference in young
five days old flies expressing the HTTflQ23, HTTflQ73 and HTTflQ145 proteins (Fig. 2.3 C).
In comparison, in 20 days old flies the expression of the HTTflQ145 protein led to a significant
reduction in locomotion activity compared to HTTflQ23 flies (Fig. 2.3 B and D). The relative
activity of HTTflQ73 flies is slightly reduced, but shows no significant difference to HTTflQ23
flies (Fig. 2.3 D). In addition, the morning activity quantified by the mean of the daybreak activ-
ity monitored over time exhibit similar results (Fig. 2.3 E). Flies expressing HTTflQ23 showed
the highest activity performance, followed by HTTflQ73 flies. Young HTTflQ145 flies have a
similar daybreak activity as HTTflQ23 control flies (during the first 15 days). With increasing
age, however, the HTTflQ145 flies exhibit a decreased locomotor activity, which is reduced to
half (Fig. 2.3 D) compared to HTTflQ23 and HTTflQ73 flies.

To evaluate whether the expression of pathogenic full-length HTT also affects the longevity of
transgenic flies, life span analysis [153] was performed with flies expressing HTTflQ23, HT-
TflQ73 orHTTflQ145 pan-neuronal. Flies, whichwere raised from cross-breeding of Elav-GAL4
and w1118 flies, were used as a negative control group. For life span analysis, ten flies per vial
and a total number of 200 flies were kept on standard food, the survivors were transferred every
two – three days to fresh food and dead flies were recorded.

Figure 2.4: Pan-neuronal expression of HTTflQ145 reduces Drosophila life span.
(A) Life span analysis of HTTflQ23, HTTflQ73 and HTTflQ145 flies, plotted as the percentage of surviv-
ing flies of one replicate (Elav n = 175, HTTflQ23 n = 146; HTTflQ73 n = 143; HTTflQ145 n = 114). The
gene-driver control Elav indicated in black arises from cross-breeding of Elav-GAL4 and w1118 flies. (B)
Median life span displays the time when 50 % of the flies died.

Based on the survival curves the median life span was calculated, representing the age at which
half of the analyzed flies have died. Flies of the gene-driver control Elav;+ displayed a median
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survival of 78 days (Fig. 2.4 A and B). HTTflQ23 flies showed a median of 77 days and HT-
TflQ73 of 81 days. Strikingly, flies with pan-neuronal expression of HTTflQ145 displayed a
much shorter median life span of 45 days. In summary, the expression of HTTflQ145 caused
a dramatic reduction in life span compared to flies expressing the proteins HTTflQ23 and HT-
TflQ73. Flies expressing HTTflQ23 or HTTflQ73 cannot be clearly distinguished from flies
that do not express a transgene (Elav;+). This result is consistent with previous findings, which
showed that expression of pathogenic full-length huntingtin (128QhttFL) leads to a reduced sur-
vival [88]. In conclusion, the pan-neuronal expression of pathogenic full-length HTT with 145
glutamines causes an impaired activity phenotype and reduces the life span of flies, while such an
effect was not observed when full-length HTT proteins with 73 or 23 glutamines were expressed
in flies.

2.2.3 Full-length HTT have no influence on retinal structure

In order to analyze the effects of HTT expression on the cellular level, the proteins HTTflQ23,
HTTflQ73 and HTTflQ145 were expressed in flies using an eye-specific gene-driver and finally
retinal tissues in young three days old flies were systematically analyzed. For this purpose, flies
carrying the UAS-transgenes were crossed with GMR-GAL4 flies to reach a high-level of expres-
sion in the eye-imaginal disc posterior of the morphogenetic furrow [184]. The retinas of flies
expressing HTTflQ23, HTTflQ73 and HTTflQ145 displayed no difference in the retinal structure
compared to the GMR control flies (cross-breeding of GMR-GAL4 and w1118 flies). This indi-
cates that the expression of HTTflQ145 in young flies does not induce significant retinal defects.

Figure 2.5:Mutant full-length HTT expression in young flies does not induce photoreceptor
degeneration.
Shown are representative horizontal retina paraffin-sections from three days old female flies expressing
HTTflQ23, HTTflQ73 or HTTflQ145 by the eye-specific GMR gene-driver. The GMR control arises
from cross-breeding of GMR and w1118 flies. For each genotype at least 20 heads were analyzed and a
representative retina is shown.
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2.3 Analysis of transgenic Drosophila models expressing
N-terminal HTT513 fragments

In order to confirm the genetic identity of the HTT513 fly lines (Table 2.1), PCR analysis was
performed using the pUAST primer pair, which enables the amplification of the inserted cDNA.
The analysis in the agarose gel revealed the expected size for the HTT513Q17 fragment with ~1.8
kb, for the HTT513Q68 fragment with ~1.9 kb and for the HTT513Q145 fragment with ~2.1 kb
(Fig. 2.6 A). The expression of HTT513Q68 results in a ~80 kDa protein (Fig. 2.6 B), which
is comparable to the molecular weight of a HTT513Q72 protein (80 kDa) produced in a trans-
genic YAC73 mice. The HTT513Q17 and HTT513Q145 proteins appear according their specific
polyQ length (Fig. 2.6 B). The HTT513Q68 and HTT513Q145 fragments were not investigated
further. Exclusively flies expressing the HTT513Q17 fragment were further used in control ex-
periments, when HTT exon-1 proteins with short and long polyQ sequences were investigated in
depth (see below).

Figure 2.6: PCR and Western blot analysis of the HTT513 transgenes.
(A) PCR analysis of flies containing human cDNAs expressing HTT fragments with 513 amino acids using
the pUAST primer pair. The expected PCR products of 1786 bp (HTT513Q17), 1939 bp (HTT513Q68)
and 2170 bp (HTT513Q145) were obtained. (B) Western blot analysis of the HTT513 proteins produced
in HD transgenic flies using the C-terminal specific MAB2166 antibody.
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2.4 Characterization of transgenic Drosophila models
expressing HTT exon-1 fragments with pathogenic and
non-pathogenic polyQ lengths

2.4.1 Verification of HTT exon-1 models

The transgenic flies expressing the exon-1 HTT fragments were genotyped by PCR analysis of
genomic DNA using the pUAST primer pair. PCR products of the exon-1 fragments appear in
accordance to their specific size in the agarose gel (Fig. 2.7 A). In detail, the PCR amplification
obtained expected PCR products with ~500 bp for HTTex1Q0, ~550 bp for HTTex1Q17, ~600
bp for HTTex1Q49 and ~750 bp for HTTex1Q97.
To confirm the expression of the exon-1 proteins, the fragments were expressed pan-neuronal
and fly heads were collected. First, I tested various anti-HTT antibodies (including MW1, MW8,
MAB1574, MAB5473, 3B5H10, MAB5492, anti-CAG, HD1 and anti-Agg53; data not shown)
to select a suitable antibody that can detect the different HTT exon-1 proteins in brain extracts.
Interestingly, I found that only the 2B7 antibody is suitable to detect the HTT513Q17 protein
in fly brain lysates (Fig. 2.6 B). Then, with this antibody, fly head lysates of HTTex1Q0, HT-
Tex1Q17, HTTex1Q49 and HTTex1Q97 flies were examined by Western blotting. For the anal-
ysis, 7.5 µg fly head lysate from HTT513Q17 flies and respectively 75 µg fly head lysate from
HTTex1Q0, HTTex1Q17, HTTex1Q49 and HTTex1Q97 flies were loaded into a SDS-Page. Be-
side the HTT513Q17 protein, no protein bands for HTTex1Q0, HTTex1Q17, HTTex1Q49 or
HTTex1Q97 were detectable (Fig. 2.7 B). The HTTex1Q97 sample showed a smear near the gel
pockets, which indicates the formation of insoluble high molecular weight HTT protein aggre-
gates in flies expressing the pathogenic HTT fragment. As soluble HTT exon-1 proteins were not
detectable by the Western blotting (Fig. 2.7 B), the transcription of the exon-1 transgenes were
evaluated. Total RNA was extracted from Drosophila heads, to perform cDNA synthesis and
subsequent RT-PCR analysis. The data from the RT-PCR analysis indicates that the HTTex1Q0,
HTTex1Q17, HTTex1Q49 and HTTex1Q97 fragments are transcribed in the fly brain (Fig. 2.7
C).
These results suggest that soluble HTT exon-1 proteins (HTTex1Q0, HTTex1Q17, HTTex1Q49
and HTTex1Q97) are indeed produced in the different HD fly lines. However, their abundance
in brain lysates is too low in order to be detected on immunoblots with the 2B7 antibody. Inter-
estingly, I found that high molecular weight HTTex1Q97 aggregates are detectable in fly extracts
with the 2B7 antibody, indicating that HTT aggregates, which are less efficiently degraded than
soluble, can accumulate in HD fly brains.
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Figure 2.7: Analysis of the CAG repeat sequence size and of the protein expression in trans-
genic HTTex1 flies.
(A) PCR analysis of flies containing HTT exon-1 cDNAs using the pUAST primer pair. The expected PCR
products of 475 bp (HTTex1Q0), 526 bp (HTTex1Q17), 619 bp (HTTex1Q49) and 766 bp (HTTex1Q97)
were obtained. (B) Western blot analysis of transgenic flies expressing the HTT513Q17 protein and the
different exon-1 proteins. 75 µg total protein of the head lysates from the various HTTex1 fly lines was
loaded onto a polyacrylamide gel. From the HTT513Q17 head lysate, only 7.5 µg of total protein was
applied. The membrane was probed with the 2B7 antibody. The arrow indicates high molecular weight
HTT aggregates. (C) RT-PCR analysis of HTT exon-1 transcripts, which were extracted from fly heads
and analyzed using the HTT-ex1 primer pair. The fragments with expected sizes of 204 bp (HTTex1Q0),
255 bp (HTTex1Q17), 348 bp (HTTex1Q49) and 495 bp (HTTex1Q97) were amplified.

2.4.2 Phenotypic analysis of the HTT exon-1 Drosophila models

With the intention to investigate the phenotypic effects of pan-neuronal expressed HTTex1 frag-
ments (HTTex1Q0, HTTex1Q17, HTTex1Q49 and HTTex1Q97) in theDrosophilamodels, I first
studied the circadian locomotor behavior and movement of transgenic flies using the Drosophila
Activity Monitors. All transgenic HTTex1 flies display a normal crepuscular behavior with dis-
tinct activity peaks at daybreak and twilight periods (Fig. 2.8 A). However, HTTex1Q97 express-
ing flies compared to HTTex1Q0, HTTex1Q17 and HTTex1Q49 flies showed an overall reduced
activity (Fig. 2.8 A and B).
To resolve this observation, the daybreak activity between 7:00 and 7:30 am was analyzed over
a period of 35 days (Fig. 2.8 C). HTTex1Q97 expressing flies compared to HTTex1Q0, HT-
Tex1Q17 and HTTex1Q97 showed a significantly reduced locomotor activity directly after hatch-
ing, supporting the initial result (Fig. 2.8 A). The activity of HTTex1Q97 flies decreased over
time until the flies showed no activity anymore at an age of 20 days (Fig. 2.8 C). The relative
activity of HTTex1Q0, HTTex1Q17 and HTTex1Q49 flies was very similar, indicating that these
proteins have no influence on the fly behavior.

Next, the locomotor abilities of flies expressing the HTT exon-1 fragments were analyzed using
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Figure 2.8: Effect of pan-neuronal expression of HTTex1Q0, HTTex1Q17, HTTex1Q49 or
HTTex1Q97 on Drosophila circadian locomotor behavior.
(A) Average locomotor activity of 5 days old male flies (HTTex1Q0 n = 14; HTTex1Q17 n = 15; HT-
Tex1Q49 n = 15; HTTex1Q97 n = 14) under 12:12 light-dark cycle (light switching-on 7 am, light
switching-off 7 pm). The HTT exon-1 transgenes were expressed pan-neuronal using the Elav-GAL4
gene driver. (B) Quantification of average locomotor activity of 5 days old flies. Relative activity is dis-
played as area under the curve normalized to HTTex1Q17. Error bars represent mean ± SEM; one-way
ANOVA Dunnett’s post hoc test compared to HTTex1Q17; n.s. means not statistically significant; *** p
<0.001. (C) The daybreak activity calculated by the mean of beam breaks between 7:00 and 7:30 am for
each day.

the negative geotaxis (climbing) assay [185]. With this assay, the percentage of flies is recorded
that climbs above the 8 cm mark within 15 seconds after trapping the flies to the bottom of the
measuring vial. The Elav,+ flies, which have been used as a control group show a progressive
decline in climbing abilities during the measurement period. It was demonstrated previously
that this decline in locomotor activity is age-related and a normal behavior of wild-type flies
[186]. The wild-type HTT flies expressing the HTTex1Q17 protein performed comparable to
the Elav;+ control flies (Fig. 2.9 A). HTTex1Q0 flies showed a slight but no significant decrease
in climbing abilities compared to the wild-type HTTex1Q17 and the control flies. The locomo-
tor performance of HTTex1Q49 flies was comparable to the performance of the HTTex1Q17
flies during the first 25 days. However, after 30 days the locomotor activity of HTTex1Q49 flies
was significantly decreased compared to HTTex1Q17 flies. The most severely impaired climbing
performance was observed with flies expressing the HTTex1Q97 protein. After the first measure-
ment at day three a very rapid decline of climbing abilities was observed and finally HTTex1Q97
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expressing flies were incapable of climbing at an age of 25 days. In summary, the generated
mHTT exon-1 Drosophila models exhibit strong locomotor impairments that exacerbate in a
polyQ-length dependent manner.

Figure 2.9: Pan-neuronal expression of HTT exon-1 proteins in transgenic flies causes a
polyQ-length dependent impairment of climbing and survival.
(A) Climbing abilities of HTT exon-1 fly lines depicted as average of three independent experimental
replicates. For one replicate 100 flies were analyzed per genotype. Error bars represent mean ± SEM;
two-way ANOVA; * p <0.05; ** p <0.01; *** p <0.001. (B) Life span analysis of flies expressing the
exon-1 transgenes plotted as the percentage of surviving flies of three independent replicates (Elav n =
143, 94, 85; HTTex1Q0 n = 160, 91, 87; HTTex1Q17 n = 163, 89, 86; HTTex1Q49 n = 148, 85, 85;
HTTex1Q97 n = 141, 95, 99). (C) Median life span displays the time when 50 % of the flies survived.
Error bars represent mean ± SEM from three independent replicates; one-way ANOVA Dunnett’s post
hoc test compared to HTTex1Q17; n.s. means not statistically significant.

Previously generated Drosophila models that were produced by p-element mutagenesis and that
express a pathogenic HTT exon-1 fragment showed a significantly reduced longevity [187]. To
confirm this phenotype in our HTT exon-1 Drosophila models, life span assays were performed.
Ten flies per vial and a total number of 100 flies were recorded. Pan-neuronal expression of HT-
Tex1Q0 and HTTex1Q17 caused no difference in survival compared to Elav;+ control flies (Fig.
2.9 B). These fly lines show a median life span of 85 – 90 days (Fig. 2.9 C). In contrast, the
expression of the pathogenic HTTex1Q49 protein caused a significant reduction of the life span
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and even more severe phenotype was obtained when HTTex1Q97 expressing flies were analyzed.
HTTex1Q97 expressing flies showed a median survival of 20 days.

To examine potential effects of mutant HTT expression on sensory and olfactory processing,
Elav;HTTex1Q97 flies were finally analyzed in a T-maze. The T-maze is a teaching machine de-
veloped by Tully and Quinn [188] and is used to measure Pavlovian learning and memory in flies
[189]. In this assay, flies have the choice between a favorable (empty vial) and an unfavorable
(electric shock / limonene) situation. The avoidance of the unfavorable situation is measured by
a performance index (PI) calculated as the fraction of flies that avoid the situation minus the frac-
tion of flies that do not. The control flies (+;HTTex1Q97: obtained from cross-breeding of w1118

with UAS-HTTex1Q97 flies; and Elav;+ flies) display the genetic background of the transgenic
Elav;HTTex1Q97 flies without expression of the transgene. Both fly lines show normal avoid-
ance of 200 V electric shocks (Fig. 2.10 A). However, a significantly reduced shock avoidance
was observed with Elav;HTTex1Q97 flies.

Figure 2.10: Electric shock and odor avoidance of Elav;HTTex1Q97 flies.
(A) Electric shock avoidance of three days old flies expressing HTTex1Q97 (Elav;HTTex1Q97) pan-
neuronal and genetic controls (Elav;HTTex1Q97 n = 5; HTTex1Q97 n = 5; Elav;+ n = 4; CantonS n
= 4) was measured in a T-maze. Box-whisker plots show performance index, negative values indicate
shock avoidance; one-way ANOVA Dunnett’s post hoc test compared to Elav;HTTex1Q97; * p <0.05;
** p <0.01; *** p <0.001. (B) Limonene avoidance of three days old Elav;HTTex1Q97 flies and genetic
controls (Elav;HTTex1Q97 n = 6; +;HTTex1Q97 n = 6; Elav;+ n = 6; CantonS n = 5).
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A similar result was obtained when the avoidance of the odor limonene was assessed (Fig. 2.10
B). Two genetic controls and CantonS wild-type flies show normal avoidance behavior towards
limonene, whereas Elav;HTTex1Q97 flies do not avoid the presented odor. Together, these results
suggest an impairment of sensory pathways of HTTex1Q97 expressing flies, which are responsi-
ble for transmission and processing of odor and pain stimuli.

2.4.3 Mutant HTTex1 protein disrupts retina structure in transgenic HD
flies

To investigate the potential degeneration at the cellular level, the effects of the expression of the
exon-1 fragments in retinal tissue in young three days old flies was analyzed. The expression of
the mutant exon-1 fragment HTTex1Q97 causes a neurodegenerative eye phenotype evident in
the retinal histology (Fig. 2.11). Retinal sections prepared from flies expressing the HTTex1Q97
protein exhibited a reduction and loss of photoreceptor cells and the formation of holes indicated
with yellow arrows. Furthermore, the photoreceptor cells partially detached from the retinal floor
indicated with red arrows. In comparison, expression of the proteins HTTex1Q0, HTTexQ17 and
HTTexQ49 showed no disruption of photoreceptor cells. A similar result was also obtained when
GMR control flies (cross-breeding of GMR-GAL4 and w1118 flies) were analyzed.

Figure 2.11: Expression ofmutant HTTex1Q97 protein causes damaged photoreceptor cells
in Drosophila.
Shown are representative horizontal retina paraffin-sections from three days old female flies expressing
HTTex1Q0, HTTex1Q17, HTTex1Q49 or HTTex1Q97 by the eye-specific GMR gene-driver. Flies con-
taining the GMR gene driver were crossed with flies containing the different HTT exon-1 transgenes and
with w1118 flies as a negative control. For each genotype at least 20 heads were analyzed and a represen-
tative retina is shown. Yellow arrows indicate loss of retinal integrity and red arrows show detachment of
retinal floor and photoreceptor cells.
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2.4.4 Detection of HTTex1Q97 aggregates in Drosophila salivary glands

Western blot analysis of HTT exon-1 proteins using the 2B7 antibody showed the presence of
higher molecular weight HTT aggregates in flies expressing the HTTex1Q97 protein. To exam-
ine whether HTT aggregates are formed in HTTex1Q97 flies, an immunofluorescence staining of
salivary glands from wandering third-instar larvae was performed with several HTT aggregate-
specific antibodies. Salivary glands contain giant polytene chromosomes that harbor multiple
copies allowing high level of expression. Due to the high expression level, the formation of HTT
aggregates is expected. In addition, salivary glands can be easily dissected. For systematic anal-
ysis, the antibodies MAB5492, MW8, MAB5374, anti-Agg53, HD1 and 3B5H10 were applied
(Fig. 2.12). The MAB5492 antibody is specific for amino acids 1 – 82 in HTT, while MW8
binds the C-terminus of exon-1 [190, 191]. The MAB5374 antibody was raised against the first
250 amino acids of the human HTT [192]. The antibodies anti-Agg53 and HD1 have a high
preference for HTT in its aggregates state and were produced in our group by former colleagues.
The 3B5H10 antibody is specific for soluble mutant HTT and preferentially detects monomeric
protein [193].

Figure 2.12: Schematic representation of antibody epitopes within the pathogenic HTT
exon-1 protein.

HTT proteins were expressed using the salivary gland-specific gene driver 14-3fkh-GAL4 [194].
HTT staining was not detectable in HTTex1Q0, HTTex1Q17 or HTTex1Q49 expressing flies, but
was observed in HTTex1Q97 flies in form of distinct puncta using the antibodies MAB54892,
MW8, MAB5374, anti-Agg53 and HD1 with a preference for HTT aggregates (Fig. 2.13 A).
The antibody 3B5H10, which preferentially recognizes monomeric HTT fragments exhibited no
signal. Thus, HTTex1Q97 aggregates are located in the cytoplasm and the nucleus of salivary
gland cells. Whereby, the HTT aggregates in cytoplasm display a peripheral staining pattern.
The reason for this staining pattern may be due to the dense organization of the aggregates,
which potentially masks epitopes for antibody binding in the center of inclusion bodies with
HTT aggregates. The expression of HTTex1Q0, HTTex1Q17 and HTTex1Q49 does not lead to
the formation of HTT aggregates. The negative control (w1118 / HTTex1Q97) flies also show no
aggregate-specific antibody signal. To examine whether aggregate formation is HTT-specific, the
fluorescent protein GFP was expressed under the same conditions (Fig. 2.13 B). A diffuse and
ubiquitous GFP staining was observed in cells, indicating that HTT aggregates are only formed
when an exon-1 fragment with an elongated polyQ tract is expressed.
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Figure 2.13: Expression of HTTex1Q97 causes the formation of aggregates in salivary
glands.
(A) Immunostaining of salivary glands from third-instar larvae dissected from flies that were obtained
from cross-breeding between 14-3fkh-GAL4 or w1118 flies and flies containing HTTex1Q0, HTTex1Q17,
HTTex1Q49 or HTTex1Q97 using the antibodies MAB5492, MW8, MAB5374, anti-Agg53, HD1 and
3B5H10. HTT-specific antibody signals are indicated in red and DAPI signal in blue. Scale bars: 20 µm.
(B) Immunostaining of salivary glands dissected from flies that evolved from cross-breeding between 14-
3fkh-GAL4 or w1118 flies and flies expressing GFP. A GFP-specific antibody was used. GFP signal is
indicated in green and DAPI signal in blue. Scale bars: 20 µm.
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2.4.5 The pathogenic HTTex1Q97 protein forms SDS-stable aggregates in
Drosophila brains

In order to examine whether aggregated HTT protein can be detect inDrosophila brains they were
systematically analyzed with dot blot (DB) assays, filter retardation assays (FRAs) and immuno-
histological methods. With DB assays, protein contained in the fly head lysates are detected after
filtration on nitrocellulose membranes independent of their size using specific antibodies [195].
The preparation of the lysates takes place under native conditions (tris-lysis buffer), allowing the
detection of native proteins that are retained on nitrocellulose membranes. For the analysis of
proteins with FRAs, head lysates were prepared under denaturing conditions (protein extraction
buffer) and subsequently filtered through a cellulose acetate membrane with a pore size of 0.2
µm [196]. Under these conditions, small protein complexes can pass the pores of the membrane,
whereas larger particles will stick to the membrane. This allows the selection of aggregated HTT
structures of high molecular weight.

Fly heads of young three days old Elav;HTTex1Q97 and +;HTTex1Q97 flies were collected and
analyzed using theMAB5492, MW8,MAB5374, anti-Agg53 andHD1 antibodies to select a suit-
able antibody for the DB assay and FRA (Fig. 2.14 A). The MAB5492 antibody exhibits a strong
signal in the filter assay and an alleviated signal in the dot blot assay for the Elav;HTTex1Q97
sample compared to the negative control, indicating the presence of SDS-insoluble aggregates.
TheMW8 antibody detects HTT aggregates in the DB assay and FRA. In contrast, theMAB5374
antibody exclusively detects aggregates in the FRA. The anti-Agg53 and HD1 antibodies also de-
tect the HTTex1Q97 aggregates in the filter retardation assay. However, both antibodies also show
a signal in the DB assay of head lysates from +;HTTex1Q97 flies. These flies carry the cDNA
encoding the HTTex1Q97 protein, but are unable to express the protein due to the missing GAL4
protein. This suggests that these antibodies unspecifically detect proteins in the fly head lysates
and therefore are unsuitable for the specific detection of HTT exon-1 proteins in DB assays. To
summarize, the antibodies MAB5492 and MW8 achieved the most promising results for the de-
tection of HTTex1Q97 aggregates in fly brains. Thus, they were subsequently used in further
experiments.

After the selection of suitable anti-HTT aggregate-specific antibodies, young and middle-aged
flies expressing different exon-1 fragments were analyzed for the presence of HTT aggregates
(Fig. 2.14 B-D). As expected, in flies expressing the wild-type HTT exon-1 fragments (Q0 or
Q17), no aggregates are detectable at different ages in the DB assays and FRAs. Solely at an age
of 50 days, flies expressing HTTex1Q49 show a low amount of aggregates in the fly brain. How-
ever, at this time no SDS- and heat-stable HTTex1Q49 aggregates are detectable in the FRAs.
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Figure 2.14: Mutant HTT exon-1 expression leads to the formation of SDS-insoluble aggre-
gates.
(A) Analysis of three days old Elav;HTTex1Q97 and +;HTTex1Q97 (negative control) flies by filter retar-
dation assays (FRA) and dot blot (DB) assays. Heads were homogenized in protein extraction buffer (FRA)
and tris-lysis buffer (DB). Equal amounts of total protein (corresponding to ten fly heads) were loaded.
The antibodies MAB5492, MW8, MAB5374, anti-Agg53 and HD1 were applied at a dilution of 1:1000.
(B) Analysis of HTT aggregate load in flies after pan-neuronal expression of HTTex1Q0, HTTex1Q17,
HTTex1Q49 and HTTex1Q97 in 3, 9 and 50 days old flies with DB assays using the MW8 antibody (15
µg protein was loaded). Heads were homogenized in RIPA-buffer. (C) Analysis of aggregate load in
the same samples as in B using FRA. Immunodetection was performed using the MW8 antibody (75 µg
protein was loaded). (D) Analysis of samples using the MAB5492 antibody (75 µg protein was loaded).
Same samples as in C.

This late occurrence of HTT aggregates explains why no aggregates were detected in the sali-
vary glands (Fig. 2.13), indicating that the expression time is not sufficient for the formation of
visible aggregates. The pan-neuronal expression of the HTTex1Q97 protein was associated with
appearance of a large quantity of SDS- and heat-stable aggregates already in three and nine days
old flies. Because HTTex1Q97 overproducing flies have a median life span of only 20 days, an
analysis of 50 days old animals was not possible. Since the signals in the FRAs were consider-
ably weaker than in the DB assays although more head lysate was loaded, it can be assumed that
only a fraction of the HTTex1Q49 aggregates formed in the fly brains are SDS- and heat-stable.
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Figure 2.15: Visualization of HTTex1Q97 aggregates in Drosophila brains.
Immunostaining of the whole brain from three days old HTTex1Q17 and HTTex1Q97 flies. In the overlay
the RIM-binding protein (RBP) signal is indicated in magenta and the MAB5492 signal in green. (A)
Representative confocal images of the whole brain (left, scale bars: 200 µm) and (B) a magnification
of the right central brain region (right, scale bars: 20 µm) are shown for each genotype. Shown is an
enlargement of the right central brain region with the (C) detail of the antennal lobe, (D) anterior frontal
section with antennal lobe and MB γ and β lobe, (E) MB α lobe, (F) MB peduncles and (G) posterior
dorsal detail with MB calyx. Ca = Calyx, Kn = Kenyon cell bodies.

To analyze the location of HTT aggregates inDrosophila brains, whole brains were dissected and
stained with antibodies against the RIM-binding protein (RBP) and the aggregate-specific HTT
antibody MAB5492. The RBP is enriched in the active zones of synapses [197] and visualizes
the neuropil. Pan-neuronal expression of HTTex1Q97 (Elav;HTTex1Q97) leads to an accumula-
tion and subsequent deposition of the protein in different brain areas and in the mushroom body
calyx (Fig. 2.15). There is no co-localization of RBP staining with the HTT staining, indicating
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that the HTT aggregates are located in the cell bodies of neurons and Kenyon cells in the ca-
lyx. The expression of the wild-type fragment (Elav;HTTex1Q17) shows no HTT aggregates as
shown before in the staining of Drosophila salivary glands (Fig. 2.15 A-G).

2.4.6 HTTex1Q97 aggregates formed in Drosophila brains are seeding
competent structures

Self-propagation of pathogenic protein aggregates is a hallmark of neurodegenerative diseases
including HD [198]. To investigate to which extent seeding and spreading of HTT aggregates
is critical for disease development in flies, I assessed whether the HTT aggregates formed in fly
brains possess seeding activity. For this purpose, fly head lysates were analyzed in the FRASE
(FRET-based aggregate seeding) assay that was recently established in our lab. For this assay
recombinant huntingtin (HTTex1Q48) was fused to the donor CyPet and the acceptor YPet, re-
spectively (Fig. 2.16 A). To prevent the immediate formation of HTT co-aggregates, a GST-tag
was fused to the N-terminus of the HTTex1Q48-CyPet / -YPet fusion proteins, which reduces the
propensity of HTTex1Q48 to spontaneously form aggregates.

Figure 2.16: Purification of CyPet- and YPet-tagged and untagged huntingtin proteins.
(A) Proteins of interest expressed as CyPet and YPet fusion proteins. The fluorescent emission peak
of CyPet overlaps the excitation peak of YPet. In case of aggregation after PreScission protease (PSP)
cleavage, CyPet anYPet get in close proximity and an energy transfer is possible. (B)Analysis of expressed
and purified fusion proteins in a Coomassie stained gel. For each protein 10 µl of the protein preparation
was loaded.

The recombinant fusion proteins GST-HTTex1Q48-CyPet / -YPet and the untagged huntingtin
protein GST-HTTex1Q48 were expressed in E.coli, purified using glutathione-agarose beads and
were visualized in a polyacrylamide gel stained with Coomassie brilliant blue (Fig. 2.16 B). The
untagged GST-HTTex1Q48 protein shows a band at around ~60 kDa whereby the theoretical size
of the protein is 42 kDa. This indicates that the fusion protein migrates slower than expected in
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SDS gels as observed previously [199]. This effect is probably due to the weak binding of SDS
to the polyQ tract. The GST-HTTex1Q48-CyPet and -YPet fusion proteins display a dominant
band at ~90 kDa and show also a higher molecular weight in the SDS gels.
For the analysis of fly head lysates in the FRASE assay, they were homogenized in brain lysis
buffer and equal amounts were added to the aggregation reaction mix (Fig. 2.17 A). The GST-
HTTex1Q48-CyPet and -YPet proteins were treated with the PSP and the spontaneous formation
of HTTex1Q48-CyPet / -YPet co-aggregates was quantified through repeated FRET measure-
ments. A time-dependent increase of the FRET efficiency was observed (Fig. 2.17 B).

Figure 2.17: Analysis of HTTex1Q97 aggregates prepared from Drosophila brains in
FRASE assays.
(A) Schematic representation of the FRASE assay. Fly heads were homogenized in brain lysis buffer and
equal amounts were added to the HTT aggregation reactions. (B) Fly head lysates of Elav;HTTex1Q17
and Elav;HTTex1Q97 flies were analyzed in the FRET-based aggregation assay. Values are means ±
SEM of three biological replicates each performed in triplicates. (C) Seeding activity was quantified by
subtracting the t50 value of the sample from the control (Elav;HTTex1Q17). Error bars represent mean µ
SEM; unpaired t-test; *** p <0.001.

The addition of head lysates from Elav;HTTex1Q97 flies to the FRASE aggregation reaction re-
sulted in a significantly decreased lag phase compared to lysates from Elav;HTTex1Q17 flies,
which served as a control (Fig. 2.17 C). The head lysates prepared from Elav;HTTex1Q97 flies
reduced the lag phase for ~2 hours, indicating that the lysates contain seeding-competent HTT
aggregates.
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In summary, the analysis of the full-length Drosophila models revealed in Elav;HTTflQ145 flies
an impaired locomotor behavior and reduced survival. The Elav;HTTflQ73 flies showed no sig-
nificant difference to flies expressing the wild-type fragment, HTTflQ23. The characterization of
the different HTT exon-1 fragments revealed an more severed HD-like phenotype with increas-
ing polyQ length of the expressed protein. This polyQ length-dependency was evident in the
locomotion activity, climbing behavior and survival phenotype. Pan-neuronal expression of the
pathogenic HTT fragment (HTTex1Q97) caused a reduced activity and degenerated sensory and
olfactory processing (Fig. 2.10). Moreover, the expression of the protein in Drosophila resulted
in the formation of SDS- and heat-stable aggregates in neuronal and non-neuronal tissue. When
expressed inDrosophila brains, the HTT aggregates are located in the cell bodies and are seeding
competent.

2.5 Analysis of long-time adult-onset expression of wild-type
and mutant HTT fragments

The conventional UAS-GAL4 expression system allows spatially controlled expression of the
transgene. However, a limitation of the system is the lack of temporal control. The expression
of the HTT transgenes begins during the embryonic developmental stage 12 [182] and results in
neurodegeneration in young three days old flies as shown. In order to investigate early changes in
the disease, inducible expression of the transgene is required. One possibility for temporal control
of gene expression is the TARGET system [177], which depends on the temperature sensitive
mutant GAL80ts. In proof of principle experiments, I have shown that behavioral differences are
caused by the temperature shift alone. I found that experimental and control groups are affected
similarly by the temperature increase (data not shown). Thus, the TARGET system was not used
for the measurements of behavioral defects. To overcome these limitations, the inducible Gene-
Switch expression system, which is based on a ru-486-dependent GAL4-progesterone-receptor
fusion protein [177] was used to analyze flies before the onset of neurodegeneration.

2.5.1 Dynamics of inducible HTT expression in adult Drosophila neurons

To generate an adult-onset Drosophila model of HD, the pathogenic HTT exon-1 fragment HT-
Tex1Q97was expressed using the inducible pan-neuronal gene driver Elav-Gene-Switch (referred
to as ”GSelav”) (Fig. 2.18 A). This driver line was previously used to develop an adult-onset
Drosophila model of spinocerebellar ataxia 7 (SCA 7) and Alzheimer’s disease. It is able to
control the expression of HTT fragments spatially and temporally, which enables the expression
specifically in neurons of adult flies [200, 201].
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Transgene expression under the control of the Elav-Gene-Switch system needed to be optimized
in order to obtain sufficient transgene expression but simultaneously avoid toxic effects by high
doses of the hormone. As the genomic landing site is equal in all of the generated fly lines, it can
be assumed that the ru486 response and transgene expression is similar in lines expressing differ-
ent HTT exon-1 proteins. For the expression test, HTT513Q17 flies were used and treated with
increasing concentrations of ru-486. Therefore, flies containing the UAS-HTT513Q17 transgene
were crossed with GSelav flies and the resulting offspring was raised on normal fly food to pre-
vent gene expression. The offspring was treated with different concentrations of the hormone,
which was added after cooking the food. The fly heads were collected after four days of treatment
and the head lysates were analyzed by Western blotting.

Figure 2.18: Adult-onset induction of HTT expression in the Drosophila nervous system.
(A) A schematic representation of the Gene-Switch expression system is shown. The gene-driver line
GSelav was crossed with flies containing the HTT cDNA fragment fused to an upstream activation (UAS)
sequence. The expression is repressed in the absence of the hormone ru-486 and activated in the presence
of the hormone. (B) Western blot analysis of the expression in treated GS;HTT513Q17 flies (0 µM, 100
µM, 200 µM and 400 µM ru-486) and Elav;HTT513Q17. Equal amounts (~ten heads per lane) were
loaded and immunodetected with the MAB2166 and anti-actin antibodies.

I observed no gene expression in flies that were cultivated on normal food. In comparison, the
hormone treated flies showed a dose-dependent expression of the HTT513Q17 protein. For fur-
ther studies, a level of expression comparable to the conventional expression system (GAL4 /
UAS) will be utilized to ensure comparability between both expression systems. A concentration
of 400 µMru-486 showed a similar gene expression in comparison to the conventional expression
system (Elav;HTT513Q17) and has been used in previous studies [202]. Thus, this concentration
was chosen for all further experiments.
In order to verify the expression of the gene encoding the HTTex1Q97 protein, the transcription
of the transgene was analyzed. For this purpose, the GS;HTTex1Q97 and GS;HTTex1Q17 flies
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were treated with the hormone ru-486 for different days as indicated in Figure 2.19 A. As negative
controls, flies were used that contain only the UAS-HTTex1Q17 or UAS-HTTex1Q97 transgenes
but were not crossed to GSelav flies. Thus, the expression of the transgenes should not be induced
upon ru-486 treatment. Without hormone treatment the mRNA levels encoding HTTex1Q17 and
HTTex1Q97 were comparable to the negative controls where no HTT is expressed (Fig. 2.19 B
and C). I observed a significant increase in the mRNA levels after 24 hours of treatment in the
HTTex1Q97 flies. After three days of expression, the maxima of HTTex1Q17 and HTTex1Q97
mRNA levels were reached and remained stable also when samples were analyzed after six and
twelve days.

Figure 2.19: Induction of HTT exon-1 mRNA expression in the Drosophila nervous system.
(A) Scheme of temporal sequences of the ru-486 treatment. The black line indicates no treatment, the
purple line indicates ru-486 treatment. (B)Quantification of HTTex1Q97mRNA levels of different treated
GS;HTTex1Q97 flies by qRT-PCR. The rp49 gene was used as reference gene. Error bars represent mean
± SEM of three biological replicates performed each as technical triplicates; values are normalized to the
negative control (+;UAS-HTTex1Q97, fly strain which contains only the UAS-HTT transgene); one-way
ANOVA Dunnett’s post hoc test compared to negative control; n.s. means not statistically significant; * p
<0.05; *** p <0.001. (C)Quantification of HTTex1Q17mRNA levels of different treated GS;HTTex1Q17
flies by qRT-PCR. Values are normalized to the negative control (+;UAS-HTTex1Q17).

2.5.2 Long-time expression of HTTex1Q97 causes behavioral impairments

The presented studies have shown that constitutive expression of the HTTex1Q97 in fly neurons
shortens the life span of flies and reduces their locomotion (Fig. 2.9). To determine whether
expression of the protein in adult flies causes similar impairments, the survival and climbing
abilities were examined. Flies were treated with the hormone (ru-486) to induce transgene ex-
pression in three days old flies post-eclosion (Fig. 2.20 A). For comparison, a control group
with the same genetic background was cultured as well on hormone food. These control flies
are obtained from a crossing of GSelav flies with w1118 flies. The resulting flies (GS;+) were
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treated identical to the experimental group of GS;HTTex1Q97 flies. For a better understanding,
the chronically treated flies (ru-486 food) were labeled with ON and the untreated (normal food)
flies were labeled with OFF. Consequently, the long-time treated GS;HTTex1Q97 flies are called
GS;HTTex1Q97ON flies and untreated flies are called GS;HTTex1Q97OFF flies.
The treated control GS;+ON flies behaved comparable to the untreated GS;+OFF flies as expected,
suggesting that ru-486 hormone treatment does not affect the climbing behavior in flies (Fig.
2.20 B). The GS;HTTex1Q97OFF flies exhibited a similar climbing performance, supporting the
assumption that the pathogenic HTTex1Q97 protein is not expressed in these flies. However, the
GS;HTTex1Q97ON flies after chronic hormone treatment showed a dramatically reduced climb-
ing performance in comparison to the GS;HTTex1Q97OFF, GS;+ON and GS;+ON flies. In detail,
the chronic expression of the HTTex1Q97 fragment in flies during the first 25 days did not in-
fluence the climbing performance compared to the controls. However, the climbing abilities
declined rapidly after 25 days and flies were unable to climb when they reached an age of ~30
days.
To determine the effect of adult-onset expression of the HTTex1Q97 fragment on survival, addi-
tionally a life span assay was performed (Fig. 2.20 C and D). In this case, as an additional control,
flies expressing the HTTex1Q17 fragment were also incorporated into the analysis. I found that
the GS;HTTex1Q17ON flies displayed a median life span of 89 days and the GS;HTTex1Q17OFF

flies of 91 days (Fig. 2.20 C and D). The median life span of the control GS;+ON flies and
GS;+OFF flies was 88 days and 89 days, respectively. The median life span of both treated
and untreated control groups (GS;+ and GS;HTTex1Q17) was similar to GS;HTTex1Q97OFF

flies, which showed a median life span of 85 days (Fig. 2.20 D). The chronic, adult-onset ex-
pression of the HTTex1Q97 fragment dramatically reduced the survival of flies (Fig. 2.20 D).
The GS;HTTex1Q97ON flies showed a significantly reduced life span with a median life span of
~30 days. Together these data indicate that ru-486 treated GS;HTTex1Q97 flies show decreased
climbing abilities shortly before they start to die.
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Figure 2.20: Chronic adult-onset expression of HTTex1Q97 leads to decreased climbing
abilities and reduced survival of flies.
(A) Scheme of temporal sequences of the ru-486 treatment. The black line indicates no treatment and
the red line indicates ru-486 treatment started from day three post-eclosion. (B) Climbing abilities of
GS;HTTex1Q97ON (red), GS;HTTex1Q97OFF (black), GS;+ON (light gray) and GS;+OFF (middle gray)
flies. The GS;+ flies arised from the cross-breeding of GSelav-GAL4 and w1118 flies. Results of three
independent replicates, started with 100 flies per group for one replicate, are shown. Error bars represent
mean ± SEM; two-way ANOVA Dunnett’s post hoc test compared to GS;HTTex1Q97OFF; *** p <0.001.
(C) Life span analysis of GS;+ON, GS;+OFF, GS;HTTex1Q97ON, GS;HTTex1Q97OFF, GS;HTTex1Q17ON
(blue) and GS;HTTex1Q17OFF (dark gray) flies. Life span is plotted as the percentage of surviving
flies of three replicates (GS;HTTex1Q97ON n = 102, 98, 106; GS;HTTex1Q97OFF n = 99, 96, 107;
GS;HTTex1Q17ON n = 100, 109, 101; GS;HTTex1Q17OFF n = 107, 102, 100; GS;+ON n = 87, 106, 106;
GS;+OFF n = 97, 96, 100). (D) The analysis of the median life span displays the time when 50 % of the
flies survived. Error bars represent mean ± SEM from three independent experiments; one-way ANOVA
Tukey’s post hoc test; n.s. means not statistically significant.
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2.5.3 Chronic expression of mutant HTTex1Q97 in flies leads to the
formation of SDS-stable aggregates.

To survey, if the amount of HTT aggregates in the fly heads increases with sustained protein
expression, I quantified the formation of HTT aggregates using DB assays, FRAs and histo-
logical methods. Therefore, heads from GS;+, GS;HTTex1Q17 and GS;HTTex1Q97 flies were
collected before the treatment (labeled as 0d) and after ru-486 treatment for 24 days. Treatment
started three days post-eclosion of flies (labeled as 24d) (Fig. 2.21 A). This time point was se-
lected because after 24 days of treatment, only ~50 % of the flies were able to climb up the glass
vial. However, after 24 days of treatment most flies were still alive in life span assays (Fig. 2.20
C). I found that the treated and untreated GS;HTTex1Q17 flies contain no insoluble HTT aggre-
gates, when brains were analyzed in FRAs (Fig. 2.21 B). The GS;+24d-ON flies also showed no
antibody signal in the DB assays and the FRAs (Fig. 2.21 C). In comparison, in the head lysates
of GS;HTTex1Q9724d-ON flies, a high amount of SDS-insoluble and heat-stable HTT aggregates
were detectable with FRAs and DB assays using the aggregate-specific antibodies MW8 and
MAB5492 (Fig. 2.21 C).
To confirm these observations, whole-brains of treated and untreated flies were also immunoas-
sayed using the MAB5492 antibody. This analysis revealed that in ru-486 treated flies HT-
Tex1Q97 aggregates are detectable in all brain regions, whereas they were not observed in un-
treated flies (Fig. 2.21 D).
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Figure 2.21: Adult-onset expression of HTTex1Q97 for 24 days leads to the formation of
insoluble HTT aggregates in Drosophila brains.
(A) Scheme of the temporal sequences of ru-486 treatment. The untreated flies were collected three days
after hatching (black arrow). The red line indicates ru-486 treatment starting from day three post-eclosion
for 24 days. The flies were collected at an age of 27 days (red arrow). (B) Aggregate load of treated
and untreated GS;HTTex1Q17 flies analyzed with the FRA assay using the MW8 and MAB5492 anti-
bodies. Equal amounts were loaded (75 µg protein). (C) Aggregate load of treated and untreated GS;+
and GS;HTTex1Q97 flies. Brain extracts were analyzed by DB assays (15 µg protein) and FRAs (75 µg
protein) using the MW8 and MAB5492 antibodies. (D) Confocal images of the whole-brain of treated
and untreated GS;HTTex1Q97 flies. The RBP staining is shown in magenta and the MAB5492 staining
in green. For each group a representative whole brain (left, scale bars: 200 µm) and a magnification of
the right central brain region is displayed (right, scale bars: 20 µm).

2.5.4 Short-time expression of mutant HTTex1Q97 protein in transgenic
flies is sufficient to detect insoluble HTT aggregates in adult neurons

To monitor the kinetics of mutant HTT aggregation in fly brains, HTTex1Q97 expression was
induced in three days old flies and samples were analyzed at different time points after induction
using DB assays and FRAs. The selected time points and the exact treatment periods are shown
in Figure 2.22 A. I found that amount of insoluble HTTex1Q97 aggregates steadily increases over
time in fly heads (Fig. 2.22 A-C). Analysis of head lysates with DB assays and FRAs showed the
first appearance of HTT aggregates after six days of expression and high amounts of aggregates
were detectable after 12 days. Interestingly, the abundance of HTTex1Q97 aggregates did not
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Figure 2.22: Time-dependent accumulation of HTTex1Q97 aggregates in HD fly brains.
(A) Scheme of the temporal sequences of ru-486 treatment. The purple line indicates time periods of
ru-486 treatment. The flies were collected after the indicated times (arrows). (B) Aggregate load in brains
of GS;HTTex1Q97 flies after expression of the recombinant HTT protein for different time periods. The
heads were lysed in RIPA buffer and 15 µg of total protein were analyzed in the DB assays using the MW8
antibody. Shown is a representative dot blot of multiple independent biological replicates (n = 3, 3, 3, 3,
3, 3, 2) and the quantification of the dots. Error bars represent mean ± SEM from replicates; one-way
ANOVA Dunnett’s post hoc test compared to 0d and Tukey’s post hoc test; n.s. means not statistically
significant; ** p <0.01; *** p <0.001. (C) HTT aggregate load in brain samples similar to B. Samples in
this case, were analyzed by FRAs (75 µg protein) using the MW8 antibody. (D) HTT aggregate load in
brain samples similar to B. Samples were analyzed by FRAs using theMAB5492 antibody. (E)Quantified
data from the bar charts in B-D were plotted in a line chart. Light grey indicates data from B, dark grey
from C and black from D. Error bars represent mean ± SEM.
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significantly change between 12 days and 24 days of expression, indicating that a maximum
amount of large SDS-stable HTT aggregates is reached after ~12 days which does not increase
further over time.
Overall these results confirm that the Gene-Switch system is sufficient to induce the expression
of the pathogenic HTTex1Q97 protein in the fly nervous system. Furthermore, I found that the
HTT protein accumulates over time in ru-486 treated flies.

2.5.5 The HTTex1Q97 aggregates formed in Drosophila brains are
seeding-competent structures

In order to analyze whether the HTT aggregates that are detected after 24 days of expression
in fly brains are seeding-competent structures, head protein lysates were examined using the
established FRASE assay. In addition, brain extracts of untreated control flies aged for 24 days
were also analyzed (Fig. 2.23 A). The head lysates prepared from ru-486 treated flies significantly
reduced the lag phase of the spontaneous HTTex1Q48 fusion protein polymerization (Fig. 2.23
A and B). This indicates that after 24 days of HTTex1Q97 expression, seeding-competent HTT
aggregates are formed in Drosophila brains, which can shorten the lag phase of the reporter
proteins GST-HTTex1Q48-CyPet / -YPet in cell-free FRASE assays.

Figure 2.23: Analysis of the seeding-activity of HTTex1Q97 aggregates in fly brains using
the FRASE assay.
(A) Scheme of hormone treatment. GS;HTTex1Q97 flies were kept on normal food for 24 days (black
line) or were fed for 24 days with hormone-treated food (red line). (B) Fly head lysates of treated and
untreated GS;HTTex1Q97 flies were analyzed in the FRET-based HTT aggregate seeding (FRASE) assay.
Values are means ± SEM of three biological replicates each performed in triplicates. (C) Seeding activity
was quantified by subtracting the t50 value of the sample from the control (GS;HTTex1Q9724d-ON. Error
bars represent mean ± SEM; unpaired t-test; *** p <0.001.
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2.6 Analysis of the effects of short-time adult-onset expression
of wild-type and mutant HTT fragments in HD transgenic
flies

In previous experiments, I found that long-time expression of mutant HTT fragments in adult flies
with the Gene-Switch expression system causes behavioral impairments that are comparable to
the constitutive expression with the GAL4 / UAS system. To examine whether the observed HTT
induced phenotypes are require long time expression of the pathogenic protein, I next analyzed
the effects of short-time expression of HTT fragments in young adult animals. Therefore, in the
following experiments the inducible flies were treated for short periods of time with the hormone
ru-486 and subsequently flies were transferred to normal food in order to turn off the expression
of the transgene.

2.6.1 Transfer of transgenic flies to food lacking the hormone ru-486 is
sufficient to turn off HTT expression

First, I investigated the capability of the Gene-Switch system to turn off the expression of mutant
HTT in transgenic flies. For this purpose, GS;HTTex1Q97 flies were treated for three days with
ru-486 and then cultivated on normal food for various time periods as shown in Figure 2.24
A. After six hours on normal food following the expression period, I observed a slight but not
significant decrease of the HTTex1Q97 mRNA levels in transgenic flies (Fig. 2.24 B). However,
after twelve hours on normal food a ~50 % decrease of the HTT mRNA was detectable in the
fly heads and after 24 hours HTT mRNA was undetectable by qRT-PCR analysis, indicating
that HTT expression is turned off effectively when flies transferred to food lacking the ru-486
hormone. In an independent experiment, I also investigated whether HTT expression can be
turned off after the transgenic flies were incubated for six days on ru-486 food. I found that
mutant HTT mRNA levels were almost undetectable after 24 hours on normal food (Fig. 2.24
C), confirming the results obtained with 3d hormone treated flies (Fig. 2.24 B). Thus, these
studies indicate that HTT mRNAs are undetectable with qRT-PCR in HD transgenic flies when
they are transferred for ~one day to food lacking the hormone ru-486 (Fig. 2.24 D).
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Figure 2.24: Analysis of HTTex1Q97 expression in the absence of the hormone ru-486.
(A) Scheme for the hormone treatment of GS;HTTex1Q97 flies. Black lines indicate untreated time pe-
riods and purple lines indicate time periods during which flies were treated with ru-486. Flies were col-
lected at an age of seven days and were then analyzed. (B) Quantification of HTTex1Q97 mRNA levels
in GS;HTTex1Q97 flies by qRT-PCR. Error bars represent mean ± SEM of three biological replicates;
values are normalized to the negative control; one-way ANOVA Dunnett’s post hoc test compared to 3d-
ON; n.s. means not statistically significant; * p <0.05; *** p <0.001. (C) Hormone treatment scheme for
GS;HTTex1Q97 flies. Flies were collected at an age of ten days and were analyzed. D Quantification of
HTTex1Q97 mRNA levels in GS;HTTex1Q97 flies by qRT-PCR. One-way ANOVA Dunnett’s post hoc
test compared to 6d-ON.

2.6.2 Analysis of the effects of short-time HTTex1Q97 expression on
behavioral phenotypes

Since ru-486 induced gene expression in transgenic flies can be effectively turned off through
transfer of flies to food lacking the hormone (Fig. 2.24), I next investigated the effects of short-
time HTTex1Q97 expression on the climbing abilities and the life span of flies. To ensure com-
parability to the long-time induction experiments (Fig. 2.20), three days old flies treated for
three or six days with the hormone were transferred to normal food (lacking ru-486) and subse-
quently cultivated under these conditions until a climbing phenotype was detectable (Fig. 2.25
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A). The three and six days hormone treated flies were termed GS;HTTex1Q973d-ON/OFF and
GS;HTTex1Q976d-ON/OFF, respectively. In addition, control flies that do not express the HTT
gene treated for short periods of time with the hormone (GS;+3d-ON/OFF and GS;+6d-ON/OFF) were
systematically analyzed concerning the climbing phenotype.
I found that climbing behavior of GS;+3d-ON/OFF, GS;+6d-ON/OFF andGS;HTTex1Q97OFF flies was
very similar. However, both short-time and long-time expression of HTTex1Q97 decreased the
climbing performance of flies (Fig. 2.25 B). At the beginning, all treated fly lines (GS;HTTex1-
Q973d-ON/OFF, GS;HTTex1Q976d-ON/OFF and GS;HTTex1Q97ON) showed a very similar behavior
than the control fly lines (GS;+3d-ON/OFF, GS;+6d-ON/OFF and GS;HTTex1Q97OFF). However, af-
ter 21 – 24 days the HTTex1Q97 expressing flies lost very rapid their climbing abilities. I found
that chronic hormone treatment resulted in a reduction of the climbing abilities by half at an age
of 27 days (Fig. 2.25 B). In comparison, in GS;HTTex1Q973d-ON/OFF, GS;HTTex1Q976d-ON/OFF

flies a 50 % loss of climbing abilities was observed after 31 and 34 days, respectively. Since the
climbing abilities of chronically and short-time treated transgenic flies (6d-ON/OFF) are very
similar, it can be concluded that the duration of HTTex1Q97 expression is not correlated to the
observed climbing phenotype.

Figure 2.25: Behavioral analysis of short-time expression of HTTex1Q97 in the nervous
system of HD transgenic flies.
(A) Scheme of the temporal hormone treatment strategy. The black lines indicate the time pe-
riod where flies were not treated with hormone (normal food) and the purple lines indicate the time
where flies were hormone treated. Treatment started at day three post-eclosion. (B) Analysis of
climbing abilities of GS;+3d-ON/OFF (middle grey), GS;+6d-ON/OFF (light grey), GS;HTTex1Q97ON (red),
GS;HTTex1Q976d-ON/OFF (orange), GS;HTTex1Q973d-ON/OFF (yellow) and GS;HTTex1Q97OFF (black)
flies. Results of three independent replicates,. Experiments were started with 100 flies per group for
one replicate. Error bars represent mean ± SEM; two-way ANOVA Dunnett’s post hoc test compared to
GS;HTTex1Q97OFF flies; *** p <0.001.

The same fly lines were also analyzed in the life span assay using the same treatment procedure.
In addition, GS;HTTex1Q97 flies were investigated where the HTT transgender was expressed
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for only one day (Fig. 2.26 A).

Figure 2.26: Life span analysis of transgenic flies after short-time expression of HTTex1Q97
in the nervous system.
(A) Scheme of temporal hormone treatment. The black lines indicate time periods without hor-
mone treatment (normal food) and the purple lines indicate time periods with hormone treat-
ment. Treatment started at day three post-eclosion. (B) Life span analysis of GS;HTTex1Q97ON
(red), GS;HTTex1Q976d-ON/OFF (orange), GS;HTTex1Q973d-ON/OFF (yellow), GS;HTTex1Q971d-ON/OFF
(rose),and GS;HTTex1Q97OFF (black) flies. Life span is plotted as the percentage of surviving flies of
three replicates (GS;HTTex1Q971d-ON/OFF n = 107, 110, 106; GS;HTTex1Q973d-ON/OFF n = 107, 108,
107; GS;HTTex1Q976d-ON/OFF n = 108, 105, 94). (C) Life span analysis of GS;HTTex1Q17ON (blue),
GS;HTTex1Q176d-ON/OFF (cyan), GS;HTTex1Q173d-ON/OFF (green) and GS;HTTex1Q17OFF (dark grey)
flies. The mean of three independent replicates are shown (GS;HTTex1Q173d-ON/OFF n = 109, 96,
97; GS;HTTex1Q176d-ON/OFF n = 110, 97, 100). (D) Survival analysis of GS;+ON (very light grey),
GS;+6d-ON/OFF (light grey), GS;+3d-ON/OFF (middle grey) and GS;+OFF (dark grey) flies. The mean of three
independent replicates are shown (GS;+3d-ON/OFF n = 90, 100, 105; GS;+6d-ON/OFF n = 93, 85, 98).
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Interestingly, I found that the GS;HTTex1Q976d-ON/OFF flies display with a median life span of
33 days, which is not significantly different to GS;HTTex1Q97ON flies with a median life span of
30 days (Fig. 2.26 B and 2.27 B). In comparison, the GS;HTTex1Q973d-ON/OFF flies exhibited a
median life span of 38 days, which was significantly different to GS;HTTex1Q976d-ON/OFF flies.
Strikingly, the GS;HTTex1Q971d-ON/OFF flies showed a median life span of 51 days, indicating
that even a very short period of HTTex1Q97 expression is sufficient to decrease the survival of
flies. Overall, a longer survival with shorter HTT expression times is observed. However, the
similarity between the chronically treated flies and the flies treated for six days suggests that
there is no correlation between the mutant HTT-induced toxicity and the time of HTTex1Q97
expression in flies.
In control, transgenic flies expressing the wild-type protein HTTex1Q17 were also investigated in
survival assays. I found that GS;HTTex1Q173d-ON/OFF and GS;HTTex1Q176d-ON/OFF flies display
a median life span of 91 days (Fig. 2.26 C and 2.27 A). A similar result was observed when
GS;HTTex1Q17OFF flies were analyzed. Finally, I also assessed the survival of the control flies
GS;+3d-ON/OFF and GS;+6d-ON/OFF that were treated for short time with the hormone. These flies
exhibited a median life span of 85 days similar to GS;+ON and GS;+OFF flies (Fig. 2.26 D and
2.27A). Thus, the short-time expression of the wild-type HTTex1Q17 fragment has no significant
impact on the survival of flies.

Figure 2.27: Comparison of the effects of HTT exon-1 expression for different periods of
time on the survival of HD transgenic flies.
(A) Median life span of flies treated for different periods of time with the hormone ru-486 (GS;+,
GS;HTTex1Q17 and GS;HTTex1Q97 flies). Error bars represent mean ± SEM from three independent
replicates; one-way ANOVA Dunnett’s post hoc test compared to untreated GS;HTTex1Q97; n.s. means
not statistically significant; *** p <0.001. (B)Median life span of hormone treated GS;HTTex1Q97 flies.
One-way ANOVA Tukey’s post hoc test; n.s. means not statistically significant; ** p <0.01.
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2.6.3 Investigation of HTTex1Q97 aggregation after short-time gene
expression in HD transgenic flies

Long-time induction of HTTex1Q97 expression resulted in the time-dependent formation of in-
soluble protein aggregates in fly brains (Fig. 2.22). To analyze the HTT aggregate load after
short-time gene induction, flies were treated for three or six days with the hormone and then cul-
tured on normal food until they reached the treatment end point after 24 days (3d-ON/21d-OFF
or 6d-ON/18d-OFF). Analysis of brain extracts with DB assays showed that no HTTex1Q97 ag-
gregates are detectable after three days of expression using the MW8 antibody (Fig. 2.28 A).
However, after further cultivation of flies on normal food without HTT expression for 21 days
a significant amount of HTTex1Q97 aggregates was detectable with DB assays and FRAs (Fig.
2.28 A-C).
After six days of expression relatively small amounts of HTTex1Q97 aggregates were detectable
by DB assays and FRAs (Fig. 2.28 A-C). Interestingly, in 6d-ON/18d-OFF treated flies the
amount of the HTT aggregates was increased compared to flies that were treated for six days
with the hormone (Fig. 2.28 A-C).
The biochemical investigations with DB assays and FRAs exhibited a higher HTT aggregate load
in fly brains after the expression was turned off for 18 or 21 days. In order to verify these results,
I also performed a systematic immunohistological analysis of fly brains. Flies were treated as
described in Figure 2.28 and whole brains were stained with the antibodies MAB5492 and RBP
(Fig. 2.29 A). Although no HTT aggregates were detectable in the filter assays after three days
of expression, a very small amount of HTTex1Q97 aggregates was detectable in fly brains with
immunohistological methods (Fig. 2.29 C). According to their position in the fly brain, the ag-
gregates are located in the cell bodies that are clustered laterally to the antennal lobes [203].
As expected a higher amount of HTTex1Q97 aggregates was detectable in fly brains when the
protein was expressed for six days (Fig. 2.29 D). Interestingly, flies treated for three days with
subsequent cultivation on normal food for 21 days contained higher amounts of HTT aggregates
compared to flies in which the transgene was only expressed for three days (Fig. 2.29 F). A sim-
ilar result was also obtained when GS;HTTex1Q976d-ON/18d-OFF transgenic flies were analyzed
(Fig. 2.29 G).
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Figure 2.28: Analysis of HTTex1Q97 aggregate formation after short-time expression of the
protein in neuronal cells.
(A) Analysis of HTTex1Q97 aggregate formation in hormone treated and untreated GS;HTTex1Q97 flies
with DB assays (15 µg protein) using the MW8 antibody. Shown is a representative dot blot (left) of
independent biological replicates (n = 3, 3, 3, 3, 3, 2) and the quantification of immunoreactive dots
(right). Error bars represent mean ± SEM; unpaired t-test; *** p <0.001. (B) Analysis of HTT aggregate
load in fly brains by FRAs (75 µg protein) using the MW8 antibody and quantification of immunoreactive
dots; unpaired t-test; * p <0.05; ** p <0.01. (C) Analysis of HTT aggregate load in fly brains by FRAs
(75 µg protein) using the MAB5492 antibody and quantification of immunoreactive dots; unpaired t-test;
n.s. means not statistically significant.

In summary, the results indicate that the amount of HTTex1Q97 aggregates increases in fly brains
over time even when the expression of the transgene was switched off for 18 or 21 days (Fig. 2.29
H). As an additional control, GS;HTTex1Q97 flies were cultured for 24 days on normal food. In
these flies (24d-OFF), a slight antibody signal near the antennal lobes was detectable (Fig. 2.29
E and H).
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Figure 2.29: Analysis of HTT aggregate formation in Drosophila brains after short-time
expression of the protein.
(A) Scheme of the hormone treatment strategy. (B-G) Representative confocal images of whole fly
brains that were treated with and without hormone. The RBP staining is shown in magenta and the
MAB5492 staining in green. For each group a representative whole brain (left, scale bars: 200 µm)
and a magnification of the right central brain region (right, scale bars: 20 µm) is displayed. (H) Repre-
sentative confocal images of the whole-brain of GS;HTTex1Q1724d-OFF flies. (I) Quantification of hunt-
ingtin antibody staining intensity measured over the whole brain. The HTT staining was normalized to
GS;HTTex1Q9724d-ON. Error bars represent mean ± SEM; one-way ANOVADunnett’s post hoc test com-
pared to GS;HTTex1Q9724d-OFF; n.s. means not statistically significant; *** p <0.001. Unpaired t-test;
### p <0.001.
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To exclude that the detected antibody signals are unspecific, the GS;HTTex1Q17 flies were cul-
tured for 24 days on normal food and then analyzed using immunohistological methods. Since
no aggregates were detectable in these flies, the signals in the GS;HTTex1Q9724d-OFF fly brains
likely represents HTTex1Q97 aggregates. Although for 24 days no gene expression was induced
in transgenic flies, HTT aggregates were reproducibly detected with immunihostological meth-
ods. Together these results indicate that the applied inducible Gene-Switch expression system
is leaky and a low amount of HTT protein is produced also in non-induced flies. This very low
background expression likely leads to a time-dependent accumulation of the HTT protein in fly
brains. Interestingly, no phenotypic changes in climbing and survival were observed in these flies
with an age of 27 days (Fig. 2.25 B and 2.26 A).

2.6.4 Short-time expression of HTTex1Q97 results in the formation of
seeding-competent protein aggregates

Previous data showed that long-time induction of HTTex1Q97 leads to the formation of seeding-
competent HTT aggregates in the fly heads (Fig. 2.23). In order to examine the seeding-compe-
tence ofHTT aggregates that were produced by short-time expression, head lysates of GS;HTTex1-
Q9724d-ON, GS;HTTex1Q9724d-OFF, GS;HTTex1Q973d-ON/21dOFF andGS;HTTex1Q976-ON/18d-OFF

flies were analyzed using FRASE assays (Fig. 2.30 A).
I found that head lysates prepared from GS;HTTex1Q9724d-OFF flies show a similar kinetic in
the FRASE assay than head lysates prepared from Elav;HTTex1Q17 flies that do not exhibit
aggregates in the whole-brain stainings (Fig. 2.15, and 2.30 B). This indicates that the HTT
aggregates, which are detectable in GS;HTTex1Q9724d-OFF flies by immunostaining analysis,
are seeding-incompetent structures. In comparison, head lysates from long-time as well as the
short-time induced flies showed a significant reduction of the lag phase, when the reporter pro-
teins GST-HTTex1Q48-CyPet / -YPet were analyzed (Fig. 2.30 B and C). The head lysate of
GS;HTTex1Q976d-ON/18d-OFF flies shortens the lag phase more than head lysate of GS;HTTex1-
Q973d-ON/21d-OFF flies. Nevertheless, I did not observe a significant difference between the GS;-
HTTex1Q976d-ON/18d-OFF flies and GS;HTTex1Q9724-ON flies, although the long-time induced
flies contain a substantial higher aggregate load in the brain as shown in DB assays and im-
munostainings (Fig. 2.28 and 2.29). This indicates that GS;HTTex1Q976d-ON/18d-OFF flies al-
ready contain sufficient amount of HTT aggregates to accelerate the aggregation reaction similar
than head lysates from GS;HTTex1Q9724-ON flies.
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Figure 2.30: Short-time expression of HTTex1Q97 protein results in the formation of
seeding-competent aggregates in fly brains.
(A) Scheme of hormone treatment of HD flies. The colors (red, orange and yellow) indicate treatment peri-
ods with the ru-486 hormone and black indicates the time where flies were cultivated on normal food. (B)
Head lysates of GS;HTTex1Q9724d-OFF (black), GS;HTTex1Q9724d-ON (red), GS;HTTex1Q976d-ON/18d-OFF
(orange), GS;HTTex1Q973d-ON/21d-OFF (yellow) and Elav;HTTex1Q97 flies were analyzed using the
FRASE HTT seeding assay. Values are means ± SEM of three biological replicates each performed in
triplicates. (C) Seeding activity was quantified by subtracting the t50 value of the sample from the control
(GS;HTTex1Q9724d-OFF). Error bars represent mean ± SEM; one-way ANOVA Dunnett’s post hoc test
compared to untreated flies; n.s. means not statistically significant; * p <0.05; ** p <0.01; *** p <0.001;
One-way ANOVA Bonferroni’s post hoc test; # p <0.05; ## p <0.01.

2.6.5 Analysis of time-dependent HTTex1Q97 aggregation after short-time
expression of the recombinant protein

To monitor the formation of HTTex1Q97 aggregates after short-time expression of the protein
in flies, they were treated for six days with hormone and then cultivated for 2, 6, 10, 14, 18 and
22 days on normal food (Fig. 2.31 A). Analysis of head lysates with DB assays revealed that
the amounts of HTT aggregates in the fly heads increases for ten days until steady state level is
reached (Fig. 2.31 B).
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Figure 2.31: Time-dependent aggregation of the HTTex1Q97 protein after short-time ex-
pression in flies.
(A) Scheme of the hormone treatment of flies and the sample handling. The purple lines indicate the
ru-486 treatment of flies, which started at day three post-eclosion and continued for six days. The black
lines indicate untreated time periods. (B) Aggregate load in treated GS;HTTex1Q97 flies as analyzed
by DB assays using the MW8 antibody. Shown is a representative dot blot of independent biological
replicates (n = 3, 3, 3, 3, 3, 3, 3, 2). Equal amounts of protein were loaded (30 µg). (C) Quantification
of the immunoreactive dots. Error bars represent mean ± SEM; one-way ANOVA Dunnett’s post hoc
test compared to 6d-ON or 6d-ON/10d-OFF treated GS;HTTex1Q97 flies; n.s. means not statistically
significant; * p <0.05.

In order to verify these results, brains of hormone treated flies (similar to Fig. 2.31 A) were also
systematically analyzed with immunohistological methods. A few brains are exemplarily shown
(Fig. 2.32 A). As previously observed, HTT aggregates were found to be located in the cell bod-
ies. The z-projection showed co-localization with the neuropil for a few HTT aggregates (white
labeled huntingtin aggregates). The individual slices reveal no co-localization with the RBP sig-
nal. I found that the HTT aggregates in GS;HTTex1Q976d-ON and GS;HTTex1Q976d-ON/2d-OFF

flies is not significantly different, but they have an altered localization in the brain (Fig. 2.32A and
B). After six days and ten days on normal food, the number of HTT aggregates was significantly
increase compared to GS;HTTex1Q976d-ON flies. Thus, similar to DB assays the immunohisto-
logical studies indicate that the amount of HTT aggregates increases over time in non-induced
flies until a steady state level is reached after ten days (Fig. 2.32 B).
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Figure 2.32: Analysis of HTT aggregation in HD flies after short-time expression of the
protein in brains.
(A) Representative confocal images of whole brains of different GS;HTTex1Q97 flies after hormone treat-
ment. The RBP signal is shown in magenta and the MAB5492 signal in green. For each group a represen-
tative magnification of the right central brain region (scale bars: 20 µm) is displayed. (B) Quantification
of HTT antibody staining intensity measured over the whole brain. Error bars represent mean ± SEM;
one-way ANOVA Dunnett’s post hoc test compared to 6-ON or 6d-ON/10d-OFF treated GS;HTTex1Q97
flies; n.s. means not statistically significant; *** p <0.01; *** p <0.001.

2.6.6 The effect of short-time HTTex1Q97 expression on the life span of
flies is age-independent.

Using an inducibleDrosophilamodel of Alzheimer’s disease, Iain Rogers and colleagues showed
that aging increases the vulnerability of flies to Aβ42 aggregates. To analyze whether aging
also influences HTTex1Q97 toxicity in HD flies, young (three days old) and old (30 days old)
GS;HTTex1Q97 flies were treated for three days with the hormone ru-486 hormone and then
flies transferred to non-hormone food were analyzed over time with the life span assay. I found
that young treated flies display a median life span of 38 days, while old treated flies have a median
life span of 63 days (Fig. 2.33 A and B). Thus, the time period between the turning-off of HTT
expression and the death of the flies is very similar in both experimental paradigms. This suggests
that age does not significantly influence the effect of the mutant HTT protein on the survival of
flies (Fig. 2.33 C and D).
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Figure 2.33: Analysis of HTT aggregation in HD flies after short-time expression of the
protein in brains.
(A) Representative confocal images of whole brains of different GS;HTTex1Q97 flies after hormone treat-
ment. The RBP signal is shown in magenta and the MAB5492 signal in green. For each group a represen-
tative magnification of the right central brain region (scale bars: 20 µm) is displayed. (B) Quantification
of HTT antibody staining intensity measured over the whole brain. Error bars represent mean ± SEM;
one-way ANOVA Dunnett’s post hoc test compared to 6-ON or 6d-ON/10d-OFF treated GS;HTTex1Q97
flies; n.s. means not statistically significant; *** p <0.01; *** p <0.001.
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2.7 Modulation of mutant HTT aggregation and toxicity in
HD transgenic flies

There are several possibilities to modulate HTT aggregation and toxicity [120] - [122]. In a
currently ongoing study the application of an antisense oligonucleotide (ASO) drug is examined
[123], which aims at the reduction of monomeric HTT protein level in patient brains. The results
of the short-time treated GS;HTTex1Q97 flies suggest that a decrease of HTT expression with
the Gene-Switch expression system when HTT aggregates have already formed in fly brains has
a minor effect on disease progression and elongates the life span of flies only for a few days
(Fig. 2.26). If the mechanism of the disease is similar in humans and in flies, the ASO approach
might not work as a therapeutic approach because the toxic effects of HTT aggregates in patient
brains cannot be efficiently reduced through inhibition of HTT expression. Another therapeutic
approach for the treatment of HD is the identification of small chemical compounds that target
HTT aggregates and their propagation. In previous studies it was demonstrated that chemical
compounds can be successfully applied as an aggregation modifier, such as EGCG andmethylene
blue [120, 204]. Such molecules might be suitable as therapeutic drugs for the treatment of
Huntington’s disease because they might elongate the survival of HD patients for longer periods
of time. To examine whether the mutant HTT aggregation and toxicity can be modulated by
therapeutic molecules in Drosophila models of HD, I first investigated whether overproduction
of the human molecular chaperone Hsp70 influences HTTex1Q97 aggregation and toxicity in
HD transgenic flies.

2.7.1 Co-expression of the human molecular chaperone HSPA1L reduces
HTTex1Q97-induced toxicity in HD transgenic flies

It has been shown previously that overproduction of the human protein Hsp70 (HSPA1L) sup-
presses polyQ-mediated toxicity and neurodegeneration in a Drosophila model of Machado-
Joseph disease, also known as spinocerebellar ataxia type 3 [104]. To examine whether the
co-expression of HSPA1L can suppress the HTT-induced toxicity, transgenic flies were gen-
erated containing the UAS-HSPA1L and UAS-HTTex1Q97 transgenes. The human HSPA1L
gene encodes a 70 kDa heat shock protein Hsp70 and act as a molecular chaperone in cells by
promoting the folding of translated proteins. It was integrated on the second chromosome in
the Drosophila genome and therefore can be expressed in a similar manner as the HTT trans-
gene. Flies bearing the HSPA1L and HTTex1Q97 (GS;HSPA1L;HTTex1Q97) transgenes were
treated for six days with the hormone and were subsequently transferred to food that lacks the
inducer ru-486 (Fig. 2.34 A). In control flies, the HSPA1L gene was expressed alone for six days
(GS;HSPA1L6d-ON/OFF). Finally, the survival of differently treated fly lineswas assessed using the
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established life span assay. I found that themedian life span ofGS;HSPA1L;HTTex1Q976d-ON/OFF

flies is 39 days, while the median life span of GS;HTTex1Q976d-ON/OFF flies is 33 days (Fig. 2.34
B and C). This indicates that the co-expression of the molecular chaperone HSPA1L reduces the
toxicity of the HTTex1Q97 protein and significantly extends the survival of flies. In comparison,
the median life span of flies that express the HSPA1L gene but not the HTT gene is not signifi-
cantly elongated (Fig. 2.34 C). Together these results indicate that the mutant HTT toxicity can
be modulated by the overproduction of a molecular chaperone.

Figure 2.34: Co-expression of HSPA1L andHTTex1Q97 elongates the survival in HD trans-
genic flies.
(A) Scheme of the temporal hormone treatment strategy. The black lines indicate cultivation times without
hormone treatment (normal food) and the purple lines indicate cultivation times with hormone treatment.
The treatment started at day three post-eclosion. (B) Life span analysis of GS;HTTex1Q97OFF (black),
GS;HTTex1Q976dON/OFF (orange), GS;HSPA1L;HTTex1Q976d-ON/OFF (green) and GS;HSPA1L6dON/OFF

(blue) flies. Life span is plotted as the percentage of surviving flies of two or three replicates (untreated
GS;HTTex1Q97 n = 99, 96, 107; treated GS;HTTex1Q97 n = 108, 105, 94; GS;HSPA1L;HTTex1Q97 n =
103, 82, 83; GS;HSPA1L n = 91, 62). (C)Median life spans of treated and untreated fly lines. Error bars
represent mean ± SEM from two / three independent replicates; unpaired t-test; *** p <0.001.
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2.7.2 Co-expression of HSPA1L decreases the formation of
seeding-competent HTTex1Q97 aggregates in HD transgenic flies

In order to analyze the effect of HSPA1L co-expression on the formation of HTTex1Q97 aggre-
gates, head lysates from induced and non-induced flies (GS;HSPA1L;HTTex1Q97 and GS;HTT-
ex1Q97) were systematically analyzed with DB assays and FRAs. Flies were treated for six days
with hormone food and then transferred for four days to normal food lacking ru-486. Finally,
brain lysates were prepared and analyzed with DB assays and FRAs. In comparison to con-
trol flies (GS;HTTex1Q97), I found a significant reduction of HTTex1Q97 aggregates in brains
of GS;HSPA1L;HTTex1Q97 flies when samples were analyzed with DB assays (Fig. 2.35 A).
This indicates that co-expression of HSPA1L significantly reduces the HTT aggregate load in fly
heads. The amount of SDS- and heat-stable HTT aggregates in GS;HSPA1L;HTTex1Q97 flies
was slightly reduced than in GS;HTTex1Q97 flies (Fig. 2.35 B).

Figure 2.35: HSPA1L co-expression reduces the formation of HTT aggregates in transgenic
fly heads.
(A) Analysis of HTTex1Q97 aggregation in treated and untreated HD transgenic fly lines with DB assays:
GS;HTTex1Q97 flies, GS;HSPA1L;HTTex1Q97 flies and GS;HSPA1L flies. Equal amounts of protein
were loaded onto membranes (30 µg) and analyzed using theMW8 antibody. Shown are representative dot
blots (above) of independent biological triplicates and the quantification of immunoreactive dots (below).
Error bars represent mean ± SEM; unpaired t-test; ** p <0.01. (B) Analysis of HTT aggregate formation
using FRAs (150 µg protein). Aggregates were detected and quantified using the MW8 antibody (above)
and quantification (below); unpaired t-test; n.s. means not statistically significant.
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The GS;HSPA1L;HTTex1Q97 flies contain two UAS-transgenes, which might result in lower
expression of both transgenes compared to flies that express a single transgene. In order to inves-
tigate whether the reduction of HTT aggregates in HSPA1L expressing flies is caused by a reduc-
tion of HTT gene expression, I quantified the HTTmRNA levels in both transgenic fly lines with a
qPCR assay. I found that the HTTmRNA level in GS;HTTex1Q97 andGS;HSPA1L;HTTex1Q97
flies after six days of expression are not significantly different (Fig. 2.36 A), indicating same ex-
pression of HTTex1Q97 fragment in GS;HTTex1Q97 and GS;HSPA1L;HTTex1Q97 flies.
Next, I quantified the HSPA1L protein levels in head extracts of GS;HSPA1L and GS;HSPA1L;-
HTTex1Q97 fly lines. Analysis of protein extracts by SDS-PAGE and immunoblotting revealed
no significant difference in HSPA1L expression in GS;HSPA1L and GS;HSPA1L;HTTex1Q97
flies after six days of hormone treatment (Fig. 2.36 B and C), indicating that the reduction of
HTT aggregates in GS;HSPA1L;HTTex1Q97 flies is caused by the overproduction of HSPA1L.

Figure 2.36: Analysis of HTTex1Q97 expression in GS;HTTex1Q97 and GS;HSPA1L;-
HTTex1Q97 flies.
(A) Analysis of HTTex1Q97 mRNA levels in treated and untreated GS;HTTex1Q97 and
GS;HSPA1L;HTTex1Q97 flies. Error bars represent mean ± SEM; unpaired t-test. (B) Compari-
son of HSPA1L protein levels in GS;HSPA1L;HTTex1Q97 and GS;HSPA1L flies before and after
treatment with ru-486. Protein extracts prepared from fly heads were analyzed in SDS-PAGE and
immunoblotting Equal amounts of protein were loaded (20 µg). (C) Quantification of HSPA1L protein
levels form B. Error bars represent mean ± SEM; unpaired t-test.
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Finally, I investigated whether the HTT aggregates in head lysates prepared from GS;HSPA1L;-
HTTex1Q97 flies possess seeding activity using the established FRASE assay. Flies (GS;HTTex1-
Q97 and GS;HSPA1L;HTTex1Q97) were treated for six days with hormone and then transferred
for 18 days on normal food without hormone. In addition, flies (GS;HTTex1Q97) were in-
vestigated that were cultivated for 24 days on normal food lacking the hormone. I found that
the HTT seeding activity in head lysates prepared from GS;HSPA1L;HTTex1Q976d-ON/18d-OFF

flies is significantly lower than the seeding activity in head lysates that were prepared from
GS;HTTex1Q976d-ON/18d-OFF flies (Fig. 2.37 A and B). These results indicate that HSPA1L co-
expression decreases the abundance of seeding-competent HTTex1Q97 aggregates inDrosophila
brains.

Figure 2.37: HSPA1L co-expression reduces the seeding activity of mutant HTT aggregates
in Drosophila brains.
(A) Head lysates of GS;HTTex1Q9724d-ON (black), GS;HTTex1Q976d-ON/18d-OFF (orange),
GS;HSPA1L;HTTex1Q976d-ON/18d-OFF (green) flies were analyzed using the FRASE HTT seeding
assay. Values are means ± SEM of three biological replicates each performed in triplicates. (B)
Quantification of the HTT seeding activity in fly brain extracts by subtracting the t50 value of the sample
from the control (GS;HTTex1Q9724d-OFF). Error bars represent mean ± SEM; unpaired t-test; * p <0.05.
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2.7.3 The molecular chaperone HSPA1L co-localizes with HTT aggregates
in HD transgenic fly brains

Previous studies have shown that the Drosophila Hsp70 protein co-localizes with nuclear inclu-
sions that contain the ATXN3 protein in a Drosophila model of Machado-Joseph disease [104].
To examine whether the human HSPA1L protein co-localizes with the HTT aggregates in HD
flies, a whole brain staining of GS;HSPA1L;HTTex1Q97 flies was performed. The antibodies
anti-HSPA1L and MAB5492 were used for the detection of HTT aggregates and the protein
HSPA1L. I found that a large fraction of the produced HSPA1L co-localizes with punctate HTT
aggregates in fly brains (Fig. 2.38). These studies indicate that the punctate HTT aggregates are
encased by the HSPA1L protein, which forms a halo around the aggregated proteins (Fig. 2.38,
white arrows).

Figure 2.38: HSPA1L localizes with punctate HTT aggregates in brains of HD transgenic
flies.
Representative confocal images of the right central brain regions GS;HSPA1L;HTTex1Q976d-ON flies. The
HSPA1L signal is shown in red and the HTT signal (MAB5492) in green (scale bars: 20 µm). The white
arrow indicates co-localization of HSPA1L with HTT aggregates. The grey arrow indicates areas in the
brain where the HSPA1L protein is not associated with HTT aggregates.
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2.8 Investigating the effects of small molecules on mutant
HTT aggregation in cell and fly models of HD

My studies indicate that the molecular chaperone HSPA1L is able to decrease mutant HTT-
induced toxicity and to elongate the survival of HD transgenic flies that express the HTTex1Q97
protein in neurons (Fig. 2.34). Next, I assessed whether chemical compounds can be identified
that directly target HTT aggregates and reduce their toxicity in HD transgenic flies.

2.8.1 High throughput screening of small molecule modulators of
HTTex1Q48 aggregation in SH-EP cells

To find chemical compounds that modulate HTT aggregation and toxicity, a cell-based assay
was established. The principle of this method is shown in Figure 2.39 A. The assay facilitates
the detection of small molecules that promote the clearance of pre-aggregated Alexa633-labelled
HTTex1Q48 aggregates in SH-EP cells (Fig. 2.39 A). After establishment of the assay, I screened
1200 chemical compounds (FDA approved drugs and natural compounds) for their ability to pro-
mote the clearance of HTT aggregates in SH-EP cells. All compounds were tested at a concen-
tration of 10 µM for 48 hours in the cell-based assay (Fig. 2.39 A). The HTT aggregate load in
cells as well as the cell number was quantified using a high content microscope. The systematic
screening in cells revealed 13 primary hit compounds (Fig. 2.39 B), including known inhibitors
of HTT aggregation such as EGCG [120], whichwere further investigated in othermodel systems.

To validate the effects of the initially identified small molecules, additional studies were per-
formed with hit compounds in mammalian cells. In this case the effects of compounds on the
degradation of preformed HTTex1Q48-YPet aggregates was assessed (Fig. 2.39 B). I confirmed
that 13 compounds decrease the abundance of HTTex1Q48-YPet aggregates in SH-EP cells, sug-
gesting that they might also be active in HD transgenic flies.
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Figure 2.39: Identification of chemical compounds that decrease the abundance of pre-
formed HTT aggregates in SH-EP cells.
(A) Scheme of the assay procedure. Labelled HTT aggregates were incubated with SH-EP cells and then
treated with chemical compounds (~1200 FDA approved drugs and natural compounds). After 48 hours
the cells were fixed and analyzed with a high content screening reader. (B) Effects of hit compounds on
HTT aggregate load in SH-EP cells; compound effects were normalized to DMSO. Error bars represent
mean ± SEM of three technical replicates; one-way ANOVA Dunnett’s post hoc test compared to DMSO;
* p <0.05; ** p <0.01; *** p <0.001.

2.8.2 Analysis of selected hit compounds in HD transgenic flies

To investigate whether the hit compounds that are active in cell-based assays (Fig. 2.39) can influ-
encemutant HTT aggregation in HD transgenic flies, I first treated three days old GS;HTTex1Q97
flies that do not express the transgene for four days with the selected compounds (Fig. 2.40 A).
Then, the flies were transferred for six days to food that contains both the hormone and the se-
lected compounds to induce HTTex1Q97 expression to potentially inhibit aggregation. Finally,
after six days on hormone / compound food, the flies were transferred for additional four days
to food that only contains the compounds, which preferentially influence HTT aggregation (Fig.
2.40 A). Thus, in this experimental paradigm the effects of chemical compounds in the spon-
taneous formation of HTTex1Q97 aggregates and their clearance will be assessed in fly brains.
Furthermore, through the initial pretreatment of flies with the chemical compounds for four days
it should be ensured that the compounds are already presented in fly brains before the expression
of the HTTex1Q97 protein is induced by hormone addition. Finally, the effects of chemical com-
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pounds on HTT aggregation are quantified with DB assays using the MW8 antibody.
All compounds were dissolved in ethanol and mixed into the fly food with a final concentration
of 1 % ethanol and 1 mM compound. Flies that were treated exclusively with the hormone were
labeled as ”compound” and flies cultivated on normal food without compound were labelled as
”-ru486 / -compound”.

Figure 2.40: Analysis of hit compound in the inducible Drosophila model of HD.
(A) Scheme of the compound and hormone treatment procedure. The flies were treated for four days with
the compound, followed by six days on food with the hormone and the compound. Subsequently the flies
were transferred onto compound food for four days. (B) Effect of the compound O4 on the formation of
HTTex1Q97 aggregates in GS;HTTex1Q97 flies. Aggregates were detected with DB assays (30 µg protein
were spotted onto membranes). The treatment of flies with O4 did not influence HTTex1Q97 aggregation.
(C)Analysis of the hit compounds on the aggregate load in GS;HTTex1Q97 flies. Compound effects were
quantified with DB assays (30 µg protein) using the MW8 antibody. Shown is a representative dot blot
(above) of independent biological triplicates and the quantification of the dots on the membrane (below).
Error bars represent mean ± SEM; one-way ANOVA Dunnett’s post hoc test compared to -compound;
n.s. means not statistically significant; * p <0.05.
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I found that the compound O4 that potently influences polyQ-mediated HTT aggregation in cell-
free and cell-based assays does not reduce HTTex1Q97 aggregation in HD flies. The known
modulators of HTT aggregation such as EGCG, Ellagic acid and Guanabenz acetate [120, 205]
showed a weak effect on HTT aggregation in transgenic flies. However, compared to control flies
this effect was not statistically significant (Fig. 2.40 B). Interestingly, the compounds Piceatanol
and Quinidine most potently decreased the formation of HTTex1Q97 aggregates in brains of HD
transgenic flies (Fig. 2.40 C). The compound Quinidine is an FDA approved drug that act as a
class 1a antiarrhythmic agent [206]. It works by blocking the fast inward sodium current in cells.

2.8.3 Quinidine treatment reduces the abundance of HTTex1Q97
aggregates in brains of HD transgenic flies

The initial experiments showed that 1 mM Quinidine effectively reduces the formation of HTT
aggregates in GS;HTTex1Q97 flies. In order to determine the effective dose, transgenic flies
were next exposed to different concentrations of Quinidine and fly head lysates were then sys-
tematically analyzed with DB assays and FRAs (Fig. 2.41 A). The treatment of flies with 0.5 mM
Quinidine had no effect on the formation of HTTex1Q97 aggregates (Fig. 2.41 B). However, with
higher concentrations of Quinidine, the level of aggregates was decreased in a concentration-
dependent manner. The administration of 1 or 2 mM Quinidine nearly complete prevented of
formation of HTTex1Q97 aggregates when samples were analyzed with DB assays. The analysis
of head lysates with FRAs revealed similar results (Fig. 2.41 C and D), indicating that concentra-
tions of Quinidine between 0.2 mM and 2 mM are sufficient to decrease the abundance of large
SDS-stable aggregates in fly brains.

To confirm the results obtained with DB assays and FRAs (Fig. 2.41), whole brains of treated and
untreated GS;HTTex1Q97 flies were also analyzed with immunohistological methods. Analysis
of brains with confocal microscopy revealed that treatment of HD flies with 1 mM Quinidine in-
deed significantly reduces the abundance of large HTTex1Q97 aggregates in the fly brains (Fig.
2.42 A and B).
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Figure 2.41: Treatment of flies with Quinidine reduces the abundance of large HTTex1Q97
aggregates in heads of HD transgenic flies.
(A) Quinidine structure. (B) Effects of Quinidine on the HTTex1Q97 aggregate load in GS;HTTex1Q97
flies; samples were analyzed by native DB assays. Flies were treated as shown in Figure 2.40. Equal
amounts of protein were loaded (30 µg) analyzed using the MW8 antibody. Shown is a representative
dot blot (above) of independent biological triplicates and the quantification of the dots on the membrane
(below). Error bars represent mean ± SEM; one-way ANOVA Dunnett’s post hoc test compared to 0
mM Quinidine; n.s. means not statistically significant; * p <0.05, ** p <0.01. (C) Effects of Quinidine
on the aggregate load in HD flies; samples were analyzed with FRAs (150 µg protein) using the MW8
antibody. Error bars represent mean ± SEM; one-way ANOVADunnett’s post hoc test compared to 0 mM
Quinidine. (D) Effects of Quinidine on the HTT aggregate load in HD flies; samples were analyzed with
FRAs using the MAB5492 antibody.
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Figure 2.42: Quinidine treatment decreases the abundance of large HTTex1Q97 aggregates
in fly brains.
(A) Representative confocal images of whole brains of Quinidine treated and untreated flies. Flies were
treated as described in Figure 2.40. The RBP signal is shown in magenta and theMAB5492 in green (scale
bars: 200 µm). (B) Quantification of HTT antibody staining intensity measured over the whole brain of
GS;HTTex1Q97 flies (0 mM n = 8; 1 mM n = 4). Error bars represent mean ± SEM; unpaired t-test; ***
p <0.001.

2.8.4 Investigating the effects of Quinidine treatment on the survival of HD
transgenic flies

My investigations indicate that Quinidine effectively reduces the formation of insoluble HTT
aggregates in heads of HD transgenic flies. To study whether long-time treatment with Quinidine
influences the life span of HD flies, they were treated with the compound as shown in Figure
2.43 A. Surprisingly, my systematic studies revealed that the treatment of flies with increasing
concentrations of Quinidine decreases survival of flies (Fig. 2.43 B and C). This indicates that
either the compound per se is toxic for flies or through Quinidine treatment even more toxic HTT
aggregates are formed in brains.
In order to analyze whether Quinidine per se is toxic for flies, I also treated chronically three
days old GS;HTTex1Q97 flies with 1 mM Quinidine and investigated their survival in life span
assays. These flies showed no reduction in survival after 60 days of treatment suggesting that
the compound per se is non-toxic for flies. Thus, my studies indicate that Quinidine only indices
toxicity in flies when mutant HTT protein is expressed at least for a short time.
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Figure 2.43: Quinidine treatment shortens the life span of HD transgenic flies.
(A) Scheme of the Quinidine treatment procedure. The GS;HTTex1Q97 flies were cultivated on food with
Quinidine for four days and were then transferred on to food with hormone and Quinidine for six days.
Then, they were cultivated on food with Quinidine alone until they die. (B) Life span analysis of flies
treated with 0 mM (black), 0.2 mM (green), 0.5 mM (cyan) and 1 mM Quinidine (blue). As a control
group, three days old flies were treated continuously with 1 mM Quinidine without hormone treatment
(orange). Flies were analyzed for 60 days. The survival is plotted as the percentage of surviving flies of
three replicate (0 mM Quinidine n = 86, 96, 82; 0.2 mM Quinidine n = 84, 90, 83; 0.5 mM Quinidine n =
81, 74, 67; 1 mM Quinidine n = 90, 102, 89; 1 mM Quinidine / -ru486 n = 95). (C) Median life span of
HD flies treated with different concentrations of Quinidine. Error bars represent mean ± SEM; one-way
ANOVADunnett’s post hoc test compared to 0 mMQuinidine; n.s. means not statistically significant; ***
p <0.001.
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3 Discussion

In the present thesis, I have generated newDrosophila melanogaster models of Huntington’s dis-
ease (HD) and characterized these models by a combination of biochemical and behavioral anal-
yses. The systematic characterization of the exon-1 fly models revealed polyQ length-dependent
behavioral phenotypes and time-dependent aggregation of mutant HTT fragments.
Subsequently, I have focused on the establishment of an inducible Drosophila model of HD that
allows the production of mutant HTTex1Q97 in adult flies. The transgenic flies were subse-
quently analyzed with regard to long-term and short-term expression of the mutant HTT frag-
ment. Chronic as well as short-time expression of the mutant HTT protein resulted in locomo-
tion impairments and reduced survival. Moreover, lifespan analysis revealed that age does not
influence the effect of mutant HTT expression. Finally, the effect of a molecular chaperone and
chemical compounds on mutant HTT was investigated.

3.1 Modeling HD in Drosophila melanogaster

3.1.1 The generated fly models of HD allow comparative studies of
different transgenic fly lines

The newDrosophila melanogaster models of Huntington’s disease (HD) contain HTT fragments
of different sizes, including the HTT exon-1 fragment, HTT fragments with the first 513 amino
acids or full-length HTT. The different HTT fragments were combined with different CAG re-
peats containing wild-type and mutant-associated repeats. The transgenic flies containing the
wild-type and mutant HTT fragments were generated using the site-specific ΦC31 integrase
[165, 166]. This approach provides a benefit over the previously used HD fly models mentioned
in Table 1.2 that were produced by p-element mutagenesis [58], [144] - [147]. The p-element
mutagenesis leads to a random insertion of the transgene in the fly genome [159]. The location
of the transgene, however, can influence the expression of the gene of interest, in particular in
heterochromatin rich regions that are tightly coiled and genetically inactive [207]. Lower expres-
sion levels could lead to a weaker phenotype in the transgenic flies. This is especially important
when the effects of fragments with the same amino acid sequence but different CAG repeats are
compared. The extent to which the expression level of transgenes influences the phenotype has
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been shown descriptively by Weiss et al. [208]. The pan-neuronal expression of a cDNA frag-
ment that encodes a 588 amino acid long N-terminal human HTT fragment with 138 glutamine
repeats, which was located in two different chromosomal regions in transgenic flies, revealed a
difference in the median lifespan of these fly lines of approximately 30 days. This dramatic dif-
ference illustrates the influence of different expression levels on mutant HTT-induced toxicity. In
comparison, the newly generated transgenic HD flies that were produced by inserting the HTT
cDNAs in the same landing site should display equal expression levels. Indeed, this was con-
firmed by the analysis of HTT mRNA levels of induced GS;HTTex1Q17 and GS;HTTex1Q97
flies (Fig. 2.19). The GS;HTTex1Q17 and GS;HTTex1Q97 flies produced approximately equal
HTT transcript levels. Therefore, this integration system is a powerful tool that enables the direct
comparison of flies expressing different transgenes and HTT fragments in particular.

3.1.2 Exon-1 proteins are efficiently produced in HD transgenic flies

The production of short N-terminal HTT fragments has been observed in transgenic mouse mod-
els and brains of HD patients [9]. In mice expressing full-length HTT, N-terminal fragments with
a size comparable to exon-1 are generated by proteolysis or alternative splicing [59, 191]. This
fragment has been widely used to study mutant HTT induced toxicity and aggregation in vitro
and in different animal and cellular models of HD [56, 58, 68, 103, 191, 209].
Hence, HD flies that produce HTT exon-1 proteins with different polyQ lengths including Q0,
Q17, Q49 and Q97 were generated. These glutamine lengths (e.g. Q17, Q49 and Q97) repre-
sent a number of wild-type and mutant-associated lengths. The HTTex1Q0 fragment does not
reflect a healthy individual, as a glutamine length of at least 6 was reported in humans [210].
Since the Drosophila homologue of human HTT does not contain a glutamine repeat within the
exon-1 [211] and Lee et al. used an N-terminal HTT fragment with zero glutamines as a control
fragment [146], this fragment was integrated in the analysis of this thesis. First, the expression
of the HTTex1Q0, HTTex1Q17, HTTex1Q49 and HTTex1Q97 proteins was analyzed by West-
ern blotting and immunohistochemistry (Fig. 2.7 and 2.13). Surprisingly, these studies revealed
that soluble HTT exon-1 proteins cannot be detected in flies, while insoluble HTTex1Q97 ag-
gregates were detectable. In contrast, the soluble HTT513 and HTTfl proteins were monitored
using the anti-HTT antibody MAB2166 that has been used previously to detect full-length HTT
in transgenic fly heads (Fig. 2.2 and 2.6) [147]. I suggest that the soluble HTT exon-1 proteins
are rapidly degraded in flies. In previous studies, the production of HTT exon-1 fragments in
transgenic flies was not sufficiently examined with HTT-specific antibodies. In a recent study,
the expression of HTT exon-1 fragment with a fluorescent tag was shown by Western blotting
using a GFP-specific antibody [208]. However, such a tag could increase the solubility of the
HTT exon-1 proteins and thereby facilitate the detection. The group of Lawrence Marsh pub-
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lished two studies in which HTT exon-1 proteins were shown by Western blotting. However, in
both studies the applied antibodies were not disclosed [58, 212]. Since the transcription of the
exon-1 fragments and the aggregation of HTTex1Q49 and HTTex1Q97 were shown (Fig. 2.7),
it can be assumed that the HTTex1Q0, HTTex1Q17, HTTex1Q49 and HTTex1Q97 proteins are
expressed in the transgenic flies.

3.1.3 PolyQ-length dependent aggregation and toxicity of HTT exon-1
fragments in HD transgenic flies

The new Drosophila fly models of HD that expresses the HTT exon-1 proteins constitutively ex-
hibited an explicit polyQ length-dependent toxicity phenotype and aggregation behavior. This
observation is in agreement with previous findings in other polyQ disease model systems such
as the yeast Saccharomyces cerevisiae, the zebrafish Dario rerio, the worm Caenorhabditis ele-
gans, an the fruit fly Drosophila melanogaster [92], [213] - [216].
In detail, the expression of the HTTex1Q0 and HTTex1Q17 fragment has no influence on the
photoreceptor cell morphology, locomotor performance and the survival (Fig. 2.8, 2.9 and 2.11).
These results are in agreement with the data of Lee et al., who showed that the expression of a
HTT exon-1 fragment without glutamines (Htt-Q0) have no discernible effect on behavior, lifes-
pan or neuronal morphology [146]. Melkani et al. showed that Httex1-Q25-eGFP expressing
flies have a similar life span than flies that contain exclusively the heart-specific gene driver
[216]. In the same study of Melkani et al., the cardiac-specific expression of Httex1-Q49-eGFP
exhibited a significant reduction of the life span [216]. This result is very similar to my study
where the expression of HTTex1Q49 in transgenic flies leads to a significant reduction of the
survival (Fig. 2.9). The expression of HTTex1Q49 showed no eye degeneration, however, a
very severe eye phenotype was observed when the HTTex1Q97 protein was produced in flies
(Fig. 2.11). Several studies also described a dramatic degeneration of photoreceptor cells in flies
that express the HTT.Q93.ex1p fragment or other mutant HTT fragments, including HTTQ120,
HTT.128Q.1-336, HTT.Q128, HTT.128Q.FL, in theDrosophila eye [58], [144] - [147]. Further-
more, an impaired locomotion and dramatic shortened survival was observed in flies expressing
the HTTex1Q97 fragment, which was also described in previous studies (Fig. 2.9). Menzies et
al. reported that flies expressing a HTT exon-1 fragment with 93 polyQ repeats had a median life
span in the range of 20 to 25 days [217] that is similar to observations in my study where a median
life span of ~20 days was obtained for HTTex1Q97 expressing flies (Fig. 2.9). Another study
showed an arrhythmic activity that decreased gradually over time after glia-specific expression of
a HTT exon-1 fragment with 103 glutamines (hHtt103Q) [218]. With the pan-neuronal expres-
sion of HTTex1Q97 an arrhythmic activity was never observed, but a general reduction of the
locomotion activity. This difference might be due to the glia-specific expression of (hHtt103Q),
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which might have a more severe influence on the phenotype of the transgenic flies than the Elav-
specific expression in neurons as reported by Miguel et al. [219].
A polyQ length-dependent effect is also evident for the aggregation behavior of HTT exon-1
proteins (HTTex1Q0, HTTex1Q17, HTTex1Q49 and HTTex1Q97) in the HD transgenic flies. I
observed that the HTTex1Q97 protein forms SDS-insoluble, heat-stable and seeding competent
aggregates in neurons as well as in non-neuronal tissues (Fig. 2.13 - 2.15 and 2.17). The results
obtained with the HTTex1Q97 protein are in agreement with several studies that have shown
previously that long pathogenic polyQ tracts in HTT fragments are critical for the formation of
SDS-insoluble aggregates in flies [68, 209, 213]. Also, the observation that the HTTex1Q97
protein forms aggregates in neuronal and non-neuronal tissues in transgenic flies is in agreement
with a previous study (Weiss et al. [208]). Interestingly, I found that insoluble HTTex1Q97 ag-
gregates can be already detected in three days old flies and that their abundance increases over
time (Fig. 2.14). Furthermore, I found that HTTex1Q49 aggregates cannot be detected in young
flies, but in middle-age flies (Fig. 2.14), suggesting age-dependent formation of HTT aggregates
in transgenic flies. Studies from Zhang et al. showed that Httex1-Q46-eGFP aggregates are
detectable in 30 days old flies but not in two days old flies. This supports my results with the
HTTex1Q49 protein [220].

3.1.4 The mutant HTT-induced toxicity increases with shorter HTT
fragments

The examination of HTTflQ145 (full-length protein) and HTTex1Q97 (exon-1 fragment) in flies
revealed that short HTT fragments with an elongated polyQ tract show a stronger disease phe-
notype than full-length HTT with an elongated polyQ tract. Life span as well as the locomotor
activity of HTTex1Q97 expressing flies is stronger impaired compared to flies expressing the HT-
TflQ145 protein (Fig. 2.3 and 2.8). The HTTflQ145 flies live approximately 25 days longer than
HTTex1Q97 flies, although they harbor a much longer glutamine tract [39, 40]. Interestingly,
the analysis of the Drosophila eye of three days old HTTflQ145 flies revealed a normal retina
structure. It has been shown that expression of pathogenic full-length HTT is only able to induce
retina defects in old flies (20 days old 128QHTTFL flies) [147]. In contrast, the photoreceptor
cells in the eyes of HTTex1Q97 flies are disrupted already in very young animals. These results
indicate that N-terminal HTT fragments with long pathogenic polyQ tracts are more toxic to flies
than the full-length HTT protein with similar polyQ sequences.
A number of studies have demonstrated that full-length HTT can be cleaved by several proteases
resulting in the release of short N-terminal fragments [53, 50]. Furthermore, it was demonstrated
previously that N-terminal HTT fragments are more toxic and more aggregation prone than the
full-length protein [50, 52, 55, 221]. Hackam and colleagues expressed successively smaller
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HTT fragments with 128 glutamines, including exon-1 and full-length HTT, in human embry-
onic kidney cells [78]. The expression of shorter HTT fragments showed a stronger apoptotic
stress than longer HTT fragments. Moreover, Barabro et al. analyzed transgenic flies that ex-
pressed naturally occurring N-terminal HTT peptides (e.g. HTT exon-1, HTT513 and HTT586)
and observed that the HTT exon-1 fragment in flies is the most pathogenic huntingtin fragment
compared to various longer transgenes [212].

3.1.5 Limitations of the constitutive expression system

A limitation of the constitutive expression system (GAL4 / UAS) is that the pathogenic HT-
Tex1Q97 protein is already produced in very young flies (Fig. 2.14). This means the formation
of HTT aggregates starts in an early stage of the development; the embryonic developmental
stage 12 [182]. The toxic HTT protein could interfere during the development of the transgenic
flies. Whether the phenotypic impairments trace back to the disturbances in the fly neurons or
the interference during the development is not resolvable.
Furthermore, this expression system has a clear drawback for the analysis of therapeutic drugs
in transgenic flies. During the development from the third instar larvae to the hatching fly the
chemical compounds cannot be absorbed from the transgenic flies. The pupal stage lasts for about
six days, in which the chemical compound is not provided to fly neurons. Nevertheless, the pro-
duction of the mutant HTT protein in the fly neurons proceeds continuously. In a preliminary
analysis, I investigated whether the chemical compound EGCG has an influence on mutant HTT-
induced toxicity in Elav;HTTex1Q97 flies. Interestingly, EGCG which is a known modulator of
HD toxicity and aggregation [120], showed no effect on the toxicity of the constitutive expressed
HTTex1Q97 protein (data not shown). Thus, this constitutive expression system is not suitable
for the analysis of therapeutic drugs. In contrast, the inducible Gene-Switch expression system
allows the production in the adulthood of the flies so that the chemical compounds can be fed
while the production of the mutant HTT protein takes place.

3.2 Establishment of an inducible HD fly model of HD

3.2.1 The dynamics of inducible HTT expression

In this study the hormone-inducible Gene-Switch expression system was used for the production
of various polyQ-containing HTT proteins. The induction of transgene expression was achieved
by dissolving the hormone ru-486 in the standard fly media (in-food method). It is interesting to
mention that other delivery methods have been used, such as adding the hormone-supplemented
yeast paste to the food [222] or dropping the hormone onto the food (on-food method) [223, 224].
To ensure that the flies do not have a choice between hormone and hormone-free food, the in-food
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method was used.
To select the concentration of the hormone, different doses of the hormone were applied to
GS;HTT513Q17 flies (Fig. 2.18 B). With a concentration of 400 µM of the ru-486 hormone
similar HTT513Q17 protein levels were obtained in fly heads than with the constitutive GAL4 /
UAS expression system. Furthermore, the concentration of 400 µM (~172 µg

ml ) ru-486 has been
used previously to induce transgene expression in transgenic flies [202]. I found that the HT-
Tex1Q97 mRNA is detectable after one day of hormone treatment.
Osterwalder et al. treated Elav-GeneSwitch;UAS-EGFP flies for different time period with the
ru-486 hormone. They detected the EGFP protein after five hours of hormone exposure [173].
I suggest that this difference is due to the fact that different protocols were utilized in my study
compared to previously published experiments. Osterwalder et al. used larvae bathed in the hor-
mone, whereas in my experiments the in-food method with adult flies was applied [223]. I found
that the level of the HTTex1Q17 and HTTex1Q97 mRNA is stable during a time period of twelve
days (Fig. 2.19). However, Wong et al. showed that the food intake decreases markedly with
the age [225]. Thus, a reduction of the food intake and absorption of the ru-486 hormone due
to the decreased feeding behavior in aged flies expressing the mutant HTT fragment cannot be
excluded.

3.2.2 Transgene expression in the absence of ru-486

An inducible expression system should possess minimal or no expression of the transgene in the
absence in the absence of the inducer. My studies showed no detectable HTT513Q17 protein in
flies that were cultivated on food lacking the ru-486 hormone (Fig. 2.18). Also no HTTex1Q17
and HTTex1Q97 mRNAwas detectable in the absence of the hormone (Fig. 2.19). Nevertheless,
the brain staining of GS;HTTex1Q9724d-OFF flies (24 days on food lacking the hormone) revealed
the presence of HTTex1Q97 aggregates (Fig. 2.29 E). This implies that transcription of the HTT
transgene is not shut down completely and small amounts of HTT are produced in flies, when they
are cultivated on food lacking the hormone. However, these very low transcript or protein levels
cannot be detected by qRT-PCR or Western blotting (Fig. 2.19). A weak background (”leaky”)
expression in the absence of the hormone has been previously observed with the Gene-Switch
system [179]. For example, in the study by Osterwalder et al. very low expression of the reporter
gene EGFP was detected without hormone treatment [173]. Many other studies obtained similar
results [223, 224, 226]. Although I observed a weak expression of the HTT gene in the uninduced
transgenic flies, they did not show an impaired movement or survival phenotype (Fig. 2.20).
Together, my studies indicate a leaky HTT expression beneath the detection limit. However, the
marginally produced protein was not sufficient to cause a disease phenotype in flies.
Previously published studies that used theGene-Switch expression system reported the kinetics of
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transgene expression [200, 201] and have not investigated the kinetics of transgene suppression.
I found that after turning-off the expression system through transfer flies onto normal food the
HTTmRNA disappeared completely after 24 hours (Fig. 2.24). The previously discussed section
indicates that a weak expression of the HTT transgene in treated flies that were transferred to food
lacking the hormone cannot be excluded.

3.2.3 Suppression of mutant HTT expression does not complete rescue the
HD phenotype in transgenic flies

Many therapeutic studies aim to reduce the abundance of mutant HTT mRNA levels in patient
brains using antisense oligonucleotides (ASOs) or siRNAs [124, 227, 228]. In order to answer
whether the disease can be delayed after onset of motor defects and the formation of insoluble
HTT aggregates, Yamamoto and colleagues established a conditional mouse model of HD [229].
In this study they expressed a HTT exon-1 fragment with 93 glutamines that induced the forma-
tion of neuronal inclusions with HTT aggregates and progressive motor impairments. After the
inhibition of HTT expression at an age of 18 weeks, the HD phenotype in transgenic mice was
decreased [229]. In detail, nuclear and cytoplasmic aggregates disappeared, progressive striatal
atrophy halted and the clasping phenotype has ameliorated compared to the chronically induced
animals. The study postulated that HD neuropathology and motor dysfunction are reversal and
constant expression of mutant HTT is necessary for disease progression.
The results from the Yamamoto lab are in strong contrast to the results of my study. In flies,
the suppression of mutant HTT expression after six days of induction revealed no improvement
of the survival. Exclusively, suppression of mutant HTT expression after three days showed an
improvement of the life span. In contrast to the Yamamoto study, I found that the HTTex1Q97 ag-
gregates do not disappear after the expression of the transgene was suppressed. In strong contrast
to published results, my studies indicate that the abundance of HTT aggregates increases over
time in flies until they reach a steady state (Fig. 2.31). The data of my study implicate that the
HD phenotype may not be reversed if the expression of the mutant HTT protein is reduced. My
results are supported by recent observations by Molero and colleagues who selectively expressed
mutant HTT in transgenic mouse chronically or only during the development [230]. Production
of mutant HTT during the development resulted in reductions of muscle strength and alterations
in locomotor activity and motor coordination. These partial defects were not as serve as those in
mice that produced the mutant HTT protein chronically [230].
The data of my study indicate that the suppression of mutant HTT expression is not sufficient to
rescue the HD phenotype. Thus, a therapeutic intervention should start as early as possible to
delay the age of onset and to reduce the overall lethality. This is in agreement with data from
Molero et al., who showed that suppression after the development is not sufficient to prevent the
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HD phenotype [230].

3.2.4 Formation of aggregates prior phenotypic changes

The inducible Gene-Switch expression system, which I applied in this study, has the advantage
that pathogenic HTT fragments can be expressed in adult flies. This is not possible with the
conventional GAL4 / UAS system where the expression of mutant HTT starts during the devel-
opment of the transgenic flies. The GAL4 / UAS system achieves a high level expression of the
transgene during the development, including the larvae and pupal stage. The Gene-Switch ex-
pression system avoids transgene expression during these developmental stages, which have no
equivalent in mammals.
I found that the constitutive expression of mutant HTT causes an enormous aggregate load in
very young flies, due to the expression of the HTT gene throughout the developmental stages
(Fig. 2.14). In comparison, the inducible expression system allows the investigation of the ef-
fects of pathogenic HTT aggregates in the adult flies. Interestingly, my studies indicate that
HTTex1Q97 aggregates appear prior to the phenotypic changes that emerged after 24 days of
chronic expression. These findings are in agreement with data that were obtained by Weiss et al.
who showed the presence of HTT aggregates in primary striatal neurons several days before the
onset of neurite degeneration [231]. Moreover, a significant amount of HTT exon-1 aggregates
was detected in the brains of R6/2 mice at an age of two weeks, preceding the development of
first motor impairments by weeks [231] - [233].

3.2.5 HTT aggregates as a potential driver of disease progression in
transgenic flies

To investigate the effects of HTTex1Q97 aggregates on disease progression, the amount of aggre-
gates was analyzed in flies that expressed the transgene for different periods of time. I observed
that the earliest detectable aggregates are present in flies after three days of HTTex1Q97 expres-
sion, suggesting that this time period is sufficient to form MAB5492-reactive aggregates in the
fly brain (Fig. 2.29). With longer HTT expression, the amount of aggregates increased signifi-
cantly. In addition, the formation of HTT aggregates was systematically examined in short-time
induced flies using the filter assay and immunohistochemistry. After turning-off the expression,
the amount of aggregates slightly increased within the next ten days. An explanation could be the
ongoing production of mutant HTT mRNA for twelve hours due to the remaining hormone food
in the stomach of the flies after the transfer onto normal food. The very low levels of translated
HTT protein in neurons might increase the aggregate quantity in fly brains. Further cultivation
on food lacking the ru-486 hormone does not influence the aggregate quantity in flies, suggesting
that there is no efficient degradation of HTT aggregates in fly brains. Data from the literature
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show exclusively opposite results. After turning-off the expression for 72 hours, the amount of
HTT aggregates in an inducible PC12 cell line was reduced dramatically [234]. Moreover, the
inducible mouse model of Yamamoto et al. showed a clearance of HTT aggregates after several
weeks without gene expression [229]. One could speculate that the fruit fly is not able to degrade
HTT aggregates. However, the study of Latouche et al. showed the clearance of intranuclear
aggregates in fly neurons in the absence of the transgene in an inducible fly model of SCA7
[200]. This suggests that the fruit flies should be able to clear polyQ-containing HTT aggre-
gates. The work of Weiss et al. showed that after 72 hours of transgene repression, the amount of
HTT aggregates in the salivary glands was decreased although a total recovery was not observed
[208]. In this published study a mRFP tagged 588-aa N-terminal fragment of human HTT was
investigated. The fluorescent tag allows a specific analysis without antibody staining, but could
influence both the formation and degradation of aggregates.
Even though the quantity of HTT aggregates did not change after ten days on food lacking the
ru-486 hormone, a change in their distribution was observed (Fig. 2.31 and 2.32). Recent studies
highlighted the transcellular propagation of HTT aggregates [85]. However, the mechanism of
aggregate spreading and the importance of this process for the disease are so far unclear [72,
85]. Babcock et al. demonstrated the spreading of aggregates derived from a 588-aa N-terminal
fragment, whereas mutant exon-1 HTT aggregates failed to spread beyond the expression area
[85]. For further analysis, the transgene has to be expressed specifically in certain neurons.
HD patients appear normal for decades before developing disease symptoms [235]. Two hy-
potheses concerning the late-onset of HD pathogenesis are discussed in the literature. The first
claims that the adult-onset of HD is a result of progressive accumulation of toxic HTT fragments
[236]. In this hypothesis, aging should not accelerate the pathogenesis in HD. Alternatively, there
a speculations that aging leads to an increased vulnerability of striatal neurons due to impaired
proteostasis [237]. It is has been shown that the ubiquitin / proteasome pathway is altered by
aging [238] - [241]. An elevated vulnerability in older flies has also been observed in models of
other neurodegenerative diseases such as Alzheimer’s disease [242]. To analyze whether mutant
HTT toxicity is age-dependent, the protein was expressed in young and middle-aged flies. In this
study the short-time expression in young and middle-aged flies resulted in a similar time period
between turning-off of HTT expression and the death of the flies. These results indicate that the
effect of HTTex1Q97 on fly survival is age-independent.
A comparison of the aggregate quantity by DB assays, FRAs and immunohistological methods
revealed that the amount of aggregates in the fly brain is reduced by half in short-time induced
flies than in chronically induced flies although the survival is equal (Fig. 2.26 and 2.28). This
difference in quantity suggests that the abundance of large HTT aggregates that are detectable by
the mentioned methods is not directly related to the age of onset and disease progression in flies.
One might speculate that small HTT aggregates play an impact on the HTT-induced toxicity.
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Previous studies have shown that small, soluble oligomeric structures rather than large, insoluble
aggregates cause dysfunction and toxicity in protein misfolding diseases [88, 90, 243, 244].
Other polyQ-rich proteins such as the transcription factor CREB are known to co-aggregate with
mutant HTT [73]. Proteins in the fruit fly that contain long polyQs are predominantly transcrip-
tion factors [245]. The co-aggregation of important cellular transcription factors could cause
transcriptional dysregulation that might result in neuronal dysfunction and cell death. One might
speculate that the small amount of HTT aggregates that are detected in fly brains after short-
time expression (six days) is sufficient for polyQ-rich proteins to co-aggregate with pathogenic
HTT and to cause transcriptional dysregulation over time. To proof this hypothesis, immuno-
histochemistry analysis could be performed to test whether polyQ-rich transcription factors in-
corporate into pathogenic HTT aggregates. In addition, mass-spectrometry analysis of purified
aggregates could provide further insights into the disease mechanism.

3.2.6 The relevance of seeding-competent HTT aggregates for the
appearance of symptoms in HD transgenic flies

There is experimental evidence that spreading of mutant HTT aggregates play a critical role in
the pathogenesis of HD [84, 85, 246]. In order to analyze whether HTT seeding drives HD, the
FRASE assay that allow a quantification of seeding-competent structures was used.
Unpublished data from our laboratory revealed that HTT seeding activity is detectable in solu-
ble and insoluble protein fractions (data not shown). However, the abundance in soluble protein
fractions was higher, which indicates that the seeding activity predominantly results from small
rather than large HTT aggregates. It has been shown that the FRASE assay detects seeding com-
petent HTT aggregates that are small and cannot be detected by FRAs (data not shown). This
is in agreement with my data that show no correlation between large HTT aggregates and the
seeding activity in GS;HTTex1Q9724d-ON and GS;HTTex1Q976d-ON/18d-OFF flies. However, the
GS;HTTex1Q9724d-ON andGS;HTTex1Q976d-ON/18d-OFF flies showed a similar survival and seed-
ing activity in the FRASE assay. One might speculate that small HTT aggregates that cannot be
detected by DB assays, FRAs and immunohistological methods are responsible for the seeding
events potentially drive the pathogenesis in HD transgenic flies. Thus, the seeding activity rather
than the abundance of large HTT aggregates correlates with the HTT-induced toxicity.
The assumption, that seeding active HTT aggregates drive the HD pathogenesis in flies is sup-
ported by the HSPA1L experiments. Co-expression of HSPA1L causes a reduction of the seeding
activity, which results in an elongated survival of HD transgenic flies.
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3.3 Application of the inducible fly model for the analysis of
modifiers of mutant HTT aggregation and toxicity

3.3.1 The HTT-induced toxicity can be modulated by a molecular
chaperone

In order to investigate whether interference of HTT aggregates by a chaperone affects the HTT-
induced toxicity, co-expression of HSPA1L was examined. The HSPA1L protein decreased the
aggregate quantity and extended the life span (Fig. 2.34 and 2.35). The effect of HSPA1L might
even be underestimated, as the chaperone can only be co-expressed in parallel to HTT. Using
an additional GAL4-independent expression system would enable the prolonged expression of
the chaperone and could further improve the phenotype. My observations are in agreement with
other studies, which showed that molecular chaperones including HSPA1L are able to modulate
and repress polyQmediated toxicity [104, 105], [247] - [249]. Also the observation that HSPA1L
forms a shell around the HTTex1Q97 aggregates is in agreement with earlier observations, indi-
cating that Hsp70 protein encapsulate HTT aggregates in HeLa cells [250].

3.3.2 The small molecule Quinidine influences HTT aggregation in HD
transgenic flies

Considerable efforts have been invested in HD drug discovery. Several studies focus on lowering
mutant HTT levels in the brain by RNAi treatment to reduce all deleterious downstream effects of
the protein and to slow down or prevent HD pathogenesis [251, 124, 125]. The data of this thesis
indicate suppression of HTT expressionmight only delay the age of onset and disease progression
in an insufficient way, since inhibition of expression to six days (Fig. 2.27) does not slow down
HD pathogenesis. Therefore, an additional therapeutic drug approach that reduces mutant HTT
aggregate level would be necessary. For the analysis of effects of chemical compounds on HTT
aggregation and toxicity, the inducible fly model was used. In contrast, all previous compound
studies in flies used the constitutive expression system, which allows no compound treatment
during the development as well as prior and after the transgene expression [139, 120].
For the analysis of chemical compounds in HD transgenic flies, flies were treated with hit com-
pounds that were active in the cell-based assay. I found a significant reduction of HTTex1Q97
aggregates in flies that were treated with the chemical compound Quinidine (Fig. 2.41). Quini-
dine has not been associated with HD, but was analyzed in combination with Dextromethorphan
in AD patients in a phase 2 clinical trial to reduce Agitation and Aggression [252].
A systematically analysis by DA assays, FRAs and immunohistoligical methods showed a re-
duction of large HTT aggregates in the fly brains. Surprisingly, flies treated with increasing
Quinidine concentrations are stronger affected in the survival. The decrease of HTT aggregates
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with increasing concentrations of Quinidine could suggest that the compound leads to an inhi-
bition of mutant HTT aggregation. However, analysis of Quinidine in an in vitro aggregation
assay (data not shown) revealed no inhibition of mutant HTT aggregation. However, Quinidine
could potentially prevent the deposition into large insoluble HTT aggregates with the result that
smaller and more toxic soluble aggregates are formed. This explains the increased toxicity and
the decreased aggregate load at the same time. Several studies illustrated a higher toxicity when
the formation of inclusion bodies was inhibited [88, 90].
Although the usage of Quinidine as a therapeutic molecule is not suitable, it could be utilized
for further mechanistic studies. A general and detailed morphological and biochemical charac-
terization of biological samples from flies that were treated with Quinidine would be necessary
to clarify the mechanism that leads to toxicity in mutant HTT expressing flies. Moreover, the
analysis of the seeding competence of the HTT aggregates prepared from Quinidine treated flies
would be of importance.
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4.1 Material

4.1.1 Fly strains

GAL4 drivers
Elavc115-GAL4 [253]
X+;GMR-GAL4 [254]
14-3-fkh-GAL4 [255]
Ok107-GAL4 [256]
GSelav-GAL4 Bloomington Stock 43642
Miscellaneous strains
Canton-S [257]
w1118 [258]
Balancer strain (CyO/Sp;MKRS,Sb/TM6,Tb) own production
UAS-GFP Bloomington Stock 1521
GAL80ts second chromosome [180]
UAS-HSPA1L [104]

If no other source is stated, flies were either taken from our own stock collection or obtained
from the Bloomington stock collection.

4.1.2 E. coli strains
Mach1™ T1 E.coli F- Φ80(lacZ)∆M15 ∆lacX74 hsdR(rK- mK

+)
∆recA1398 endA1 tonA (Invitrogen) recommended strain for
the Gateway® Cloning System. Invitrogen

BL21- CodonPlus(DE3)-RP E. coli B F- ompT hsdS(rB- mB
-) dcm+ Tetr gal λ(DE3) endA

Hte [argU proLCamr] strain (Stratagene); for high level protein
expression induced by IPTG, Agilent Technologies
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4.1.3 Expression vectors and plasmids

pDONR™ 221 AGateway® vector containing attP sites; contains ccdB gene and kanamycin
resistance gene; to generate entry clones. Invitrogen

pGEX-6P1 Expression vector for IPTG inducible expression of glutathione S-
transferase (GST)-fusion proteins in E.coli under control of a synthetic tac-
promotor; contains lacIq repressor andAmpicillin resistance genes; encodes
a PreScission™ protease cleavage site downstream of the GST sequence (GE
Healthcare). Amersham

pUAST-attB-rfA Expression vector for expression in transgenic flies under the GAL4 in-
ducible UAS promoter; contains attB site for site-specific integration in the
fly genome by ΦC31 integrase (provided by Prof. Sigrist, FU Berlin).

4.1.4 Antibodies
Antibody Species Supplier
MW1 mouse DSHB
MW8 mouse DSHB
MAB5492 mouse EMD Millipore
MAB5374 (EM48) mouse Chemicon
MAB1574 (1C2) mouse EMD Millipore
3B5H10 mouse Sigma-Aldrich
CAG53b rabbit own production [66]
HD1 rabbit own production [57]
Anti-Agg53 rabbit own production
anti-RBP rabbit provided by Prof. Sigrist, FU Berlin [197]
anti-HSPA1Lă(ADI-SPA-812) rabbit Enzo
anti-β-actin (A5441) mouse Sigma
anti-GFP (ab290) rabbit Abcam

Antibody Conjugate Supplier
anti-rabbit Peroxidase Cell Signaling
anti-mouse Peroxidase Cell Signaling
anti-rabbit Alexa Fluor®488 Molecular Probes
anti-mouse Alexa Fluor®647 Molecular Probes
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4.1.5 PCR Primers
Name 5’ – 3’ sequence
pUAST-fwd AACCAAGTAAATCAACTGC

pUAST-rev ATCTCTGTAGGTAGTTTGTC

HTT-ex1-fwd GACCCTGGAAAAGCTGATGA

HTT-ex1-rev TCATGGTCGGTGCAGCGGCT

attB-HTT-ex1-fwd
GGGGACAAGTTTGTACAAAAAAGCAGGCTGG

ATGGCGACCCTGGAAAAGCTG

attB-HTT-ex1-Stop1-rev (ex1Q0)
GGGGACCACTTTGTACAAGAAAGCTGGTCATG

GTCTATGCAATGGTTCTTCAGC

attB-HTT-ex1-Stop2-rev (ex1Q97)
GGGGACCACTTTGTACAAGAAAGCTGGTCATG

GTCGGTGCAGCGGCTCCTCAGC

rp49-fwd TACAGGCCCAAGATCGTGAA

rp49-rev ACGTTGTGCACCAGGAACTT

Primers had HPLC purification grade and were synthesized by BioTeZ Berlin-Buch GmbH in
a quantity of 10 nM. Primers were dissolved in autoclaved water (concentration of 10 pmol

µl ).

4.1.6 Enzymes, proteins and markers

1 kb DNA Ladder Invitrogen
AntarcticPphosphatase NEB
Benchmark Pre-stained Protein Ladder Thermo Scientific
BP Clonase® II Enzyme Mix Thermo Scientific
BSA 10 mg

ml NEB
Complete™ Protease Inhibitor Cocktail Roche
dNTP mix (10 mM each) Invitrogen
GeneRuler™ 100 bp DNA ladder Thermo Scientific
LR Clonase® II Enzyme Mix Thermo Scientific
M-MLV Reverse Transcriptase Thermo Scientific
Oligo(dT)12-18 Primer Invitrogen
PageRuler™ Plus Prestained Protein Ladder Thermo Scientific
PreScission Protease™ GE Healthcare
Proteinase K Sigma Aldrich
Ready-Load 1 kb Plus DNA ladder Thermo Scientific
Restriction Enzymes (BsrGI, BstXI, SacI, SalI, PvuI) Thermo Scientific
T4 DNA Ligase NEB
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4.1.7 Kits
BCA Protein assay reagent Thermo Scientific
ChemiGlow West Alpha Innotech
SuperScript® first strand cDNA synthesis Invitrogen
DNeasy blood and tissue kit Qiagen
Expand™ long template PCR system Roche
QIAprep spin miniprep kit Qiagen
Qiagen plasmid midi kit Qiagen
QIAquick PCR purification/gel extraction kit Qiagen
Pwo SuperYield DNA polymerase kit Roche
SYBR® Green PCR master mix Applied Biosystems

4.1.8 Buffers, solutions and media

Aggregation buffer, 10x 0.5 M Tris-HCl pH 7.4, 1.5 M NaCl, 10 mM EDTA
Ampicillin, 1000x 100 mg

ml dissolved in 50 % ethanol, stored at - 20 °C
Brain lysis buffer 10 mM Tris-HCl pH 7.4, 0.8 M NaCl, 1 mM EDTA,

10 % Sucrose (fresh), 1x protease inhibitor
Brain staining buffer 5 % NGS, 0.1 % NaN3 in PBT (0.3 %)
Blocking buffer 3 % milk powder in PBS-T
Coomassie destaining solution 20 % ethanol, 10 % acetic acid
Coomassie staining solution 30 % ethanol, 10 % acetic acid,

0.05 % Coomassie brilliant blue R250
Dialysis buffer 50 mM Tris, 150 mM NaCl, 1 mM EDTA, 5 % Glycerol,

pH 7.4
Denaturation buffer 4 % SDS, 400 mM DTT
DNA sample buffer, 4x 0.25 % bromophenol blue, 0.25 % xylene cyanole FF,

30 % glycerol
Elution buffer Buffer 1, 20 mM red. glutathione, pH 8.6
HL3 70 mM NaCl, 5 mM KCl, 20 mM MgCl2, 10 mM NaHCO3,

5 mM Trehalose, 115 mM Sucrose, 5 mM Hepes, pH 7.2
LB-(Luria Bertani) agar 1 % Bacto Peptone, 0.5 % yeast-extract, 1 % NaCl,

2 % Agar
LB-(Luria Bertani) medium 1 % Bacto Peptone, 0.5 % yeast-extract, 1 % NaCl
Leachingbuffer 50 mM Tris, 150 mM NaCl
PBS, 10x 1.37 mM NaCl, 27 mM KCl, 100 mM Na2HPO4,

17.6 mM KH2PO4, pH 7.4
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PBS-T 1x PBS, 0.05 % Tween-20
PBT (0.3 %) 1x PBS, 0.3 % Triton™ X-100
PBT (1 %) 1x PBS, 1 % Triton™ X-100
PBT/NGS 1x PBS, 0.1 % Triton™ X-100, 0.1 % BSA, 5 % NGS
Protein extraction buffer 2 % SDS, complete protease inhibitor
PEM 0.1 M PIPES, 2 mM EGTA, 1 mM MgSO4, pH 7.0
4 % PFA 4 g PFA dissolved in 100 ml PBS and heated at 50 °C for

5 minutes to obtain a clear solution, pH 7.4, stored at - 20 °C
P1 buffer 5 mM Tris, 150 mM NaCl, 1 mM EDTA, 50 mM Na2HPO4,

pH 8.0
RIPA-buffer 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM EDTA,

1 % NP40, 1 % Na-deoxycholat
S.O.C. medium 2 % Tryptone, 0.5 % yeast-extract, 10 mM NaCl, 2.5 mM KCl,

10 mM MgCl2, 10 mM MgSO4, 20 mM Glucose
Tris-Lysisbuffer 100 mM Tris-HCl pH 7.4, 1 % Triton™ X-100
Western blotting buffer 25 mM Tris, 190 mM Glycin, 15 % ethanol
Standard fly medium (6 l) 25 g Agar-Agar, 45 g beer yeast, 50 g soy flour, 400 g corn flour,

75 ml sugar beet syrup, 300 ml Malzin, 8 g Nipagin, 25 ml EtOH,
32 ml propionic acid

Special fly medium (6 l) 48 g Agar-Agar, 480 g beer yeast, 120 g Bacto-peptone,
120 g Bacto-yeast, 420 ml sugar beet syrup, 3 g MgSO4,
3 g CaCl3, 6 g Nipagin, 60 ml EtOH, 36 ml propionic acid

4.1.9 Chemicals and Consumables
Acetic acid Carl Roth
Agar-Agar Gewürzmühle Brecht
Agarose, ultrapure Life Technologies
Amershan™ Protran™ 0.1 µm NC GE Healthcare
Ampicillin sodium salt Sigma-Aldrich
Apomorphin Sigma Aldrich
Auraptene Sigma Aldrich
Bacto peptone BD
Bacto tryptone BD
Bacto yeast extract Carl Roth
Bear yeast Gewürzmühle Brecht
Bouin’s Fixative Sigma Aldrich
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Bromphenol blue Merck Eurolab GmbH
Chloramphenicol Sigma Aldrich
Chloroform Merck
Coomassie brilliant blue G-250 Merck
Corn flour Bauck GmbH
Dialysis membrane (MWCO 10 kDa) SpectraPor® Dialysis
Dihydrorobinetine Carl Roth
Dimethylsulfoxide (DMSO) Sigma Aldrich
Dithiothreitol (DTT) AppliChem
EGCG Sigma Aldrich
Ellagic acid Sigma Aldrich
Entelan Merck
Ethidium bromide solution Sigma Aldrich
Ethylenediamine tetraacetic acid (EDTA) Sigma Aldrich
Ethylene glycol tetraacetic acid (EGTA) Sigma Aldrich
Filter paper GE Healthcare
Glutathione sepharose 4B GE Healthcare
Glycerol Carl Roth
Glycin MP Biomedicals
Guanabenz acetate Tocris
Harmaline HCl Sigma Aldrich
Idebenone Sigma Aldrich
Immu-Mount™ Thermo Scientific
Isopropyl-β-D-1-thiogalactopyranoside (IPTG) ApplieChem
Isopropyl alcohol Carl Roth
Kanamycin sulfate Sigma Aldrich
L-Glutathione reduced Sigma Aldrich
Levodopa Fluka
Limonene Sigma Aldrich
Lysozyme Merck
Malzin Ulmer Spatz
Methanol Carl Roth
Methyl 4-Hydroxybenzonate (Nipagin) AppliChem
MicrofugeR Tube Polypropylene 1.5 ml Beckham Coulter
Mifepristone (ru-486) Biomol
Morin Sigma Aldrich
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Normal goat serum Genpro Biotech
NP-40 Calbiochem
NuPage® LDS Sample Buffer, 4x Novex
NuPage® MES SDS Running Buffer, 20x Invitrogen
O4 Timtek
Paraformaldehyde Sigma Aldrich
Parablast embeeding media Sigma Aldrich
Piceatanol Sigma Aldrich
p-t-Octylphenyl-polyoxyethylen (TritonX-100) Sigma Aldrich
Polyoxyethylensorbitan-Monolaureat (Tween 20) Sigma Aldrich
Polypropylene Colum (5ml) Quiagen
Protein LoBind tubes 0.5, 1.5 ml Eppendorf
PVDF Immobiolon Transfer Membran Millipore
Quinidine Sigma Aldrich
RNase-free water Ambion
Rotiphorese® Gel30 (30 % acrylamide Carl Roth
and bisacrylamid stock solution)
SDS (ultra pure) Carl Roth
Skim milk powder Sigma Aldrich
Soy flour Bauck GmbH
Sucrose Fluka
Sugar beet sirup Grafschafter Krautfabrik
TEMED Amresco
Trehalose Sigma Aldrich
TRIS Base, Tris(hydroxymethyl)aminomethane Merck
Trizol Ambion
VectaShield (H-1000) Vector Laboratories
Fly vials (plastic) 26, 49 mm diameter K-TK
Whatman™ cellulose acetate membrane (0.2 µm) GE Healthcare
Xylol Carl Roth
Yeast extract Carl Roth
0.5, 1.5, 2 ml tubes BD Falcon
15 ml, 50 ml tubes Eppendorf
384 well-plates BD

The remaining chemicals necessary for the preparation of buffers (salts, acids, etc.) were pur-
chased from Carl Roth.
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4.1.10 Laboratory Equipment

ArrayScan VTI (Cellomics) Thermo Scientific
Biophotometer Eppendorf
Centrifuge Evolution RC Sorvall
Criterion cell for SDS-PAGE BioRad
DAM) System TriKinetics
DNA electrophoresis chamber BioRad
Electroporator BioRad
Gel electrophoresis equipment BioRad
Gene Genius UV imager Bio Imaging Systems
HybriDot Manifold vacuum fitration unit Whatman
Infinite M200 microplate reader TECAN
LAS-3000 photo imager Fujifilm
Magnetic stirrer MR3001 Heidolph
Micro 22R centrifuge Hettich
Multichannel pipettes Eppendorf
NanoDrop 8000 peQlab
Optima TLX Ultracentrifuge JPK
Power Pac 1000 BioRad
PTC200 Peltier Thermal Cycler MJ Research
Shaking Incubator Infrors Unitron
Stereomicroscope Olympus
Thermomixer comfort Eppendorf
Tissue Homogenizer (Pestle) FischerScientific
Trans-blot semi-dry transfer cell BioRad
Ultrasonic cell disruptor BioRad
Vortex-Genie 2 Scientific Industries
Water bath TW8 Julabo
Real-time PCR system ThermoFisher

4.1.11 Software

Image processing was performed using Adobe Photoshop. Data analysis and statistical tests were
performed using GraphPad PRISM. The Figures were created using Adobe Illustrator.
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4.2 Methods

4.2.1 Molecular biology methods

DNA constructs

Plasmids were generated using the classical cloning methods and Gateway technology (Invitro-
gen). Available plasmids containingHTTex1Q17, HTTex1Q49, HTTex1Q97(-stop), HTT336Q0,
HTTflQ23, HTTflQ73, HTTflQ145 and HTT513Q17 were used.

Gateway cloning (BP and LR reaction)

In order to generate an entry clone containing a gene of interest, gateway cloning was performed.
Target sequences were amplified by PCR from available plasmids. The used primer pairs contain
four guanine residues at the 5’ end followed by an attB site and template-specific sequences. The
PCR products were purified from an agarose gel by gel extraction and cloned by BP clonase-
mediated homologous recombination between an attB-PCR product and a donor vector carrying
attP recognition sites (pDONR221). The resulting entry clone was used for the LR reaction.
The LR clonase excises the insert and integrates it into a destination vector. The reactions were
performed as recommended by the manufacturer. The successful shuttling of the sequence was
verified by restriction digest and sequencing.

Preparation of plasmid DNA

For plasmid preparation of small cultures 5 ml LB medium with appropriate antibiotics was
inoculated with a single E.coli colony containing the respective plasmid. After overnight incu-
bation at 37 °C on a shaker, the cells were harvested by centrifugation at 4,000 rpm for 10 min.
Plasmid DNA was isolated using the QIAprep spin miniprep kit as recommended. For plasmid
preparation of 100 ml the Qiagen plasmid midi kit was used.

Measurement of DNA and RNA concentrations

The DNA and RNA concentrations were determined by measuring the absorbance at 260 nm
using the UV-Vis Spectrophotometer NanoDrop8000. In addition to that, the measuring at 280
nm was performed to asses protein concentrations.

Restriction digest

Restriction digests were performed as recommended by the manufacturer. Reactions were incu-
bated at 37 °C for two hours. The reaction was stopped by adding 4x DNA sample buffer and
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separated by agarose gel electrophoresis. For cloning steps the enzyme was heat-inactivated at
65 °C for 20 min.

DNA electrophoresis

Separation of DNAwas carried out in 1% agarose gels containing 0.5 g
ml ethidium bromide at 3 –

7 V
cm . The samples were mixed with 4x DNA sample buffer and equal amounts were loaded onto

the gel. Additionally DNA mass standard was loaded to determine the band size. 1x TBE buffer
running buffer was used. The separation of bands was analyzed using a UV transilluminator.

Extraction of DNA from agarose gels

The QIAquick PCR purification kit was used to extract DNA fragments from agarose gels. DNA
samples were separated as described before. The bands were excised with a scalpel on a UV tran-
silluminator. The gel pieces were weighted and then processed as described by the manufactuers
instructions. Samples were stored at -20 °C.

Transformation

For transformation of plasmids 25 µl chemically competent E.coli cells were mixed with the
DNA of choice, either 10 µl of the ligation reaction or 5 µl of the BP- or LR-reaction. The cells
were incubated on ice for 30 min and then were heat-shocked at 42 °C in a water bath for 45 sec to
induce cell permeability. Afterwards, the cells were put back on ice for 5 min to allow resealing
of the cell walls and 200 µl pre-warmed S.O.C. medium was added to the sell suspension. The
mix was incubated for one hour at 37 °C and 450 rpm in a thermomixer. In case of a ligation, 100
µl of the cells were streaked onto agar plates with appropriate antibiotics. In case of a purified
plasmid, 50 µl of the cells were used. The agar plates were incubated overnight at 37 °C.

PCR

The Pwo Polymerase and the Expand Long Template Polymerase and HTTex1- and pUAST-
primer pairs were used as recommended to amplify from genomic or plasmid DNA.

cDNA synthesis

For cDNA synthesis from mRNA, 5 µg total RNA was mixed with 1 µl dNTP mix and 1 µl
oligo(dT)12-18 primers to a total volume of 12 µl. The mix was heated to 65 °C for 5 min and
subsequently chilled on ice. Following, 0.2 µl DTT (1 M) and 4 µl 5x first-strand buffer was
added and incubated at 37 °C for 2 min. Finally 200 U of the M-MLV RT was mixed by gently

97



4.2 Methods

pipetting and incubated for 50 min at 37 °C. The reaction was heat-inactivated at 70 °C for 10
min. The cDNA samples were stored at -20 °C.

Quantitative polymerase chain reaction (qPCR)

To SYBR® Green PCR master mix was used for qPCR using the HTT-ex1 primer pair and the
rp49 primer pairs as a reference gene. The primer pairs were mixed with 6 µl of the SYBR mix
and water to a total volume of 10 µl. To be examined cDNA was diluted 1:10 and 2 µl was
added to the SYBR mixture. The sample was analyzed using the ViiA7 Real-time PCR system
as recommended.

Sequencing

Sequencing of plasmids was done by Stratec, Berlin. The pUAST and HTT-ex1 primer pairs were
used for sequencing of the HTTex1 fragments and the HTT513Q17 construct. When sequencing
the full-length constructs, new primers were designed in accordance to the previous sequence
(Stratec, Berlin) and further sequenced.

4.2.2 Biochemical methods

Expression of recombinant GST-tagged fusion proteins

The BL21-RP E.coli strains carrying the expression plasmid, GST-HTTex1Q48, GST-HTTex1-
Q48CyPet and GST-HTTex1Q48YPet were inoculated overnight in 20ml LBmedium containing
ampicillin and chloramphenicol at 37 °C and 230 rpm. On the next day 1 L of the LBmediumwas
inoculated with the 20 ml culture for the CyPet-/YPet-tagged proteins at 30 °C and the untagged
protein at 37 °C until the OD600 reached 0.6. The overexpression of the recombinant protein
was induced by addition of 1 mM IPTG and incubation for the CyPet-/YPet-tagged proteins at
18 °C and the untagged protein at 30 °C for four hours. The cells were pelleted at 4,000 rpm and
4 °C (Sorvall Evolution RC, rotor SLC-6000) for 20 min and the pellets were frozen at -80 °C.

Purification of recombinant GST-tagged fusion proteins

The frozen cell pellets of the recombinant GST-fusion proteins were purified under native condi-
tions. The cells were lysed by resuspending in 30 ml P1 buffer with lysozyme (1mgml ) and protease
inhibitor, incubated on ice for 30 min and ultrasonicated 8 times for 45 sec (Ultrasonic cell dis-
ruptor). The lysate was incubated with a final concentration of 1 % Triton™ X-100 on ice for 5
min and centrifuged at 15,000 rpm for 40 min (Sorvall Evolution RC, rotor SS34). Supernatants
were mixed with 4 ml 50 % pre-equilibrated glutathione sepharose 4B and incubated in a rotator
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for one hour at 4 °C. The beads were moved to a polypropylene column and the flow-through
was discarded. The column was washed with 10 ml P1 buffer containing 0.1 % Triton X-100
and protease inhibitor and 10 ml P1 buffer. The proteins were eluted with 4 ml elution buffer,
rotating for 30 min at room temperature. The fraction was dialysed overnight at 4 °C using a
membrane with a molecular weight cut off of 10 kDa. The next day, the dialysis buffer was ex-
changed and dialysis was processed for four hours. After dialysis, the protein was removed from
the membrane, the concentration was measured and aliquots were stored at -80 °C.

Measurement of protein concentration

The protein concentration GST-fusion proteins were determined in a spectrophotometer by mea-
suring the absorption at 280 nm. The absorbance was analyzed according to Lambert-Beer’s law
(E 280 nm = ε * c * d) with E being the absorption, ε the extinction coefficient, c the protein con-
centration and d the path length (1 mm for nanodrop). The protein concentration of cell lysates
was determined using a staining assay (BCA assay, Pierce). The BCA assay was performed as
recommended. The Absorption of the sample at λ = 562 mm was compared to a calibrated curve
of defined BSA concentrations.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was used to separate proteins by their molecular weight. Samples were mixed with
LDS sample buffer and 200 mM DTT and were boiled for 5 min at 95 °C. Electrophoresis was
carried out at first at 80 V for 20 min and then continued at 120 V for 1 h with NuPAGE® MES
SDS running buffer. The further readout was done with Coomassie staining or western blot anal-
ysis.

Component Stacking gel Separating gel
H2O 2.975 ml 3.8 ml
Tris-HCl (0.5M), pH 6.8 1.25 ml -
Tris-HCl (1.5M), pH 8.8 - 2.6 ml
10 % SDS 50 µl 100 µl
30 % Acrylamide/Bis-acrylamide 0.67 ml 3.4 ml
10 % Ammonium persulfate 50 µl 100 µl
TEMED 5 µl 10 µl

Coomassie staining

For protein staining after electrophoresis separation, the gel was incubated in Coomassie staining
solution overnight. The gel was transferred into Coomassie destaining solution until the protein
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bands are seen without background staining. Pictures were taken by a scanner.

Western blotting

Denatured head lysates were separated on a 4 – 12 % SDS-PAGE. Proteins were blotted to Im-
mobilon PSQ-transfer membrane (PVDF) with western blot buffer using a Semi-dry Transblot
Apparatus. The blotting was performed at 20 V for one hour. The membranes were incubated
in blocking solution (5 % milk/PBS-Tween) for one hour at room temperature. After blocking
the membranes were incubated with the primary antibodies (diluted 1:1000) overnight at 4 °C
followed by a secondary antibody conjugated to Peroxidase. For detection, the membranes were
immersed in ChemiGlow substrate and visualized by an LAS3000 image reader. The protein
bands / dots were quantified using the AIDA software.

Fluorescence Resonance Energy Transfer (FRET)-based huntingtin aggregation
assay

Purified GST-HTTex1Q48-CyPet and GST-HTTex1Q48-YPet proteins were thawed on ice and
centrifuged at 55,000 rpm (Optima TLX) for 40 min at 4 °C to pellet the pre-existing oligomers.
80 % of the supernatant was transferred to a new low bind tube and the protein concentration was
determined using the nanodrop. The aggregation was initiated as listed in table. The reaction
was performed in a 384 well plate (30 µl / well in triplicate from a 100 µl reaction).

Ingredient per 100 µl sample
GST-HTTex1Q48-CyPet 1 µM
GST-HTTex1Q48-YPet 1 µM
10x aggregation buffer 10 µl minus 1

10 volume of protein
PreScission Protease® 1.4 µl
100 mM DTT 1 µl
fly lysate if stated 2.5 µg
H2O add to 100 µl

The samples were analyzed in a Tecan infinite M200 microplate reader and three fluorescence
channels were measured: the acceptor channel (YPet (AA): λextinction = 500 nm, λemission =
530 nm), donor channel (CyPet (DD): λextinction = 435 nm, λemission = 477 nm) and the FRET
channel (FRET (DA): λextinction = 435 nm, λemission = 530 nm) (Nguyen and Daugherty, 2005).
The plate was measured for a 24 hours period every 20 min after 5 sec shaking at 25 °C in the
Tecan reader. Acceptor only, donor only and unlabeled protein aggregation samples (2 µM pro-
tein respectively) were carried on every plate for correction factor definition. For data processing,
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the fluorescence signal of the unlabeled protein signal was subtracted from all channels. The sen-
sitized emission (SE) was corrected according to Jiang and Sorkin [259] for donor bleedthrough
(cD) and acceptor cross excitation (cA) as shown below. At the end, the data was acceptor nor-
malized (FRET efficiency in %).

cD = DA

DD
cA = DA

AA
SE = DA− cD ×DD − cA×AA

FRET efficiency (%) = SE

AA
× 100%

Seeding effects indicated as ∆t50 (h) were quantified by subtracting the t50 (h) values of the
sample from the control. The t50 (h) value is the time at half maximal FRET efficiency that
was obtained by curve fitting using the Richard’s five-parameter dose-response curve (GraphPad
Prism).

Seeding activity (h) = FRET50(control) − FRET50(sample)

4.2.3 Drosophila work

Husbandry of Drosophila melanogaster

All flies were kept in a humidified 65 %, temperature-controlled incubator with a twelve hours
on/off light cycle at 25 °C in vials containing standard medium [260].

Compound and Mifepristone Treatment of Drosophila melanogaster

The compounds and the ru-486 hormone (Mifepristone) were mixed into 40 °C warm standard
fly food in the desired concentration. The ru-486 hormone was solved in ethanol and diluted to
a concentration of 40,000 µM. The hormone was mixed into the food 1:100 with a final con-
centration of 1 % ethanol. For compounds which were solved in ethanol and DMSO, a final
concentration of 2 % ethanol and 0.125 % DMSO was used in the fly food.

Transgenic strains

Expression constructs encoding several Huntingtin sequences combined with different polyg-
lutamine lengths were generated by PCR and the constructs were cloned by gateway cloning
into the GAL4-responsive pUAST expression vector (pUAST-attB-rfA, provided by Prof. Dr.
Sigrist, Freie Universität, Berlin) for the generation of transgenic fly strains. Estimated cytol-
ogy docking site for integration was 68E (third chromosome) and transgenesis was mediated by
ΦC31-Integration System at Rainbow Transgenic Flies Inc. (Camarillo, CA, USA). The obtained
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transgenic lines were crossed with the balancer strain (CyO/Sp;TM6,Tb/MKRS,Sb) to produce
a stable fly line.

DNA Extraction from Drosophila tissue

For purification of total DNA from transgenic flies the DNeasy blood & tissue kit were used as
recommended.

RNA Extraction from Drosophila tissue

Fly heads were homogenized in 1 ml Trizol with a micropestle and subsequently centrifuged at
12,000 x g for 10 minutes at 4 °C. After the supernatant was transferred to a new tube, 0.2 ml of
chloroform was added. The tubes were shaken vigorously by hand for 15 seconds. The sample
were incubated for 2 – 3minutes at room temperature and centrifuged at 12,000 x g for 15minutes
at 4 °C. The aqueous phase was removed and precipitated with 0.5 ml 100 % isopropanol for 10
minutes at room temperature. After centrifugation at 12,000 x g for 10 minutes and 4 °C, the
pellet was washed with 1 ml 70 % ethanol. The sample was vortexed briefly and then centrifuged
at 7,500 x g for 5 minutes at 4 °C. The RNA pellet was dried for 10 minutes, resuspended in
RNase-free water and incubated at 55 °C for 10 minutes. The samples were stored at -80 °C until
use.

Head lysate for western blot

For denatured head lysates, fly heads that had been frozenwere collected using sieves. The tissues
were homogenised with a tissue homogeniser in PE-Buffer. After centrifugation at 8,000 rpm for
10 minutes the lysate was collected and the concentration analyzed by BCA assay. Then 200 mM
DTT and protein loading buffer was added and the lysate was boiled for 10 min at 95 °C. Equal
amounts were loaded on a SDS-gel.

Denatured and native head lysates for FRA and dot blot

To analyse the aggregate load in theDrosophila head, native lysates were produced by homogeni-
sation of fly heads a micropestle with Tris-Lysisbuffer or RIPA buffer and protease inhibitor. The
lysate was centrifuged at 8,000 rpm for 10 min. The concentration was analyzed by BCA assay
and equal amounts of the lysate was loaded on a nitrocellulose membrane or a cellulose acetate
membrane. For the denatured lysates, fly heads were homogenised in 2 % SDS buffer and pro-
tease inhibitor and centrifuged at 8,000 rpm for 10 min. The concentration was analyzed by BCA
assay, the lysate was mixed 1:1 with the denaturation buffer and heated for 5 min at 95 °C. Equal
amounts of the lysate were loaded on a cellulose acetate membrane.
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Head lysates for FRET assay

For analysis of head lysates in the FRET assay, fly heads were collected and were homogenised
in brain lysis buffer and protease inhibitor. The lysate was centrifuges at 8,000 rpm for 10 min
at 4 °C. The protein concentration was determined by BCA assay and 2.5 µg of the head lysate
was analyzed in the FRET assay.

Retina degeneration assay

To analyse the Drosophila retina, dissected fly heads were fixed with Bouin’s Fixative for at
least 48 hours. Heads were washed with Leachingbuffer overnight. Subsequently, the head were
washed several times with 70% ethanol. The in ethanol inlaid heads can be stored up to one week
in the fridge. Afterwards, the heads were dehydrated in increasing concentrations of ethanol (70
%, 80 %, 90 %, 100 %, for one hour at each). Heads were washed for 10 minutes in a mixture of
ethanol and Xylol (1:1) and twice in Xylol for 10 minutes. The heads were transferred in paraffin
at 60 °C for one hour and following embedded in fresh paraffin. Using a microtome, 10 µm
serial sections were obtained and were mounted on polylysine-coated glass slides. The sections
were washed twice with Xylol to remove the paraffin and covered with glass coverslip using
Entelan. Samples of the control were additionally counterstainedwith Eosin before covering. The
sections were analyzed using the Stereomicroscope. The following crosses were used in retina
degeneration analysis: GMR-GAL4 (in a wildtype w+ background) and w1118 female virgins
were crossed with males bearing a HTT transgene. As a gene driver control GMR-GAL4 female
virgins were crossed with w1118 males.

Olfactory and shock Avoidance

To assess avoidance to electric shock, native flies were placed at a choice point between two arms
of a T-maze. One arm of the T-maze is a normal tube and the other a tube lined with electrifiable
grids. The native flies were shocked at 200 V every 5 seconds for 1 min and given 2 min to
choose between the normal and the shock tube. Avoidance is measured by a performance index
calculated as the fraction of flies that avoid the shock tube minus the fraction of flies that do not.
To assess olfactory avoidance, native flies were given the choice between the odor limonene and
air. The air flow in both arms of the maze was kept constant at 7 liter per minute. The undiluted
limonene (82.5 µl) was applied in the odor container (7 mm diameter.) Avoidance is represented
by a performance index, which is calculated as the fraction of flies that avoid the odorant minus
the fraction of flies that do not. Flies expressing HTTex1Q97 pan-neuronally (Elav;HTTex1Q97)
were analyzed for shock and limonene avoidance. For genetic background controls, flies con-
taining Elav or HTTex1Q97 were reciprocally crossed with their genetic background, w1118 flies.
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The CantonS flies were used as an internal control.

Climbing Assay

Motor performance test were done using ten age-matched adult females. Under CO2 anaesthesia,
two days old females were collected into vials, at a density of ten flies per vial and eleven vials
per experimental group. For the measurement, the flies were placed in an empty vial and tapped
down. The percentage of flies that climbed past a 9 cm high line after 15 s was recorded. The
measurement was started with three days old flies. Flies were measured two times per week. The
following crosses were used in the climbing assay, activity monitoring assay and adult life span
assay: Elav-GAL4 and w1118 female virgins were crossed with males bearing a HTT transgene.
As a gene driver control Elav-GAL4 female virgins were crossed with w1118 males.

Adult life span

For the life span assay, three days old female flies were anaesthetised and placed in groups of
ten animals in small vials with eleven vials per experimental group. The flies were transferred to
fresh medium two times per week. After each transfer, the deaths were recorded.

Activity Monitoring Assay

Locomotor activity was monitored using the Drosophila Activity Monitoring (DAM) System as
previously described [183]. Flies were lightly anesthetized with CO2 and placed individually in
65 mm x 5 mm glass locomotor-monitoring tubes containing standard medium. The glass tubes
were closed using cotton buds. The tubes were kept into the monitors placed in a temperature-
controlled incubator with LD 12:12. To avoid confounding effects of egg-laying females, male
flies were used. At least 16 individual flies of each genotype were analyzed and randomly dis-
tributed in the monitors to avoid position effects. Activity data were collected in 5 min bins. To
display the morning activity, the mean of the beam breaks between 7:00 am and 7:30 am was
calculated for each day.

Dissection and immunostaining of Drosophila salivary glands

Salivary glands were dissected in PBS from third-instar wandering larvae and were fixed imme-
diately in 4 % formaldehyde in PEM for 30 min. After three washes for 5 min and a following
was step for 30 min in PBT (0.1 %), the samples were blocked for at least one hour in 5 % normal
goat serum (NGS) in PBT (0.1 %) in a humidified chamber at 4 °C. Samples were incubated with
the primary antibody with a concentration of 1:100 in 5 % NGS in PBT (0.1 %) overnight at 4
°C. Afterwards, the samples were washed five times for 5 min and four times for 30 min in PBT
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(0.1 %). After final wash the samples were blocked again for at least one hour, were incubated
with the secondary antibody with a concentration of 1:100 in 5 % NGS in PBT (0.1 %) overnight
at 4 °C and were washed five times for 5 min and four times for 30 min in PBT (0.1 %) and
two times for 5 min in PBS. Samples were incubated for 15 min with Hoechst (1:10000 in PBS),
washed in two times for 5 min in PBS and covered with Immu-Mount and a coverslip. Images
were captured using the SP2 confocal microscope.

Dissection and immunostaining of Drosophila adult brain

The whole brain from adult flies were dissected in ice-cold haemolymph-like saline (HL3) solu-
tion [261], fixed for 20 min in 4 % paraformaldehyde (PFA) in PBS and then permeabilized PBT
(1 %) for 20 min at room temperature. The samples were blocked in 10 % NGS in PBT (0.3 %)
for at least two hours. For antibody binding, brains were incubated with the primary antibody
in a concentration of 1:500 in brain staining buffer for 48h at 4 °C. The brains were washed two
times for 30 min with PBT (0.3 %) at room temperature, followed by incubation in PBT (0.3 %)
overnight at 4 °C. The brains were then washed two times for 30 min with PBT (0.3 %) at room
temperature, were incubated with the secondary antibody in brain staining buffer for 24 hours at
4 °C and were washed six times for 30 min in PBT (0.3 %) at room temperature. Afterwards,
the brains were stored in VectaShield at least for one day at -20 °C. The brains were mounted
on slides between two coverslips, were covered with an additional coverslip and sealed with nail
polish. Images were captured using the SP8 confocal microscope. Images were analyzed using
Fiji.
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5 Summary

Huntington’s disease (HD) is caused by an elongated CAG repeat located in the exon-1 huntigtin
(HTT) gene. The disease is characterized by progressive motor, cognitive, and psychiatric im-
pairments.
In order to analyze the molecular pathomechanism of HD in vivo, new Drosophila melanogaster
models of HD that express different N-terminal huntingtin (HTT) fragments as well as full-length
HTT were established. The different HTT fragments contain polyglutamine (polyQ) sequences
of different lengths, including wild-type andmutant-associated lengths. The transgenic flies were
generated using ΦC31-mediated insertion of different HTT transgenes at the same genomic land-
ing site. A systematic biochemical and behavioral characterization of transgenic flies that express
the HTT exon-1 fragments or full-length proteins using the constitutive GAL4 / UAS expres-
sion system revealed locomotor impairments and shortened survival in a polyQ-length dependent
manner.
Next, an inducible pan-neuronal Drosophila model of HD was established and systematically
characterized. The inducible expression allows the production of the wild-type and mutant HTT
exon-1 proteins exclusively in the adulthood of flies. Furthermore, the inducible Gene-Switch
expression system enables researchers to turn off the production of the HTT proteins after a se-
lected period of time. The chronically adult-onset production of a mutant HTT exon-1 protein
with 97 glutamines (HTTex1Q97) led to a rapid accumulation of mutant HTT aggregates in fly
brains and caused shortening of the life span and late-onset motor impairments. Interestingly,
short-time expression of the HTTex1Q97 fragment in adult flies revealed very similar locomotor
impairments and reduced survival. However, age does not influence the effect of the mutant HTT
protein on the survival of flies. Finally, after the short-time expression of the HTTex1Q97 pro-
tein in fly brains the amount of insoluble HTT aggregates increased over time until a steady state
level was reached. Further analysis showed that co-expression of HSPA1L reduces the amount
of HTT aggregates and suppresses the mutant HTT-induced toxicity in transgenic flies. Finally,
the effects of chemical compounds on mutant HTT protein aggregation were investigated.
Taken together, in this study an inducible fly model of HD was established and systematically
characterized for long-time and short-time protein expression. The findings of this thesis show
that the decrease of mutant HTT expression when HTT aggregates have already formed has a
minor effect on the disease progression. Moreover, the quantifiable survival phenotype of the in-



ducible HD fly model presented in this study facilitates the investigation of chemical compounds
that might influence the pathogenesis of HD.
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6 Zusammenfassung

Chorea Huntington (HD) wird durch eine CAG-Repeat-Verlängerung im Exon-1 des Huntigtin-
Gens verursacht. Die Krankheit ist durch fortschreitende motorische, kognitive und psychia-
trische Beeinträchtigungen charakterisiert.
Umdenmolekularen Pathomechanismus vonHD in vivo zu analysieren, wurden neueDrosophila
melanogasterModelle etabliert, die verschiedeneN-terminaleHTTFragmente sowieVolllängen-
HTT exprimieren. Die HTT Fragments enthalten Polyglutamin (PolyQ)-Sequenzen mit ver-
schiedenen Längen. Für die Herstellung der transgenen Fliegen wurde dasΦC31 Integrationssys-
tem verwendet, dass eine ortsspezifische Integration des Transgenes in das Genom der Fliege
vermittelt. Eine systematische biochemische und verhaltensspezifische Charakterisierung der
transgenen Fliegen, die das HTT Exon-1 Fragment sowie Volllängen-HTT konstitutiv mittels
des GAL4 / UAS Expressionssystems exprimieren, zeigte einen Polyglutaminlängen abhängigen
Phänotyp.
Im Anschluss wurde eine induzierbares Fliegen-Modell etabliert und systematisch charakter-
isiert. Das induzierbare System erlaubt die Expression von normalen und mutierten HTT Exon-1
Fragmenten in Fliegen, die bereits das Erwachsenenalter erreicht haben. Darüber hinaus er-
möglicht das Expressionssystem die Unterdrückung der Expression zu einem gewünschten Zeit-
punkt. Die chronische Expression eines mutierten HTT Exon-1 Proteins mit 97 Glutaminen im
Erwachsenenalter führte zu einer Akkumulation von HTT Aggregaten im Fliegengehirn, sowie
zu einer verkürzten Lebensspanne und einer spätmanifesten Beeinträchtigung der Bewegungs-
fähigkeiten. Die Verkürzung der Expressionszeit führte nur zu ähnlichen Bewegungsbeeinträch-
tigungen sowie verkürzten Lebensspanne. Dabei zeigte sich, dass das Alter der Fliegen keinen
Einflußauf den Phänotyp hat. Zudem blieb die Aggregatmenge nach abschalten der Expression
gleich. In weiteren Analysen wurde gezeigt, dass die Co-Expression von HSPA1L die Menge
an HTT Aggregaten reduziert und die durch das mutierte HTT vermittelte Toxizität signifikant
verringert wird. Schließlich konnte der Effekt von kleinen Molekülen auf die Aggregation des
HTTex1Q97 Proteins demonstriert werden.
Im Zuge dieser Arbeit wurde ein induzierbares Fliegen-Modell für HD etabliert und in Bezug
auf Langzeit- und Kurzzeit-Expression systematisch charakterisiert. Die Ergebnisse dieser Ar-
beit zeigen, dass die Reduzierung des krankheitsverursachenden Proteins, als alleiniger Thera-
pieansatz, vermutlich keine vielversprechende Verbesserung bringen kann. Darüber hinaus bietet



der quantifizierbare Phänotyp des induzierbaren Fliegen-Modells die Möglichkeit, die Wirkung
von Proteinen sowie kleinenMolekülen auf die Aggregation und die Toxizität vonmutierten HTT
zu untersuchen.
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7 Appendix

Figure 7.1: Sequence of the HTT exon-1 cDNAs.



Figure 7.2: Sequence of the HTT513Q17 cDNA.
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Figure 7.3: Sequence of the HTTflQ145 cDNA, part 1.
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Figure 7.4: Sequence of the HTTflQ145 cDNA, part 2.
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Figure 7.5: Sequence of the HTTflQ145 cDNA, part 3.
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