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Abstract 
Amyotrophic Lateral Sclerosis (ALS) is a fatal, motor neurodegenerative 

disease affecting thousands of people every year worldwide. ~50% of the ALS cases 

patients display behavioural changes, cognitive and executive dysfunction along with 

motor defects. In this study, I have used a Drosophila model of ALS to investigate the 

effects on behavioural patterns. The disease model is Drosophila variant with a point 

mutation in the VAP gene, where Proline in the 58th position is replaced by Serine 

(VAPP58S), achieved by CRISPR-Cas9 genome editing.  

Continuous monitoring of the daily activity of VAPP58S flies using the Drosophila 

Activity Monitoring (DAM) system revealed that the flies exhibit progressive age-

dependent motor defects and have a reduced lifespan. In addition to this, I found that 

these flies also show changes in their circadian rhythms and also sleep cycles. Mutant 

animals become arrhythmic with increasing age and lose the periodicity in their day-

to-GD\�PRWRU�DFWLYLW\��7KH\�KDYH�GLVWXUEHG��IUDJPHQWHG�VOHHS�ZLWK�QXPEHU�RI� µVKRUW¶�

sleep bouts increasing with age. This deterioration in lifespan, motor functions, 

circadian rhythm, and sleep is rescued by introducing a single copy of 

VAPWT construct in the mutant flies.  

My results underscore the utility of modelling human neurodegenerative 

disease in fly models. Our laboratory can now use the diverse genetic toolkit available 

in Drosophila to probe for molecular relationships between neurodegenerative disease 

and behaviour. 
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Chapter 1: Introduction 
 

1.1 Amyotrophic Lateral Sclerosis: 
Amyotrophic Lateral Sclerosis is a progressive neurodegenerative disorder. It is also 

NQRZQ�DV�/RX�*HKULJ¶V�GLVHDVH�DIWHU�WKH�IDPRXV�$PHULFDQ�EDVHEDOO�SOD\HU�ZKR�GLHG�

from the disease. ALS was first described and diagnosed by French neurologist Jean-

Martin Charcot in 1869 as a motor neuron disorder. His studies reported presence of 

lesions in the lateral column and the anterior horn of the spinal cord in the patients, 

which led to paralysis and muscle atrophy. Charcot coined the term Amyotrophic 

/DWHUDO�6FOHURVLV�LQ�KLV�OHFWXUHV�LQ�������.XPDU�HW�DO����������7KH�WHUP�³DP\RWURSKLF´�

(from Greek, A: without; myo: muscle, trophe: nourishment) points to the lack of 

QRXULVKPHQW�WR�DQG�GHJHQHUDWLRQ�RI�PXVFOHV��7KH�WHUP�³ODWHUDO´�UHIHUV�WR�WKH�ODWHUDO�

regLRQ� RI� WKH� VSLQDO� FRUG��ZKLFK� LV� DIIHFWHG� LQ�$/6�� /DVWO\�� ³VFOHURVLV´� �IURP�*UHHN�

sklerosis: hardening) refers to the scarring of the brain and muscle tissues involved. 

ALS causes degeneration of upper motor neurons (UMN) of the motor cortex and 

Lower motor neurons (LMN) of the spinal cord and brainstem (Masrori & Van Damme, 

2020). The degeneration leads to the loss of contact between the motor neurons and 

the postsynaptic muscles at the neuromuscular junction (NMJ), leading to muscle 

atrophy. This causes progressive motor defects in ALS patients. Earlier it was thought 

that ALS only affects the motor neurons. However recent studies have shown that ALS 

has a non-cell autonomous nature and affects the non-neuronal cells which contribute 

to motor neurodegeneration. In many cases, patients also suffer from extra-motor 

problems like behavioral changes, impairment in cognitive ability, executive 

dysfunction and language problems (Masrori & Van Damme, 2020). 

 

The estimated incidence of ALS is 1.5-3 cases per 100,000 persons per year with a 

prevalence of 6-10 cases per 100,000 (Masrori & Van Damme, 2020; Talbott et al., 

2016). The symptoms of ALS typically onset at the age of 55-60 years. It generally has 

a focal onset which subsequently spreads to other regions. NeaUO\�Ҁ�FDVHV�RI�$/6�

KDYH�D�µOLPE�RQVHW¶�PDUNHG�E\�ZHDNQHVV�LQ�WKH�OLPEV�DQG�FUDPSLQJ�RU�WZLWFKLQJ�RI�WKH�

limb muscles. The weakness eventually leads to impairment of the muscles. The 

UHPDLQLQJ�ѿ� FDVHV� VKRZ�D� µEXOEDU� RQVHW¶� RI� WKH�GLVHDVH��ZKLFK� FDXVHV�G\VDUthria 

(difficulty in speaking) or dysphagia (difficulty in swallowing) (Wijesekera & Leigh, 
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2009). In some rare cases onset of the disease has respiratory components causing 

dyspnoea (Shortness of breath) and orthopnoea. As the disease progresses, muscle 

weakness and atrophy spread to other muscles in the body. Patients show signs of 

degeneration of both upper as well as lower motor neurons, which affects bulbar, 

thoracic, cervical and lumbar areas (Zarei et al., 2015). ALS is a fatal disease, with a 

typical life expectancy of 3-5 years post onset. A common reason for death in ALS is 

respiratory failure or choking due to the loss of control over diaphragm and thoracic 

muscles (Masrori & Van Damme, 2020; Wijesekera & Leigh, 2009; Zarei et al., 2015). 

As of today, there is no cure or effective treatment to stop the progression of ALS. 

Riluzole, a glutamate antagonist, is the only FDA approved drug that slightly prolongs 

the progression of the disease by some months. Edaravone, an antioxidant drug, is 

another medication proven to be effective in the early stages of ALS (Masrori & Van 

Damme, 2020; Jaiswal, 2019). 

 

Most of the cases (~90%) of ALS are sporadic (sALS) and have no known cause or 

obvious genetic component associated with them. The remaining almost 10% of the 

cases have hereditary causes and familial origins and are known as familial ALS 

(fALS). Researchers have found more than 30 independent genetic loci associated 

with ALS. Mutations in these loci can potentially cause ALS. Both sporadic and familial 

ALS patients show mutations in one or more ALS associated genes. These mutations 

disrupt a variety of cellular functions, ultimately leading to motor neuron degeneration. 

Pathological studies of ALS patients have reported glutamate excitotoxicity, functional 

abnormalities in mitochondria, impaired axonal structure, protein aggregation, and 

elevated free-radical mediated oxidative stress (Wijesekera & Leigh, 2009; Zarei et 

al., 2015). These abnormalities and dysfunctions subsequently lead to 

neurodegeneration.    

 

Although sporadic cases have no known cause and are considered non-genetic many 

sALS patients, like fALS cases, also show mutations in ALS associated genes. It is 

challenging to study the family history of sporadic cases because of the late onset. 

Researchers believe that some environmental factors may contribute to the sALS 

cases (Jaiswal, 2019). Some studies suggest that smoking or prolonged exposure to 
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smoking may be a risk factor for ALS (Armon, 2009). Exposure to chemicals like 

formaldehyde, pesticides, high concentrations of lead, and extremely low frequency 

electromagnetic radiation (Jaiswal, 2019; Weisskopf et al., 2009) also increases ALS 

susceptibility. Several case studies discuss about high physical activity being a risk 

factor for ALS (Jaiswal, 2019; Martin et al., 2017) In addition to these, having a 

glutamate (a neurotransmitter) rich diet is also thought to increase the risk of 

developing ALS (Jaiswal, 2019). Mutations in Superoxide Dismutase 1 (SOD1) gene 

and Chromosome 9 open reading frame 72 (C9orf72) has also been found in a 

significant fraction of sALS cases (Masrori & Van Damme, 2020; Wijesekera & Leigh, 

2009; Zarei et al., 2015).  

 

Some of the most common fALS loci, comprising almost 50% of the fALS cases, are 

Superoxide Dismutase 1 (SOD1) (ALS1), Chromosome 9 open reading frame 72 

(C9orf72), TAR DNA binding protein 43 (TDP-43) (ALS10), and Fused in Sarcoma 

(FUS) (ALS6). The remaining ~25 loci constitute the other half of the fALS cases and 

have very low occurrence (Jaiswal, 2019; Mathis et al., 2019; Mejzini et al., 2019). The 

lack of enough patient samples has made studying the fundamental mechanism of 

ALS caused by mutations in these loci challenging. However, some of these rare loci 

have been very well characterized using model organisms like C. elegans, Drosophila, 

Zebrafish, and mice. These loci include genes like VCP (ALS14), ubiquilin2 (ALS15), 

alsin (ALS2), senataxin (ALS4), and VAPB (ALS8). Most of the genetic loci follow an 

autosomal dominant, Mendelian inheritance. We, in our lab use a Drosophila model of 

ALS to study the effects of disease caused by a point mutation the VAP-33A 

(Drosophila homologue of VAPB) gene locus.  

 

1.2 VAMP Associated Protein B (VAPB): 
VAMP (Vesicle Associated Membrane Protein) Associated Protein B, or VAPB, is the 

8th ALS loci to be discovered. Hence, the form of ALS associated with VAPB mutation 

is known as ALS8. So far, only two distinct missense mutations in VAPB (T46I and 

P56S) have been reported to be associated with fALS cases with, P56S being the 

most extensively studied of the two mutations. The mutation VAPP56S was first found 

to be associated with familial ALS in a large white Brazilian family with 28 affected 
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patients across four generations (Nishimura et al., 2004; Nishimura et al., 2005). The 

same mutation has also been reported to be associated with Spinal Muscular Atrophy 

(SMA) (Marques et al., 2006).     

Figure 1.1 Structure of VAP 
A) VAP has three domains, the N-terminal Major sperm protein (MSP) domain, the central coiled 
coiled domain (CCD) and the C-Terminal Transmembrane domain. B) The P56S (P58S in 
Drosophila) mutation is implicated in fALS cases and occurs in the MSP domain and disrupting 
the functions of VAP. Adapted from (James & Kehlenbach, 2021). 

 

The gene VAPB codes for a highly conserved type-II ER membrane protein. The 

protein is composed of 3 domains, an N-Terminal Major Sperm Protein domain (MSP), 

the intermediate coiled-coil domain (CCD) and the C-terminal transmembrane domain 

(TMD) (James & Kehlenbach, 2021). VAP is situated on the ER membrane with the 

MSP domain extending into the cytoplasm instead of ER-lumen. The MSP domain 

mediates most of the VAPB functions and interacts with the other proteins. The CCD 

is also involved in binding to other proteins and also mediates oligomerization of 

VAPB. The TMD anchors the protein to the ER membrane. VAP is involved in various 

intracellular processes like membrane trafficking, microtubule organization, lipid 

transport and metabolism, ER-Golgi trafficking and Unfolded protein response (UPR) 

(Deivasigamani et al., 2014). It also maintains calcium homeostasis and have a role 

in bouton formation at neuromuscular junction (NMJ). (Kim et al., 2010; Pennetta et 

al. 2002) It interacts with the lipid transfer molecules at the ER-Golgi contact sites 

through an FFAT motif. It functions as a tethering molecule between ER and the other 

organelles. Most of the functions of VAPB are mediated by the MSP domain. The 

mutation at the 56th proline residue causes confirmational changes in MSP domain.  

This enhances the ability of VAP to oligomerize and form aggregates due to exposition 
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of hydrophobic entities (Kim et al., 2010). The MSP domain has been shown to be 

cleaved and secreted from ER membrane. The mutation P56S causes misfolding of 

MSP and hinders the cleavage disrupting downstream processes (Tsuda et al., 2008).  

 

1.3 Drosophila Model of ALS8: 
ALS is a very rare disease with an incidence rate of 1.5 - 3.00 cases per 100,000 

persons per year (Masrori & Van Damme, 2020; Talbott et al., 2016). The lack of 

patient samples makes it difficult to study the fundamental mechanisms involved in the 

disease. The rare ALS loci like VCP, VAPB, alsin, ubiquilin2 have been characterized 

with the help of model organisms. Expression of the ALS-associated mutations in a 

model organism has not only helped in understanding the disease mechanisms but 

also provided an insight into therapeutic targets for the treatment of ALS. Over the 

years organisms such as yeast, nematode worm C. elegans, Zebrafish, fruit flies and 

mice have been used as model organisms to study molecular and genetic 

mechanisms of ALS.  Drosophila melanogaster because of its short life span, ease of 

handling, simplicity of genetics, advanced genetic tools and about 60% homology with 

humans has been used extensively as a model organism for many neurodegenerative 

disease studies including ALS. Some of the commonly used phenotypes to study 

motor neurodegenerative diseases in Drosophila include motor defects in larvae and 

adults, survival assays, protein aggregates, neuronal morphology, brain imaging and 

immunohistochemistry to observe cellular defects. 

We use a Drosophila melanogaster model of ALS8 i.e., we generate a missense 

Proline to Serine mutation at the 58th residue (P56S in Humans) in the fly VAP33A 

gene. Generation of this mutant VAP33A(P58S) has been shown to cause ALS-like 

symptoms in Drosophila.  

We had previously used a null-rescue model to study the effects of ALS in the flies. 

The original genetic background of this null line was a deletion on the X-Chromosome 

caused by an imprecise P-element excision causing a deletion of 1kb in the VAP-33A 

gene. This gene variant encodes a truncated protein of around 20Kda producing a 

K\SRPRUSKLF�DOOHOH�RI�9$3��¨���� (Moustaqim-Barrett et al., 2014) We introduced an 

extra copy of VAPWT & VAPP58S under a genomic promoter on the 3rd chromosome in 

WKHVH�QXOO�OLQHV�VHSDUDWHO\�JHQHUDWLQJ�WZR�GLVWLQFW�IO\�OLQHV��¨9$3��gVAPWT DQG�¨9$3��
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gVAPP58S. 7KH�VPDOO�µJ¶�LQGLFDWHV�JHQRPLF�LQVHUWV��LQ�WKH�WKLUG�FKURPRVRPH���GULYHQ�

by the VAP33A promoter. These lines have been characterized and studied thoroughly 

(Moustaqim-Barrette et al., 2014; Tendulkar et al. 2022) 

For the purpose of this study, I have used a CRISPR-edited Drosophila line, generated 

in our laboratory, with a point mutation in the VAP33A (hereafter referred to as 

VAPP58S) locus. The main difference in the Null-Rescue line and the CRISPR edited 

line is that the CRISPR line, the gene is in its normal genomic location on the X-

Chromosome instead, and the mutation (Proline to Serine codon change) is within the 

VAP locus. The CRISPR line mimics a natural mutation and has the added advantage 

that both males and females can be studied (as opposed to the null-rescue line). 

Another advantage of the CRISPR VAPP58S line is the availability of the 3rd 

Chromosome for experimental manipulation. 

The previous studies in our lab using the CRISPR line have shown that the VAPP58S 

flies exhibit survival defects with a median lifespan of around 23 days. The climbing 

assays reported that these flies also exhibit progressive motor defects and lose 

walking and flying abilities as they age (as the disease progresses). The brain imaging 

studies have showed that the flies show presence of VAP-positive brain aggregates 

which are rescued by a single dose of wild-type VAP. The data from neuromuscular 

junction (NMJ) imaging suggests that the VAPP58S flies have defects in NMJ 

morphology. Impairment in the function of VAPB affects the neuronal bouton numbers 

and size. 

 It is evident from the previous studies in our lab that the flies carrying the VAPP58S 

mutation show progressive motor neurodegeneration. Through various studies 

worldwide, ALS has also been reported to have a non-cell autonomous effect affecting 

the non-neuronal cells like dendritic cells, astrocytes, and glia. In more than 50% of 

cases patients have also shown to exhibit extra-motor defects and behavioral changes 

(Masrori & Van Damme, 2020). Therefore, we wanted to further characterize the age-

dependent neurodegeneration in ALS to check how this affects motor as well as extra-

motor functions in Drosophila. To further elucidate the effects, we have used the  
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Figure 1.2. Characterization of CRISPR model. 
A),B) Survival assays for male and female VAPP58S flies respectively. The VAPP58S flies show 
survival defects and have a reduced median lifespan of ~23 days. C), D) Results from the 
climbing assays report progressive motor defects in VAPP58S male and female flies. E) The 
VAPP58S CRISPR mutants show presence of VAP positive protein aggregates. Unpublished data 
from the thesis of Aparna Thulasidharan and Namrata Kulkarni. 
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Drosophila Activity Monitoring (DAM) system, developed by Trikinetics which has been 

proven to be useful for behavioral studies in drosophila. I standardized a DAM system 

protocol for conducting motor assays on Drosophila. I performed continuous activity 

monitoring and locomotor activity assays of the ALS8 model flies to check for the 

effects of neurodegeneration on the overall activity and behavioral patterns like 

circadian rhythm and sleep-wake cycles in Drosophila.   

 

1.4 Drosophila Activity Monitoring (DAM) System: 
The Drosophila Activity Monitoring (DAM) system developed by Trikinetics is an 

automated device, that uses infrared beams to detect and quantify the movement of 

drosophila over time. The system consists of a host computer (Mac or Windows) along 

with a set of activity monitors and a central power supply unit. The activity monitors 

are connected to the power supply interface unit (PSIU) through telephone cables.  

The monitors are housed inside an incubator to provide stable temperature and light 

conditions throughout the duration of the experiment. The PSIU collects the data 

from the monitors at regular intervals and sends it to the host computer via a USB 

port. Using 5-way splitters and couplers, one PSIU can host up to 120 monitors at a 

time with each monitor carrying 32 activity tubes. The system allows individual as 

well as population behavior monitoring and has been proven very effective in 

behavioral studies. The figure 1.3. shows a general schematic of the DAM system. 

The system uses transparent glass tubes to house the flies. These tubes are then 

loaded onto the activity monitors which use infrared beams to measure the activity of 

the flies over time. The tubes are adjusted in such a way that the beam passes through 

the middle of the tubes and as the fly moves back and forth inside the tube the beam 

gets cut. The system quantifies the activity based on the number of times the infrared 

beam gets cut in a given period of time. The system operates continuously over a 

period of days or weeks and captures the daily locomotor activity of the flies. The tubes 

can be filled with food to keep the flies from starving without interrupting the system.  
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Figure 1.3. The Drosophila Activity Monitoring System. 
A) The general schema of DAM system and how different components are connected together. 
B) The DAM system activity monitor (front and back). Each monitor can house 32 activity tubes. 
Each monitor is indexed and is connected to the PSIU via a telephone cable. C) The activity 
tubes housing the flies. The infrared beam goes through the middle of the tube when it is inserted 
into the monitor holes. The beam gets cut as the fly moves inside the tube.  
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The Drosophila activity monitoring system provides a robust, repeatable, and easy 

means to quantify the daily activity of flies. These daily activity measures can then be 

used to further calculate different behavioral parameters like Circadian Rhythm, Sleep-

Wake cycle, social interaction, Population behavior, phototaxis, geotaxis, etc. It is also 

compatible with very large experiments as one PSIU can collect data for ~3000 

individuals. The infrared beam used for detection allows the system to be operated in 

light or dark, in any orientation and temperature.     

Using the robust and efficient way of monitoring the daily activity of Drosophila 

provided by the DAM system I was able to characterize the effects of the 

neurodegeneration in ALS8 on the overall fly activity and behavior. The DAM system 

provided us with a better alternative to conduct motor assays on Drosophila over the 

conventional climbing assays. The study revealed that the drosophila carrying the 

VAPP58S mutation show progressive motor and survival defects. These mutant flies 

have a diminished activity and a shorter lifespan as compared to the VAPWT flies. The 

circadian rhythm of the VAPP58S mutant flies is lost as they age. The old (~20 days of 

age) VAPP58S flies are arrhythmic and show no periodicity in their day-to-day activity. 

The mutation also disrupts the Sleep wake cycle of the flies. These behavioral 

changes are rescued by introducing a single copy of wildtype VAP in the VAPP58S 

mutant flies. 
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Chapter 2: Materials and Methods 
 

2.1 Drosophila Husbandry: 
The flies used for the experimental purposes were entrained to a 12:12 hr Light/Dark 

cycle. The incubators were maintained at a temperature of 25°C under standard 

laboratory conditions. Flies were raised on a standard cornmeal diet. All the crosses 

were set up at 25°C. The Canton-S and w1118 (white eyed) flies were used as wild-type 

control. The CRISPR edited VAPP58S mutant line along with a control VAPWT were 

used for the experiments. The following table shows the detailed description of the fly 

lines involved. 

Table 2.1. Description of the fly lines used. 

Fly Line Full Genotype Details 

Canton-S +;+:+ Wildtype Control 

w1118  Wildtype Control 

VAPP58S VAPP58S/FM7a; +; + A CRISPR edited 

Drosophila model of ALS8 

(Primary test subject) 

VAPWT VAPWT/FM7a; +; + Wildtype Control 

ǻ9$3��gVAPP58S ǻ����)0�D�����JHQRPLF�

VAPP58S/TM3Tb 

Null-Rescue system 

ǻ9$3��gVAPWT ǻ����)0�D�����JHQRPLF�

VAPWT/TM3Tb 

Null-Rescue system 
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2.2 Activity Assay: 
I carried out locomotor activity assays using the DAM2 system by Trikinetics to monitor 

the effect of neurodegeneration due to the ALS mutation. The data obtained from the 

activity assays was then further used for analysing the different behavioral parameters 

like circadian rhythm, Sleep-wake cycle and overall activity of the flies. We 

continuously monitored the flies over a span of ~20 days under stable laboratory 

conditions.  

The fly lines were maintained at 25°C with a 12:12h LD cycle. The newly eclosed flies 

were transferred to a separate bottle with fresh media. The flies were allowed to mate 

before sorting the male and female flies into individual vials. The male and female flies 

were separated on the 2nd day after eclosion. 32 age matched male flies per genotype 

were collected for the experiments since one activity monitor can house up to 32 

individual tubes. 3-day old male flies were loaded into the DAM system activity tubes 

(65X5 mm Pyrex glass tubes) filled with standard, 3% cornmeal fly media at one end. 

The food end was sealed off using parafilm to keep the food from drying out quickly. 

The other end was plugged using a cotton plug. The flies were given 24hrs to acclimate 

to the new environment before starting the continuous monitoring. The activity of the 

flies was monitored 4th day onwards starting at 12:00 am. The incubator temperature 

was maintained at 25°C, with a 12h:12h Light-Dark cycle for the entire duration of each 

experiment. The lights were programmed to turn on at 7:00 am in the morning and turn 

off at 7:00 pm. Flies were transferred to new activity tubes with fresh media every 4th 

day to keep them from starving and to keep the continuous monitoring unhindered. 

The flies were monitored till the age of 22-23 days by which time more than half of the 

ALS mutant flies are dead.  

The reading interval for the activity counts was set to be 1 minute in the 

DAMSystem311 software for ease of further calculations. The data obtained from the 

activity assays was then used for circadian rhythm and sleep analysis and other 

activity measurements.     
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2.2.1 Activity Tubes Preparation: 
The activity tubes used for the DAM system assays were filled with standard cornmeal 

media to keep the fly from starving. To fill the tubes with food, 30ml of liquified media 

was taken into a 100ml beaker. ~40 activity tubes were tied in a bunch using a rubber 

band and were dipped in the media together. The beakers were kept into freezer at 

4°C temperature for 2hours to solidify the media. After the media was set, the tubes 

were gently pulled out with media inside them. The food end was sealed off using 

parafilm to keep it from drying. The tubes were kept at 4°C till the time of experiment.  

2.2.2 Activity Tube Recycling: 
The activity tubes were changed every 4th day to provide the flies with fresh food. The 

used tubes were recycled after thorough cleaning. To wash out the old media the tubes 

were kept in boiling water. The empty tubes were then soaked in warm soap water for 

15 minutes. The tubes were washed and dried completely and were then autoclaved 

before using them again. 

 

2.3 Calculation of Circadian Rhythm and Sleep Data: 
The data obtained from the DAM system was analyzed further to measure the different 

behavioral patterns like circadian rhythm, locomotor activity, and sleep/wake cycle of 

the ALS8 model flies. We used the freely available R-based open-source programs 

RhythmicAlly (Lakshman & Vasu, 2019) and VANESSA (Ghosh & Vasu, 2022) to 

analyze the circadian and sleep patterns of the flies respectively. The circadian and 

sleep parameters obtained from the programs were then plotted and analyzed using 

GraphPad Prism9 graphing software and Excel.  

The raw data files obtained from the DAMSystem311 software were first processed 

using the DAMFileScan113. The 1-minute bin data was summed into 30-minute bins 

and was clubbed into an overlapping set of 3 days each for Circadian rhythm analysis. 

For example, Set-1 consisted of activity readings from days 4,5 & 6 while Set-2 was 

comprised of days 5,6,7, and so on.  1 day was considered as a 24-hr window starting 

from 12:00 am. (See Figure 2.1). On the other hand, for sleep analysis, data was 

compiled in 1-minute bins starting from 7:00 am (ZT0) on the first day of monitoring to 

7:00 am of the last day of assay. (See Figure 2.1 B) These sets were then used to 



18 
 

calculate daily activity profiles and circadian & sleep parameters through RhythmicAlly 

and VANESSA respectively. 

2.3.1 Circadian Rhythm: RhythmicAlly uses the text files obtained from the 

DAMFileScan113 to calculate the circadian rhythm periods and generate actograms 

and plots. The program generates an average 24hr activity profile for each monitor 

channel (i.e., individual flies) using the activity counts per bin per day. For example, 

loading the Set1 into the program will average the activity over the 3 days in that set 

i.e., 4th, 5th, and 6th. This average can be effectively used as the average activity for 

Day 5 for each fly. These average activity profiles were then used to plot the circadian 

rhythms. I averaged this average individual fly activity over all the individuals (32 flies 

per run) to obtain a 24hr average activity profile for each day. These profiles were then 

plotted using the software GraphPad Prism9 to visualize the circadian rhythm. The 

actograms encompassing the entire duration of the experiment were plotted using MS 

Excel. This was followed for each activity assay.   

Figure 2.1 Processing of Raw Monitor files for further analysis by DAMFileScan Software.  
A) Binning of the data for circadian analysis. Each processed file contained activity readings for 3 
consecutive days summed into 30-min bins. Summing started from 00:00:00 hrs of first day and 
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ended on 00:00:00 hrs of 4th day, encompassing 3 whole 24hr days. B) For sleep data the raw files 
were summed into 1-min bins, starting from 7:00:00 hrs of day 1 of the experiment till the last day 
of the experiment.       

 

2.3.2 Sleep Analysis: The sleep patterns of Drosophila were analysed using the R-

based open-source program VANESSA. The program provides a very efficient 

platform to calculate various sleep and circadian parameters. VANESSA uses the text 

files obtained from the DAMFileScan113 software and a formatted Metadata file to 

calculate sleep parameters for specified day or duration. The program generates 

graphs depicting different sleep parameters like sleep profile, total sleep, number of 

sleep episodes, length of sleep bouts and latency for each day. The program also 

records the Light and Dark condition data separately.  

The data files obtained from the program were used to plot the graphs for each sleep 

parameter using GraphPad Prism9 software. The sleep parameters were first 

averaged over all the individuals to obtain the mean value for each day. These means 

along with SEM were then used to compare the different sleep parameters between 

VAPP58S and VAPWT flies. The graphs were analyzed using 2-way ANOVA test with 

multiple comparisons with the genotype and age (days) being the two categorical 

variables for the different sleep parameters. The significance of the difference in 

PHDQV�ZDV� WHVWHG�XVLQJ�7XNH\¶V� WHVW��7he analysis was done using the GraphPad 

Prism9 software.     

    

2.4 Activity Comparisons: 
The ALS flies show deterioration in motor functions overtime. In the early stages, the 

wildtype, as well as mutant flies, show distinct morning and evening activity peaks. 

The flies exhibit a daily rhythm with a single prominent maximum at the time of L-D 

transition. I considered this Maximum Activity per day as a measure to visualize the 

progressive deterioration in the motor activity of the flies and compare the daily activity 

of different fly lines. The daily activity data obtained was plotted using the GraphPad 

Prism9 software. The data was fit to an equation using Simple linear regression to 

observe the trends in the motor activity overtime. The regression lines were compared 

pairwise to check whether the lines were different from each other significantly. 
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2.5 Survival Assays: 
The survival of he flies was monitored during the activity assays. The RhythmicAlly 

and VANESSA programs identify the dead flies and omits them from the calculations. 

The actograms generated by these programs were used to keep track of the survival 

of the flies. The data was then plotted as Kaplan-Meier curves using GraphPad Prism9 

software. 
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Chapter 3: Results 
 

3.1 VAPP58S flies show progressive motor defects. 
The previous studies in our lab using the Null-Rescue and CRISPR edited ALS8 fly 

models have shown that the flies carrying the VAPP58S mutation exhibit progressive 

motor defects. The deterioration in the motor functions was characterized using 

standard climbing assays. These are startle-induced negative geotaxis assays and 

measure the climbing ability of the flies inside a long cylindrical column. Though the 

assay can successfully detect and differentiate between the good and bad climbers it 

is based on the response of the flies to the startle (or external stimuli). The sleeping 

flies have an increased arousal threshold (Beckwith & French, 2019) and decreased 

responsiveness to outside stimuli (Kume et al., 2005). This characteristic of sleep may 

hinder with the climbing assays. On the other hand, the DAM system provides a more 

stable and controlled environment to carry out motor assays. It provides a way to 

continuously monitor the fly activity over a long period of time. I performed continuous 

activity assays of the flies using the DAM system over a period of 20 days. I used the 

data obtained from these assays to quantify and compare the motor activity of flies. 

(See Materials & Methods).   

 

As the Figure 3.1 depicts, the VAPP58S flies have an overall diminished activity as 

compared to the VAPWT flies of same age. The activity of VAPWT flies is comparable 

to that of the wildtype control w1118 & CS flies. The VAPP58S flies show a steady 

decrease in their daily activity as they age. There is approximately a 2.5-fold change 

in the activity of VAPP58S flies going from 5th day to 20th day of age. Based on the bin 

size (30-min) we can clearly see that by the age of 20 days the VAPP58S flies exhibit 

very low, nearly negligible activity with not more than 1 activity count per minute. On 

the other hand, the VAPWT flies show a very small dip in the activity by the time they 

are 20 days old. The VAPWT flies show a ~2-fold higher activity as compared to the 

VAPP58S mutant flies at the age of 20 days. In addition to the motor defects the VAPP58S 

flies also exhibit survival defects. More than 50% of the flies are dead by the age of 20 

days. 
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Figure 3.1. VAPP58S flies exhibit survival and motor defects. 
A) Motor Activity plots for w1118 (wildtype control; light grey curve; n=32), CS (wildtype control; 

dark grey curve; n=32), VAPWT (control; black curve; n=32, N=2), VAPP58S (orange curve; n=32; 

N=2) male flies. B) The survival curves for the same genotypes. VAPP58S flies have a median 

lifespan of 19 days. Curve comparison was done using log-rank (Mantel-Cox) test. Curves are 

significantly different with an overall p-value of p=0.0047. C) The motor activity plots for female 

VAPWT (black curve; n=32) and VAPP58S (orange curve; n=32) flies along with CS and w1118 

wildtype controls. D) Survival curves for female flies. Curve comparison was done using log-rank 

(Mantel-Cox) test. Curves are significantly different with an overall p-value of p=0.000037. 

 

The Panel C shows the activity data for the female flies. The female flies show a similar 

trend in the activity as the male flies. The female VAPP58S flies show similar decrease 

in the daily activity with age and show a ~3-fold difference in activity on day 20 as 

compared to the VAPWT females of same age. The female flies show a greater 

variability in the daily activity measures as compared to the male flies which can be 

associated to the egg laying in the females.  
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The results obtained from the activity assays using the DAM system are at par with 

the previously conducted studies on the ALS8 model flies in our lab. The 

neurodegeneration in the ALS flies affects their overall activity and have a severe 

effect on their survival. The decrease in daily activity also results in changes in the 

behavioral patterns of the flies.  

 

3.2 The mutant VAPP58S flies lose circadian rhythm over time and become 
arrhythmic.  
The Circadian rhythm is a natural cycle followed by the physical, mental, and 

behavioral changes in an organism. These are endogenous processes that are 

entrained by the environment around the organism. The circadian rhythms respond 

primarily to light and follow a roughly 24-hour cycle. This can affect sleep, body 

temperatures, hormone levels, appetite, and other bodily functions. The circadian 

rhythms coordinate a number of biological processes in animals, plants, and microbes. 

These rhythms in different processes are regulated by the biological clocks present in 

different tissues. These clocks are small protein molecules that temporally regulate 

these processes. A group of neurons in the brain, called the master clock coordinates 

the biological clocks in the body and keeps them in sync. [22]  

The circadian rhythm has been very well studied using Drosophila melanogaster. The 

discovery of the clock genes in Drosophila was a stepping stone in understanding the 

functions of biological clocks (Tataroglu & Emery, 2014). The studies have shown that 

the circadian rhythm in drosophila also follows a 24hr cycle of rest and activity. The 

flies display an increase in locomotor activity at dawn and dusk. Under laboratory 

conditions, the flies are entrained to a 12:12 hour Light-Dark cycle. They show a similar 

circadian rhythm pattern with activity peaks in anticipation of light to dark and dark to 

light transitions. Since the mutation in VAPB affects the motor neuronal and NMJ 

morphology resulting in loss of motor function, we wanted to examine whether this 

decrease in locomotor activity affects the rhythmicity of these flies. We conducted 

locomotor activity assays and continuous monitoring of the VAPP58S mutant flies using 

the DAM system.     
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Figure 3.2. VAPP58S flies lose circadian rhythm.  
The y-axis represents the activity counts per 30-minute bins. The x-axis represents the time of 
the day with 0 being 00:00:00 hrs (12:00 am). The graphs compare the circadian rhythms on day 
5 and day 20 for each genotype. The bar under the x-axis shows the light-dark conditions inside 
the incubator. The lights are turned on at 7:00 am and are turned off at 7:00pm. 
A) VAPWT male flies. (n=32, N=2) B) VAPP58S male flies. (n=32, N=2) C) VAPWT female flies. 
(n=32, N=1) D) VAPP58S female flies. (n=32, N=1) E) CS male flies. (n=32, N=1) F) w1118 male 
flies (n=32, N=1).  
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The locomotor activity assays for CS and w1118 flies reported a normal circadian rhythm 

pattern with two distinct activity peaks. (Figure 3.2. E&F) The assays were then carried 

out using the VAPP58 flies with the VAPWT line serving as the control. The VAPWT flies 

exhibited a normal circadian rhythm similar to that of CS and w1118 flies. VAPP58S 

mutants, however, displayed a progressive loss in the rhythmicity. Though the young 

mutant flies, ~5-7 days old demonstrate a normal circadian rhythm, the morning 

activity peak of these flies is shorter as compared to the VAPWT. The mutant flies have 

slightly decreased activity in the morning period. Eventually, mutant flies show a 

decrease in the evening activity peak. As the flies age, they become arrhythmic and 

show a constant very low activity throughout the day. The Circadian data for the VAPWT 

& VAPP58S flies is depicted in figure 3.2. The VAPP58S flies lose their motor activity and 

become arrhythmic by the age of 20 days. They exhibit a very low, nearly negligible 

activity with ~0.66 counts/min and eventually die by the age of 23-24 days as 

mentioned before.  

The actograms encompassing the circadian rhythms for each day of the experiment 

given in the figure 3.3. clearly shows that the VAPWT flies exhibit no changes in the 

rhythm over the span of the assay. On the other hand, the VAPP58S mutants show a 

stable decrease in the activity after the 7th/8th day and lose the rhythmicity completely 

in the later stages. The morning as well as evening activity is diminished and the flies 

lose the periodicity in the daily activity.    

The female VAPP58S mutant flies also display a similar pattern in the circadian rhythm 

deterioration. (Figure 3.2. C&D) The female mutant flies become arrhythmic by the 

age of 20 days with a basal very low activity throughout the day. The VAPWT female 

flies show no reduction in the activity counts at the morning and evening peaks. 

However, there is a significant increase in the activity in the afternoon for the female 

flies with the increase in age. Both the male and female VAPP58S mutant flies exhibit 

circadian rhythm defects and become arrhythmic with age.  

 

It is evident from the circadian analysis that the ALS mutant flies lose circadian rhythm 

and periodicity. Next, we wanted to check how the ALS affects the sleep-wake cycle 

in Drosophila and whether the sleep behavior of flies also changes.   
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Figure 3.3. Actograms 
Actogram is a graphical representation of an organism's phases of activity and rest over the 
course of days. Actograms are used to visualize the periodicity and rhythm in the day-to-day 
activity of the organisms. The figure contains the actograms for the various genotypes over the 
entire duration of the experiment. The x-axis represents the Zeitgeber Time where ZT0 is 
denotes D/L transition and ZT12 denotes L/D transition. Each row depicts the circadian rhythm 
for 2 days starting from day 4.    
A) VAPWT male flies. B) VAPP58S male flies. C) VAPWT female flies. D) VAPP58S female flies. E) 
CS male flies. F) w1118 male flies.   
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3.3 The mutant VAPP58S flies show disruption in the Sleep-Wake cycle. 
Sleep in general can be defined as a state of behavioral quiescence. It is associated 

with a species-specific posture. In Drosophila, sleep is defined from a behavioral 

aspect as a prolonged period of inactivity. More specifically, a sleep episode (bout) is 

a period of inactivity/ behavioral quiescence of more than 5 minutes. Flies exhibit an 

increase in arousal threshold after a sleep bout (Beckwith & French, 2019). In context 

of the DAM system assays zero activity counts for a period of more than 5-minutes is 

considered as sleep. The Drosophila exhibit a 24hr sleep-wake cycle correlating with 

the circadian rhythm. Sleep primarily occurs in the middle of the day or night and the 

flies are more active and sleep less in anticipation of light to dark or dark to light 

transitions.  

Figure 3.4. VAPP58S mutant flies show disruption in sleep. 
A) Sleep profile comparison for 5-days old VAPWT and VAPP58S flies. B) Sleep profile comparison 
for 20-days old VAPWT and VAPP58S flies. The x-axis for both graphs represent the Zeitgeber 
Time denoting the Light and Dark conditions. The y-axis shows the fraction of time spent 
sleeping per 30 min. The sleep profiles are generated and adapted from R-based program 
VANESSA (Ghosh & Vasu, 2022) C) The total amount of time the VAPP58S flies spend sleeping 
decreases by day 20. D) The number of sleep episodes per day increase with age in VAPP58S 
flies. E) Mean length of sleep episodes per day decreases with age in VAPP58S flies. The 
parameters are analyzed for significance using 2-way ANOVA and multiple comparisons. The 
significance YDOXHV�DUH�GHWHUPLQHG�E\�7XNH\¶V�W-test. The asterisk notation depicts the p-values 
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as follows, (ns):  p>0.05, (*):  p<0.05, (**): p<0.01, (***): p<0.001, (****): p<0.0001. Exact p-
values are mentioned in the Appendix. 

 

The VAPWT flies show the characteristic normal sleep-wake cycle which GRHVQ¶W�

change with age. The daytime sleep shows a slight decrease going from day 5 to day 

20 however, the overall sleep pattern remains the same. On the other hand, the sleep 

profiles for VAPP58S flies show a considerable change over the duration of the assay. 

The VAPP58S flies behave normally at younger ages and exhibit a normal sleep wake 

cycle. The sleep becomes more and more uniform and constant throughout the day 

as the flies age. The figure 3.4. A & B show the sleep profile comparisons for VAPWT 

and VAPP58S for day 5 and day 20 respectively. It is evident from the profiles that the 

sleep in ALS mutant flies is severely affected.  

To further elucidate the effects on the sleep I compared the various sleep parameters 

like total sleep, number of sleep bouts and mean bout length of VAPWT and VAPP58S 

flies, for each day. The figure 3.4. C, D, E show the plots for the 3 parameters 

respectively. The VAPWT flies show no significant changes in any of the parameters 

as they age. The ALS mutant flies show a decrease in the total sleep and mean bout 

length. In addition to this there is a considerable increase in the number of sleep bouts 

per day in VAPP58S flies. This data very well correlates with the sleep profiles obtained 

from VANESSA. The sleep episodes of VAPP58S flies becomes shorter and increase 

in number as they age and the flies sleep uniformly throughout the day. The flies show 

an increased occurrence of shorter periods of sleep/ inactivity as they age.  

 

The female flies do show a similar pattern in their sleep behavior. However, the 

differences are not as significant as that of the male flies. The VAPWT females sleep 

less in the daytime than night time as opposed to the male flies which show a similar 

sleep pattern in daytime as well as night time. The VAPP58S female flies show a similar 

change in sleep profiles by the age of 20 days as that of male flies. The sleep 

parameters compared for female flies show no significant changes going from day 5 

to day 20. 
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Figure 3.5. VAPP58S mutant female flies show disruption in sleep. 
A) Sleep profile comparison for 5-days old VAPWT and VAPP58S female flies. B) Sleep profile 
comparison for 20-days old VAPWT and VAPP58S female flies. The x-axis for both graphs 
represent the Zeitgeber Time denoting the Light and Dark conditions. The y-axis shows the 
fraction of time spent sleeping per 30 min. The sleep profiles are generated and adapted from R-
based program VANESSA (Ghosh & Vasu, 2022) C) The total amount of time the VAPP58S flies 
spend sleeping per day. D) The number of sleep episodes per day. E) Mean length of sleep 
episodes per day. The parameters are analyzed for significance using 2-way ANOVA and 
PXOWLSOH�FRPSDULVRQV��7KH�VLJQLILFDQFH�YDOXHV�DUH�GHWHUPLQHG�E\�7XNH\¶V�W-test. The asterisk 
notation depicts the p-values as follows, (ns):  p>0.05, (*):  p<0.05, (**): p<0.01, (***): p<0.001, 
(****): p<0.0001. Exact p-values are mentioned in the Appendix. 

 

3.4 The motor activity, circadian rhythm and sleep cycle is rescued by 
introducing a single copy of VAPWT. 
The results from the activity assays of VAPP58S flies report deterioration in the motor 

function, circadian rhythm and sleep of the flies. The flies lose the periodicity in the 

circadian as well as sleep wake cycles with increasing age. Further, I wanted to check 

whether these changes in behavior patterns and loss of motor activity of VAPP58S flies 

can be rescued by introducing a single copy of VAPWT. To check for the same, I 

crossed the Null Rescue lines with the CRISPR lines to create fly lines exhibiting 
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different combinations of VAPP58S and VAPWT. The table 3.1 shows the detailed 

crosses.  

Table 3.1. Schematic representation of crosses set up to obtain rescue lines. 

 

The crosses resulted in 2 types of lines, one having a double dose of either VAPWT 

VAPP58S (Here after referred to as double dosage lines) and the other type of fly line 

having one copy of VAPWT and VAPP58S each (Here after referred to as rescue lines). 

I carried out the DAM activity assays for these lines to check how the motor activity, 

circadian rhythm and sleep cycle of these IOLHV¶ fairs over time. 

The data from the motor activity and survival assay of these lines are shown in the 

figure 3.6. The motor activity of the rescue lines, VAPWT; gVAPP58S and VAPP58S; 

gVAPWT is considerably higher at the younger ages which decreases over time. 

However, the activity is comparable to that of VAPWT at the age of 20 days. The rescue 

lines are more active and survive better as compared to the VAPP58S flies. The rescue 

lines have a ~2 fold greater activity as compared to the VAPP58S flies of the same age 

which is also the case for VAPWT flies. It is evident from the data that a single copy of 
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VAPWT is able to rescue the motor defects caused by VAPP58S mutation. The VAPWT; 

gVAPWT flies show activity and survival curves comparable to that of VAPWT and 

behave normally. The double dosage of wildtype VAP in these flies have a significant 

effect on the activity increasing the activity of these flies to ~100 counts per 30 minutes.  

The VAPP58S; gVAPP58S flies show very poor survival with a median lifespan of 17 days. 

More than 90% of the VAPP58S; gVAPP58S flies are dead by the end of the experiment. 

The flies show a steep decrease in the activity as they age. The activity on day 20 

decreases to about 2.5 folds than the activity at the age of 5 days.  

 

Figure 3.6. Survival and motor defects are rescued by introducing a single copy of VAPWT. 
A) Motor Activity plots for VAPWT; gVAPWT (dark grey curve; n=27), VAPP58S; gVAPP58S (red 
curve; n=29), VAPWT (control; black curve; n=32, N=2), VAPP58S (orange curve; n=32; N=2) male 
flies. B) The survival curves for the same genotypes. VAPP58S flies have a median lifespan of 19 
days while VAPP58S; gVAPP58S have a median lifespan of 17 days. Curve comparison was done 
using log-rank (Mantel-Cox) test. Curves are significantly different with an overall p-value of 
p=0.001 C) The motor activity plots for male VAPWT (black curve; n=32) and VAPP58S (orange 



32 
 

curve; n=32) flies along with VAPWT; gVAPP58S (dark green curve; n=29) and VAPP58S; gVAPWT 
(light green curve; n=30) rescue lines. D) Survival curves for the same flies as (C). Curve 
comparison was done using log-rank (Mantel-Cox) test. The overall p-value for the four curves is 
p=0.0905. 

 

The rescue lines VAPWT; gVAPP58S and VAPP58S; gVAPWT not only rescue the 

locomotor activity but also rescue the circadian rhythm and sleep cycle of the flies. 

These flies exhibit a normal circadian rhythm from age of 5 days to 20 days. They 

show presence of prominent activity peaks in the morning as well as evening 

corresponding to the dark to light and light to dark transitions respectively. The 

VAPP58S; gVAPWT flies show a slight disruption in the morning activity peak by the age 

of 20 days. However, the daily periodicity and rhythmicity of the flies remains intact.  

Figure 3.7. Deterioration in Circadian rhythm is rescued by introducing a single copy of 
VAPWT. 
The y-axis represents the activity counts per 30-minute bins. The x-axis represents the time of 
the day with 0 being 00:00:00 hrs (12:00 am). The graphs compare the circadian rhythms on day 
5 and day 20 for each genotype. The bar under the x-axis shows the light-dark conditions inside 
the incubator. The lights are turned on at 7:00 am and are turned off at 7:00pm. 
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A) VAPWT; gVAPWT male flies (n=27). B) VAPP58S; gVAPP58S male flies (n=29). C) VAPWT; 
gVAPP58S male flies (n=29). D) VAPP58S; gVAPWT male flies (n=30). 

 

The actograms for the rescue lines (Figure 3.8. C&D) very well depicts the changes in 

the circadian rhythm of the rescue lines overtime. The morning activity of VAPP58S; 

gVAPWT flies show a considerable change with the age. Though the 

extrachromosomal gVAPWT introduced on the 3rd chromosome is able to rescue the 

daily rhythm the effect of chromosomal VAPP58S may be the cause of the deterioration 

in the morning activity.  

Figure 3.8. Actograms for rescue and double dosage lines 
Actogram is a graphical representation of an organism's phases of activity and rest over the 
course of days. Actograms are used to visualize the periodicity and rhythm in the day-to-day 
activity of the organisms. The figure contains the actograms for the various genotypes over the 
entire duration of the experiment. The x-axis represents the Zeitgeber Time where ZT0 is 
denotes D/L transition and ZT12 denotes L/D transition. Each row depicts the circadian rhythm 
for 2 days starting from day 4.    
A) VAPWT; gVAPWT male flies. B) VAPP58S; gVAPP58S male flies. C) VAPWT; gVAPP58S male flies. 
D) VAPP58S; gVAPWT male flies. 
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The wildtype double dosage line VAPWT; gVAPWT exhibits normal circadian rhythms 

comparable to that of VAPWT. The VAPP58S; gVAPP58S flies lose the circadian rhythm 

completely by the age of 20 days. As compared to the flies carrying a single copy of 

VAPP58S the double dosage mutant flies show drastic changes in the daily activity 

patterns. The periodicity in the activity patterns of VAPP58S; gVAPP58S flies is lost by 

the age of ~14 days and the flies become arrhythmic. Even at the age of 5 days the 

morning activity peak is not prominent in these flies and the morning activity is very 

low as compared to that of the evening activity. The data suggests that there may be 

a dosage dependency for how the VAPP58S mutation affects the circadian behavior of 

the flies.    

 
Figure 3.9. VAPP58S; gVAPP58S show disruption in sleep 
A) Sleep profile comparison for 5-days old VAPWT; gVAPWT and VAPP58S; gVAPP58S flies. B) 
Sleep profile comparison for 20-days old VAPWT; gVAPWT and VAPP58S; gVAPP58S flies. The x-
axis for both graphs represent the Zeitgeber Time denoting the Light and Dark conditions. The y-
axis shows the fraction of time spent sleeping per 30 min. The sleep profiles are generated and 
adapted from R-based program VANESSA (Ghosh & Vasu, 2022) C) The total amount of time 
the VAPP58S; gVAPP58S flies spend sleeping decreases by day 20. D) The number of sleep 
episodes per day increase with age in VAPP58S; gVAPP58S flies. E) Mean length of sleep episodes 
per day decreases with age in VAPP58S; gVAPP58S flies. The parameters are analyzed for 
significance using 2-way ANOVA and multiple comparisons. The significance values are 
GHWHUPLQHG�E\�7XNH\¶V�W-test. The asterisk notation depicts the p-values as follows, (ns):  p>0.05, 



35 
 

(*):  p<0.05, (**): p<0.01, (***): p<0.001, (****): p<0.0001. Exact p-values are mentioned in the 
Appendix.  

 

I further analyzed the sleep patterns for the rescue and double dosage lines. The sleep 

patterns of the rescue lines and the VAPWT; gVAPWT are comparable to that of VAPWT 

IOLHV��7KH\�H[KLELW�D�QRUPDO�VOHHS�SURILOH�WKURXJKRXW�WKH�VSDQ�RI�WKH�DVVD\�DQG�GRHVQ¶W�

show any significant changes in the sleep parameters. The VAPP58S; gVAPP58S flies 

however show considerable changes in the sleep patterns and the sleep parameters 

like total sleep, number of bouts and mean bout lengths. Similar to that of the flies 

carrying a single copy of VAPP58S the double dosage mutant flies also show reduction 

in the total sleep per day as they age. The mean sleep bout lengths are decreased by 

almost 50% by the age of 20 days. The number of sleep episodes each day increase 

with the increase in the age.  

Figure 3.10. Disruption in Sleep cycles is rescued by introducing a single copy of VAPWT. 
A) Sleep profile comparison for 5-days old VAPWT; gVAPP58S and VAPP58S; gVAPWT rescue line 
flies along with VAPWT and VAPP58S mutant flies. B) Sleep profile comparison for 20-days old 
VAPWT; gVAPP58S and VAPP58S; gVAPWT rescue line flies along with VAPWT and VAPP58S mutant 
flies. The x-axis for both graphs represent the Zeitgeber Time denoting the Light and Dark 
conditions. The y-axis shows the fraction of time spent sleeping per 30 min. The sleep profiles 
are generated and adapted from R-based program VANESSA (Ghosh & Vasu, 2022) C) The 
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total amount of time spent sleeping per day. D) The number of sleep episodes per day. E) Mean 
length of sleep episodes per day. The parameters are analyzed for significance using 2-way 
$129$�DQG�PXOWLSOH�FRPSDULVRQV��7KH�VLJQLILFDQFH�YDOXHV�DUH�GHWHUPLQHG�E\�7XNH\¶V�W-test. The 
asterisk notation depicts the p-values as follows, (ns):  p>0.05, (*):  p<0.05, (**): p<0.01, (***): 
p<0.001, (****): p<0.0001. Exact p-values are mentioned in the Appendix.  

 

The Rescue lines exhibit normal sleep behavior and sleep parameters. The parameter 

values are comparable to that of VAPWT flies and are shown in the figure 3.10. The 

rescue lines display a normal sleep-wake cycle from age of 5 days to 20 days. The 

sleep profiles for both VAPWT; gVAPP58S & VAPP58S; gVAPWT flies are similar to that of 

VAPWT.  The rescue lines show no significant changes in the total sleep, number of 

sleep episodes and mean sleep bout lengths per day.  The defects in the sleep 

exhibited by the VAPP58S flies are rescued by adding a single copy of VAPWT.   
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Chapter 4: Discussion 
 

A point mutation (P58S) in the VAP-33A gene causes the animal to show ALS 

like symptoms in flies. Adult flies carrying the VAPP58S mutation exhibit progressive 

motor defects. These flies also have a shorter (~30%) lifespan as compared to that of 

wildtype flies. In addition, the mutant flies also showed behavioral changes, including 

age-dependent deterioration in the circadian rhythm and perturbation in sleep-wake 

cycles. Specifically, the flies lose the periodicity in their circadian activity and become 

arrhythmic with increasing age. The sleep patterns are also hindered with the mutant 

flies sleeping less as they age. Unlike in wild-type animals, sleep is uniformly 

distributed throughout the day with increased number of shorter sleep bouts. Thus, the 

generation and characterization of this mutant line generates a Drosophila ALS model 

which will allow us to study mechanisms that underly the initiation and progression of 

human disease.  

Interestingly, these effects on motor functions and behavior of the flies can be 

rescued by introducing a single copy of VAPWT along with the VAPP58S mutation. The 

µUHVFXHG¶� IOLHV� H[KLELW� QRUPDO� FLUFDGLDQ� DQG� VOHHS� EHKDYLRU�� 7KH� PRWRU� IXQFWLRQV��

circadian rhythms, sleep and lifespan are at par with wild-type animals. The above 

statement is true for both males and females, though there are subtle differences 

between the two. 

The female VAPP58S flies, similar to that of the male ALS mutant flies exhibit 

progressive motor defects and behavioral changes. The female flies generally display 

a different pattern in daily activity as compared to the male flies. The female flies sleep 

less in the daytime and are more active in this time period. The female ALS mutant 

flies show a trend similar to that of male VAPP58S flies in the deterioration of circadian 

rhythms and perturbation in daily sleep profiles. The flies become arrhythmic as they 

age. The sleep in female flies become fragmented with shorter sleep bouts.        

It is evident from the results obtained from this study that the mutation in the 

VAP gene in Drosophila not only affects the motor function of the subject but also 

alters the behavior. The previous studies from our lab have shown that the ALS causes 

changes in the NMJ morphology (Tendulkar, 2020). Also, as mentioned before, the 
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VAPP58S flies show presence of VAP positive brain aggregates. Thus, VAP plays a 

significant role in neuronal, especially motor neuronal functions.  

The behavioral patterns in Drosophila like the circadian rhythm and Sleep-

Wake cycles are controlled by the clock neurons in the brain. The core clock network 

consists of a set of ~150 neurons clustered into discrete groups in the brain. (Dubowy 

& Sehgal, 2017). A recent study (Faragó et al., 2019) in Huntington Disease (HD) 

model flies have shown that the HD flies have fragmented sleep with prolonged sleep 

latency. The clock gene expression patterns in these HD model flies showed 

disordered regulation of core feedback loop genes like per and tim. Other 

QHXURGHJHQHUDWLYH� GLVHDVHV� OLNH� $O]KHLPHU¶V¶� DQG� 3DUNLQVRQ¶V� GLVHDVH� DOVR� VKRZ�

defects in circadian and sleep rhythms (Buhl et al. 2019).  

The changes in the behavioral patterns observed in the VAPP58S mutant flies 

can be explained on the similar lines. The mutation in VAP causes misfolding of MSP 

domain which is then unable to be cleaved and secreted to carry out downstream 

processes. The mutation causes aggregation of VAP in cells and disrupts various 

cellular process leading to motor neurodegeneration. We hypothesize that VAP may 

be part of a gene regulatory network that includes the circadian clock genes like per 

and tim. The mutation in VAP causes disruption in this network and regulation of clock 

genes like observed in HD.  

Another possibility is that the neurons regulating the clock are also 

deteriorating, in parallel with their motor-neuron counterparts. If this is true, we could 

use clock-neuron specific Gal4 lines to rescue only in the clock neurons, by expressing 

VAPWT specifically in these neurons. Any delay in degeneration of clock neurons would 

rescue only the circadian/sleep phenotypes and not the age dependent motor 

deterioration. Another interesting experiment would be to repeat the same set of 

experiments in complete darkness rather than a 12h:12h L/D cycle. This will also help 

to gain an insight into the functioning of circadian clock regulators in the VAPP58S 

mutant flies.  

0DQ\�SK\VLFLDQV�FDULQJ�IRU�$/6�SDWLHQWV�KDYH�UHSRUWHG�FKDQJHV�LQ�WKH�SDWLHQWV¶�

behavior and cognitive functions. We were able to show through this study that the 

Drosophila model for ALS also exhibits behavioral defects, which can be rescued by 
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a single copy of wildtype gene. The study implies that VAP may have a role in 

regulation of the circadian clock in Drosophila.     

We would like to further investigate how mutation in VAP causes behavioral 

changes in Drosophila. Analysing the expression patterns of clock genes in a VAPP58S 

background to check whether regulation of the core clock genes is disrupted in the 

ALS will help in better understanding the role of VAPP58S in controlling Drosophila 

behavior. We would like to investigate whether VAP directly interacts with any of the 

clock network genes regulating their function. Expressing or knocking down VAP 

specifically in the clock neurons and monitoring the fly activities will further clarify the 

role of VAP in Drosophila behavior. We further plan to use the diverse genetic toolkit 

available in Drosophila to probe for molecular relationships between 

neurodegenerative disease and behavior. 
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Chapter 5: Appendix 
 

5.1 Table of p-values for Survival Curves 

Results for Log-rank (Mantel-Cox) Test 

Figure 3.1. (B) Survival Curves for Male ALS mutant Flies 

Chi Square 12.96 

Df 3 

p-value 0.0047 

p-value summary ** 

Are the curves significantly different? Yes 

Figure 3.1. (D) Survival Curves for Female ALS mutant Flies 

Chi Square 23.20 

Df 3 

p-value 0.00037 

p-value summary **** 

Are the curves significantly different? Yes 

Figure 3.6. (B) Survival Curves for Double Dosage Lines 

Chi Square 20.97 

Df 3 

p-value 0.0001 

p-value summary *** 

Are the curves significantly different? Yes 

Figure 3.6. (D) Survival Curves for Rescue Lines 

Chi Square 6.480 

Df 3 

p-value 0.0905 

p-value summary ns 

Are the curves significantly different? No 
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5.2 Results for 2-way ANOVA 

ANOVA table for Sleep Parameter Graphs 

Figure 3.4. (C) Total Sleep Comparison for Male ALS mutant Flies 

 
Sum of 
Squares  
(Type III) 

Df 
Mean 

Square 
F-value p-value 

Interaction 219285 1 219285 7.449 0.0069 

Row  
(Age of Flies) 

703668 1 703668 23.90 0.000002 

Column 

(Genotype) 
29561 1 29561 1.004 0.3174 

Residual 6181717 210 29437   

Figure 3.4. (D) Number of Sleep Bout Comparison for Male ALS mutant Flies 

 
Sum of 
Squares  
(Type III) 

Df 
Mean 

Square 
F-value p-value 

Interaction 2815 1 2815 25.60 <0.000001 

Row  
(Age of Flies) 

7087 1 7087 64.46 <0.000001 

Column 

(Genotype) 
6668 1 6668 60.65 <0.000001 

Residual 23087 210 109.9   

Figure 3.4. (E) Mean Sleep Bout Length Comparison for Male ALS mutant 
Flies 

 
Sum of 
Squares  
(Type III) 

Df 
Mean 

Square 
F-value p-value 

Interaction 4412 1 4412 4.173 0.042312 

Row  
(Age of Flies) 

25330 1 25330 23.96 0.000002 

Column 

(Genotype) 
18154 1 18154 17.17 0.000049 

Residual 221987 210 1057   

 

 



42 
 

Figure 3.5. (C) Total Sleep Comparison for Female ALS mutant Flies 

 
Sum of 
Squares  
(Type III) 

Df 
Mean 

Square 
F-value p-value 

Interaction 31806 1 31806 1.356 0.246883 

Row 
 (Age of Flies) 

660721 1 660721 28.16 <0.000001 

Column 

(Genotype) 
977435 1 977435 41.66 <0.000001 

Residual 2510439 107 23462   

Figure 3.5. (D) Number of Sleep Bout Comparison for Female ALS mutant 
Flies 

 
Sum of 
Squares  
(Type III) 

Df 
Mean 

Square 
F-value p-value 

Interaction 412.0 1 412.0 5.764 0.018083 

Row  
(Age of Flies) 

117.7 1 117.7 1.646 0.202215 

Column 

(Genotype) 
801.3 1 801.3 11.21 0.001123 

Residual 7647 107 71.47   

Figure 3.5. (E) Mean Sleep Bout Length Comparison for Female ALS mutant 
Flies 

 
Sum of 
Squares  
(Type III) 

Df 
Mean 

Square 
F-value p-value 

Interaction 935.1 1 935.1 1.593 0.209700 

Row  
(Age of Flies) 

342.1 1 342.1 0.5827 0.446954 

Column 

(Genotype) 
25.14 1 25.14 0.04282 0.836452 

Residual 62828 107 587.2   
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Figure 3.9. (C) Total Sleep Comparison for Double Dosage Lines 

 
Sum of 
Squares  
(Type III) 

Df 
Mean 

Square 
F-value p-value 

Interaction 230204 1 230204 21.05 0.000019 

Row  
(Age of Flies) 

235143 1 235143 21.50 0.000016 

Column 

(Genotype) 
39239 1 39239 3.588 0.062255 

Residual 776368 71 10935   

Figure 3.9. (D) Number of Sleep Bout Comparison for Double Dosage Lines 

 
Sum of 
Squares  
(Type III) 

Df 
Mean 

Square 
F-value p-value 

Interaction 414.6 1 414.6 16.42 0.000128 

Row  
(Age of Flies) 

548.3 1 548.3 21.72 0.000014 

Column 

(Genotype) 
1252 1 1252 49.59 <0.000001 

Residual 1793 71 25.25   

Figure 3.9. (E) Mean Sleep Bout Length Comparison for Double Dosage 
Lines 

 
Sum of 
Squares  
(Type III) 

Df 
Mean 

Square 
F-value p-value 

Interaction 2065 1 2065 6.985 0.010108 

Row  
(Age of Flies) 

4085 1 4085 13.81 0.000399 

Column 

(Genotype) 
6211 1 6211 21.00 0.000019 

Residual 20995 71 295.7   
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Figure 3.10. (C) Total Sleep Comparison for Rescue Lines 

 
Sum of 
Squares  
(Type III) 

Df 
Mean 

Square 
F-value p-value 

Interaction 388106 3 129369 5.115 0.001867 

Row  
(Age of Flies) 

170928 1 170928 6.758 0.009860 

Column 

(Genotype) 
106323 3 35441 1.401 0.242813 

Residual 6626189 262 25291   

Figure 3.10. (D) Number of Sleep Bout Comparison for Rescue Lines 

 
Sum of 
Squares  
(Type III) 

Df 
Mean 

Square 
F-value p-value 

Interaction 3305 3 1102 11.93 <0.000001 

Row  
(Age of Flies) 

2738 1 2738 29.65 <0.000001 

Column 

(Genotype) 
6731 3 2244 24.29 <0.000001 

Residual 24198 262 92.36   

Figure 3.10. (E) Mean Sleep Bout Length Comparison for Rescue Lines 

 
Sum of 
Squares  
(Type III) 

Df 
Mean 

Square 
F-value p-value 

Interaction 6245 3 2082 2.343 0.073545 

Row  
(Age of Flies) 

11444 1 11444 12.88 0.000396 

Column 

(Genotype) 
21101 3 7034 7.916 0.000045 

Residual 232790 262 888.5   
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Tukey¶s Test Results for Sleep Parameter Graphs 

Figure 3.4. (C) Total Sleep Comparison for Male ALS mutant Flies 

Compared Groups p-value Summary of p-value 

Day 5:VAPWT vs. Day 5:VAPP58S 0.498378 ns 

Day 5:VAPWT vs. Day 20:VAPWT 0.316665 ns 

Day 5:VAPP58S vs. Day 20:VAPP58S 0.000011 **** 

Day 20:VAPWT vs. Day 20:VAPP58S 0.086802 ns 

Figure 3.4. (D) Number of Sleep Bout Comparison for Male ALS mutant Flies 

Compared Groups p-value Summary of p-value 

Day 5:VAPWT vs. Day 5:VAPP58S 0.121984 ns 

Day 5:VAPWT vs. Day 20:VAPWT 0.087695 ns 

Day 5:VAPP58S vs. Day 20:VAPP58S <0.000001 **** 

Day 20:VAPWT vs. Day 20:VAPP58S <0.000001 **** 

Figure 3.4. (E) Mean Sleep Bout Length Comparison for Male ALS mutant 
Flies 

Compared Groups p-value Summary of p-value 

Day 5:VAPWT vs. Day 5:VAPP58S 0.322197 ns 

Day 5:VAPWT vs. Day 20:VAPWT 0.108578 ns 

Day 5:VAPP58S vs. Day 20:VAPP58S 0.000078 **** 

Day 20:VAPWT vs. Day 20:VAPP58S 0.000678 *** 

 

 

Figure 3.5. (C) Total Sleep Comparison for Female ALS mutant Flies 

Compared Groups p-value Summary of p-value 

Day 5:VAPWT vs. Day 5:VAPP58S <0.000001 **** 

Day 5:VAPWT vs. Day 20:VAPWT 0.009497 ** 

Day 5:VAPP58S vs. Day 20:VAPP58S 0.000275 *** 

Day 20:VAPWT vs. Day 20:VAPP58S 0.004749 ** 
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Figure 3.5. (D) Number of Sleep Bout Comparison for Female ALS mutant 
Flies 

Compared Groups p-value Summary of p-value 

Day 5:VAPWT vs. Day 5:VAPP58S 0.878513 ns 

Day 5:VAPWT vs. Day 20:VAPWT 0.822941 ns 

Day 5:VAPP58S vs. Day 20:VAPP58S 0.080588 ns 

Day 20:VAPWT vs. Day 20:VAPP58S 0.001767 ** 

Figure 3.5. (E) Mean Sleep Bout Length Comparison for Female ALS mutant 
Flies 

Compared Groups p-value Summary of p-value 

Day 5:VAPWT vs. Day 5:VAPP58S 0.840196 ns 

Day 5:VAPWT vs. Day 20:VAPWT 0.980376 ns 

Day 5:VAPP58S vs. Day 20:VAPP58S 0.547945 ns 

Day 20:VAPWT vs. Day 20:VAPP58S 0.777095 ns 

 

 

Figure 3.9. (C) Total Sleep Comparison for Double Dosage Lines 

Compared Groups p-value Summary of p-value 

Day 5:VAPWT;gVAPWT vs. Day 5:VAPP58S;gVAPP58S 0.114806 ns 

Day 5:VAPWT;gVAPWT vs. Day 20:VAPWT;gVAPWT 0.999970 ns 

Day 5:VAPP58S;gVAPP58S vs. Day 20:VAPP58S;gVAPP58S 0.000003 **** 

Day 20:VAPWT;gVAPWT vs. Day 20:VAPP58S;gVAPP58S 0.000792 *** 

Figure 3.9. (D) Number of Sleep Bout Comparison for Double Dosage Lines 

Compared Groups p-value Summary of p-value 

Day 5:VAPWT;gVAPWT vs. Day 5:VAPP58S;gVAPP58S 0.065462 ns 

Day 5:VAPWT;gVAPWT vs. Day 20:VAPWT;gVAPWT 0.948245 ns 

Day 5:VAPP58S;gVAPP58S vs. Day 20:VAPP58S;gVAPP58S 0.000009 **** 

Day 20:VAPWT;gVAPWT vs. Day 20:VAPP58S;gVAPP58S <0.000001 **** 
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Figure 3.9. (E) Mean Sleep Bout Length Comparison for Double Dosage 
Lines 

Compared Groups p-value Summary of p-value 

Day 5:VAPWT;gVAPWT vs. Day 5:VAPP58S;gVAPP58S 0.365916 ns 

Day 5:VAPWT;gVAPWT vs. Day 20:VAPWT;gVAPWT 0.773054 ns 

Day 5:VAPP58S;gVAPP58S vs. Day 20:VAPP58S;gVAPP58S 0.001489 ** 

Day 20:VAPWT;gVAPWT vs. Day 20:VAPP58S;gVAPP58S 0.000157 *** 

 

 

Figure 3.10. (C) Total Sleep Comparison for Rescue Lines 

Compared Groups p-value Summary of p-value 

Day 5:VAPWT vs. Day 20:VAPWT 0.583788 ns 

Day 5:VAPP58S vs. Day 20:VAPP58S 0.000007 **** 

Day 5:VAPWT;gVAPP58S vs. Day 20:VAPWT;gVAPP58S 0.909646 ns 

Day 5:VAPP58S;gVAPWT vs. Day 20:VAPP58S;gVAPWT 0.970483 ns 

Figure 3.10. (D) Number of Sleep Bout Comparison for Rescue Lines 

Compared Groups p-value Summary of p-value 

Day 5:VAPWT vs. Day 20:VAPWT 0.255994 ns 

Day 5:VAPP58S vs. Day 20:VAPP58S <0.000001 **** 

Day 5:VAPWT;gVAPP58S vs. Day 20:VAPWT;gVAPP58S 0.985797 ns 

Day 5:VAPP58S;gVAPWT vs. Day 20:VAPP58S;gVAPWT >0.999999 ns 

Figure 3.10. (E) Mean Sleep Bout Length Comparison for Rescue Lines 

Compared Groups p-value Summary of p-value 

Day 5:VAPWT vs. Day 20:VAPWT 0.210734 ns 

Day 5:VAPP58S vs. Day 20:VAPP58S 0.000054 **** 

Day 5:VAPWT;gVAPP58S vs. Day 20:VAPWT;gVAPP58S 0.822637 ns 

Day 5:VAPP58S;gVAPWT vs. Day 20:VAPP58S;gVAPWT 0.999992 ns 
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