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ABSTRACT

Karatepe, R., Investigating the Effects of Neurometabolic Disease-Causing Genes on
Synapse Function in Drosophila melanogaster, Program of Molecular Metabolism
Doctor of Philosophy Thesis, Ankara, 2022. Our group has identified several patients
that harbor mutations in genes that hold the potential for being important players of
synapse function, UNC79 and MBOAT7 being two of them. UNC79 is one of the
accessory subunits of a sodium leak channel, NALCN, which is composed of NALCN,
UNC80 and UNC79 subunits. It is widely expressed in the brain and known to inhabit
neuropils in Drosophila. MBOAT7, on the other hand, is an enzyme that attaches
preferentially arachidonic acid to sn-2 positions of phosphoinositide (PI) in
specifically brain tissues of mammals. Pls, are renown players of synapse function. In
the light of information, we aimed to reveal the effects of UNC79 and MBOAT7
knockdowns on synapse size, number and morphology via combination of molecular

biology and imaging techniques by using fruit fly as a model organism.

Pan-neuronal and motoneuronal silencing of NALCN channel components -
NALCN, UNC79, and UNC80- and motoneuronal silencing MBOAT7 ortholog in
Drosophila 3™ instar larvae resulted in discrepancies in both brp and glutamate
receptor levels and morphologies compared to control groups. Besides, pan-neuronal

silencing MBOAT?7 ortholog has no effect on brp and glutamate receptor intensities.

Dissecting wild-type larvae in a time-dependent fashion showed that brp and
glutamate receptor levels oscillate in 1b neuromuscular junctions. Dissecting
motoneuronally silenced na in a time dependent fashion showed a shift in brp and
glutamate receptor intensities compared to control groups. On the other hand no
changes in both brp and glutamate receptor levels were observed in pan-neuronally

silenced frj larvae.

Keywords: Rare metabolic disease, GAL4/UAS, RNAI, brp, Glutamate receptor.

(*) This work was supported by TUBITAK 1002 (Project Number: 120Z2189) and The
German Academic Exchange Service (DAAD) Scholarship (57442045)).
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OZET

Karatepe, R., Norometabolik Hastallk Nedeni Olan Mutasyonlarin Drosophila
Melanogaster’da Modellenmesi ve Sinaps Fonksiyonu Uzerine Etkilerinin
Arastirilmasi, Molekiiller Metabolizma Programi Doktora Tezi, Ankara, 2022.
Grubumuz tarafindan son vyillarda sinaptopati ile iliskilendirilebilecek UNC79 ve
MBOAT7 gibi patojenik oldugu degerlendirilen yeni varyantlar saptanmistir. UNC79
geni, NALCN ve UNC80 proteinleri ile birleserek NALCN sizinti kanal olarak
isimlendirilen bir kanali olusturmaktadir. MBOAT7 geni ise Lands lipid modelleme
yolaginda yer alan 6nemli ve sinaps fonksiyonu Uzerine énemli etkileri olabilecek
enzimlerden biridir. Yukarida verilen bilgiler i1siginda UNC79 geni ve etkilesim
icerisinde oldugu NALCN kanal bilesenleri (UNC80 ve NALCN) ile MBOAT7 geninin
sinaps fonksiyonu ve sinaptik iletimde 6nemli rolleri olabilecegi fikri gliclenmektedir.
Fakat, proteinlerin yoklugunda sinaptik iletim, sinaps blyukligu ve seklinin nasil
etkilendigi bilinmemektedir. Bu sorularin cevaplanabilmesi igin ilgili genler Drosophila
melanogaster’de motor néronlarinda ve tim beyinde doku bazh susturulmustur.
Bahsi gegen genlerin moto-noronal ve pan-néronal olarak susturulmasi sonucunda
Drosophila 3. instar larva noromuskiler kavsaginda bulunan brp ve glutamat reseptor
miktarlarinin kontrol grubuna gore arttigi/azaldigi yani sabit olmadigl gozlenmistir.
Sonucun sirkadiyen ritim ile iliskili olup olmadiginin anlasiimasi i¢in yabanil tip sinek
larvasinin zamana bagh olarak disekte edilmesi sonucunda brp ve glutamat
reseptoriniin zamana bagl olarak osile ettigi ve bu osilasyon paterninin literatlirde
bahsi gegen sinek lokomotor aktivitesine benzedigi gdzlenmistir. Son olarak NALCN
Drosophila ortologu na motondronal olarak susturulup zamana bagh brp ve glutamat
reseptor miktari incelendiginde proteinlerin zamana bagl olarak osile ettigi, fakat

osilasyonun kontrol grubuna gore kaydigi gézlenmistir.

Anahtar Kelimeler: Gal4/UAS, RNAI, brp, glutamate reseptorl, metabolik hastalik.

(*) Bu calisma TUBITAK 1002 (Proje Numarasi: 120Z189) ve DAAD Arastirma Bursu
(57442045)) ile desteklenmistir.
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1. INTRODUCTION

Single-gene mutations that result in defects in metabolic pathways are known
as inborn errors of metabolism (IEMs). Most of the IEMs are recessively inherited and
clinical symptoms can be due to intoxication, defects in energy metabolism or due to

complex molecules.(1)

Most of the IEMs are known to manifest neurological signs. Neurological
findings may stem as early as the first neuronal differentiation which starts in the 1%
half of gestation, however synapse wiring and synapse formation does not speed up
until the last trimester where brain mass increases about three fold.(2) Hence,

synaptic dysfunctions mostly stem from this time and beyond.

Any process that hinders the formation and/or wiring of synapses can result
in epilepsy, movement disorders, and/or intellectual disability. Diseases that affect
synapse formation/wiring or synaptic function are referred to as synaptopathies.
Since, synapses possess unique composition and function, synaptopathies take an
important place in IEMs. Still, very few studies exist concerning synaptopathies and

little is known about the underlying molecular mechanisms.

Our research group has been working on the identification of the genes and
pathways for undiagnosed IEM patients via whole-exome analysis. We identified
several candidate genes that may have important tasks in synaptic function.(3-5)
Besides, our database harbors strong candidate genes that may have important roles

in synapse function -UNC79 and MBOAT7 being two of them.

UNC?79, functions as the accessory subunit of NALCN sodium leak channel. The
channelis composed of three subunits: NALCN forms the pore region whereas UNC79

and UNC80 form the accessory subunits.(6)

The channel is expressed in the whole brain and is known to be located close
to neuropils (synaptic dense regions) (7) and expressed in parallel to a conserved

active zone(AZ) component, bruchpilot (brp), in Drosophila.(8)



MBOAT7, on the other hand, is an enzyme that plays important roles in
phosphoinositide(Pl) remodeling: It preferentially attaches arachidonic acid(AA) to
the sn-2 position of PIs.(9) Mammalian brain Pls show tissue specific tail composition,
and mammalian brain Pls are enriched with AA on their sn-2 position. Besides, Pls
are renown regulators of synaptic function: AA, that is located in the sn-2 position of
Pls is known to play a role in easing open syntaxin (Syx) formation and thus SNARE
(Soluble NSF attachment receptor proteins) formation. Whereas Phosphatidylinositol
phosphate (PIPs) modulate synapse function by recruiting important synaptic

proteins.

In this study, by taking the aforementioned information into consideration,

our first aim was to understand

1. How synapse morphology, and synaptic brp and postsynaptic glutamate
receptor levels change at Drosophila neuromuscular junctions upon
motoneuronal and pan-neuronal silencing of NALCN channel components

and MBOAT?7.
Afterwards we sought to understand

2. Whether presynaptic and postsynaptic brp and glutamate receptor levels
cycle across the day in a time dependent fashion in Drosophila
neuromuscular junctions (NMIJs).

3. And if diet has an effect on brp/glutamate receptor levels and synapse

morphology.
Lastly,

4. We dissected motoneuronally silenced NALCN ortholog in a time-
dependent fashion to see if there is a change in oscillatory pattern of brp

and glutamate receptor levels.

With this study we, for the first time:



Silenced NALCN channel components and MBOAT7 to see the effects on
synapse morphology and pre- and post-synaptic brp and glutamate
receptor levels respectively.

Analyzed brp and glutamate receptor levels in a time-dependent manner
at Drosophila NMJs.

Analyzed presynaptic and postsynaptic morphologies/areas.

Observed how motoneuronally silencing na affected brp and glutamate
receptor levels in a time-dependent fashion.

Analyzed putative environmental factors that may have an effect on

synapse morphology and synaptic protein levels.



2. LITERATURE REVIEW

2.1. Inborn Errors of Metabolism

Inherited metabolic disorders are diseases that are estimated to be as high as
1 in 800 live births, but it varies greatly and depends on the population. Although
rare, around 350 million people on earth live with rare disorders.(10) Among these
patients, most of them have no treatment. On top of it, half of these patients came
to the doctor’s attention due to neurological deterioration possibly due to people
taking neurological signs more seriously than other signs.

Inherited metabolic disorders mostly result from single-gene mutations, and,
pathophysiologically, can be grouped into three main subgroups:

1. IEMs giving rise to intoxication
2. Energy metabolism defects
3. Complex molecule disorders

IEMs that give rise to intoxication mostly possess a symptom free period and
afterwards proceed with the accumulation of toxin substrate. Removal of toxin via
special diets or cleansing drugs i.e. sodium benzoate is mostly enough to treat the
disease (i.e. inborn errors of neurotransmitter synthesis).(1)

Energy metabolism defects, on the other hand, can be grouped into
mitochondrial (i.e. congenital lactic acidemias) and cytoplasmic energy defects (i.e.
disorders of glycogen and glycolysis metabolism), and are more severe and mostly
untreatable.(1)

The last group, complex molecule disorders, is mostly related with cellular
organelles, i.e. lysosome and peroxisome, and dysfunction of any of the organelles
affects many biochemical pathways in a more subtle way giving rise to a more
complex pathophysiology.(11)

Besides, most of the IEMs result in molecular homeostasis defects, and hence
mostly disrupt neuronal functioning and/or neurodevelopment and thus manifest

neurological outcome:



Brain development starts in very early neonatal stages by differentiation of
the cell to different types of neuronal cells and proceed with the proliferation of
progenitor cells. Any disruption in this phase results mostly in microcephaly. This
stage proceeds by the migration of neurons to their predefined locations (2-6 m
gestation) and proceeds in postnatal stage with circuitry formation and
myelination.(2) Disruptions in this stage will come with a broad disease
manifestation: It can range from attention deficits to locomotor problems, epilepsy
and developmental delay.

Synaptopathies, an umbrella term for diseases affecting synaptic
transmission, add up to considerable amounts in rare metabolic diseases, perhaps
due to synapses' unique composition and unique metabolic functions. Unfortunately,
albeit their amounts, synaptopathies are also one of the least studied subgroups of
metabolic diseases:

IEMs that lead to synaptopathies, may result from vitamin and purine defects
(i.e. intracellular cobalamin defects), small molecule accumulation (i.e. galactosemia)
small molecule deficiencies (i.e. GABA, GIuR), complex molecule accumulations (i.e.
Niemann Pick-C) or complex molecule defects (i.e. SNX14) or rarely may be a result
of energy/mitochondrial defects.(2)

Before turning faces to synaptopathy of interest, it is of great importance to

understand the principal players of synaptic transmission.
2.2. Synaptic Transmission and Drosophila Neuromuscular Junction

Neuronal lipid membranes surrounding axons and synaptic regions, host
many channels, mostly voltage-gated, that are important players in signal
propagation.

In Drosophila, action potentials that start from the axon hillock, travel all the
way to the end of the axon by depolarizing the membrane and ultimately opening
voltage-gated Ca?* channels. This event results in Ca%* rush into the neurons and
eventually Ca?* interacts with negatively charged amino acids located on Ca?* sensor

proteins, most notably synaptotagmin-1 (Syt-1).(12) This interaction facilitates the



formation of the SNARE complex which is composed of SNAP25, synaptobrevin, and
Syx-1.(13) Cleavage of these molecules results in neurotransmitter release at
specialized locations observed as dense bodies and named ‘active zone’ by Couteaux
and Pecot-Dechavassine.(14) Released neurotransmitters at 1b motoneuron NMJs
mostly bind to heteromeric glutamate receptors that are composed of GIuRIIC,
GIuRIID, GIURIIE subunits alongside with either GIuRIIA or GIuRIIB subunit.(15)

All of the processes take no more than a few milliseconds indicating a fast and
precise neuronal information flow. One can intuitively understand that the timing for
neurotransmitter release is very fast indicating that synaptic vesicles (SVs) must be
prepared beforehand. In fact, this is the case: AZs that host both SVs (some docked
whereas others not) and conserved synaptic proteins (RIM, Munc13, RBP, a-liprin,
and ELKS) bridge SVs with Ca?* channels and eventually regulate short-term and long-
term synaptic plasticity.(16) The precise amount of synaptic proteins and their spatial
location plays a big role in defining the speed and precision of synaptic transmission.

Muscles are present on the other end of the NMJ and comprise substantial
amount of body mass in Drosophila larvae. Motor neurons that exit the central
nervous system (CNS), extend all the way till muscles to form glutamatergic synapses
via type 1 boutons at neuromuscular junctions.(17, 18) Type 1 boutons can further
be classified as 1b (big) and 1s (small) and are stereotypic.(17, 19) To no surprise,
Drosophila larvae also share a stereotypic muscle anatomy which is distinct from its
mammalian counterparts: The most important distinction between mammalian
muscle and fly muscle is their formation style. One myotube forms one muscle in fly
larvae (20) whereas in mammalian system a bundle of myotubes have to come
together to form muscle fibers.(21, 22) In flies this feature results in shape and size
signatures for each muscle: Each abdominal segment has approximately 30 muscles
aligned in the same direction and innervated by special neuronal protrusions.(20, 21,
23) Besides, fly abdominal segments 2-7 share the same muscle pattern that allows
the analysis of NMlJs pretty easily.(24)

In short, NMJs process the messages they receive from upstream networks,

send the signal to the muscles which eventually is observed as locomotor behavior.



Hence, neuromuscular junctions, due to their location and stereotypic pattern are
notable hubs for not only understanding synaptic plasticity and synaptic function, but

also for driving conclusions for synaptic function-locomotor output association.

2.3.  Drosophila Locomotor Behavior

Drosophila, opposed to most of the mammals is crepuscular in controlled
laboratory condition: They are active close to lights on-off and exhibit a siesta phase
in between and another sleep phase approximately 12h later at midnight.(25) In
other words, two sin waves form daily rhythm in Drosophila. Therebeside, the
amplitude of the slope of the sin wave can be modulated by circadian rhythm factors,
temperature, age of the animal, to name a few.(25)

After the morning peak (M), fly activity level declines with differing slopes and
eventually a sleep phase is observed in the middle of the day. In the course of time
another steep increase occurs resulting in evening (E) activity peak close to lights off
phase. Of note, flies under natural conditions, behave in a totally different way: They
house another activity peak in the middle of the day known as afternoon (A) peak.(26)

Studies have shown that evening and morning peaks are regulated differently
by three different molecular mechanisms (27-29), yet light and circadian rhythm are

the main drivers of the daily locomotor oscillations (30):

Circadian rhythm regulation is mostly achieved by three main mechanisms.
Morning activity peak is regulated by PDF (Pigment-dispersing factor) positive small
ventral lateral neurons, whereas dorsal lateral neurons (LNDs) and PDF negative

sLNVs are necessary for evening peaks.(28, 31, 32)

One of the modulators of evening peak starting time is known to be the
circadian clock and temperature.(26) The timing of the peaks are thus prone to
changes in a daily basis. Evening to morning peak is reset everyday with morning light
and another set of sin wave starts each day . On top of it, previous history such as
sleep deprivation will have an effect on the locomotor pattern on consecutive days

which is known as rebound state.(33-35)



Besides, similar to adult flies Drosophila larvae also exhibit circadian
rhythms.(36-38) The first thing that comes into mind is whether Drosophila larvae’
also sense light? Though larvae do not have eye, larvae sense light via their rhodopsin
expressing bolwig organs (39, 40) and another highly interesting structure: cd4a
dendritic arborizations.(41) Cd4a with their highly branched dendrites cover all of the
muscles of Drosophila larvae and express extraocular photoreceptors.(41, 42) These
receptors that are not rhodopsin are highly sensitive to UV and blue light and can
sense light.(43, 44) Indeed high levels of light exposure induces the same locomotor
pattern in larvae via extraocular receptors: a rolling behavior which is preceded by

running from the light source.(41, 44)

2.4. Synaptic Plasticity

Synapses are dynamic structures. Their morphology and protein amount can
change rapidly by outside and inside cues in a long-term and/or short-term fashion.
These changes known as synaptic plasticity (45, 46) can be modulated by several
agents i.e. synaptic activity, circadian rhythm, light amount, and locomotor behavior.
Factors that change synaptic activity form a history at synapses, and later, synaptic
response changes according to the history of its own activity (44, 45) thus synaptic
activity results in learning and memory formation.(47, 48)

Synaptic plasticity may be the result of post-synaptic or presynaptic
induction.(49) Synaptic depression and facilitation in a short-time scale are
considered as short-term synaptic plasticity (50) while long-term synaptic changes
are accompanied by transcription of new proteins.(51-53)

Due to the conserved molecules and their meticulous housing at AZs
researchers tried to understand the relationship between morphology and synaptic
plasticity.(54, 55) As expected there are numerous papers drawing correlation with

synaptic molecular organization and synaptic plasticity.(56)



2.5. Cyto-matrix at the Active Zone (CAZ)

AZs, neurotransmitter release territories, are formed by a meshwork of
detergent-insoluble proteins (57) with a predefined structure that can change from
neuron to neuron or organism to organism. For instance, Drosophila neuromuscular
junctions share a T-shaped CAZ, thus named T-bar (58) whereas vertebrate central
synapse AZs have a disc-like shape.(59) Drosophila T-bars are formed by mainly five

conserved proteins: BRP, RIM, RBP, Liprin-a, and UNC13 (Figure 2.1.). (16)
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Figure 2.1. Domain Structure of AZ Components.

BRP is the main component that forms the T-shape and is thus used as a
morphology marker of AZs.(60) It aligns and forms an elliptic shape, and with its C-
terminal, interacts with SVs, while its N-terminal is in close contact with calcium
channel cacophony (CaC).(54, 61) Several brp molecules come together to form a
meticulous shape resembling a donut that wraps around CaC.(62) Furthermore,
ultrastructural studies of CAZ revealed that nearly 1:4 of BRP molecules are freely
standing at AZs and AZ intensities are gradually distributed which matches functional
synaptic activity among synapses.(56)

BRP is in close contact with one UNC13 isoform, UNC13A, that is placed
approximately 70nm away from CaC and is important in vesicle fusion; approximately
120nm away lies the other isoform UNC13B that is in close contact with liprin-a.(63)
RIM and RBP on the other hand, have important tasks in AZ organization and BRP

morphology (Please refer to Table 2.1. for other essential CAZ components).



Table 2.1. Key Drosophila Active Zone Components

AZ Component

BRP

RBP

Synaptotagmin-
1

SNAP25

Synaptobrevin

RIM

UNC13

a-Liprin

Definition

Presynaptic AZ protein. Forms T-bar, the presynaptic dense
region at AZs in which synaptic transmission occurs in
Drosophila. BRP C-term binds to SVs and is highly
homologous to vertebrate ELKS/CAST; whereas N term is in
contact with Calcium channel CaC an is formed by coiled-
coil sequences (54). BRP is in close contact with UNC13A

which lies approximately 70nm away from CaC. (63)

Rim binding protein consists of three SH3 and three FN3
domains (64) and mutating RBP results in a change in AZ BRP
morphology.(65)

Sytis placed in lipid membrane in a closed conformation and
interaction with MUNC18 results in Syt opening and SNARE

complex formation.(66)

One of the components of the SNARE complex.

One of the components of the SNARE complex.

Rab Interacting molecule plays role in AZ organization.

An accessory protein that is important in SVs fusion.(67)
Two isoforms UNC13A and UNC13B are placed 70 and 120
nm away from CaC via BRP and Syd-1 respectively, in

Drosophila.(63)

Liprin-at is important in anterograde transport including
axonal transport of unc104.(68) Together with Syd-1 they
assembly the first parts of AZ in Drosophila.(69)

10
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2.6. Synaptopathies of Interest

Synaptopathy term is used to define any disease with synaptic abnormality.
Abnormalites may be the outcome of direct synaptic dysfunction -mutations in
neuroligin (70), NMDARs (71), mGluRs (72) lead to these group of diseases- or they
may arise indirectly by any means that in the end changes synaptic signaling, as is the
case for some forms of ASDs.(73, 74)

Rare metabolic diseases such as hyperekplexia (also known as Startle disease)
(75, 76) and Angelman disease (77) are only some of the rare diseases that are
classified as synaptopathies, indeed there is more than meets the eye since rare
synaptopathic metabolic diseases increase exponentially in recent years.

Our group has identified several patients that can be classified in the
synaptopathy subgroup, however, mostly there is no study exploring how knockdown
of the gene products effect synapse morphology and synaptic protein levels. This
study will focus on mutation harboring genes UNC79 and MBOAT?7- that are thought

to be important players of synapse function.

2.6.1. UNC79

An affected child born to unaffected parents with distinctive craniofacial
features, abnormal motor activity and tone, sleep disorder, autonomic instability,
and developmental delay referred to our Metabolism Unit, Department of Pediatrics,
Faculty of Medicine, Ankara, Turkey. For the genetic diagnosis of the patients, whole
exome sequencing analyses were performed. A novel de novo variant (p.Thr1377Arg)
in UNC79 gene possibly linked to the pathogenicity of the patient was identified.

UNC79 is one of the accessory subunits of an orphan sodium leak channel
known as NALCN which attracted attention recently upon its rediscovery by H.A. Nash
in mutagenized flies.(7) Afterwards, the channel attracted attention for its sensitivity
to volatile anesthetics, its role in rhythmic behaviors and circadian rhythm, and of
course as a leak channel.(78-81) This channel is comprised of three subunits NALCN
being the pore forming region and two accessory subunits renown as UNC79 and

UNCB80 respectively.(82)
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NALCN and its Interacting Partners

NALCN channel belongs to the 4x6TM ion channel family (83) and is comprised
of three subunits: NALCN, UNC80, and UNC79 respectively.(80) It has diverged from
voltage-gated channels and is mostly found as single copy in bilaterians and non-
bilaterians except few organisms such as C. elegans.(84) Although, previous work
showed that the major charge carrying ion at resting membrane potential is Na* and
thus the channel is a leak channel (80), hence its name, recent studies showed that
NALCN channel also works in a voltage dependent manner.(85)

This channel shares many features of voltage gated Na* channels,
nevertheless, it digresses from these channels by its less positive S4 transmembrane
segment (83) and by the unique motif present in its pore region: (EEKE), differing
from both Na* and Ca?* channels.(80)

NALCN the pore component of NALCN channel is one of the core sleep
regulating genes (86) and is known to modulate pacemaker activity.(87)

UNC79 and UNC80 are the two accessory subunits interacting with NALCN
pore region and possess HEAT and armadillo repeats that interact with the pore of
the complex via the intracellular II-1ll linker.(82, 88, 89) Both of the subunits are
sizeable compared to common voltage gated Na+ channel subunits. On the contrary
to their size, they do not have known functional domains or transmembrane
domains, and are believed to play an important role in the localization and regulation
of the NALCN channel complex in Drosophila.(90) Disease causing mutation in both
UNC80 (91) and NALCN (92-95) are associated with CLIFAHDD syndrome -congenital
contractures of the limbs and face, abnormal tone, neonatal respiratory distress,
developmental delay.(94, 96-101) No mutation, other than ours, that leads to
CLIFAHDD in UNC79 was identified so far. However, or patients pathophysiology
closely resembles mutations in NALCN and UNC80 that makes UNC79 also a strong
candidate.

NALCN channel is also shown to interact with two other molecules: The pore
region binds to calmodulin (CaM) by its I1Q like motif that lie in the C-terminal.(6, 82,

102-104) On the other side, binding to NIf-1 (NCA localization factor 1) via NALCN’s
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extracellular loops is responsible for the localization of the channel and links the
channel to molecular clock (105), besides, rhythmic expression of NIf-1 results in low
Na* leak at night and high in the morning, thus changing the firing rates of Drosophila
clock neurons.(78) Activation of this channel can be achieved via G protein coupled
or G protein independent fashion (106): G protein-coupled channel activation
depends on low extracellular Ca?*, whereas G protein-independent activation of the

channel occurs via muscarinic acetylcholine receptors or substance P receptors.(107)
Literature Review

In this section we will especially focus on studies that are directly or indirectly
related to neuronal function and NALCN channel:

In humans, NALCN is mostly expressed in neurons in the CNS and its
expression pattern is in parallel with synaptophysin —a SV specific protein.(80) In
Drosophila, NALCN is concentrated in neuropils indicating that it may again be an
important player of synapse function in this organism.(7) Yet studies regarding this
channel and its effects on synaptic function are limited.

e NALCN channel is mostly considered as a Na+ leak channel due to less
positively charged S4 transmembrane segment that is believed to contribute to its
voltage insensitivity; however Lu et al. expanded the function of this channel and
found that this channel also functions as an extracellular calcium sensor, and
regulates extracellular calcium dependent neuronal excitability (108), Chua et al.
furthered this notion and proved that NALCN channel works in voltage dependent
manner.(85)

e When one of the components of NALCN channel is mutated these animals
displayed altered sensitivity to ethanol and volatile agents (VA) such as toluene and
halothane.(81) Although some studies show variances for some of the VA's such as
isoflurane (80), the general notion is true for all of them. On the other hand, it has
long been known that volatile anesthetics and ethanol act on synapses and inhibit
neurotransmitter release via an unknown mechanism. Apart from all these, one study

conducted by Metz et al. showed that UNC13 is necessary for isoflurane sensitivity in
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C. elegans.(109) However, there are no further studies available, and studies
concerning the relationship between the trio —-UNC79, volatile anesthetics, synapse
function.

e UNC80 acts downstream of PIP2 (PIP2 is an important coupler of SV fusion
to SV recycling), and PIP2 accumulation -no matter how- induces fainting phenotype
in UNC80 mutant animals. Furthermore, UNC80 mutant C. elegans harbors reduced
SVs.(110) Again, studies concerning UNC80’s action on synaptic function is limited
to this study.

e Last but not least, the function of this gene in circadian rhythm was
illuminated just a couple of years ago. The channel is one of the known few channels
that when mutated results in sleepless phenotype.(86) Furthermore, it oscillates in
day/night intervals, being expressed higher in the mornings and lower at night.
Interestingly, a core AZ component important in AZ maturation, BRP, shows cyclic
expression in optic lamina (111), opening an open question of if there is a link
between this channel and synaptic core BRP protein: A study conducted by Ghezzi
and his colleagues’ determined highly correlated gene expression profile for brp and

na in Drosophila, strengthening this opinion (Figure 2.2).(8)
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Figure 2.2. NALCN channel components are mostly expressed at central nervous
system and head of Drosophila. Modencode data) in parallel to BRP, synaptic AZ
protein, suggesting that it may also have functions in synapse function (adapted
from.(8))

2.6.2. MBOAT7?

The second gene of interest, MBOAT7, encodes an enzyme that preferentially
attaches arachidonic acid to phosphoinositide tail. 12 Turkish patients harboring five
different  homozygous mutations (pArg87*, pGIn376Lys, pTrp426*,
pLeu227ProfsX65, and chrl19:54.666.173-54.677.766/11594 bp del (112)) in
MBOAT7 gene were identified via Sanger sequencing and whole exome
sequencing.(4) MBOAT7 is an enzyme that sits in Lands cycle, also known as
phospholipid remodeling pathway, hence mutations in the respective gene results in
phospholipid remodeling disease with synaptopathic outcome. Clinical highlights of

the disease are:

e Characteristic facial expressions: apathetic face, large ears, deep set eyes,
short philtrum, broad forehead

e Global developmental delay

e Early onset seizures

e Speech and language impairments

o Intellectual disability

e Ataxic gait

e Neuroimaging Findings: Folium dysgenesis of the cerebellum with a particular

appearance, cerebellar atrophy, enlarged perivascular areas.(4)

MBOAT7 is an O-acyltransferase enzyme responsible for specifically adding
arachidonic acid to phosphoinositide’s and are important players in phosphoinositide

remodeling pathway -Lands cycle.(113)

To deeply understand MBOAT7 enzyme and its probable role in synaptic function,
it is crucial to start from the very beginning, phospholipids, and build an

understanding on top of it.
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Phosholipids

Phospholipids (PLs), the main units of the cell membrane, are amphipathic
molecules that consists of fatty acid chains at sn-1 and sn-2 and a phosphate group
at sn-3 position (Figure 2.3).(114) PLs, based on their head groups, can be subdivided
into seven groups, Phoshoinositides (Pl), inositol bearing molecules, being one of
them.(115) The inositol head group can be phosphorylated from three different
positions -3,4, and/or 5 giving rise to seven possible Pl species (Figure 2.4):

° Monophosphorylated Pls

=  PtdIns3P, PtdIns4P, and PtdIns5P
° Bishosphorylated Pls
= PtdIns(3,5)P,, Ptdins(4,5)P2, and PtdiIns(3,5)P:

° Trisphosphorylated Pls
=  PtdIns(3,4,5)Ps
Polar
0
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Figure 2.3. General representation of a phospholipid. Phospholipids are formed by a
polar head group (brown) that is attached to a glycerol backbone (pink) at sn-3
position and two hydrocarbon tails that are esterified to the glycerol backbone at sn-
1 and sn-2 positions (blue and green respectively).

Phosphorylation and dephosphorylation of the head group is achieved by
specific kinases and phosphatases respectively and most of the processes are
bidirectional.(116) Pls are known to be involved in modulation of important cellular

processes -i.e. vesicular transport, endocytosis, exocytosis, regulation of ion
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channels- by a phosphorylation and dephosphorylation cycle of the Pl head
group.(117, 118)

A unique feature of Pl sub-species is their heterogeneous distribution among
different sub-membranous compartments: For instance, PI4P are mostly found in
golgi whereas PI(4,5)P; in the cell membrane to name a few (Figure 2.5).(119) Since
different Pls can modulate different signaling cascades mostly via their negatively
charged head groups this feature also becomes important in local modulation of

signaling cascades.

PR

PP

Figure 2.4. Pl Acyl Species are heterogeneously distributed among different sub-
membranous compartments. Phosphoinositide’s can be phosphorylated from three
different positions giving rise to monophosphorylated (PIP), biphosphorylated (PIP2),
trisphosphorylated (PIP3) PIS: These Pl species specifically dominate special
membranes in mammalian tissues.(119)

Pl head group phosphorylation and de-phosphorylation event is very dynamic
and thus most of the research in this field is dedicated to Pl subspecies with a focus
on their head groups. However, in the invisible face of the iceberg lies: Pls acyl tail

groups.
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Phoshoinositide Acyl Tail

Pl acyl tails, at first glance are mere hydrocarbon tails seemingly fulfilling only
membrane attachment mission and are also considered as membrane fluidity
regulators mostly due to their length and saturation status. However, when looked
closely, their acyl tails, mostly one saturated and another unsaturated in positions sn-
1 and sn-2 respectively (Figure 2.5), show a remarkable tissue-specific identity.(120)
For instance, Pls in mammalian brains are mostly enriched in stearic acid ((C18:0) 18
carbons with no double bond) and arachidonic acid ((20:4) 20 Carbon chain with 4
double bonds in cis conformation) in its sn-1 and sn-2 position respectively.(9) On top
of this, acyl compositions of PI, PIP, PIP; and PIP3 are also very similar.(121) But how

is this acyl chain specificity achieved?

L N M X 3 A
'. ‘\ Lipid Bilayer

’ Head Group \

sn-1 sn-2

Figure 2.5. Phosphoinositide is a special type of phospholipid. It is composed of a
polar head that can be phosphorylated from several sites and two polycarbon tails
that are attached to sn-1 and sn-2 positions. The tail that is on sn-1 position is mostly
unsaturated and is either palmitic acid (16:0) or steraic acid(18:0), whereas the tail
on the sn-2 side is saturated and is mostly arachidonic acid (20:4, n-6) or
decosahexaenoic acid (22:6n), omega6 and omega3 respectively.

Lipids are synthesized from glycerol-3-phosphate (G-3-P) in the so-called

Kennedy pathway.(122, 123) This pathway ends up with fatty acids with
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heterogeneous tail groups since Kennedy pathway is only concerned with degrading
fatty acids but not with the tail group.(124)

Accordingly, degraded fatty acids bear asymmetrically distributed acyl chains,
thus shows no tissue specific identity.(124)

Phospholipids has to undergo an acyl chain remodeling after Kennedy
pathway via the only known phosphoinositide acyl chain remodeling pathway, Lands
cycle.(125) Two main types of enzymes —Phospholipase and Lysophosphatidylinositol
acyltransferase- play important roles in this pathway.(126) Phospholipase A1 and A2
play roles in the cleavage of acyl chains off phospholipids whereas
lysophosphatidylinositol acyltransferases transfer acyl groups from acyl CoAs to the
sn-2 position of lysophospholipids.(126)

Lands cycle, to the best knowledge only takes place in endoplasmic reticulum.

The cycle ends with a de novo PI that has remodeled acyl chain.(125)

Acyl Chain Remodelling

Acyl chain remodeling can be achieved by either first removing sn-1 acyl chain
or sn-2 acyl chain (Figure 2.6.).(121)

If the first scenario is the case:

° PhospholipaseAl (PLA1) will remove the acyl chain in the sn-1 position
° AGPATS8 (2, Acyl LPI acyltransferase) adds stearic acid to sn-1 position
° This is followed by the removal of the acyl chain in the sn-2 position

by phospholipaseA2 (PLA2) and arachidonic acid is attached by an enzyme called as
MBOAT7 to the respective position.

If the second scenario is the case:

° First Phospholipase A2 (PLA2) will remove the acyl chain in the sn-2
position

° MBOAT7 will add arachidonic acid to the respective position

° phospholipaseAl (PLA1) will remove the acyl chain in the sn-1 position

° AGPATS (2,Acyl LPI acyltransferase) adds stearic acid to sn-1 position
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In either case the end product is the same: Pl with stearic acid at sn-1 position
and arachidonic acid at sn-2 position. In the end PIS are highly enriched with specific
acyl chains. This composition is especially important in substrate specificity of the

enzymes involved in Pl cycle.
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Figure 2.6. Acyl Chain Remodelling via Lands Cycle. Kickstarting Lands cycle is
achieved either by removing sn-1 acyl chain or sn-2 acyl chain (1) and, in brains, ends
up with Pl with stearic acid at sn-1 (straight line) position and arachidonic acid at sn-
2 position.
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MBOAT7 Drosophila Ortholog Farjavit

Farjavit (frj), the Drosophila ortholog of MBOAT7 gene, shows 51% similarity
and 33% identity with MBOAT?7. Drosophila tissues lack arachidonic acid in their Pls,
however when expressed in yeast, frj also preferentially attaches AA to Pls.

Although frj shows similarity to MBOAT7 whether it is also attaching
arachidonic acid chains to phosphoinositide’s, especially in brain, is not clear. The
reason for this is arachidonic acid (20 carbon long) is absent in the brain tissue of
drosophila heads (127) and Drosophila phospholipid acyl chains are no more than 20

carbon long.(128) On the other side, frj is present in the cell membrane in Drosophila
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heads. On top of this, frj when expressed in yeast is shown to have a preference for
arachidonic acid attachment to PI chains.(129) Considering, diet plays a big role in
fatty acyl chains, and to our knowledge, there is no study concerning the effects of
diet on fatty acid chain composition in Drosophila. On top of it, Drosophila can
synthesize arachidonic acid from only special PUFAs i.e. docosahexaenoic acid (22:6n-

3) being one of them.(128)
Synaptic Transmission vs MBOAT?7

Arachidonic acid is a polyunsaturated fatty acid (PUFA). Hydrocarbon tails
with unsaturated (double bond carbon atoms) results in loose distribution of cell
membrane hence a more fluid and flexible membrane, and membrane fluidity is
important in vesicle cycling and synapse function.(130) For instance, PUFA lacking C.
elegans is known to harbor low numbers of SVs and shows mislocalization of
synaptobrevin and synaptojanin proteins, interestingly, this phenotype can be
rescued by not all PUFAs but a specific one: arachidonic acid.(131) Of note, PUFA rich
diets only effect the expression of few genes most of them being vesicle cycle related,
among them Munc18 is a well-studied vesicle fusion component.(132)

On the other hand Syx a protein important in vesicle fusion, is normally in
closed state and can only bind in open state to Syt that is present on SVs.(133)

On top of these, MBOAT7 mutation in mice lowers the absolute levels of both
arachidonic acid bearing phosphoinositide’s and a special type of Pl - PI(4,5)P2- that
is mostly present on the cell membrane and also dominated on synaptic

terminals.(134)
2.7. Drosophila Melanogaster as a Model Organism

Drosophila melanogaster, better known as fruit fly, was first used as a model
organism by T.H. Morgan in the beginning of 20t century and from that time on has
been the chevalier for many scientific discoveries and Nobel prizes.(135-137) Due to
the numerous research works conducted in Drosophila, fly library improved

drastically by time, resulting in hundreds of driver lines that express Gal4
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transcription factor in numerous temporal and spatial patterns. These lines ease
tissue specific silencing of the gene of interest, and are also fast and cheap to perform
research: For instance when silencing of the gene results in developmental delay and
eventually lethal outcome (138) one can easily turn to tissue specific silencing of the
gene. Furthermore, fruit fly, with its small size and short life span allows researcher
to conduct and reproduce research in a very short time. On top of it, no ethical
approval is needed and almost 70% of human genes are conserved.(139)
Drosophila, besides these advantages, share a stereotypical muscle
pattern.(140) Since Drosophila larvae is opaque not only immunohistochemical
studies but also in vivo imaging can be performed easily. On the other side,
innumerable studies on molecular mechanism of synaptic transmission are
conducted so far, thus previous knowledge eases understanding dysfunctions in
synaptic level. Finally, Drosophila NMJs share functional and structural similarities to

human synapses, making it an ideal organism to model diseases.(141)

2.8. GAL4-UAS System

GAL4-UAS system is used to silence or overexpress a gene of interest in a
tissue specific manner: GAL4 Driver lines restrict expression of a gene to a desired
tissue or time.(142)

GAL4 is a yeast based transcription factor and sits downstream of a tissue
specific promoter, hence GAL4 is only expressed in the tissue of interest in which the
promotor is activated. On the other side, in responder line, gene/RNAi of interest lies
downstream of UAS (upstream activation sequence) sequence which can only be
activated by GAL4 transcription factor.(143) When two lines, driver and responder
lines are united, GAL4 will bind to UAS sequence in a tissue specific manner and thus
drive the expression of gene/RNAi.(144) The ultimate result will be expresison or

knockdown of target gene in the desired tissue (Figure 2.2.).



23

Tissue
Specific ’
Promoter r
«ad
g «a»

Knockdown of gene

Figure 2.7. Depiction of Gal4-UAS System. Tissue specific silencing of the respective
gene is achieved via combining UAS and GAL4 driver lines in the same tissue.

2.9. Problem Statement and Aim

AZ components and their interrelation with one another is well defined,
however there is little study that highlights how synaptopathies affect conserved brp
and glutamate receptor levels and morphology in Drosophila NMlJs.

Considering the aforementioned information regarding synaptic function and
gene of interests alongside with the pathophysiology of our patient we think that
NALCN channel components and MBOAT7 enzyme has important roles in synaptic
function and transmission. Hence, to gain understanding about how the gene effects

synaptic morphologies and brp and glutamate receptor levels:
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We knocked down NALCN channel components and frj in Drosophila
melanogaster in a tissue specific manner (motoneuronally and pan-
neuronally) and examined how brp and glutamate receptor levels changed
relative to control groups via immunohistochemical staining and imaging.
Morphological parameters for active zones and postsynaptic side were
analyzed upon frj and NALCN channel component silencing at NMlJs
protruding muscle4 of 3 instar larvae.

BRP and glutamate receptor levels were measured in wild-type flies
(w'18) in a time-dependent fashion to understand if there is a circadian
regulation.

We analyzed how environmental modulators i.e. diet changed brp and
glutamate receptor levels and morphologies.

Finally we sought to understand how brp and glutamate receptor levels
changed in a time-dependent manner upon motoneuronal silencing

NALCN ortholog na.
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3. MATERIALS METHODS
3.1. Fly Husbandry, Stocks, and Handling

Flies are raised in semi-defined Bloomington recipe or special food in 12 hour
light-dark cycle (excluding one dissection at 29°C), at 25°C incubator and ~65%
humidity or 29°C incubator. Food was changed three times a week. After crossing (8-
14 virgin female and 8-12 male) flies were kept in the same incubator and food was
changed in two-three day intervals. Lines and crosses used in this experiments are as

follows:

UAS-na-RNAi/+ (VDRC #103754); UAS-na-RNAi/+ (VDRC #3306); UAS-unc79-RNAi/+
(VDRC #45780); UAS-unc79-RNAi/+ (VDRC #108132); UAS-unc80-RNAi/+ (VDRC
#1309); UAS-unc80-RNAi/+ (VDRC #1310); UAS-unc80-RNAi/+ (VDRC #108934); UAS-
frj-RNAi/+ (VDRC#51450); UAS-frj-RNAi/+ (VDRCH51451):

wild type: +/+ (w''®); Ok6::+: Ok6-Gal4/+; elav::+: elav-Gald/+; elav::na: elav-
Gal4d/+;;UAS-na-RNAi/+; Oké6::na: Ok6-Gald/+;;UAS-na-RNAI/+; na::+: UAS-na-
RNAi/+;;+/+; Ok6::+: Ok6-Gald/+;; +/+; elav::+: elav-Gal4d/+;; +/+; elav::unc79: elav-
Gal4/+;;UAS-unc79-RNAi/+; Ok6::unc79: Ok6-Gal4d/+;;UAS-unc79-RNAi/+; unc79::+:
UAS-unc79-RNAi/+;;+/+; elav::unc80: elav-Gal4d/+;;UAS-unc80-RNAi/+; Ok6:: unc80:
Ok6-Gal4/+;;UAS-unc80-RNAi/+; unc80::+: UAS-unc80-RNAi/+;;+/+; elav::frj: elav-
Gal4/+;;UAS-frj -RNAi/+; Ok6::frj: Ok6-Gald/+;;UAS-frj-RNAi/+; frj::+: UAS-frj-
RNAI/+;;+/+
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Table 3.1. Genotypes of the 3rd instar larvae used in experiments

GENE Drosophila ' Driver Construct Control = Silenced RNAi | Tissue
Ortholog control silenced
NALCN na elav::w1118 | na-RNAi::w1118 elav::na-RNAi Brain
NALCN na Ok6::w1118 | na-RNAi::w1118 Ok6::na-RNAI Motor
Neuron
UNCS80 unc80 elav::w1118 | unc80-RNAi::w1118 elav::unc80-RNAi | Brain
UNCS80 unc80 Ok6:w1118 | unc80-RNAi::w1118 Ok6::unc80-RNAi Motor
Neuron
UNC79 unc79 elav::w1118 | unc79-RNAi::w1118 elav::unc79-RNAI Brain
UNC79 unc79 Ok6:w1118 | unc79-RNAi::w1118 Ok6::unc79-RNAI Motor
Neuron
MBOAT7 @ frj elav::w1118 | frj-RNAi::w1118 elav::frj-RNAi Brain
MBOAT7 | frj Ok6::w1118 | OK6::frj-RNAI Ok6::frj-RNAi Motor
Neuron
3.2. Immunostainings

Larvae dissections and staining were performed as described by Qin et. al (15):
In short 3™ instar larvae were placed on a rubber pad; pinned from anterior and
posterior ends, and covered with Ca*? free ice-cold hemolymph-like solution (70 mM
NaCl, 5 mM KCI, 20 mM MgCl2, 10 mM NaHCO3, 5 mM trehalose, 115 mM sucrose,
5 mM HEPES, pH 7.2).(145) Afterwards, 3™ instar larvae were cut open from the
midline and internal organs were removed, leaving the brain and muscles intact.
Larvae were washed in HL-3 solution and fixed in methanol for 5 min with three times
repetition of washing step. Immunostaining were performed in 0.05% PBT solution
and larvae were blocked in 5% NGS (NGS, Sigma Aldrich). Larvae were incubated in
the blocking solution for at least one hour and primary antibodies dissolved in 0.05%
PBT and 5% NGS were added to larvae. Overnight incubation was held at 4°C.

Afterwards, larvae were washed in %0.05 PBT solution for 3-5 times and incubated
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for 4 hours in blocking solution with secondary antibodies. Larvae were washed in
0.05% PBT for one hour (room temperature) or overnight (4°C), mounted in
Vectashield (Vector Laboratories, USA) and covered with coverslip (Carl Roth,
Germany, H875).

The following primary and secondary antibodies were used: rabbit GIuRIID
(1:500 (15), mouse Nc82=anti-BRP C-term (1:150, Developmental Studies Hybridoma
Bank, University of lowa, lowa City, |IA, USA, AB Registry ID: AB_2314365); rabbit BRP
Last200 (1:1000; (13), mouse GIuRIIA (1:250, Developmental Studies Hybridoma
Bank, University of lowa, lowa City, IA, USA), goat-anti-HRP-647 (1:500, Jackson
ImmunoResearch, PA, USA, 123-605-021), goat anti-mouse Alexa-Fluor-488 (1:500,
Life Technologies, CA, A11001), goat anti-rabbit-Cy3 (1:500, Jackson
ImmunoResearch, PA, USA, 111-165-144)

3.3. Image Acquisition, Processing, and Analysis

Confocal images were acquired with Leica SP8 microscope (Leica
Microsystems, Germany). Drosophila 3™ instar larvae muscle four 1b boutons
(segments A3-A5) were imaged with a z step size of 0.25 um at room temperature
with 63x objective.

Background of the image was subtracted via a custom written Imagel script
and a mask of the synaptic area was created as follows:

Synaptic area was defined by freehand selection tool on BRP channel and the
selected region the Region of interest (ROI) was applied to the HRP channel (neuronal
membrane marker) of the image to confine the mask to only to NMJ of interest. After
clearing out the signals out of the NMJ a gaussian blur (1 pixel) was applied to the
channel to blur the image and eventually binary HRP mask was created.

AZs and glutamate receptors falling into 1b NMJ were defined via an
automated pipeline in Cell Profiler. In short two pipelines were created to define AZs

and glutamate receptor spots respectively.



28

3.4. Image Processing in Cell Profiler

Images were grouped in cell profiler according to their names -one group
constituted of BRP, glutamate receptor and HRP channels of the respective image.
HRP mask was subtracted from BRP and glutamate receptor channels of the image to
confine the analysis to the NMJ of interest. A gaussian blur of 1 (standard deviation
of the kernel) was applied to the image of interest to blur brp and glutamate receptor
spots respectively. To define each spot separately, different thresholding approaches
-minimum cross entropy, robust background, and Otsu- were tested out and Otsu
thresholding method was chosen to be the optimum among these methods for
brp/glutamate receptor spot determination.

To define each brp/glutamate receptor spots separately, three class Otsu
thresholding strategy was applied to each image and the middle peak was defined as
background. This method works by minimizing the variance between background and
foreground and separates spots accordingly.

Threshold smoothing scale of 1.0 was applied to the image to remove holes
and jagged edges caused by noise in the acquired image and a threshold correction
factor of 1.00 was applied to all of the images. Although for some of the images
threshold correction factor 1.6 seems to work better and stringed the area to the AZ,
due to the log-normal distribution of brp and glutamate receptor spot intensities, it
also resulted in less calculated AZ, thus information loss. Hence, to be able to
calculate most of the AZs, if not all, stringency factor of 1.6 was not applied to the
images and no adjustment in threshold was made by leaving threshold correction
factor 1.0. Upper and lower bonds of threshold were entered as 0.0 and 1.0
respectively.

To detect small areas of intense staining’s, as it is also our case for brp and
glutamate receptor spots, images were log-transformed before thresholding.
Afterwards, clumped spots were separated according to intensity and dividing lines
between clumped objects were drawn according to the lowest intensity

measurements: We also tried to de-clump the objects according to shape however
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not all brp’s have the same shape, thus this approach mostly resulted in wrong

declumping.

After defining the brp and glutamate receptor spots:

Brp and glutamate receptor spot intensities were measured from
whole image and also from each spot separately.

Spot size, spot shape, zernike features, and additional statistics (i.e.
object moments and inertia tensors were calculated for brp and
glutamate receptor channels) and solidity were also measured for
each spot.

Afterwards, each brp and glutamate receptor spot was subdivided to
5 equally distributed rings. Magnitude and phase of intensity was
calculated among these rings. This calculation is especially important
to analyze the intensity in each ring of the brp/glutamate receptor
spot. Mean intensity, and distribution of the intensity within each ring
were calculated for future analysis. Since brp shape is dynamic and any
shape change can also change synaptic plasticity these features are

especially important.

/

\_

Total or mean amount of intensity in each
ring

~

Zernike Feature
Distribution of intensity in each ring

Magnitude

/

Figure 3.1. Representation of Magnitude and phase of intensity calculation from brp
and glutamate receptor spots. Magnitude of the intensity only gives information for
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intensity as a whole, namely, mean and integrated intensity is calculated from each
ring without spatial information. Phase of intensity (Zernike features) gives also
spatial information for the intensity in each ring (i.e.one side of the ring is darker than
the other side).

These results were saved into dB folder. SQLite queries were executed to
extract ‘intensity and synapse morphology’ information. These data were pasted to
GraphPad Prism and statistical analysis and plotting of data were performed in this
platform. Some of the data were plotted in ‘https://rawgraphs.io’ an open-source
website for graph plotting. Data visualization and infographic designs are performed

in Adobe lllustrator.

3.5.  Statistical Analysis

All data were analyzed and plotted in GraphPad prism (8.4.2.) (GraphPad, La
Jolla, CA, USA). For illustration purposes some of the data were also plotted in a
commercial website (https://rawgraphs.io) and infographic design was performed in
Adobe lllustrator.

Two group analysis was performed with either non-parametric Mann-
Whitney U-test or student’s t-test. When analyzing more than two groups, first the
distribution of data was determined with D’Agostino Pearson Normality test.
Normally distributed data were analyzed with one-way ANOVA followed by a Tukey
posthoc. Non-normally distributed data were analyzed with Kruskal-Wallis and
followed by Dunn’s test. Means and standard error of mean (SEM) are used to
describe the variability within the sample (+ SEM). p of 0.05 and below were
considered significant *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s. (non-significant),

p>0.05).


https://rawgraphs.io/
https://rawgraphs.io/

3.6. Solutions

Table 3.2. Solutions

SOLUTIONS
Hemolyph-3

NaCl

KCL

MgCl
NaHCO3
Threalose
Sucrose

HEPES
Phosphate-buffered
saline (PBS)

NaCl

KCl

Na;HPO4 *2xH,0
KH2POg4

gr
4.090 g/l
0.372 g/l
4.066 g/l
0.840 g/|
1.892 g/
39.364 g/I
1.192 g/|
Amount
to add (for 1x solution)
8g
0.2g
1.805g
0.24¢g

mM

70mM
5mM
20mM
10mM
5mM
115mM
5mM

Final concentration

(1x)

137 mM
2.7 mM
11.569 mM
1.8 mM

Phosphate buffered saline (PBS) containing 0.05% Triton X-100

250 pl of Triton X-100 was added to 499,75 ml 1xPBS.

Hemolyph-3 (HL3)

1lt of HL3 solution was prepared by adding NaCl, KCL, MgCl, NaHCOs, Trehalose,

Sucrose, HEPES in the amounts indicated in the table and pH was balanced by adding

NaOH. Lastly, solution was filled up to 1liter.

Phosphate-buffered saline (PBS)

To get 1X PBS reagents were dissolved in 800 ml H20 and pH was adjusted to 7.4

with HCL and solution was filled to 11t with H20.
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3.7. Reagents and Resources

Table 3.3. Reagent and Resources

REAGENT or RESOURCES SOURCE
Antibodies

Mouse Monoclonal Nc82 = Developmental Studies

Hybridoma Bank

Rabbit BRP'a5t200 Ullrich et al., 2015 (13)
Rabbit GIuRIID Qin et al, 2005 (15)
GIuRIIA Developmental Studies

Hybridoma Bank

Goat anti-rabbit-Cy3 Jackson ImmunoResearch

Goat anti guinea-pig @Life Technologies
Alexa-488

goat anti-HRP-647 Jackson ImmunoResearch
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IDENTIFIER

Cat# nc82, RRID:
AB_2314865
N/A

8B4D2 (MH2B)

Cat# 111-165-144,
RRID: AB_2338006
Cat# A11073, RRID:
AB_2534117

Cat# 123-605-021
RRID: AB_2338967



Table 3.4. Software and Algorithms

SOFTWARE AND ALGORITHMS

LAS X Software

LCS AF

Imagel

MATLAB

Cell Profiler

DB Browser for SQLite (DB4S)
Adobe lllustrator

RawGraphs

GraphPad Prism

ffmpeg

OTHER

Leica SP8 Microscope

Leica
Microsystems
Leica
Microsystems

NIH

MathWorks
BSD 3-clause

Adobe Inc.
OpenSource
GraphPad

Software

Leica

Microsystems
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https://www.leica-
microsystems.com/home/
https://www.leica-
microsystems.com/home/
Version 1.48q/1.50g;
htpps://imagej.nih.gov/ij/
R2010b/R2016a

42.1

Version 3.12.2

Version 24.0.1 (2020)

https://www.rawgraphs.io

Version 5.01/6.01

Version4.3;

ffmpeg.zeranoe.com

https://www.leica-

microsystems.com/home/
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Table 3.5. Experimental Models: Organisms/Strains

EXPERIMENTAL MODELS: ORGANISMS/ STRAINS

D. melanogaster:

D. melanogaster:

D. melanogaster:

D. melanogaster:

D. melanogaster:

D. melanogaster:

D. melanogaster:

D. melanogaster:

D. melanogaster:

D. melanogaster:

D. melanogaster:

D. melanogaster:

Wild type: w1118
Ok6-Gal4/Il

Elav-Gal4/I

UAS-na-RNAI/IlI

UAS-na-RNAI/II

UAS-na-RNAI/IlI

UAS-unc79-RNAJ/II

UAS-unc79-RNAJ/II

UAS-unc80-RNAI/III

UAS-unc80-RNAJ/II

UAS-farjavit-RNAi/IlI

UAS-farjavit-RNAi/IlI

Lab stock

Aberle et al,,
2002

Lin and
Goodman,
1994
Bloomington
#25808,
FBgn0002917
VDRC
#103754,
FBgn0002917
VDRC #3306,
FBgn0002917

VDRC #45780,
FBgn0038693

VDRC
#108132,
FBgn0038693
VDRC #1309,
FBgn0039536

VDRC
#108934,
FBgn0039536

VDRC #51450,
FBgn0031815

VDRC #51451,
FBgn0031815

N/A

N/A

https://flybase.
org/reports/FBg
n0002917
http://flybase.or
g/reports/FBgn0
002917
http://flybase.or
g/reports/FBgn0
002917
http://flybase.or
g/reports/FBgn0
038693
http://flybase.or
g/reports/FBgn0
038693
http://flybase.or
g/reports/FBgn0
039536
http://flybase.or
g/reports/FBgn0
039536

http://flybase.or
g/reports/FBgn0
031815
http://flybase.or
g/reports/FBgn0
031815
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3.9 Fly Food Recipes

Table 3.6. Fly Food Ingredients

H20

Agar

Ribersirup
Malzin

Yeast

Soja flour

Mais flour
Nipagin in Ethanol
Propionic acid
Yeast extract
Peptone
Grafschafhter sirup
MgS04x7H.0
CaCl2x2H20
Water

BLOOMINGTON RECIPE

101t

42gr
183gr=126ml
666gr=500ml|
75gr

83gr

666gr
13grin 42ml
53ml

Water in pot: 4lt

Water at the end: 2It
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SPECIAL FOOD RECIPE

5t
40gr

400gr

5grin 50ml
30ml

100gr

100gr
450gr=307ml
2.5gr

2.5gr
Fill to 5t
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4. RESULTS

4.1. Motoneuronal and Pan-neuronal Silencing of NALCN Channel

Components

In this study NALCN channel components; na, unc79, and unc80 were silenced
both moto-neuronally and pan-neuronally via Gal4-UAS system, larvae were stained
against brp and glutamate receptor and imaging was performed via confocal
microscope.

Three different groups were used in the study:

a. In the first group, RNAI line and Ok6-Gal4/Il or elav-Gal4d/l were
brought together and thus motoneuronal silencing or pan-neuronal silencing of gene
of interest was achieved.

b. Driver control (DC): Ok6-GAL4/Il or elav-Gal4/I driver line was brought
together with w1118 flies hence Gal4 without an upstream activator sequence (UAS)
was prepared as driver control.

c. Construct control (CC): to understand if a leakage occurs in the
absence of Gal4 driver line, RNAi line of interest were crossed with w18 control flies.

Flies were kept at room temperature and crossed flies were placed to 25°C
incubator. Afterwards, larvae were placed to 29°C incubator. And dissections were
performed when all of the larvae reached 3™ instar stage.

During dissection, to restrain possible time-dependent variation in protein
levels (brp and glutamate receptor), 2 CC, 2 DC, and 2 RNAi lines were taken out from
the incubator and dissected at the same time, unless indicated otherwise. In total six
larvae were dissected from each group, eventually 1b NMJs that innervate the 4th
muscle between abdominal segments A3-A5 were scanned in confocal microscope.

After obtaining the images, all of the image processing steps were first
performed in Imagel. However, further analysis revealed that brp and glutamate
receptor intensities were log-normally distributed (AZ intensities were gradually

distributed) among NMJs (Figure 4.1), and examining each NMJs separately showed
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that area and intensities in the same NMJ is linearly correlated with each other and
neither area nor brp and glutamate receptor intensities are constant even in the

same NMJ (Figure 4.2).
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Figure 4.1. AZ intensities are lognormally distributed. Two separate experiments
performed on w1118 flies resulted in two different lognormal distribution of brp
intensities. A prominent change in skewness of the intensities among AZs draws
attention (Column height represents the percentage of brp intensities in that range.
Each column intensity is 0.02 apart from each other, dashed lines correspond to 0.04
intervals).
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Figure 4.2. BRP and glutamate receptor spot areas and integrated intensity are
directly proportional with each other.
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Intensities in each brp and glutamate receptor spot were also heterogeneous (Figure
4.3, d), thus, to increase the sensitivity of thresholding and thus segmentation we
first log-transformed the images by placing the log-value of intensities to each pixel
and then segmented the images. Henceforward, we re-analyzed images in Cell

Profiler.

Input image, cycle #1

550 600 650 700 750

Primary_Objects_BRP outlines

80

100

120

140

160

180

550 600 650 700 750

550 600 650 700

Figure 4.3. Input NMlJs and segmented NMJs. Borders of AZs were defined by Otsu
thresholding method (b) segmented AZs are shown with different colors(c). Each AZ
were binned to 5 and intensity distribution in each ring are shown as heatmap (d).
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AZs and glutamate receptor spots were defined with three class Otsu
segmentation technique -middle peak was defined as background. BRP and
glutamate receptor channels were segmented and analyzed separately. Furthering
the analysis, we calculated brp and glutamate receptor intensities as mean* and
integrated values®.

Since brp is a very dynamic molecule with polarized elliptic shape (56), area®
and ellipticity (eccentricity)’ of AZs are most explanatory among measured
morphological (perimeter, area, bbox area, compactness, Euler number, ferret
diameters, and Zernike features) features. In this thesis, thus, we mostly present area
and eccentricity measurements as a representation of synaptic morphological
features. Lastly, the number of spots calculated is another feature that we presented

throughout the thesis.

4.2. Motoneuronal and Pan-neuronal Silencing of NALCN Channel

Components -Na, Unc79, and Unc80- Produced Discrepant Results

Silencing NALCN ortholog motoneuronally and staining larvae against brp and
glutamate receptor, at first resulted in an increase in brp and glutamate receptor
levels compared to control groups. This increase was accompanied by an area
increase, but no significant change in brp and glutamate receptor eccentricity
(roundness) were observed. On the other side, brp and glutamate receptor spot
numbers remained constant (Figure 4.4).

Repeating the experiment one more time, opposed to the previous
experiment, resulted in a decrease in both mean brp and glutamate receptor levels

compared to control groups. On the other hand as it was the case with the previous

4 Mean BRP and glutamate receptor intensities were measured by first getting the intensity in each
spot and dividing the value by the spot area.

> BRP and glutamate receptor intensities in each spot were measured and an average of integrated
brp and glutamate receptor intensities for each NMJ was calculated.

6 Area for each spot was calculated as arbitrary units (a.u) and average of these values for each NMJ
was calculated.

7 Eccentricity value gives informartion about the roundness of the spots. It can take values between 0-
1. When the value is closer to 1 the shape is more elliptic, whereas when it comes closer to zero the
shape is more round.
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experiment an increase in brp and glutamate receptor area was observed and no
changes in neither eccentricity of the spots nor a change in spot number (Brp spot
and glutamate receptor spot) were observed (Figure 4.4) (To ease the viewing, all
replicated studies are shown in the same figure in two columns (indicated as 1 and
2)).

Motoneuronal silencing the accessory subunits, unc79 and unc80 resulted in
similar outcomes: Performing the dissections several times resulted in altered brp
and glutamate receptor intensities (Figure 4.6 & Figure 4.8) Morphology and
eccentricity parameters also showed discrepancies between different dissections
(Figure 4.6 & Figure 4.8)

In short, motoneuronal silencing of na, unc79, and unc80 had no effect on AZ
and glutamate receptor spot numbers ( Figure 4.4, Figure 4.6 & Figure 4.8) On the
other side, brp and glutamate receptor morphologies and intensities altered between
different dissections compared to control groups.

Pan-neuronal silencing of gene of interest produced similar results, namely,
AZ and glutamate receptor spot numbers did not change significantly among groups,
whereas brp and glutamate receptor intensity and morphological data differed
tremendously when the dissections were performed at different times compared to
control groups (Please refer to Figure 4.5, Figure 4.7 & Figure 4.9 for detailed

explanations).
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Figure 4.4. Motoneuronal silencing of na results in altered morphology and altered
brp and glutamate receptor intensities. Results for two different dissections are
shown in two columns as 1 and 2 respectively. BRP and glutamate receptor spot
number did not change upon motoneuronal silencing of na (a, b). On the other side,
morphology of the T-bars and glutamate receptor spots alongside with mean
intensities showed discrepancies, namely when the experiment was replicated
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results changed drastically compared to control group (c, d, e, and f). Motoneuronal
silencing of na resulted in an increase in brp and glutamate receptor levels in one
experiment, and brp and glutamate receptor levels decreased compared to control
group when the experiment was replicated (e, f). Scale bars: 5 um.
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Figure 4.5. Pan-neuronal silencing of na results in altered morphology and intensity
in both presynaptic and postsynaptic sides. Results for two different dissections are
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shown in two columns as 1 and 2 respectively. BRP and glutamate receptor spot
number did not change upon pan-neuronal silencing of na (a, b). On the other side,
morphology of brp and glutamate receptor spots change drastically compared to
control group (c, e). However, we could not observe the same changes when the
experiment was replicated (d,f). The same was true for mean and integrated brp and
glutamate receptor spot intensities (e, f). Scale bars: 5 um.
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Figure 4.6. Motoneuronal silencing of the accessory subunit unc79 results in altered
morphology and intensity in both presynaptic and postsynaptic sides. Results for two
different dissections are shown in two columns as 1 and 2 respectively. BRP and
glutamate receptor spot number did not change upon pan-neuronal silencing of
unc79 (a, b). On the other side, morphology (area and eccentricity) of brp and
glutamate receptor spots changed drastically when the experiment was conducted
for the first time (c), however we could not see a difference in brp and glutamate
receptor spot area, and eccentricity of the spots in both pre and post-synaptic sides
when the experiment was replicated (d). On top of it, brp and glutamate receptor
intensity was higher compared to control groups in the first experiment (e), but was
lower compared to control groups when the experiment was replicated. Scale bars:
5 um.
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Figure 4.7. Pan-neuronal silencing of the accessory subunit unc79 results in altered
morphology and intensity in both presynaptic and postsynaptic sides. Results for two
different dissections are shown in two columns 1 and 2 respectively. BRP and
glutamate receptor spot number did not change upon pan-neuronal silencing of
unc79 (a, b). On top of it, morphology (area and eccentricity) of brp and glutamate
receptor spots did not change in none of the groups except 1%t experiment in which
a significant decrease in brp spot area is observed between CC and DC (d, c). Mean



46

and integrated BRP and glutamate receptor intensities again showed inconsistent
results (e, f). Scale bars: 5 um.
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Figure 4.8. Motoneuronal silencing of the accessory subunit unc80 resulted in
inconsistent morphology and intensity. Results for two different dissections are
shown in two columns 1 and 2 respectively. BRP and glutamate receptor spot number

did not change upon pan-neuronal silenci

ng of unc80 (a, b). Morphology (area and

eccentricity) of brp and glutamate receptor spots (c, d) and mean and integrated brp



and glutamate receptor intensities (e, f) s
were replicated. Scale bars: 5 um.
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Figure 4.9. Pan-neuronal silencing of the accessory subunit unc80 resulted in
inconsistent morphology and intensity. Results for two different dissections are

shown in two columns 1 and 2 respectively

. BRP and glutamate receptor spot number

did not change upon pan-neuronal silencing of unc80 (a, b). On top of it, morphology
(area and eccentricity) of brp and glutamate receptor spots (c, d) and mean and
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integrated brp and glutamate receptor intensities (e, f) where not the same when the
experiment was replicated. Scale bars: 5 um.

4.3. Motoneuronal Silencing of Farjavit

Since dissecting NALCN components resulted in discrepancies in both mean
and integrated brp and glutamate receptor intensities, we further analyzed another
synaptopathy related gene to find out if the outcome will be similar.

Farjavit (frj), Drosophila ortholog of MBOAT7 is an enzyme that stands in
Lands cycle and preferentially attaches arachidonic acid to Pls. Pls are lipid molecules
and important modulators of synaptic function.

Tissue specific silencing of frj with two different RNAI lines had different
outcomes:

First dissection was performed by dissecting each group sequentially: Six
larvae from one group was dissected and this dissection was preceded by another six
larvae from another group (Figure 4.11.). In the second dissection, to restrain possible
time-dependent variation in protein levels (brp and glutamate receptor), 2 CC, 2 DC,
and 2 RNAi lines were taken out from the incubator and dissected at the same time
(Figure 4.10.).

Motoneuronally down-regulating frj resulted in a decrease in brp levels
compared to DC (Ok6::+), but not CC (frj::+), while BRP and glutamate receptor spot
number did not change between groups. On the other side, brp spots were rounder
whereas glutamate receptor spots were more elliptic compared to control groups
(Figure 4.10).

Motoneuronal silencing performed with another RNAi line resulted in
decrease in brp levels, but no significant change was observed in glutamate receptor
levels (Figure 4.11). As a result, as it was the case with NALCN channel components,

we could not observe the same alterations in intensities compared to control group.
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Figure 4.10. Motoneuronal silencing of frj results in altered morphology and intensity
in both presynaptic and postsynaptic sides. BRP and glutamate receptor spot number
did not change upon motoneuronal silencing of frj (a). On top of it, we observed
changes in morphology of both brp and glutamate receptor spots, no change in brp
area was observed compared to control group, whereas motoneuronally silenced frj
has rounder brp spots(b,c). Mean and integrated brp and glutamate receptor
intensities differed according to control group (d, e). Scale bars: 5 um.
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Figure 4.11. Motoneuronal silencing of frj results in altered morphology and intensity
in both presynaptic and postsynaptic sides. BRP and glutamate receptor spot number
differed between CC and motoneuronally silenced frj (a), whereas we could not
observe a change in morphology of the spots both in presynaptic and postsynaptic
sides (b,c). On top of it, brp intensities decreased upon motoneuronal frj silencing,
but we could not observe a significant intensity change on postsynaptic side (d, e).

Scale bars: 5 um.
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4.4. Pan-Neuronal Silencing of Farjavit has no Effect on Brp and

Glutamate Receptor Intensities

Pan-neuronal silencing of frj was followed by dissection of 3" instar larvae and
immunohistochemical staining. On the contrary, to the previous frj experiment, in
which one dissection was performed sequentially, this time dissections were
performed by using the same methodology that we used for dissecting NALCN
channel components: We dissected larvae by taking two larvae from each group and
dissected them at the same time.

Silencing frj pan-neuronally did not change brp and glutamate receptor levels
compared to control groups (DC: elav::+, CC: frj::+) (Figure 4.12). Replicating the
experiment in gender dependent manner again resulted in no change in brp and
glutamate receptor intensities compared to control groups. On the other hand,
morphology features (area, eccentricity) did not change in brp channel in the first
experiment (Figure 4.12), whereas we observed a slight decrease in brp eccentricity
in females compared to construct control in the second dissection (Figure 4.13), other
than this morphologies were very similar. Besides, glutamate receptor spot area and
eccentricities increased and decreased respectively compared to control group
(Figure 4.12 b and c). Gender dependent dissection eliminated glutamate receptor
morphology discrepancies and we observed and no significant change neither in area
nor eccentricity of the glutamate receptor spots (Figure 4.13).

In short, no intensity changes were observed in both brp and glutamate
receptor channels when compared to control groups. On top of it, no gender
dependent intensity changes in both brp and glutamate receptor levels were
observed. On the other hand, we observed a slight change in spot number between
control groups in first dissection. Whereas morphological changes were mostly
eliminated especially in glutamate receptor spots when dissections were performed
in a gender-dependent manner (Figure 4.12). Still, we observed eccentricity
differences in brp channel even when the dissections were performed in a gender-

dependent fashion (Figure 4.13).
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Figure 4.12. Pan-neuronal silencing of frj results in no change in brp and glutamate
receptor intensites. BRP spot number was higher in pan-neuronally silenced frj group
(a). On top of it, we observed slight change in both area and eccentricity of glutamate
receptor spots whereas brp morphology was the same in all of the groups (b, c).
Mean and integrated brp and glutamate receptor intensities, on the other hand, were
constant (d, e). Scale bars: 5 um.
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Figure 4.13. Gender dependent pan-neuronal silencing of frj has no effect on brp and
glutamate receptor intensities. BRP and glutamate receptor spot number and spot
area did not change upon neither pan-neuronal silencing of frj nor in a gender
dependent manner (a, b). Slight changes in spot eccentricity at brp spots in both
females and males were observed, but no gender dependent change in the
roundness of glutamate receptor spots were observed (c). Mean and integrated brp
and glutamate receptor intensities also did not change in a gender dependent fashion
(d, e). Scale bars: 5 um.
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4.5. BRP and Glutamate Receptor Levels are not Constant in Wild-Type

(w1118) Drosophila melanogaster at 29 °C

As mentioned, motoneuronal and pan-neuronal silencing of NALCN channel
components resulted in altered intensities and altered morphological features in
presynaptic and postsynaptic brp and glutamate receptor respectively.

Due to the discrepancies especially in the intensities in both brp and
glutamate receptor channels we stepped back and wondered how brp and glutamate
receptor levels changed at different times in wild type (w1118) fly larvae at
motoneuronal NMJs. It has been reported that brp levels oscillate in photoreceptors
of flies thus we concluded that it may be also the case for NMJs of Drosophila 3™
instar larvae.(111, 146)

Flies were reared in semi-defined Bloomington recipe at RT and crosses were
kept in 29C incubator. Namely, flies that were raised in RT were exposed to day-light
(On dissection date, day light was between 4.43 and 21.30 -3.53-4.43 and 21.30-
22.20 were civil twilights) and larvae were placed in 29°C incubator (lights were on
between 07:00-20:00) (Figure 4.14). 3rd instar larvae were dissected at random time
points and mean brp and glutamate receptor spot intensities were analyzed at the
specified time points (Figure 4.14). Approximately 5 fold change in brp intensity and
almost 7 fold change in glutamate receptor intensity was observed between max and
min mean intensities (min-max): 0.008- 0.053 (Glutamate receptor); 0.02-0.10) (BRP)
(Figure 4.14). Hence, immunohistochemical analysis showed that BRP and glutamate
receptor levels are not constant during day in wild type 3 instar larvae NMJs. Two
peaks close to lights-on and lights-off and a nadir at 15:00 p.m. was observed. The
minimum intensity was close to the second peak (2h apart from each other), showing
that brp and glutamate receptor levels can increase steeply (Figure 4.14 (Time:15.00
and 17.00). Moreover, brp and glutamate receptor levels did not change significantly
between the first peak and first nadir. In other words, when peak and nadir time
points were excluded, there was no significant change in neither brp nor glutamate
receptor levels at other time points (5 time points: Hours: 9, 11, 13, 19,21) (Figure

4.14).
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Of note, in incubator light behavior is totally different from sun: At room
temperature (RT), flies were exposed to natural light, consequently, light levels
increased gradually and so did the temperature, on the other hand in the incubator

light had an on-off state while temperature was constant.
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Figure 4.14. BRP and glutamate receptor levels are not constant in 3rd instar larvae.
Flies were kept at RT under day light and larvae were placed in 29°C incubator (a).
Mean BRP intensities at AZs at different time points (b). Two peaks in mean brp (b)
and mean glutamate receptor intensities (c) were observed at 7.00 and 17.00
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respectively and a the lowest intensity was observed very close to the second peak
in both brp and glutamate receptor channels (b, c).

4.6. BRP and Glutamate Receptor Levels are not Constant in Wild-Type
(W1118) Drosophila Melanogaster at 25 °C

Next, we sought to understand if we could observe brp and glutamate
receptor intensity change when larvae and flies were placed under more controlled
environment, namely:

Flies and larvae were kept in the same incubator at 25°C and a couple of
experiments were performed with slightly different conditions (Table 4.1):

1. Same number of female and male w1118 flies were crossed and
placed to two separate vials (Figure 4.15 a, fly color), placed into the incubator, were
treated in the same way from the beginning until dissection. However, in the
incubator lights on phase was not beginning at 8:00, it was shifted by an unknown
hour (not more than three hours) (Figure 4.15 a, arrows on top of the clock) and
humidity was also fluctuating. Yet, two vials were kept in the same environment and
the conditions were the same for both of the larvae. In this experiment our aim was
to understand if we can see the same oscillatory pattern in both of the vials (Figure
4.15 a)

2. Flies were raised in semi-defined Bloomington recipe and crosses
were kept in 25°C incubator. Dissections were performed for two consecutive days
by using larvae from the same vial. Only one dissection (ZT22) was performed
approximately 40 min earlier than the other dissection (Figure 4.15 b). With this
experimental design we wondered if we could see the same oscillatory pattern in the
same vial in two consecutive days.

3. Same number of female and male w1118 flies that were kept at 25°C
incubator were crossed and larvae were kept in the same incubator under 12h
light/dark environment (50% light amount), 65% humidity, and 50% circulating air.
3" instar w18 |larvae from two different vials were dissected at specified time points
(Figure 4.15 c). The experiment is the same experiment as experiment 1 with only a

more controlled environment.
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Table 4.1. Description of the environmental cues for w1118 dissections.

1st Experiment | 2nd

(Figure 8a)

Flies 259C incubator

Larvae 25°C incubator
Same number of
female and male
flies were raised at
different vials.
Environment 12h light dark cycle
(lights-on-off

shifted)

Humidity Fluctuated between
60-95%

Circulating air n.a.

Light amount n.a.

Incubator Condition | Incubator used by
others too (door
opens and closes at

different times)

(Figure 8b)

25°C incubator

25°C incubator
Only one vial of
crossing was

prepared.

12h light-dark cycle

60-65% Humidity

n.a.

n.a.

No-one used the

incubator.

Experiment

3rd Experiment

(Figure 8c)

259C incubator

25°C incubator
Same number of
female and male
flies were raised in

two different vials.

12h light-dark cycle

65% Humidity

50%

50%

No-one used the

incubator.

We observed the same oscillatory pattern when the dissections were

replicated, though in the second experiment at time point ZT22 (Figure 4.15 b)

dissection time differed for 40 min between the two dissections in which we saw a

difference between brp and glutamate receptor intensities when two dissections
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were compared to each other. Other than the aforementioned time, intensities were
very similar in a time dependent fashion: Amplitude of brp and glutamate receptor
differed slightly for some time points but this difference did not affect the overall
shape of the oscillatory pattern (i.e. Figure 4.15 a (ZT23); Figure 4.15 c (ZT0)). On top
of it, we observed at least two fold change in mean brp/glutamate receptor levels
between nadir and peak points, and up to 4 fold change in mean brp levels, and up

to 5 fold change in mean glutamate receptor levels (Figure 4.16).
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Figure 4.15. BRP and glutamate receptor oscillate with the same pattern. First set of
experiments were performed at 25°C, but the exact time when lights were on was
missing -though it was known that lights were on after 8.00 and was open for 12h.
Mean brp and glutamate receptor intensities oscillated with the same oscillatory
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pattern in the two experiments. On the other hand, amplitude of mean brp and mean
glutamate receptor levels differed at some time points (ZT10 and ZT23) between the
two groups (a). Mean brp and glutamate receptor oscillatory pattern was the same
when the experiment was conducted in two consecutive days. The only difference in
mean brp/glutamate receptor intensity was observed at ZT22, in which dissection
was not performed at the same time (40 min difference between starting points) (b)
The same experimental design as in (a) was performed in another incubator with
constant light, humidity, and constant air circulation (c). Same oscillatory pattern
were observed when two experiments with same conditions were run in parallel. The
only difference was the amplitude of mean brp and glutamate receptor levels at some
time points (i.e. ZTO0) (c).
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4_ . . . . .

37 , 4 ] : :

2 - 3 ¥ e d §

Ly 11111 I

Experiment

\ 1 2 3 4 5 6 /

Figure 4.16. Mean BRP and glutamate receptor changes at least two fold. Six separate
experiments were analyzed and at least two fold change in both brp and glutamate
receptor levels were observed between max and min brp and glutamate receptor
mean intensities.

4.6.1. BRP and Glutamate Receptor Levels Fluctuate in a Time-Dependent

Manner

We would like to further expand the results for second experimental design
(Figure 4.15 b).

We observed significant change in both brp and glutamate receptor levels
between ZT11 and all five time points, but though brp levels were lowest in the

middle of the day (time point:3 ZT3.5) we could not observe a significant difference



61

compared to other time points. Looking from glutamate receptor side, however, we
did observe significant change between this time point (3: ZT:3.3) and most of the
time points (Figure 4.17 a). Performing the dissections on the consecutive day with
the larvae that were reared in the same vial also gave close results: Time dependent
brp and glutamate receptor change of brp draws attention since it results in close
oscillatory patterns (Figure 4.17 a&b)

However, as it was the case for the first experiment conducted at 29°C (Figure
4.14) when lowest and highest intensity time points were excluded from the analysis
we could not see any significant change between other three time points. Replicating
the experiment on the following day resulted in an upside down bell curve shape
(Figure 4.17 b&d). The highest two intensities were observed close to lights-on and
off respectively with a more prominent difference in glutamate receptor side (Figure
4.17 c&d). The lowest intensity was observed at the same time, yet it was not as
prominent as in previous day (Figure 4.15 c&d).

On the other hand, when AZ morphologies were analyzed we could not see a

relationship between AZ morphology and time (Figure 4.17 e)
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Figure 4.17. Dissecting larvae in two consecutive days resulted in approximately the
same mean intensities at same time points.

Then we compared mean brp and glutamate receptor levels in a time

dependent fashion: We reanalyzed the samples, to see if brp and glutamate receptor

levels are same at in a time-dependent fashion (Figure 4.18). We observed significant

difference in both brp and glutamate receptor levels at ZT3.3 and a significant change

in brp levels at ZT22 (Figure 4.18). Of note these time points are close to the activity

peaks and siesta phases observed in previous studies in Drosophila.
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Figure 4.18. Mean BRP and mean glutamate receptor intensities showed upside
down shaped bell curve on both days. Significant change in brp levels (day 1 and 2)
were observed at ZT 22, however at this time point dissections were performed with
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a slight shift in time. At ZT3.5 we observed a significant change between brp and
glutamate receptor levels. Lowest brp values were also obtained at this time point.
Scale bars: 5 um.

4.7. Shifting Dissection Time for Only One-Two Hours Results in Non-

Significant Change in Intensities

In the previous experiments we showed that BRP and glutamate receptor
levels were not the same at all time points and brp and glutamate receptor levels
oscillated with the same pattern. However, when the experiment was replicated, for
very few time points -especially at min and max intensities- we could not observe the
same increase/decrease:

We postulated that:

e An acute increase in brp/glutamate receptor levels
and/or

e Slight change in the timing of the peaks (i.e. due to environmental
homeostatic reasons)

may be the reason for this observation.

Thus, we dissected the larvae by slightly changing the dissection time points
(time points in which peaks and nadirs were observed were omitted):

We dissected larvae by shifting the lowest brp/glutamate receptor observed
time point (ZT3 and ZT15) and also by switching shifting brp/glutamate receptor
observed time points (ZT21 and ZT9) by only one-two hours and also included
another time point in which we did not observe neither lowest nor highest
brp/glutamate receptor levels in any of the previous experiments (ZT17.30).

On the other side, apart from the previous experiment we also changed the
diet to see if diet will affect brp and glutamate receptor intensities at different times.
Thus, we changed the food (normal food (Bloomington recipe) and special food) and
run two dissections in parallel using the aforementioned time points (Detailed
experimental conditions are stated in Table 4.2)

No significant change between neither mean nor integrated brp levels were

observed in normal food treated and special food treated group (Figure 4.19 a, b)).
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On top of it, as it was the case in previous experiments, AZ number also did not
change significantly at different time points in normal food and special food treated
groups (Figure 4.17 c). Although brp levels were not significantly different from each
other; lowest total brp levels were observed at ZT3 and ZT15 (Figure 4.19 b), two time
points close to nadirs that were observed in previous experiments. Highest mean brp
level was observed at ZT9 in normal food treated group (close to peak point that was
observed in previous experiment) (Figure 4.15 c&d).

We observed a more obvious oscillatory behavior when diet was changed to
special food, though again mean and integrated intensities were not significantly
different between different time points.

In short, the oscillatory pattern was similar to the previous dissections in
which brp and glutamate receptor levels changed drastically (Figure 4.15). However,

no significant change in brp levels were observed.



Table 4.2. Experimental Conditions for normal food and special food vials.

Flies

Larvae

Food

Environment

Humidity

Circulating
air

Light
amount
Incubator

Condition

Normal Food

259C incubator

259C incubator

Same number of female and male

flies were raised at different vials.

Bloomington Recipe

12h light-dark cycle

65% Humidity

50%

50%

No one used the incubator.

No outside sound

Special Food

259C incubator

259C incubator

Same number of female and

male flies were raised at

different vials.

Special Food

12h light-dark cycle

65% Humidity

50%

50%

No one used the incubator.

No outside sound
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On the other side, we observed tremendous change in brp/glutamate

receptor spot morphology and intensity when we changed the diet. Mean and

integrated BRP intensities were always higher in normal food fed larvae (Figure 4.19)

and binning the results obtained from all time points resulted in a significant increase

in mean brp intensity compared to normal food fed larvae (Figure 4.19).

On the other hand, AZ area was always smaller and AZs were rounder (lower

eccentricity) in special food reared larvae (Figure 4.19).
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Figure 4.19. Changing diet has an impact on AZ shape and intensity. Mean (a) and
integrated BRP (b) intensities are higher in special food reared larvae. AZ number is
higher (c), whereas AZ area is lower (d) in special food fed group. AZs appear more
round in special fed group (e).

Afterwards, we binned all time points: AZ number and glutamate receptor
spot number were close to each other in normal food and special food treated group.
Though, spot area, bbox area, perimeter, and compactness lowered drastically in

special food fed larvae. Lastly brp and glutamate receptor spots appeared rounder
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and mean and integrated intensity of brp/glutamate receptor increased in special

food fed group (Figure 4.20)
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Figure 4.20. Tremendous changes in both spot shape of brp/glutamate receptor and
intensity changes in brp/glutamate receptor were observed. BRP and glutamate
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receptor spot number did not change between normal food and special food treated
group (a). Spot morphologies: Area (b), bbox area (c), perimeter (d), compactness (e),
and eccentricity (f) were lower in special food fed larvae, whereas mean (g) and
integrated (h) brp and glutamate receptor spot intensities were higher compared to
normal food fed larvae. (scale bar 2,5um)

4.8. Dissecting Larvae by Taking Sequential Time Points Results in

Gradual Change in BRP and Glutamate Receptor Levels

Until now we always performed analysis by taking separate time points. Then
we wondered what would happen if we spanned sequential time points. We started
dissecting the animals at 17:40 and finished at 22:20 (20:00 is the time point in which
lights turn off). When performing dissections we binned time points and dissected
approximately 6 larvae for each time point (Figure 4.21), we did not take larvae one
by one (Previous experience showed that intruding with animal behavior and
environment factors causes a change in brp/glutamate receptor levels (Data not
shown). Thus we tried to behave as gentle as possible). When dissection of 6 larvae
finished we took another set of larvae and dissected them. As a result, mean and
integrated intensity increased gradually during this time period. On the other hand,
spot number, spot perimeter, and spot area did not change significantly. Interestingly
brp and glutamate receptor spot shape changed significantly and became rounder

when intensity increased (Figure 4.21).



70

4 Spot Number Eccentricity \
200 n.s. n.s. 0.70 £ L
150 0.68
0.66
100 e
o 0.64
50 0.62 'I
0 0.60
12 3 123 ) 123 123
; o
Perimeter S Spot Area
28 4 50 n.s. n.s.
n.s. n.s.
26
(] 45
2 =
22
£ 40
20 S
18 35
123 123 123 123
Mean Intensity Integrated Intensity
0.15 800 1500 ax

e

600
1000
400
5 500
BRP 200
0
123 12 123 123

=
o . GIURID ’
1
2
3

0.

S

0.

o

Mean Intensity 17:40-20:00 Integrated Intensity

0.5 1500 n.s. LA n.s.

20:00-21:00

1000

n.s. n.s. ns.
0.10
21:00-22:20
0.05 I 500 I | |
0 I
11 22 33 11 22 33

o

0.00

LS w

Figure 4.21. Dissecting larvae by taking consecutive times results in gradual brp and
glutamate receptor intensity increase and a change in brp and glutamate receptor
morphologies. Mean and integrated BRP and glutamate receptor spot intensities
increased gradually by time. No change in brp and glutamate receptor spot number
was observed during this time period. Spot morphologies -area and perimeter- did
not change whereas spots become rounder when brp and glutamate receptor
intensities increased.
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4.9. Motoneuronally Silencing na Produces Phase Shift in BRP/Glutamate

Receptor Levels

In the end, we turned to the very beginning and asked if we could see a
difference when we dissected nalcn components with the same approach, namely
dissecting larvae by taking sequential time points. We started dissection at 21.44 and
finished at 1.33. The starting time point were specifically chosen to include time point
that was used in previous experiment (Figure 4.19) to see if we could observe close
mean brp/glutamate receptor values at this time point on another day with totally
different larvae.

On the other side, of note, this dissection was performed at night and we took
utmost precautions to not intrude with larval sleep/locomotor behavior:

1. We used dimmer outside light especially during opening the incubator

2. Took a set of larvae at the same time to lower the intrusion of

especially remaining larvae.

3. No-one used the incubator during these days.
4, No sound was made in the environment.
In short:

In driver control brp and glutamate receptor spot intensities decreased
gradually by time, whereas silencing NALCN in motor neurons resulted in an increase
in brp and glutamate receptor levels (Figure 4.20 c).

Mean brp and glutamate receptor intensity at time point 1 (Figure 4.20 c) was
very close to the mean values obtained from another experiment that was performed
previously spanning approximately the same time (Figure 4.19, time point 3).

If each time point was treated as a separate dissection we lost gradual
decrease increase information (Figure 4.20 d), binning all of intensities also resulted
in a non-significant change among groups (Figure 4.20 e) explaining the discrepancies

observed in previous experiments.
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dependent fashion.
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5. DISCUSSION
5.1. Silencing NALCN Channel Components Produced Discrepant Results

This study is the first time in which NALCN channel components and frj were
motoneuronally and pan-neuronally silenced and the effects were analyzed at AZ
level with the aid of immunofluorescent labeling and confocal microscopy.

BRP and glutamate receptor were used as pre and post-synaptic markers
respectively: BRP, marks AZs and is widely used to determine the shape of AZs. Itis a
coiled-coil molecule that forms T-shaped meshwork, adopts an elongated shape, and
is located vis-a-vis glutamate receptors in Drosophila NMJs. Staining brp C-terminal
(Nc82) and glutamate receptor (GIuRIID) provides information regarding the
presynaptic morphology and its relation with postsynaptic glutamate receptor thus
synaptic and postsynaptic morphology and function.

In this study, confocal scanning were performed from 1b glutamatergic NMJs
that protrude the 4" muscle of abdominal segments in 3™ instar larvae. Afterwards,
confocal stacks of the images from brp and glutamate receptor channels were
segmented with a custom written pipeline and analysis of brp and glutamate receptor
channels were performed separately.

UNC?79 is the accessory subunit of NALCN channel that is comprised of two
accessory and one pore forming unit. Until now, several infants harboring mutations
in NALCN and UNC80 were reported: Mutations in infants mostly are associated with
sleep (100, 147, 148) and respiratory disturbances(101, 148-151), reversed sleep
wake cycles(149), and altered anesthetic sensitivity.(149) Other prominent
dysfunctions are movement disorders accompanying developmental delay and
seizures with severe intellectual disability.(98, 147, 148) No mutations in UNC79 were
reported so far, yet our patient that harbors a probable pathogenic mutation on
UNC79 shows the same pathophysiological features of NALCN and UNC80 mutant
infants.

Previous studies of NALCN channel components on animal models, on the

other hand, are associated with volatile anesthetic sensitivity (80, 152-159),
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dreamless mutants (86), circadian (30, 87, 90, 160-162) and locomotor activity
alterations in Drosophila (7, 157, 162) and C. elegans.(163)

NALCN channel subunits are expressed in the whole brain of Drosophila, and
as the aforementioned information indicates, anesthetic sensitivity, locomotor
activity alterations, circadian rhythm disturbances phenocopy pathogenicity of
NALCN and UNC80 mutant infants, hence Drosophila is an attractive candidate for
studying the effects of knockdown of the respective genes on synapse function:
Moto-neuronally silencing the pore region ortholog, na, resulted in an increase in
both brp and glutamate receptor levels, however, redoing the dissection ended up
with a totally different outcome, namely a decrease in both brp and glutamate
receptor levels compared to control groups. AZ area and roundness also changed
compared to control groups, but due to the discrepancies in both intensity and shape
no relationship could be drawn.

Performing the very same dissection on pan-neuronally silenced 3™ instar
larvae also ended up with same discrepancies. What is more, Motoneuronal and pan-
neuronal silencing of NALCN channel accessory subunits, unc79 and unc80, resulted
with the same outcome: Performing dissections several times at random times
resulted in an increase, decrease and constant brp and glutamate receptor levels
relative to control groups (CC and DC), so did the morphology of pre- and
postsynaptic side. These results cannot be linked to solely RNAi lines that may exhibit
leakage, since replicating the dissection with different RNAI lines did not change the
results.

Previous studies on NALCN channel component na has revealed discrepancies
on anesthetic sensitivity too: Drosophila mutants harboring hypomorphic na were
both reported as resistant (157, 158, 164, 165) and hypersensitive (81, 159) to
halothane. Anesthetics are well known targets that alter synaptic signaling and
plasticity.(166, 167) Our study and previous studies on anesthetic sensitivity shows
that the results cannot be explained with hit-or-miss or RNAI line used, but most

probably has a common reason behind. Not to mention, anesthetics function through
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synapses and thus synapse function and anesthetic sensitivity is closely
correlated.(167)

On top of this, previous research that looked to locomotor pattern and
circadian rhythm upon silencing NALCN channel components reported that silencing
na alters locomotor pattern and circadian rhythm.(7, 30, 87, 90, 157, 160-162) These
results provide both a probable explanation for the results and insight for future
experimental design: In our experimental design, dissections were performed at
random times and a third dimension -time- was not considered when dissecting.
Previous anesthetic sensitivity studies were also performed without considering
time. Hence, the results might suggest that another dimension, time, has to be

considered when performing dissections.

5.2. Not Pan-Neuronally but Motoneuronally Silencing MBOAT7
Ortholog frj Produced Discrepant Results

On the other side, MBOAT7 ortholog of frj, were silenced in parallel to NALCN
channel components. MBOAT7 is known to preferentially add arachidonic acid to Pls
thus is important in Pl remodeling.(4) Pls have several important synaptic functions
one of them being formation of open Syx via the help of arachidonic acid that is
placed mostly to sn-2 positions of Pls in the brain, while open Syx facilitates SNARE
formation and eventually vesicle fusion.(168)

frj is expressed in Drosophila brain yet Drosophila brain Pls lack arachidonic
acid on their sn-2 position leaving its function in Drosophila a conundrum.(127)

Pan-neuronally silencing frj ended up with viable progeny and no intensity
change in neither brp and nor glutamate receptor relative to control groups were
observed. Next, we sought to understand if we could observe gender-dependent
changes in brp and glutamate receptor levels, since female Drosophila possess high
numbers of polyunsaturated phospholipids compared to male Drosophila.(169)
Performing gender-dependent dissections in pan-neuronally silenced larvae also
resulted in no alterations in both brp and glutamate receptor intensities. Though, we

observed changes in synaptic morphologies no conclusion could be drawn with the
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information in hand due to discrepancies in morphology data among different
dissections.

Of note, we performed the work with only one RNAI line and hence at least
one other RNAi line is needed to verify the result. The reason lying behind this is, even
a small leakage in the respective gene product is mostly enough to circumvent the
pathogenicity in metabolic disease related genes.

When the respective gene was silenced motoneuronally with two different
RNAI lines, we again observed discrepant results compared to control groups. A
drastic change in brp and glutamate receptor levels compared to control groups in
one of the dissections were observed. This dissection, however, opposed to the
previous dissections (NALCN and pan-neuronally silenced MBOAT7) were performed
by dissecting each group sequentially, resulting in time difference between dissected
groups. This change may be the result of the time difference, hence, brp and
glutamate receptor levels in wild-type flies has to be measured first in a time-

dependent fashion to draw an exact conclusion.

5.3. BRP Oscillates at Drosophila Neuromuscular Junctions

A possible explanation for discrepant results observed in the studies may be due
to a time-dependent change in brp and glutamate receptor levels in control flies.
Indeed a handful of papers state that brp levels change (170-173) in a time-
dependent fashion in some of the tissues of Drosophila, but recently, opposed to the
previous observations, one group stated that brp levels do not change in Drosophila
brain.(174)

Oscillations observed in the previous studies are mostly regarded as tissue
specific. And there is no consensus even in the papers claiming that brp oscillates in
a daily basis: For some of them brp and synapse number is high at night (170) whereas
for others it is high at day-time, and yet another group claims that brp changes with
locomotor activity (111) whereas, for one other group - intensity change in brp is
correlated with sleep need. (172) On top of all, most of the studies are performed in

adult flies and few studies concerning Drosophila larvae are present.
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Thus we first sought to understand if brp and glutamate receptor levels
oscillate at 3™ instar larvae NMJs of wild-type (w''8) flies by performing
immunohistochemical staining in a time-dependent fashion.

Immunohistochemical staining of presynaptic and postsynaptic sides at
random time points against brp and glutamate receptor showed that not only brp but
also glutamate receptor levels fluctuate in 3" instar 1b NMJs. At least two fold and
up to 5 fold change in glutamate receptor levels and up to four fold change in brp
levels were observed. Not to mention, spot area and shape was also changing at
differing times, to the contrary brp and glutamate receptor spot numbers were
constant in nearly all of the dissections performed so far (At least 200 separate
experiments were taken into consideration), if not all.

Of note, the reason for observing significant change in AZ and glutamate
receptor spot number in very few experiments (2-3) might be due to the
segmentation step: All of the NMJs were scanned with the same settings to be able
to compare the result with each other. Due to the immense intensity differences
among AZ staining, intensities lying in the lower band were too dim to count and
segment, giving a possible explanation for the spot number difference in the few
experiments. In short, due to the immense number of studies in which number of AZs
were close to each other, we can conclude that there are fix amount of AZs in NMJs.
This study is in line with previous studies which indicate that AZ numbers are
predefined.(175, 176)

Apart from that, dissecting larvae at different time points in both day-time
and night showed that brp/glutamate receptor levels are not constant neither at
night nor day. Thus timing of the dissections is the main determinant of the results.
These result gives a plausible explanation why some groups were claiming that brp is
high at night (170) and others not, namely, the discrepancies among whether brp is
high at night or day in previous research is most probably not related to the tissue in
which dissection is performed, but solely to the dissection times. For instance Ruiz et
al, opposed to other studies, states that brp staining is higher at night. However, the

group took two time points ZT19 and ZT7 as night and day respectively. Performing
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the study with the same time points gave the same results in our studies. However
taking another time point at night and day had the opposite outcome. Besides, of
note, in previous research day/night and activity/sleep are, at some instances, used
interchangeably, but Drosophila are crepuscular, meaning that they are not sleeping
whole night (are active before lights-on phase and are also active after lights-off
phase) and show a siesta phase in the middle of the day when the lights are on. In
most of the previous studies this information was not taken into account -especially
in the timing of immunohistochemical staining- and findings were discussed by
excluding this information. Indeed, in the aforementioned study, daytime (ZT7) is
close to the middle of the day in which flies may undergo a siesta phase and time
point taken as night (ZT19) on the other hand is after midnight in which an increase
in brp and glutamate receptor levels were observed is close to the dawn perception
that is observed as acute locomotor activity increase in Drosophila.

Afterwards, we proceeded by comparing brp/glutamate receptor intensities
of 3 instar larvae in a time-dependent manner. We observed that BRP and
glutamate receptor intensities are close to each other in a time dependent fashion,
excluding times that are close to acute locomotor activity (before lights-on lights-off)
and acute locomotor inactivity (siesta phase in the middle of the day):

Performing the experiment by dissecting larvae at random time points in two
consecutive days produced nearly the same mean intensities in a time dependent
fashion. On the other side, performing the very same experiment, with two different
vials of w'l8 flies that were reared under same environmental conditions but with
different flies, produced very close mean brp and glutamate receptor intensities in a
time-dependent fashion, indicating that the timing of the events is regulated by
circadian rhythm. Hence the results clearly show that timing is one of the main
determinants of brp/glutamate receptor intensities.

Highest brp and glutamate receptor intensities were observed close to light
on-off phase, and the lowest brp intensity was observed in the middle of the day or
close to midnight. Looking from AZ level, all of the AZ intensities and AZ areas in NMJs

were gradually distributed yet, despite the lognormal distribution, the highest mean
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intensities observed in different dissections were mostly very close to each other,
indicating that it is a result of most probably a well-defined time-dependent
distribution of active zone intensities. In short, time is one of the most important
determinants for brp/glutamate receptor intensities.

However, we must add-up that at some instances, we could not observe the
peaks at the specified times when the experiment was performed at another day: It
is well documented that locomotor activity changes are acute and the observed
results may be related to slight shifts in onset time of acute locomotor activity. Since
these dissections were performed at specified times without spanning a time period,
missing the peak time points is probable with our experimental design.

Yet another issue, in very few dissections we did not observe oscillations in
brp and glutamate receptor levels (data not shown) which is also reported in one
study.(174) We hypothesized that the underlying reason for non-significant increase
might be the timing of the dissections or environmental factors. Hence, to test the
first phenomenon we dissected the larvae by shifting the dissection time for only one-
two hours, in other words, shifting the time points in which we observed significant
change in brp and glutamate receptor levels in previous dissections. Interestingly,
now we did not observe any significant change in brp levels. However we saw the
same oscillatory pattern with a lower amplitude, giving explanation for the non-
significant levels of brp and glutamate receptor levels that was observed by our group
and one other group.

We also postulated that another reasoning for not seeing significant changes
in brp and glutamate receptor levels at different times could be due to environmental
factors that may change the amplitude and/or variance of brp/glutamate receptor
intensities:

To test this hypothesis, we used food as an environmental factor. Flies that
were reared in special food, showed an increase in both mean and integrated brp and
glutamate receptor intensities, namely an amplitude change in brp and glutamate
receptor levels compared to flies that were reared in semi-defined Bloomington

recipe indicating that amplitude of brp levels is internally and externally regulated.
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Brp and glutamate receptor spot areas were smaller in special food reared w!!*®
group, and the spots were more round compared to control group at all time points
indicating that morphology of active zones are drastically effected by diet.

Temperature was another factor that draw our attention, larvae raised at
29°C showed 5 fold and 7 fold increase in brp and glutamate receptor levels
respectively, which is much higher compared to the increase observed at 25°C, yet,
of note, the humidity was not the same in all of the incubators, hence a more
controlled dissection is needed to unquestioningly drive such a conclusion.

Until this time, all dissections were performed by taking separate time-points.
We thus tried to understand how brp and glutamate receptor levels change when
larvae were dissected by taking sequential time points: In w1118 3™ instar larvae we
saw a gradual increase in brp and glutamate receptor levels when a period close to
lights-off phase were spanned (approximately between ZT10-ZT14.30 -lights-off
phase starts at ZT12). This notion is in parallel with the locomotor peak time observed
in w1118 flies close to lights-off phase. (90)

With all of these information in hand, we turned to the very beginning and
dissected motoneuronally silenced na larvae in a time-dependent fashion by taking
sequential time points. We observed a phase shift in brp and glutamate receptor
levels compared to control group, namely while brp and glutamate receptor levels
decreased in driver control (Ok6::+) in a time-dependent fashion as midnight
approached (between ZT14(22.00)-ZT17.30(01.30)), the opposite was true for
motoneuronally silenced na larvae. These alterations closely fit circadian and
locomotor alterations that are observed when silencing NALCN channel components
in Drosophila.(7, 90, 162)

NALCN is one of the core sleep regulating genes.(86) Furthermore, recent
studies showed that brp and locomotor activity/locomotor inactivity(sleep) are
closely correlated in Drosophila.(172) Hence, reversed sleep wake cycles, and sleep
disturbances observed in some of the infants fits brp and glutamate receptor level
alterations. However, we cannot conclude that brp/glutamate receptor level changes

are the sole reason for sleep disturbances, because synaptic protein levels are
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interconnected with each other, and synaptic protein circuitry defines the overall
result. Thus it seems more probable that the relative levels of synaptic proteins at the
specified times may define locomotor pattern. Hence, before driving a clear
conclusion, proteins that alter by time should be identified meticulously to eliminate
possible confounding results.

Our study does not give real-time information regarding how locomotor data
changes in larvae upon brp and glutamate receptor intensity change. The reason
behind this is, we could not find an optimum method in which we can collect data
without intruding with larvae locomotor activity due to:

1. Any small intrusion in even fly vial (i.e. due to collecting larvae at one
time point) and changing the environmental conditions resulted in brp
level alterations (recording larvae movement and dissecting them at
the same time resulted in totally different brp intensities (data not
shown)) and thus a possible locomotor change in larvae.

2. Locomotor patterns could only be recorded in RT (to reduce the
opening and closing rate of incubator) in water (for easing analyzing),

hence environment and lighting also changed during video shooting.
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6. CONCLUSION

Synaptopathies take up a lot of room in rare metabolic diseases, yet we mostly
do not know if the mutation harboring gene has an effect on synapse morphology

and synaptic function which hinders reasoning the pathophysiology.

NALCN channel is formed by three domains: NALCN the pore region, unc79
and unc80 accessory subunits; the channel is known to interact with Mid-1 that is
known to form a bridge between circadian rhythm and NALCN channel. Mutations in
channel components NALCN and UNC80 are associated with alterations in circadian
rhythm, locomotor behavior, anesthetic sensitivity in both humans and model
organisms. The aforementioned pathophysiologies are closely linked to synapse
function, however, to our knowledge there is no study concerning how
downregulation of channel components alters synaptic function.

On the other side, MBOAT7 an enzyme that lies in Lands lipid remodeling
pathway is known to prudentially ad AA to Pls. Most brain Pls in mammals are
enriched in AA, and Pls and AAs are known regulators of synapse function.

In this study, with the means of Drosophila model organism and Gal4-UAS
system we downregulated the aforementioned genes in a tissue specific manner in
Drosophila motoneurons and the whole CNS. Brp was used to mark AZs and

glutamate receptor was used as a postsynaptic marker.

Downregulating NALCN channel components in motoneurons and the whole
CNS resulted in discrepant brp and glutamate receptor levels compared to control
groups. On the other side, downregulating another synaptopathy related gene, frj,
pan-neuronally had no effect on brp and glutamate receptor levels, however

motoneuronal silencing, resulted in discrepancies compared to control groups.

Dissecting 3" instar larvae in a time-dependent fashion showed that brp and
glutamate receptor levels are not constant in neuromuscular junctions of Drosophila
and show rhythmic intensity changes. The rhythm matches locomotor activity

pattern of Drosophila that is mentioned in literature.
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Changing the environmental factors also had an impact on brp and glutamate
receptor morphologies and intensities showing that synapses are extremely dynamic

structures and oscillations are regulated via circadian and environmental factors.

Lastly motoneuronally downregulating na and dissecting 3™ instar larvae in a
time-dependent manner resulted in a phase shift in the oscillation pattern of brp and

glutamate receptor explaining the discrepancies observed in the previous works.
With this work for the first time:

e NALCN channel components and MBOAT7 orthologs were silenced in
Drosophila in a tissue dependent manner and brp and glutamate
receptor levels and morphologies were measured.

e BRP and glutamate receptor levels were shown to oscillate in a time
dependent fashion in Drosophila NMJs.

e Environmental factors i.e. food, temperature add up to the oscillatory
behavior of brp and glutamate receptor intensities and diet has a big
impact on synapse morphology.

e The discrepancies in brp and glutamate receptor levels is a result of

phase shift of brp and glutamate receptor oscillations.

Lastly motoneuronally downregulating na in a time dependent manner resulted in a
phase shift in the oscillation pattern of brp and glutamate receptor explaining the

discrepancies observed in the previous works.
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For the sake of simplicity only comparisons in which values are significantly different from each other are included in the tables
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4.15.BRP and glutamate receptor oscillate with the same pattern (C)

1st vial, Mean BRP, Per NMJ Data
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P value
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<0.0001
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9
0.04683+0.0033

Hour

7vs.12

7vs.17
7vs. 19

12
0.06022+0.0035
P value
0.0039
<0.0001
<0.0001

4.15. BRP and glutamate receptor oscillate with the same pattern (C)
1st vial, Integrated BRP, Per NMJ Data

0
761.3£95.97
Hour

Ovs.7

Ovs.9

7
199.6+18.05
P value

<0.0001
0.0073

9
327.9424.21
Hour

Ovs. 12

7 vs. 12
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376.9+35.46
P value

0.056
0.051

17
0.08242+0.012

Hour

9vs. 19
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515.9+105.7
Hour

7vs. 17
7 vs. 19
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0.08849+0.0096

P value

0.0060
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572.8+84.18
P value
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4.15. BRP and glutamate receptor oscillate with the same pattern (C)
1st vial, Mean GIuRIID, Per NMJ Data

0 7 9 12
0.0025+0.0002 0.00092+0.0001 0.0018+0.0002 0.0017+0.0002
Hour P value Hour P value

Ovs.7 0.0005 7vs. 19 0.0068
4.15. BRP and glutamate receptor oscillate with the same pattern (C)

1st vial, Integrated GIuRIID, Per NMJ Data
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663.0+78.43 241.1+26.66 463.8+52.88 437.4+60.47
Hour P value Hour P value

Ovs.7 0.0005 7 vs. 19 0.0068
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Hour
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FIGURE 4.15. BRP and glutamate receptor oscillate with the same pattern (C)
DESCRIPTION  1st vial, Mean BRP, Per AZ Data
Hour 0 7 9 12 17 19

Mean +SEM 0.06685+0.0057 0.02761+0.002 0.04758+0.005 0.04912+0.005 0.06347+0.011 0.06609+0.0081

Multiple Hour P value Hour P value Hour P value Test

Comparisons

Ovs.7 <0.0001 7 vs. 0.0351 7 vs. 19 0.0001 Kruskal
12 Wallis with
7vs.9 0.0577 7 vs. 0.0047 Dunn’s
17 Multiple

Comparison
Test

FIGURE 4.15.BRP and glutamate receptor oscillate with the same pattern (C)

DESCRIPTION | 1st vial, Integrated BRP, Per AZ Data

Hour 0 7 9 12 17 19

Mean +SEM 3.546+0.3120 1.368+0.1202 2.561+0.2637 2.53240.2791 3.43940.6520 3.496+0.4209

Multiple Hour P value Hour P value Hour Pvalue Test

Comparisons

Ovs.7 <0.0001 7vs. 12 0.0897 7 vs. 19 0.0002 | Kruskal
7vs. 9 0.0516 7 vs. 17 0.0058 Wallis with

Dunn’s
Multiple
Comparison

Test
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4.15.BRP and glutamate receptor oscillate with the same pattern (C)
1st vial, Mean GIuRIID, Per AZ Data
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4.15. BRP and glutamate receptor oscillate with the same pattern (C)

1st vial, Integrated GIuRIID, Per AZ Data

0
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7 vs.9

7
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P value
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P value
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FIGURE 4.15. BRP and glutamate receptor oscillate with the same pattern (C)
DESCRIPTION = 2" vial, Mean BRP, Per NMJ Data
Hour 0 7 9 12 17 19
Mean SEM 0.1222+0.011 0.0387210.0044 0.04196+0.0041 0.05076%0.0031 0.1015+0.0087 0.1078+0.01041
Multiple Hour P value Hour P value Hour Pvalue Test
Comparisons
Ovs.7 <0.0001 7vs. 17 <0.0001 12 vs. 17 0.0002 One way
0vs.9 <0.0001 7vs. 19 <0.0001 12vs. 19 <0.0001 ANOVA with
Ovs. 12 <0.0001 9vs. 19 <0.0001 Tukey’s
Multiple
Comparison
Test
FIGURE 4.15.BRP and glutamate receptor oscillate with the same pattern (C)
DESCRIPTION = 2" vial, Integrated BRP, Per NMJ Data
Hour 0 7 9 12 17 19
Mean SEM 931.3+99.57 216.0£23.18 239.4£33.28 283.71£29.58 644.1164.02 716.7£106.4
Multiple Hour P value Hour P value Hour Pvalue Test
Comparisons
Ovs.7 <0.0001 Ovs. 17 0.0384 9vs. 17 0.0009 One way
0vs.9 <0.0001 7vs. 17 0.0006 9vs. 19 <0.0001 ANOVA with
Ovs. 12 <0.0001 7 vs. 19 <0.0001 12 vs. 17 0.0053 | Tukey’s
12 vs. 19 0.0005  Multiple
Comparison

Test
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4.15.BRP and glutamate receptor oscillate with the same pattern (C)
2" vial, Mean GIuRIID, Per NMJ Data

0 7 9 12
0.0042+0.0005 0.0009+0.0001 0.0011+0.0001 0.0011+0.0001
Hour P value Hour P value
Ovs.7 <0.0001 7 vs. 17 0.0003
Ovs.9 <0.0001 7 vs. 19 0.0034
Ovs.12 <0.0001 9vs. 17 0.0015
4.15.BRP and glutamate receptor oscillate with the same pattern (C)
2" vial, Integrated GIuRIID, Per NMJ Data
0 7 9 12
1104+134.6 242.9+27.89 288.5+40.05 300.9+32.28
Hour P value Hour P value
Ovs.7 <0.0001 7 vs. 17 0.0003
Ovs.9 <0.0001 7 vs. 19 0.0034
Ovs. 12 <0.0001 9vs. 17 0.0015

17
0.0029+0.0003
Hour

9vs. 19
12 vs. 17

17
766.2+82.30

Hour

9vs. 19
12 vs. 17
12 vs. 19
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0.0030+0.0005
P value

0.0153
0.0067

19
788.1+£149.1

P value

0.0154
0.0067
0.053
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4.15. BRP and glutamate receptor oscillate with the same pattern (C)
2" vial, Mean BRP, Per AZ Dat

0
0.1106%0.001
Hour

Ovs.7
Ovs.9
Ovs. 12

7
0.03498+0.004
P value

<0.0001
<0.0001
<0.0001

9
0.03801+0.004
Hour

7 vs. 17
7 vs. 19
9vs. 17

12
0.04548+0.003
P value

<0.0001
<0.0001
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4.15. BRP and glutamate receptor oscillate with the same pattern (C)
2" vial, Integrated BRP, Per AZ Data

0
6.402+0.5479
Hour

Ovs.7
Ovs.9
Ovs. 12

7
2.261+0.2306
P value

<0.0001
<0.0001
<0.0001

9
2.298+0.2055
Hour

7vs. 17
7 vs. 19
9vs. 17

12
2.744+0.1507
P value

<0.0001
<0.0001
<0.0001

17
0.09106%0.008
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9vs. 19
12 vs. 17
12 vs. 19

17
5.363+0.4154
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9vs. 19
12 vs. 17
12 vs. 19

19
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P value

<0.0001
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<0.0001
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P value

<0.0001
0.0001
<0.0001
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4.15. BRP and glutamate receptor oscillate with the same pattern (C)

2" vial, Mean GIuRIID, Per AZ Data

0 7
0.1007+0.0111 0.0323+0.0036
Hour P value
Ovs.7 <0.0001
Ovs.9 <0.0001
Ovs. 12 <0.0001

9
0.0369+0.0037
Hour

7vs. 17
7vs. 19
9vs. 17

12
0.0399+0.0034
P value

0.0001
0.0007
0.0013

4.15. BRP and glutamate receptor oscillate with the same pattern (C)

2" vial, Integrated GIuRIID, Per AZ Data

0 7
5.732+0.7397 1.600+0.1696
Hour P value
Ovs.7 <0.0001
Ovs.9 <0.0001
Ovs. 12 <0.0001

9
1.97940.2026
Hour

7vs. 17
7vs. 19

9vs. 17

12
1.965+0.1862
P value

<0.0001
0.0005

0.0009
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17 19
0.0797+0.0083 0.0774+0.0092
Hour Pvalue Test
9vs. 19 0.0052  Kruskal
12vs. 17 0.0065  Wallis with
12vs. 19 0.0223 Dunn’s
Multiple
Comparison
Test
17 19
4.478+0.4721 4.139+0.5331
Hour P value Test
9vs. 19 0.0098 Kruskal
12 vs. 17 0.0011 Wallis with
12 vs. 19 0.0112  Dunn’s Multiple

Comparison
Test
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4.19. Changing diet has an impact on AZ shape and intensity.

Normal Food, Mean BRP, Per NMJ Data

17.30 21
0.09535+0.01064 0.08924+0.01280
Hour P value Hour

All values n.s.

4.19. Changing diet has an impact on AZ shape and intensity.

Normal Food, Integrated BRP, Per NMJ Data

17.30 21
557.1+68.90 603.1+81.08
Hour P value Hour

All values n.s.

3

0.08175+0.008828

3
470.0+46.71

0.1027+0.009634

P value

P value

9
Hour
9
574.3+61.55
Hour

15

0.09533+0.01231

P value

15
446.2+51.88
P value
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4.19. Changing diet has an impact on AZ shape and intensity.
Normal Food, Mean GIuRIID, Per NMJ Data

17.30
0.0036+0.0004

Hour

17.30vs. 3

21

0.003433+0.0006

P value

0.0176

0.002154+0.0002

Hour

3vs. 9

4.19. Changing diet has an impact on AZ shape and intensity.
Normal Food, Integrated GIuRIID, Per NMJ Data

17.30

943.0+125.3
Hour

17.30vs. 3

P value

0.0176

21
900.0£145.7

Hour

3vs.9

3 9
0.003448+0.0003

P value Hour
0.0126

3 9
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0.0125

15
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4.19. Changing diet has an impact on AZ shape and intensity.

Special Food, Mean BRP, Per NMJ Data
17.30 21
0.1323+0.0082 0.09883+0.0075
Hour P value Hour

All values n.s.

4.19. Changing diet has an impact on AZ shape and intensity.

Special Food, Integrated BRP, Per NMJ Data

17.30 21
774.1+49.38 648.3+73.52
Hour P value Hour

All values n.s.

3

0.1056+0.0068

3
597.6+£52.59

0.1224+0.0082

P value

P value

9
Hour
9
673.9159.55
Hour
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107

Test

One way
Anova with
Tukey’s
Multiple
Comparison
Test

Test

Kruskal
Wallis with
Dunn’s
Multiple
Comparison
Test



FIGURE

DESCRIPTION
Hour

Mean *SEM

Multiple
Comparisons

FIGURE

DESCRIPTION
Hour

Mean *SEM

Multiple
Comparisons

4.19. Changing diet has an impact on AZ shape and intensity.
Special Food, Mean GIuRIID, Per NMJ Data

17.30 21 3
0.0049+0.0004 0.0046+0.00068 0.004254+0.00046
Hour P value Hour
All values n.s.
4.19. Changing diet has an impact on AZ shape and intensity.
Special Food, Integrated GIuRIID, Per NMJ Data
17.30 21 3
1273+£115.5 1213+£178.3 1115+£120.6
Hour P value Hour

All values n.s.

0.004369+0.0004

P value

P value

9
Hour
9
1145+128.2
Hour

15

0.004088+0.0003

P value

15
1072+82.08
P value
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4.19. Changing diet has an impact on AZ shape and intensity.
Normal Food, Mean BRP, Per AZ Data

3

0.07606+0.0080

Hour

All values n.s.

9

0.09411+0.0088

P value

15

0.08746%0.01151
Hour

4.19. Changing diet has an impact on AZ shape and intensity.
Normal Food, Integrated BRP, Per AZ Data

3
4.591+0.4562
Hour

All values n.s.

9
5.699+0.4608
P value

15
5.118+0.5707

Hour

17.30
0.08776+0.010
P value Hour

17.30
4,943+0.5253
P value Hour

21

0.08271+0.012
P value

21
5.04510.6212

P value

109

Test

Kruskal
Wallis with
Dunn’s
Multiple
Comparison
Test

Test

Kruskal
Wallis with
Dunn’s
Multiple
Comparison
Test



FIGURE

DESCRIPTION
Hour

Mean *SEM

Multiple
Comparisons

FIGURE

DESCRIPTION
Hour

Mean *SEM

Multiple
Comparisons

4.19. Changing diet has an impact on AZ shape and intensity.
Normal Food, Mean GIuRIID, Per AZ Data

3

0.06843+0.006652

Hour

3vs. 9

9

0.1136+0.01250

P value

0.0088

15

0.1163+0.02047

Hour

3vs. 15

4.19. Changing diet has an impact on AZ shape and intensity.

Normal Food, Integrated GIuRIID, Per AZ Data

3
3.64310.3900
Hour

3vs.9

9
6.350+0.6842
P value

0.0067

15
6.511+1.172
Hour

3vs.17.3

17.30 21
0.1131+0.01353 0.09766+0.01403
P value Hour P value
0.0931 3vs.17.3 0.0278
17.30 21

6.407+0.8190 5.328+0.7576

P value Hour P value

0.0226
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4.19. Changing diet has an impact on AZ shape and intensity.
Special Food, Mean BRP, Per AZ Data

3

0.09546+0.0063

Hour

All values n.s.

9

0.1097+0.0073

P value

15

0.1162+0.0083
Hour

4.19. Changing diet has an impact on AZ shape and intensity.
Special Food, Integrated BRP, Per AZ Data

3
5.158+0.3064
Hour

All values n.s.

9
5.847+0.3197
P value

15
6.330+0.4018

Hour

17.30
0.1212+0.0077
P value Hour

17.30
6.320+0.4057
P value Hour

21

0.0906+0.0068
P value

21
4.948+0.3531

P value
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4.19. Changing diet has an impact on AZ shape and intensity.
Special Food, Mean GIuRIID, Per AZ Data

3

0.1247+0.01050

Hour

All values n.s.

9

0.1288+0.01103

P value

15

0.1275+0.0096

Hour

4.19. Changing diet has an impact on AZ shape and intensity.

Special Food, Integrated GIuRIID, Per AZ Data

3
6.560+£0.5680
Hour

All values n.s.

9
6.536+0.5808
P value

15
6.53710.4822

Hour

17.30
0.1471+0.01233
P value Hour

17.30
7.555+0.6718
P value Hour

21

0.1232+0.01032

P value

21
6.618+0.5128
P value
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4.21. Spanning a period of time results in gradual brp and glutamate receptor change and a change in brp and glutamate receptor morphologies.

SF (BRP) Mean Intensity, per image

9

0.06854+0.00

Hour

9vs. 12
9vs. 14

10

0.09901+0.01153

P value

0.0012
0.0056

12

0.1124+0.0058

Hour

9vs. 13

13

0.1251+0.0073

P value

0.0014

0.1165+0.0099

Test

One way
Anova with
Tukey’s
Multiple
Comparison
Test

4.21. Spanning a period of time results in gradual brp and glutamate receptor change and a change in brp and glutamate receptor morphologies.

Special Food, Integrated BRP, Per NMJ Data

9
317.3+44.99
Hour

9vs. 12
9vs. 13
9vs. 14

10
444 .5+55.66

P value

<0.0001
<0.0001
0.0035

12
662.7149.29
Hour

10vs. 12
10vs. 13

13
735.8+£82.82

P value

0.0423
0.0223

14
611.61£30.24

Test

One way Anova with
Tukey’s Multiple
Comparison Test
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4.21. Spanning a period of time results in gradual brp and glutamate receptor change and a change in brp and glutamate receptor morphologies.

Special Food, Mean GIuRIID, Per NMJ Data

9
0.0017%0.0002
Hour

10vs. 13
10vs. 14

10
0.0026+0.0004

P value

0.0460
0.0374

12
0.0025%0.0003
Hour

12 vs. 13
12 vs. 14

13

0.00079+0.0001
P value

0.0243
0.0176

14
0.0007+0.0001

Test

One way Anova with
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Comparison Test

4.21. Spanning a period of time results in gradual brp and glutamate receptor change and a change in brp and glutamate receptor morphologies.

Special Food, Integrated GIuRIID, Per NMJ Data

9
453.3+64.85
Hour

10vs. 13
10vs. 14

10
673.6£110.4

P value

0.0460
0.0375

12
651.1+£103.2
Hour

12vs. 13
12vs. 14

13
207.0+41.69

P value

0.0243
0.0176

14
186.4+41.73

Test
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4.21. Spanning a period of time results in gradual brp and glutamate receptor change and a change in brp and glutamate receptor morphologies.

Special Food, Mean BRP, Per AZ Data

9 10
0.06281+0.008 0.09058+0.010
Hour P value
9vs. 12 0.0012
9vs. 14 0.0043

12

0.1024+0.0056

Hour

9vs. 13

13

0.115740.0071
P value

0.0011

0.1077+0.0094

Test

One way
Anova with
Tukey’s
Multiple
Comparison
Test

4.21. Spanning a period of time results in gradual brp and glutamate receptor change and a change in brp and glutamate receptor morphologies.

Special Food, Integrated BRP, Per AZ Data

9
3.090+0.4478
Hour

9vs. 12
9vs. 13

10
4.457+0.4542

P value

0.0008
0.0021

12
5.047+0.2544
Hour

9vs. 14

13
5.482+0.2926

P value

0.0126

14
5.032+0.3728

Test

One way Anova with
Tukey’s Multiple
Comparison Test
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9

0.05478+0.0075

Hour

All values n.s.

9
2.810+£0.3964
Hour

9vs. 12

0.09143+0.0110

Special Food, Mean GIuRIID, Per AZ Data

10

P value

Special Food, Integrated BRP, Per AZ Data

10
4.744+0.6310
P value

0.0341

12

0.08730+0.0079

Hour

12
4.648+0.4467
Hour

13

0.06675+0.011

0.06790+0.016

P value

13
4.284+0.8516
P value

14

Test
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4.21. Spanning a period of time results in gradual brp and glutamate receptor change and a change in brp and glutamate receptor morphologies.

One way Anova with
Tukey’s Multiple
Comparison Test

14
4.139+1.040

4.21. Spanning a period of time results in gradual brp and glutamate receptor change and a change in brp and glutamate receptor morphologies.
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4.15. BRP and glutamate receptor oscillate with the same pattern (B)

1st day, Mean BRP, Per NMJ Data

0.5 3.5 6.5 7.5
0.07012+0.004 0.05012+0.0021 0.06995+0.0053
Hour P value Hour P
value
22vs. 11 0.0032 3.5vs. 11  <0.0001
0.5vs. 11 0.0049 6.5vs.11  0.0076

4.15. BRP and glutamate receptor oscillate with the same pattern (B)
1st day, Integrated BRP, Per NMJ Data

0.5 3.5 6.5 7.5
421.8+41.90 282.3+33.29 343.0+42.88 278.8+47.65
Hour P value Hour P value
3.5vs. 11 0.0034 6.5vs. 11 0.0769

11
0.06101+0.008 0.1053+0.009
Hour

22
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0.06753+0.01108

P value

7.5vs. 11 0.0011

11
542.9458.61
Hour

7.5vs. 11

22
432.1+69.64
P value

0.0108

Test
One way Anova with

Tukey’s Multiple
Comparison Test

Test

One way Anova with Tukey’s
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4.15. BRP and glutamate receptor oscillate with the same pattern (B)
1st day, Mean GIuRIID, Per NMJ Data

0.5 3.5 6.5 7.5
0.0018+0.0001 0.0005+6.832e-005 0.0015+0.0002 = 0.0012+0.0002
Hour P value Hour P value
22 vs. 3.5 <0.0001 3.5vs. 6.5 0.0332
22vs. 7.5 0.0356 3.5vs. 11 <0.0001
0.5vs. 3.5 0.0026

4.15. BRP and glutamate receptor oscillate with the same pattern (B)
1st day, Integrated GIuRIID, Per NMJ Data

0.5 3.5 6.5 7.5
469.3+50.57 129.2+17.91 409.4+64.59 312.5+67.65
Hour P value Hour P value
22 vs. 3.5 <0.0001 3.5vs. 6.5 0.0333
22vs. 7.5 0.0355 3.5vs. 11 <0.0001

0.5vs.3.5 0.0026

0.0026+0.00035

675.5£90.57
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4.15. BRP and glutamate receptor oscillate with the same pattern (B)
1st day, Mean BRP, Per AZ Data

119

22
0.06543+0.009888
Test

One way Anova with

Tukey’s Multiple Comparison

0.5 3.5 6.5 7.5 11
0.06443+0.003961 @ 0.04546+0.001850 0.06316+0.004763 @ 0.05533+0.007409 0.09532+0.008326
Hour P value Hour P Hour P

value value
0.3vs. 11 0.0067 6.3vs. 11 0.0073 11 vs. 22 0.0158
3.3vs. 11 <0.0001 7.3vs. 11 0.0010
Test

4.15. BRP and glutamate receptor oscillate with the same pattern (B)
1st day, Integrated BRP, Per AZ Data

0.5 3.5 6.5 7.5 11
3.866+0.1995 2.860+0.1303 3.76610.2516 3.45340.3593 5.46510.3994
Hour P value Hour P value Hour P value
0.3vs. 11 0.0040 6.3vs. 11 0.0034 11 vs. 22 0.0020
3.3vs. 11 <0.0001 7.3vs. 11 0.0008

22
3.696+0.4897
Test

One way Anova with
Tukey’s Multiple
Comparison Test
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4.15. BRP and glutamate receptor oscillate with the same pattern (B)
1st day, Mean GIuRIID, Per AZ Data

0.5 3.5 6.5 7.5
0.05815+0.003 0.01958+0.0026 0.05884+0.006 = 0.05014+0.0101
Hour P value Hour P value
0.3vs.33 <0.0001 3.3vs. 11 <0.0001
3.3vs.6.3 0.0003 3.3vs. 7.3 0.0464

4.15. BRP and glutamate receptor oscillate with the same pattern (B)
1st day, Integrated GIuRIID, Per AZ Data

0.5 3.5 6.5 7.5
3.260+0.2058 1.074+0.2002 3.081+0.3294 2.560+0.4452
Hour P value Hour P value

0.3 <0.0001 3.3vs. 7.3 0.0775

vs. 3.3
33 0.0007 33vs. 11 <0.0001

vs. 6.3

0.09686+0.012

4.985+0.6232

120

22
0.07067+0.012
Test

Kruskal Wallis with
Dunn’s Multiple
Comparison Test

22
3.649+0.5705
Test
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Comparison Test
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