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SUMMARY

The Effects of Cytidine-5’-Diphosphocholine (CDP-Choline) on Autophagy and
Mitochondrial Dynamics in Ap;.4; Treated PC12 Cells

Recent studies suggest that autophagy may have a crucial role in Alzheimer’s
disease (AD). Cytidine-5’-diphosphocholine (CDP-Choline), an intermediate in the
biosyntesis of membrane phospholipids, is known to have neuroprotective effects in
several diseases but the mechanism remains unclear. In this study, the effects of
CDP-Choline on autophagy and mitochondrial dynamics were investigated during
amyloid-beta (AP1.42) mediated neuronal injury. For this purpose, PC12 cells were
differentiated with nerve growth factor (NGF), followed with Ap;.4, treatment in the
presence and absence of CDP-Choline. Autophagy proteins, LC3B, p62 and Beclin-
1, and mitochondrial Mitofusin-2 levels were analysed by western blotting. MMP,
mitochondrial superoxide and mitochondrial mass were evaluated by flow cytometry
and confocal imaging after probing with MitoTracker Red CMXRos, MitoSox and
MitoTracker Green FM, respectively. Oxygen consumption rate (OCR) was
measured by Seahorse XFP Cell Mito Stress Kit. Results revealed an increase in
LC3B and Mitofusin-2 levels of differentiated PC12 cells upon CDP-Choline
treatment. Similarly, Api.s-treated cells showed increased LC3B, BECN1 and
Mitofusin-2 levels. Although CDP-Choline treatment did not cause any change in
MMP; mitochondrial mass and mitochondrial superoxide formation were increased.
In addition, mitochondrial respiration was reduced in CDP-Choline treated PC12
cells. Furthermore, an increase in MMP levels was observed following 12.5uM
APi1.42 treatment. Moreover, CDP-Choline pre-treatment resulted in decreased
MitoSox levels in PC12 cells treated with higher AP;.42 concentrations. Hence,
potential neuroprotective effect of CDP-Choline by altering mitochondrial dynamics
and autophagic flux was proposed. This work may contribute to the design of new

therapeutic strategies for treatment of neurodegenerative diseases.

Keywords: Alzheimer’s Disease, autophagy, CDP-Choline, mitochondria,

neurodegeneration



OZET

APi-22 hasarma ugramis PC12 hiicrelerinde Sitidin-5’-difosfokolin’in (CDP-

Kolin) otofaji ve mitokondriyel dinamiklere etkisi

Son c¢alismalar Alzheimer hastaliginda (AH) otofajinin 6nemli bir roli
olabilecegini diistindiirmektedir. Sitidin-5’-difosfokolin (CDP-Kolin)’in membran
fosfolipid biyosentezinde bir ara iiriin olarak ¢esitli hastaliklarda koruyucu etkisinin
oldugu bilinmesine ragmen, mekanizmasi belirsizdir. Bu ¢aligmada, AB;.4 hasarina
ugrayan hiicrelerde CDP-Kolin’in otofaji ve mitokondri dinamiklerine etkisi
incelenmistir. Bu amagla, PC12 hiicreleri NGF ile farklilastirildiktan sonra CDP-
Kolin varhiginda ve yoklugunda Afi.s2 ile muamele edildi. Otofaji proteinlerinden
LC3B, p62 ve Beclin-1 ile mitokondriyel Mitofusin-2 seviyeleri western blot ile
analiz edildi. MMP, mitokondriyel siiperoksit miktari ve mitokondriyel kiitle
degisimi siras1 ile MitoTracker Red CMXRos, MitoSox ve MitoTracker Green FM
boyalar1 kullanilarak akis sitometri ve konfokal mikroskopi ile incelendi. Ayrica
oksijen tiiketim orant Seahore XFp Cell Mito Stress kiti kullanilarak 6l¢iildii. CDP-
Kolin uygulamasi LC3B ve Mitofusin-2 seviyelerini arttirmistir. Ayni1 sekilde, AB1-a2
ile muamele edilen PC12 hiicrelerinde LC3B, BECN1 ve Mitofusin-2 seviyelerinde
artis goriilmiistiir. CDP-Kolin uygulamast MMP’de bir degisime yol a¢gmazken
MitoSox ve mitokondriyel kiitlede artisa neden olmustur. Ayrica, CDP-Kolin
uygulanan hiicrelerde mitokondriyel solunum azalmistir. Bunun disinda, 12.5uM
AP1-22 MMP seviyesinde artiga neden olmustur. Bunlara ek olarak, daha yiiksek Api-
42 ile muamele edilen PC12 hiicrelerinde CDP-Kolin 6n uygulamasi MitoSox
seviyelerinde diisiise sebep olmustur. Dolayisi ile CDP-Kolin’in noronlar tizerinde
otofaji mekanizmasini ve mitokondriyel dinamikleri degistirerek bir koruyucu etki
yarattigi  Onerilmistir. Bu ¢aligma ndrodejeneratif hastaliklarin  tedavisinde

kullanilabilecek yeni stratejilerin bulunmasina yardimci olabilir.

Anahtar  Sozciikler:  Alzheimer hastaligi, CDP-Kolin, mitokondri,

norodejenerasyon, otofaji



BACKGROUND AND AIM OF THE STUDY

Autophagy is a highly conserved and important mechanism involved in
maintaining cellular homeostasis by degrading aggregate-prone toxic molecules, long
lived or damaged proteins and organelles into their building blocks for reuse.
Autophagy functions at basal levels in different cellular types but mostly it is
considered as an adaptive process induced by several stress conditions including
nutrient starvation, growth factor reduction, hypoxia and infection. Three different
forms of autophagy have been identified to date, named as macroautophagy,
microautophagy and chaperone-mediated autophagy. This study has focused on
macroautophagy, referred to as autophagy hereafter. A double membrane structure,
named as autophagosome, formation is initiated after autophagy induction to engulf
substrates for their degradation following fusion with lysosomes. Several protein
complexes and phospholipids are responsible from the proper functioning of
autophagy machinery. PE-conjugated LC3, which remains bound to the outer
membrane of autophagosome until lysosome degradation, is accepted as the marker
protein of autophagy mechanism (12, 123). Membrane origins of autophagosome
still remain undetermined, but ER and mitochondria are considered to be the
potential precursors since they are responsible from the synthesis of phospholipids
like PE, PC and PS. PE was shown to conjugate with LC3 upon synthesis via CDP
ethanolamine pathway. Moreover, PC is produced via a similar pathway involving
choline and DAG (34). However, the role of PC in autophagosome formation is not
known. Similarly, mitochondria play an important role in cellular homeostasis by
preserving cellular bioenergetics with their highly dynamic structure as they are the
main organelles responsible from energy production. Mitochondria are also double
membrane structures, which makes their function dependent on phospholipids. In
addition, PC is considered as the major constituent of mitochondrial membranes (67).
Mitochondrial dynamics are highly regulated with different complex mechanism and
damaged mitochondria are degraded via mitophagy, a selective type of autophagy.
Hence, the role of cytidine-5’-diphosphocholine (CDP-Choline) in autophagy-related



protein levels and mitochondrial dynamics in differentiated PC12 cells has been the

focus of this study.

Autophagy can prevent the aggregation of misfolded proteins and provide
neuroprotection against neurodegenerative diseases. However, increased autophagy
and mitophagy levels have been observed in neurodegeneration. Hence, whether
active autophagy is beneficial in neurodegenerative diseases and if so, the factors
involved in this role remain unknown (32, 87). In addition, neuroprotective effects of
CDP-Choline has been demonstrated in various CNS-related disorders and is
commercially available as a food supply an known in the name of ‘citicoline’. The
mechanism of this neuroprotection is yet to be discovered (6). We proposed that
neuroprotection provided by CDP-Choline treatment might be related to the
regulation of autophagic flux and mitochondrial dynamics by supplying necessary
PC and other phospholipids involved in autophagosome formation. For this purpose,
differentiated PC12 cells will be incubated with CDP-Choline and Apj.42 injury,
commonly used in the constitution of Alzheimer’s disease model, will be applied in
the presence and the absence of autophagy inducer and inhibitors. Therefore, the
possible role of pre-treatment with CDP-Choline in autophagy and mitochondrial

dynamics will be investigated in AB;.42 injured PC12 cells.



1.INTRODUCTION

1.1. Autophagy

In eukaryotic cells, two major degradation pathways are responsible from
maintaining cellular homeostasis. One of them is ubiquitin-proteasome system
(UPS), which is responsible from degrading most of the short-lived and damaged
proteins. The other pathway is autophagic pathway, in which long-lived proteins and

organelles are degraded into their building blocks (60, 11).

Autophagy, which is derived from Latin, means ‘self-eating and is a highly
conserved dynamic mechanism. In this mechanism, cytoplasmic contents, such as
proteins, lipids, organelles are delivered to lysosome for degradation to preserve
cellular homeostasis. Under normal conditions, autophagy occurs at low levels, but it
is induced by several stimuli like starvation, damaged organelles, aggregated
proteins, DNA damage and infection (76, 94, 119). Autophagy can be named
according to the cargo to be degraded. For example the degradation of the ER can be
named as ER-phagy or reticulophagy, mitochondria as mitophagy, ribosomes as
ribophagy, peroxisomes as pexophagy, lipid droplets as lipophagy, pathogens as
xenophagy and aggregated proteins as aggrephagy (111).

Three distinct forms of autophagy have been identified; macroautophagy,
microautophagy and chaperone-mediated autophagy (CMA). The common features
of these three types of autophagy are to recycle the building blocks of the degraded
substrates to maintain cellular homeostasis. In microautophagy, the cargo to be
degraded is invaginated by the lysosomal membrane. The vesicle containing the
cargo goes inside the lumen of the lysosome and is degraded. This degradation can

be in a selective manner or ‘in bulk’, which refers to non-selective manner (111).



In chaperone-mediated autophagy (CMA), substrates containing KFERQ motif
are recognized by the heat shock-cognate protein of 70KDa (hsc70) and transported
to the lysosome for degradation. Different from other types of autophagy, CMA only

occurs in a selective manner (24).

The last and the most studied type of autophagy is macroautophagy, simply
called autophagy hereafter, consisting of isolating the substrate within a cytosolic
double-membrane structure, called autophagosome, and the fusion of autophagosome

with lysosome for degradation (29).

Macroautophagy Microautophagy Chaperone-mediated
- - autophagy
( Substrate Hsc70 &
Isolation
membrane l

Figure 1. Different types of autophagy (72).



Autophagy is a highly regulated and dynamic mechanism. Proteins involved in
the regulation of autophagy machinery are called autophagy related proteins (ATG)
and they have first been identified in yeast. More than 35 ATG proteins are described
in yeast, and most of them have homologs in mammals (120). Majority of these ATG
proteins are involved in the formation of the autophagosome, which can be divided
into four stages: initiation, elongation, maturation and fusion with lysosome and
degradation. Autophagosome formation is initiated with a stimulus like amino acid
deprivation and begins with the isolation membrane formation, which is specifically
called ‘phagophore’. Even though the origins of the phagophore still remain unclear,
it has been shown that the formation takes place near the endoplasmic reticulum. But,
mitochondria, Golgi and plasma membrane are also considered as membrane sources
for autophagosome (122). Two protein complexes are active in the initiation step of
the autophagosome formation: ULK1 complex, composed of ULK1, ATG13, FIP200
and ATG101 and class 111 PI3K complex (Beclinl complex), composed of class 111
PI3K, VPS34, Beclinl and ATG14. Under normal conditions, ULK1 complex is
phosphorylated by the mammalian target of rapamycin complex 1 (mTORC1). Under
stressed conditions; like starvation, growth factor deprivation and decrease in ATP
levels; ULK1 complex is activated and phosphorylates class 11 PI3K complex. Both
complexes trigger the nucleation of the phagophore and the accumulation of other
ATG proteins to the phagophore assembly site (PAS). Two ubiquitin-like
conjugation systems are responsible from the elongation phase of the
autophagosome: ATG12-5-16 conjugation system and the modification of Atg8
family proteins, which consist of microtubule-associated 1A/1B LC3 (MAP1LC3)
subfamily and GABARAP subfamily, with phosphatidylethanolamine. Once the
phagophore is formed, ATGS5 is conjugated to ATG12 by ATG7 and ATG10, that act
like E1 and E2-like enzymes, respectively. Afterwards, ATG12-5 conjugate binds to
ATG16L to form the ATG12-5-16 complex. Furthermore, LC3-1 is formed by the
cleavage of ATG8/LC3 by ATG4,and LC3-1 conjugates to phosphatidylethanolamine
(PE) accompanied by ATG7 and ATG3. This conjugation results in the formation of
LC3-I1, which remains bound to the inner and the outer membrane of the
autophagosome until it fuses with lysosome (27, 29, 74, 118, 119). Therefore LC3-1I

becomes the most practical marker to monitor autophagic activity (99,119). These



two ubiquitin-like conjugation systems responsible from the elongation of the
autophagosome are demonstrated to be connected to each other as well. Sou et al.
(96) showed that the ATG12-5 conjugation is decreased in ATG3 deficient mice. On
the other hand, Fujita et al. (31) demonstrated that the proper functioning of ATG5-
12-16 complex is required for the proper lipidation of LC3. After closure of the
double membrane structure, ATG5-12-16 complex dissociates from the
autophagosome membrane and the transfer of the autophagosome containing the
cytoplasmic content to be degraded along microtubules to lysosome is accomplished
by the help of motor proteins like dynein and kinesin (76). Autophagosome firstly
fuses with an endosome to form the amphisome, then fuses with lysosome to form
autophagolysosome or autolysosome (71). This fusion is highly regulated by several
membrane protein complexes, such as SNAREs (27). After fusion with lysosome, the
cargo content within the inner membrane of the autophagosome is degraded with
hydrolases. This degradation process depends on the acidity of the lysosome, which
is regulated by presenilinl (PS1) and the vATPase proton pump. Once the content is
degraded, its building blocks such as amino acids are released back into the
cytoplasm with the help of ATG proteins (121)

This highly regulated and complex mechanism has roles in cell growth, cell
survival and cell death. Therefore, alterations in this mechanism and mutations in
Atg genes is associated with diseases such as neurodegenerative disorders, cancer,

infectious diseases, metabolic disorders and autoimmune diseases (104).
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Figure 2. Overview of the autophagy mechanism (27).

1.1.1. Regulation of autophagy

Autophagy mechanism is controlled by several signaling pathways. These
pathways can be categorized into two groups: mTOR-dependent and mTOR-
independent controlling pathways. mTOR-dependent regulation of autophagy is
considered to be the classical regulator of autophagy machinery, in which mTORC1
complex negatively regulates autophagy mechanism. One of the well-known
pharmacological inhibitor of mMTORC1 complex is rapamycin. On the other hand,
mTOR independent regulation of autophagy involves inositol and Beclin-1 signalling
pathways. Increased inositol levels inhibit auitohagosome formation and drugs like
lithium that lower inositol levels induce autophagic activity, independent of the
mTOR signaling pathway (88). Also more recently, Manzoni et al. (64) demonstrated
that, independent from canonical regulation of autophagy by mTOR signaling,
inhibiton of LRRK2, whose genetic mutation is considered as the major reason of



familial Parkinson’s disease, increases cellular autophagy levels by directly
increasing the activity of Beclin-1 complex.

1.2. Lipids and Autophagy

Lipids have structural and biosynthetic features with their hydrophobic,
sometimes amphipathic organizations. Thus far, more than thousand different lipids
have been identified in eukaryotes and they can be divided into eight groups
according to their functional and structural properties, as fatty acids, glycerolipids,
glycerophospholipids, sphingolipids, sterol lipids, phenol lipids, saccharolipids and
polyketides. We will focus on phospholipids, which have both structural and
signalling  functions.  Phosphatidylcholine  (PC), phosphatdylinositol  (Pl),
phoaphatdylethanolamine (PE), phosphatidic acid (PA), phosphatidylserine (PS) and
phosphatidylglycerol (PG) are the members of phospholipids (8). PC and PE are the
major constituents of biological membranes, including the plasma membrane,
mitochondrial membrane and others. De novo synthesis of these phospholipids
occurs via the Kennedy pathway, in which substrate specific enzymes, such as
choline  kinase, ethanolamine  kinase,  cholinephosphotransferase  and
ethanolaminephosphotransferase, catalyze the synthesis of PC and PE (34).
Phospholipids are important factors in cellular homeostasis and signalling. Hence,
any disruption in their profile would result in CNS related disorders and
neurodegenerative diseases. Thinner lipid membranes are found in post-mortem
brains of AD patients and especially PC and PE levels are lower in AD patients
compared to age matched controls (109). These findings are supported by the work
of Chadwick et al. (19) demonstrating proteomic changes in the mouse model of AD
due to the alterations in lipid rafts. Moreover, phospholipids are crucial for
autophagic activity, since they are involved in the formation of autophagosome, a
double-membrane structure, and they are also important in the signalling cascade of
autophagy. Pl and PA have roles in the activation of autophagy machinery. PI
activates class 111 PI3K complex, which is among the central complexes involved in
autophagy initiation, and recruits Atg5 to the phagophore. Likewise, PA acts as an
activator of autophagy by inhibiting mTOR pathway (93). Phospholipids are also

required for phagophore formation. The mitochondria associated membranes
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(MAMs), which are the contact site between ER and mitochondria, are putatively
considered as the major constituent of phagophore and they are the most important
site for lipid synthesis and transport (43). Furthermore, PE is an important
determinant for autophagic activity, because lipidation of LC3B with PE is the key

reaction for autophagosome elongation (55).

Lipids are also important for mitochondrial homeostasis, which includes
mitochondrial fusion and fission events and mitophagy. Some of the lipids, including
PE, PA, cardiolipin (CL) and diacylglycerol (DAG) are involved in the control of
mitochondrial shape and functions. Hoppins et al. (42) showed that initiation of
mitochondrial fusion requires binding of Opal, which is among the regulators of
fusion, to negatively charged phospholipids. In the same way, Abramovici et al. (1)
proved the involvement of DAG in mitochondrial fission by showing the dependence
of the mitochondrial recruitment of Drpl, one of the proteins involved in fission, on
the activity of DAG. Similarly, Mitsuhashi et al. (70) showed that defects in choline
kinase, an enzyme essential for the production of PC, resulted in mitochondrial
dysfunction in a mouse model of rostrocaudal muscular dystrophy. It is also reported
that mitochondrial dysfunction seen in neurodegenerative diseases can be caused by
changes in mitochondrial lipid composition (8). For example, disruption in
mitochondrial PE levels would result in impaired mitochondrial function, followed
by the accumulation of a-synuclein, which is one of the hallmarks of PD (43).
Similarly, increased oxidative stress due to excessive ROS production causes lipid
peroxidation followed by alterations in mtDNA and mitochondrial proteins and

neuronal degeneration.
1.2.1. CDP-Choline

Cytidine-5’-diphosphocholine is intermediate in de novo synthesis of PC via
Kennedy pathway in which choline is phosphorylated by choline kinase to obtain
phosphocholine. Next, phosphocholine assembles with cytidine triphosphate. This
reaction is catalyzed by cytidylyl transferase to produce CDP-Choline. Then PC

formation is followed upon the combination of CDP-Choline with DAG and omega 3
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acid, a reaction catalyzed by phosphocholine transferase. Choline used in this
pathway can be obtained via diet or via hydrolysis of PC produced by the
methylation of PE catalyzed by hepatic enzymes (115). CDP-Choline is also
involved in acetylcholine (ACh) formation, which is a neurotransmitter responsible
from motor and cognitive functions of the brain. Wurtman et al. (114) have
demonstrated that PC in the membranes are degraded to provide adequate levels of

ACh in the absence of choline.

Cytidine Choline

Choline kinase

CTP + Phosphocholine

Cytidylyl transferase

CDP-Choline + DAG

Phosphocholine transferase
Phosphatidylcholine

Figure 3. De novo synthesis of phosphatidylcholine via Kennedy pathway

CDP-Choline has been used as a neuroprotective or neurorecovery agent in
multiple in vivo and in vitro trials concerning CNS related diseases, such as stroke
and traumatic brain injury (TBI); and neurodegenerative diseases like AD. Hence its
commercial form is available as an exogenous choline supply in the name of
‘citicoline’. It is comprised of ribose, pyrophosphate, cytosine and choline. It can be
taken both orally and intravenously, and hydrolyzed into choline and cytidine.
Choline is able to pass the blood brain barrier in a concentration-dependent diffusion
manner. It is considered to have relatively with fewer adverse effects compared to

other drugs used for this purpose (6, 115).
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Figure 4. Structure of CDP-Choline

The effects of CDP-Choline on neurorecovery were studied by Dempsey and
Raghavendra (25) in a rat model of TBI who showed that CDP-Choline treatment
after injury improved neurological function and prevented neuronal loss. Similarly,
Guttierez-Fernandez et al. (38) showed that CDP-Choline treatment relieved brain
edema and reduced the infracted brain area in a rat model of stroke. CDP-Choline is
also suggested as a therapeutic agent in AD by several groups who demonstrated that
citicoline enhanced the cognitive deficits in patients with AD (49). There is also
evidence for the interactions between toxic AP and phospholipids, suggesting that
any disruption in membrane phospholipids may trigger the cleavage of APP through
the amyloidogenic pathway (108). Therefore, CDP-Choline, as the precursor of PC
and other phospholipids, may be used in AD treatment to inhibit toxic AP production

and to ameliorate synaptic function (115).

As previously described, phospholipid composition and function is important for
mitochondrial dynamics. CDP-Choline, in this respect, has effects on mitochondrial
lipid composition, brain energy metabolism, synthesis of nucleic acids and

mitochondrial protein compositions. Therefore, CDP-Choline constitutes a promising
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therapeutic target for the treatment of neurodegenerative diseases by reducing
oxidative stress, increasing ACh and dopamine levels and enhancing ATP production
(106).

1.3. Neurodegeneration and Autophagy

Neuronal cells differ from the other cells with their specific structure containing
soma and neurites. This structure requires proper transport of important
macromolecules and organelles, like mitochondria, from soma to neurites and vice
versa for maintaining its integrity and function. Any disruption in this structure may
form aggregates or may damage organelles. Since neurons are in postmitotic stage,
they cannot reduce the damage by cellular division. This is why autophagy plays an
important role in the maintainance of neuronal homeostasis as it is the main
mechanism for degradation of damaged proteins and organelles (7). Accumulation of
aggregated proteins and damaged organelles are the main reasons for
neurodegeneration: Alzheimer’s disease (AD) is characterized by the formation of
amyloid-p plaques. Accumulated Lewy bodies containing mutant a-synuclein cause
Parkinson disease (PD) and accumulation of mutant huntingtin protein is the main
cause of Huntington disease (HD) (68). Impaired or non-functioning autophagy is
considered among the main factors driving these causes of neurodegenerative
diseases. Hara et al. and Komatsu et al. (41, 56) showed that suppression of
autophagy by silencing ATG5 and ATG7 genes, which are among the most
important proteins involved in autophagosome formation, induced accumulation of
protein aggregates, neurodegeneration and neuronal loss in mice. Some of the
autophagy inducers, like rapamycin and trehalose, are used for enhanced clearance of
pathologic proteins in neurodegenerative diseases models (87). However it is still
unclear whether induction of autophagy is totally beneficial for neurodegeneration or
not, since overactivation of autophagy mechanism results in the accumulation of
autophagosomes containing aggregated proteins and in the induction of neuronal cell
death (80, 95). Therefore, autophagic flux, composed of the balance between
auophagosome formation and its degradation via lysosomal fusion, should be tightly
controlled (63).
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1.3.1. Alzheimer’s disease

Alzheimer’s disease (AD) is the most frequent neurodegenerative disease
affecting elderly people. AD is characterized by progressive loss of cognitive
function and memory loss caused by neuronal degeneration and loss in cerebral
cortex and in sub-cortical regions (69). To date, almost 44 million people have been
diagnosed with AD, and this number is predicted to increase three times in fifty
years. Small proportion of patients possess mutations in one of three genes,
presenilin 1 and 2 and amyloid precursor protein, and they form the familial AD
subgroup. On the other hand, 95% of AD cases are known as sporadic AD whose
causes are still undetermined. Nevertheless, these two types of AD show same
neuropathologies including senile plaques composed of aggregated B-amyloid (AP)
and neurofibrillary tangles (NFTs) consisting of hyperphosphorylated tau (54, 69,
82).

1.3.1.1. AP formation

AP is produced by sequential cleavage of amyloid precursor protein (APP)
which is a transmembrane protein. Two different pathways are defined for APP
cleavage according to the toxicity of the end product. The first one is the non-
amyloidogenic pathway involved in the production of non-pathogenic fragments.
This pathway consists of cleavage of APP with a-secretase to obtain soluble APP o
(sAPPa) and membrane-bound C-terminal fragment o (CTFa). CTFa is then cleaved
with y-secretase to release p3 and APP intracellular domain (AICD). The second
pathway is amyloidogenic pathway which is primarily responsible from the
production of toxic AP peptides. In this pathway, APP is cleaved by p-secretase to
obtain sAPPP and CTFp. Then, CTFp is cleaved with y-secretase to release AP
peptides (26). The length of these AP peptides differs from each other, but it can be
divided into two groups, as AB40 and APB42. AB40 is the most prevalent product and
it is generally responsible from neurite function. On the other hand, Ap42 formation
occurs in small proportion, but it is prone to form aggregates, which are the main

constituents of senile plaques (82).
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Figure 5. APP cleavage by secretases (75).
1.3.1.2. Tau pathology

Tau is a microtubule associated protein, which mainly localizes in neurons and
helps to stabilize microtubules. Tau is indispensible for proper neuronal function
because of its high tendency to bind microtubules, which makes it a major factor in
tubulin organization and axonal transport of organelles, like mitochondria and

lysosomes, and of vesicles in the brain (21).

Formation of intraneuronal neurofibrillary tangles (NFTs) composed of
hyperphosphorylated tau protein is the second hallmark for the diagnosis of AD. But
before the formation of NFTSs, tau protein is subjected to several post-translational
modifications, such as truncation, N-glycolysation, acetylation and phosphorylation.
These modifications serve to distinguish it from the normal form of tau protein and
as such, enable them to be detected decades before the first symptoms of AD (22).
As a result of the post-translational modificiations, tau loses its ability to bind to
microtubules, and cytosolic tau levels increase. This increase enhances tau-tau
interactions and its polymerization and aggregation. Paired helical fragments (PHF)

are formed with tau aggregates and initiate the formation of NFTs (47). Furthermore,
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a recent study (48) revealed that neurodegeneration and cognitive deficits seen in
AD are caused by tau, but not AP aggregation. Therefore it is suggested as a

therapeutic target for the treatment of neurodegenerative diseases.
1.3.2. Alzheimer’s disease and autophagy

The role of autophagy during AD remains controversial, because it is known that
autophagy mechanism is induced during the early onset of the disease, however it is
also shown that there is an extensive increase in autophagic vacuoles (AV) along the
dystrophic neurites in post-mortem brains of AD and in vitro AD models (81).
Aggregated proteins, like AP and tau, accelerate the depolymerisation of
microtubules which directly affects autophagic flux. The balance between
autophagosome formation and its degradation by fusion with lysosome is defected
since the latter is dependent on the axonal transport of autophagosomes along
microtubules. Therefore, depolarization of microtubules results in the inhibition of
autophagosome-lysosome fusion (111). There is also evidence that autolysosomes
are also accumulated in dystrophic neurites along with AVs in AD, which suggests
that there is a lysosomal dysfunction causing autophagy failure. An increase in
lysosomal pH is suggested as the reason for this impairment, which in turn makes
lysosomal hydrolases responsible from the degradation of toxic proteins inactive
(112). On the other hand, Yu et al. (125) showed that accumulated AVs are enriched
in APP, BCTF and the components of y-secretase complex, which are mainly
responsible from the production of Ap peptides in AD affected brains and in in vitro
models of AD. This finding revealed a role for autophagy mechanism in production
of AP peptides in AD.

1.4. Mitochondria

Mitochondria are known as ‘power houses’ for eukaryotic cells, since they are
responsible from ATP production for cell survival (79). Apart from their role in
energy production, mitochondria are also important regulators of ion homeostasis,
lipid metabolism and induction of apoptotic cell death (85). Since they originate form
bacteria, mitochondria have their own DNA, referred to as mitochondrial DNA

(mtDNA) (61). Mitochondria are generally shaped as cylinders with a diameter of
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0.5-1pm and they are remarkably mobile and plastic organelles (3). Mitochondria
number can vary between hundreds to thousands in different cells, according to the

cellular energy demand.

Mitochondria are enclosed by two membranes containing different proteins and
having different functions: outer membrane and inner membrane. The area between
these two membranes is called the intermembrane space, and the area inside the inner
membrane is called the inner matrix. Porin molecules, which form transport channels
across the outer membrane make it permeable to ions and small molecules. On the
other hand, the transport of small molecules through the inner membrane of
mitochondria is only achieved by transport proteins, because, cardiolipin, a
phospholipid mostly localized in the mitochondrial inner membrane, makes the
mitochondrial inner membrane impermeable to ions and small molecules. The inner
membrane of mitochondrion is formed of infoldings, named as ‘cristae’ whose shape
expand the surface area of the membrane to increase the ATP production capacity of
the cell (3). Components of the electron transport chain (ETC) and enzymes like
ATP synthase and ADP-ATP translocases are situated in the mitochondrial inner
membrane, whereas enzymes responsible from citric acid cycle, fatty acid B-
oxidation and amino acid oxidation, the pyruvate dehydrogenase complex,
mitochondrial DNA, ATP and ADP are located in the mitochondrial matrix (77).
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Figure 6. Structure of a mitochondrion (http://cronodon.com/BioTech/Respiration.html, accessed
9" July 2018)

1.4.1. Mitochondrial respiration

Cells degrade complex organic molecules into simpler forms for energy
production. This process is also called catabolism, and can occur anaerobically,
referred to as fermentation, or aerobically, which is the most common way to
produce energy in mitochondria (77). Here, we will mainly focus on aerobic
degradation of complex organic molecules, like glucose, which proceeds in three
major steps: glycolysis, Krebs cycle and oxidative phosphorylation (OXPHOS).
Glycolysis takes place in the cytosol and results in the conversion of one molecule of
six-carbon glucose into two molecules of three-carbon pyruvates. Glycolysis occurs
within ten steps and each step is catalyzed by a different enzyme. These steps can be
divided into two parts. The first part, comprising the phosphorylation of glucose, can
be perceived as a preparation step for ATP production. On the other hand, ATP

production takes place in the second part of glycolysis by substrate-level
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phosphorylation and by the reduction of NAD+ to NADH. As a result, two
molecules of ATP and two molecules of NADH are produced at the end of

conversion of glucose to two molecules of pyruvate.

Krebs cycle or citric acid cycle mostly takes place in the mitochondrial matrix
and the pyruvate molecule obtained from glycolysis is converted into carbondioxide
(COy). A series of reactions begins with the formation of two-carbon acetyl-CoA
from three-carbon pyruvate by the involvement of pyruvate dehydrogenase complex.
The energy from this breakdown is captured by an NADH molecule. This reaction is
followed by eight different reactions occurring in the mitochondrial matrix, except
for the sixth reaction catalyzed by succinate dehydrogenase, which takes place in the
mitochondrial inner membrane. Also, energy is captured by FADH; in this step. At
the end of eight reactions, one molecule of ATP, three molecules of NADH and one

molecule of FADH, are produced from a single pyruvate molecule.

The last step of the cellular respiration is oxidative phosphorylation (OXPHOS),
which comprises the electron transfer chain (ETC). This step occurs in the
mitochondrial inner membrane and major part of the ATP is produced within this
step of mitochondrial respiration (46). Briefly, ETC consists of five complexes
involving NADH-dehydrogenase (complex ), succinate dehydrogenase (complex I1),
ubiquinone bcy, (complex I1), cytochrome ¢ and cytochrome c¢ oxidase (complex 1V)
and ATP synthase (complex V) (16). ETC reactions begin with the transfer of
electrons from NADH and FADH,, produced in glycolysis and Krebs cycle, to the
complex | and end with the production of ATP and H,0. Several complex-specific
inhibitors are used for the investigation of the activity of these complexes. During the
transport of electrons through the ETC complexes, protons are pumped into the
mitochondrial inner membrane to generate the mitochondrial membrane potential
(MMP or A¥m) (62). Rotenone, antimycin A and oligomycin are used for the

inhibition of complex I, complex Il and complex V, respectively. Similarly, FCCP
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or CCCP is used as an uncoupler to inhibit the ATP production by demolishing the
proton gradient needed (77).
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Figure 7. The electron transport chain. (89)

A small portion of electrons leak from the ETC, especially from complex LI,
and Il and are transferred to oxygen in an unusual manner, and form superoxides
(O2). Superoxides formed within the complex | and Il are released in to the
mitochondrial matrix, whereas the ones formed in the complex Il are released both
into the intermembrane space and matrix (92). Mitochondrial ROS production is
compensated by the transformation of the superoxides to hydrogen peroxide (H,0,)
by superoxide dismutases (SOD). Low levels of ROS are beneficial for the cellular
signalling and function. But high levels of ROS induce oxidative stress because of

inadequate antioxidant capacity (78).

1.4.2. Mitochondrial dynamics

Mitochondria are highly dynamic compartments of the cell since they move
along the cytoskeleton and show different morphologies depending on the
environmental conditions. These two important characteristics of mitochondria
compose the term ‘mitochondrial dynamics’ which refers to the mitochondrial fusion
and fission events (91). Fusion of two adjacent mitochondria to exchange
metabolites, enzymes and mitochondrial gene products results in the formation of a
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single mitochondrion (90). On the other hand, mitochondrial fission involves the
division of a single mitochondrion into two daughter organelles, an event which is
essential to populate the dividing cells with adequate numbers of mitochondria (122).
A delicate balance between fusion and fission is required for proper mitochondrial

function. Any disturbance in this balance results in morphological changes (107).

Mitochondrial fusion is formed by two separate events: Fusion of mitochondrial
outer membrane (MOM) and fusion of mitochondrial inner membrane (MIM).
Different proteins such as Mitofusin 1 and 2 (MFN1 and MFN2) located in the outer
membrane of mitochondria and Optic atrophy 1 (OPAL) situated in the inner

membrane are responsible for these events (16).

Mitochondrial fission comprises of the recruitment of dynamin-related protein-1
(Drpl) from the cytosol to the mitochondrial outer membrane. Two important
adaptor proteins, situated on the outer membrane play a role in this recruitment:
Fission-1 (Fisl) and mitochondria fission factor (Mff) (90).

A B Side view

Figure 8. Representative images of mitochondrial fusion (A) and fission (B). (90)
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1.4.3. Mitophagy

There exists several cellular mechanisms for the repair of damaged mitochondria
including UPS, fusion and fission. Failure or inadequacy of these repair mechanisms
enhance mitochondrial degradation. The key system for mitochondrial turnover is
autophagic degradation of mitochondria, specifically named as mitophagy.
Mitophagy can be induced by several stresses, such as oxidative damage, loss of
mitochondrial membrane potential and hypoxia (85). Mitophagy mechanism is
mediated by the receptors containing LC3-interacting region (LIR). LC3-Il can
recognize these regions, so that the damaged mitochondria can be engulfed in the
autophagosome (65). The receptors mediating mitophagy are divided into three
groups. The first group comprises the receptors located on the mitochondrial outer
membrane, such as BNIP3, FUND1 and AMBRAL. The second group consists of
cytosolic proteins like p62, NDP52, TAX1BP1, OPTN and NBR1. The most known
mechanism mediated by cytosolic proteins is PINK1/Parkin mediated mitophagy.
Briefly, in the case of mitochondrial membrane potential loss, PTEN-induced
putative kinase 1 (PINK1) is accumulated on the mitochondrial outer membrane and
phosphorylates ubiquitines (P-UB) to recruit Parkin. PINK1 activates Parkin by
phosphorylation and triggers the phosphorylation of other proteins on mitochondrial
outer membrane. At the end, damaged mitochondria are abundant in P-UB and this
creates the ‘eat-me signal’ (52, 65). The last group of receptors includes cardiolipin,
which is situated on the mitochondrial inner membrane under normal conditions. In
the case of damaged mitochondria, cardiolipin is transported to the mitochondrial

outer membrane and interacts with LC3-II to induce the ‘cat-me signal’ (85).
1.5. Neurodegeneration and Mitochondria

Proper neuronal function is highly dependent on mitochondrial metabolism,
since these organelles are the main source of their high energy requirements.
Exceptional morphology of neurons also makes them dependent on proper
mitochondrial function, especially their axonal transport, to satisfy energy demands
at neurite sites. Moreover, mitochondrial quality control mechanisms need to work
adequately, because neurons are unable to diminish any damage by cell division as a
consequence of their post-mitotic state. Any alterations in these mitochondrial

23



dynamics and quality control mechanisms would result in mutations in mtDNA,
breakdown of mitochondrial integrity and network, decreased OXPHOS, inadequate
ATP production and increased oxidative stress, which eventually make neurons
vulnerable to degeneration (37). Hence, disturbed mitochondrial dynamics, along
with the accumulation of misfolded or aggregated proteins, are among the common
features of neurodegenerative diseases, including AD, PD and HD (65). However, it
is still not clear whether mitochondrial dysfunction occurs because of aggregated

proteins or conversely it promotes protein aggregation (85, 91).
1.5.1. Alzheimer’s disease and mitochondria

Recent studies indicate that there is a strong relationship between mitochondrial
dysfunction and early onset AD symptoms. Specifically, decreased glucose uptake
was found in AD patients, followed by reduced enzyme activity, ATP production,
decreased mitochondrial membrane potential and increased ROS formation (52). The
compromised mitochondrial function can be related with three different conditions.
First condition originates from the imbalance between mitochondrial fission and
fusion dynamics and mitophagy. As described before, fusion and fission events occur
to maintain a healthy mitochondrial network, morphology and to improve
mitochondrial biogenesis. However, in the case of AD, the balance between these
two events is disrupted in favour of fission, which results in fragmented morphology
and reduced mitochondrial mass in AD brains. This aspect is proved by increased
levels of Fisl and Drpl; as the major proteins involved in fission; and decreased
levels of Mfnl, Mfn2 and Opal; as contributors of fusion; in AD brains and in in
vivo models of AD (17). Together with this imbalance, impaired mitophagy is
suggested to be effective in the pathogenesis of AD, since impaired autophagy is
shown to play a role in AD. But the underlying mechanisms concerning the role of
mitophagy in AD need further study (65).

The second compromised condition observed in AD is associated with
mitochondrial energetics, manifested as reduced ATP production, change in Ca**

metabolism and, most importantly, increased oxidative stress induced with abnormal
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ROS production. Mitochondrial dysfunction can be correlated with AR and tau
pathology, however they together form a vicious cycle such that they both can trigger
one another. Therefore, the origins of the symptoms seen in AD  remain
controversial. Nevertheless, it is found that oxidative stress, as a consequence of
excessive ROS production, trigger proteinopathies related with AD in the early onset
of the disease (105). Besides, increased ROS production causes impairments in
enzymatic activities involved in mitochondrial energy metabolism, like pyruvate
dehydrogenase enzyme complex, and in ETC reactions involved in ATP production.
Therefore, it induces the loss of mitochondrial membrane potential, mtDNA damage,

leakage of mitochondrial contents into the cytosol and triggers neuronal death (58).

The third and the last condition seen in AD is impaired axonal transport of
mitochondria. This situation can be associated with disrupted intracellular Ca®*
concentrations caused by increased ROS production and with microtubule
dissociation due to hyperphosphorylated tau accumulation. Both are responsible from

neurotransmission and synaptic function (23).
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Figure 9. Mitochondrial dysfunction in AD. (52)
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2. MATERIALS AND METHODS

2.1. Materials

Table 1. Reagents and resources list

Antibodies

Alexa Fluor 488-conjugated goat anti-rabbit 1gG (H+L)
Mouse monoclonal anti-beta Actin loading control (BA3R)
Mouse monoclonal anti-Neurofilament 70kDa (clone DA2)

Rabbit polyclonal anti-BECN1(H-300)
Rabbit polyclonal anti-LC3B
Rabbit monoclonal anti-Mitofusin-2 (D2D10)

Rabbit polyclonal anti-p62/SQSTM1

Peroxidase affinipure goat anti-mouse 19G (H+L)
Peroxidase affinipure goat anti-rabbit IgG (H+L)
Dyes

ThermoFisher Scientific
ThermoFisher Scientific
Merck
Santa Cruz
Sigma Aldrich

Cell Signaling
Technology

Novus Biologicals
Jackson Immunoresearch
Jackson Immunoresearch

DAPI

MitoSOX Red Mitochondrial Superoxide Indicator
MitoTracker Green FM

MitoTracker Red CMXRos

Thioflavin-T

Kits

Sigma Aldrich
ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
Sigma Aldrich

Cell Proliferation Kit I (MTT)
Cytotoxicity Detection Kit Plus (LDH)
Seahorse XFp Cell Mito Stress Kit
Chemicals

Roche
Roche
Agilent Technologies

0% Fat Skim milk

2-mercaptoethanol

3-Methyladenine (3-MA)

30% Acrylamide/Bis-acrylamide

APy4rat

Acetic acid

Amersham Hybond P 0.2 PVDF membrane
Amersham Protran 0.2 NC membrane
Ammonium persulphate

Bafilomycin Al from streptomyces griseus
Bovine Serum Albumin (BSA) Fraction V
CDP-Choline

Collagen 1V from human placenta

cOmplete EDTA-free protease inhibitor cocktail
Color prestained protein standard, broad range
Dimethyl sulphoxide (DMSQO) Hybri-Max
DTT

Regilait
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
GE Healthcare
GE Healthcare
Sigma Aldrich
Sigma Aldrich
Roche

Fluka

Sigma Aldrich
Roche

New England Biolabs
Sigma Aldrich
Applichem
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Ethanol

Ethylenediaminetetraacedic acid (EDTA)

F-12 Nut Mix (Ham) 1X
Glycerol

Glycine

Glucose monohydrate

HI Fetal Bovine Serum (FBS)
HI Horse Serum (HS)
Hydrochloric acid

Igepal CA-630

Methanol

Mounting medium

Nerve Growth Factor
Paraformaldehyde
Penicilin-Streptomycin
Phenylmethanesulfonyl (PMSF)
Phosphate Buffer Saline (PBS) (1X)
Ponceau S

Potassium chloride

Potassium dihydrogen phosphate
Quick Start Bradford 1X Reagent
Rapamycin from streptomyces
SDS

Sodium azide

Sodium chloride

Sodium fluoride

Sodium hydroxide

Sodium phosphate dibasic dodecahydrate

Sodium orthovanadate
Sodium Pyruvate 100mM (100X)

SuperSignal West Pico Chemiluminescent Substrate

TEMED

Triton X-100

Trizma Base

Trypan Blue Solution
Tryple Select (1X)
Tween-20

Western blotting filter paper
Equipment

Sigma Aldrich
Sigma Aldrich
Gibco

Sigma Aldrich
Merck

Sigma Aldrich
Gibco

Gibco

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Ibidi

Sigma Aldrich
Sigma Aldrich
Gibco
Applichem
Gibco

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
BioRad
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Merck

Sigma Aldrich
Sigma Aldrich
Gibco

ThermoFisher Scientific

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Gibco

Sigma Aldrich

ThermoFisher Scientific

4°C fridge

-20°C freezer

-80°C freezer

Biosafety cabinet

ChemiDoc MP Imaging System
Cell culture incubator

Confocal Microscope, LSM 700

Kirsch
Kirsch
GLF

ThermoFisher Scientific

BioRad

Zeiss



Environmental shaker/incubator ESCO

Flow cytometer, FACSVerse BD

Micro centrifuge ThermoFisher Scientific
Mini centrifuge Biosan

Plate reader BioTek

Seahorse XFp analyzer Agilent Technologies
Trans-blot turbo transfer system BioRad

Varioskan flash ThermoFisher Scientific
Ventilated micro centrifuge ThermoFisher Scientific

2.1.1. Preparation of chemicals for cell culture

Nerve Growth Factor (NGF) (100ng/ul)

25ug NGF containing vial was dissolved in 250ul PBS containing 1% FBS. 10ul
aliquots were taken from 100ng/ul stocks and stored at -80°C.

CDP-Choline (10mM)

0.055g CDP-Choline was dissolved in 10ml sterile ddH,0 to prepare 10mM stocks.
Filter sterilization was followed using 0.22um filter. 200ul aliquots were taken and
stored at -80°C.

Rapamycin (1mM)

Img vial was dissolved in 1.094 ml DMSO to obtain 1ImM main stocks. 20ul
aliquots were strored at -20°C. 1uM working stock was freshly prepared with low

serum medium. 200nM rapamycin treatment was applied for 1h at 37°C.

Bafilomycin A; (160uM)

2ng vial was dissolved in 20ul DMSO to prepared 160uM stock. Sul aliquots were
taken and stored in -80°C. 100nM working stock was freshly prepared with low

serum before treatment. 5nM treatment was performed for 2h at 37°C.

3-MA (20mM)

2.25mg 3-MA was dissolved freshly in 1.5ml low-serum medium to prepare 20mM
working stock. 5mM 3-MA treatment was followed at 37°C for 1h after filter

sterilization step using 0.22um filter.
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AB14

1mg vial was dissolved in 1ml sterile ddH,O to obtain 226mM stocks. 15ul aliquots
were taken and stored at -80°C. An aliquot was incubated at 37°C shaker for 2 days
before use. Serial dilution steps in low-serum medium were performed for 12.5uM

AP1.42 treatment.

2.1.2. Gels, buffers and solutions

15% Acrylamide Gel (5ml)

30% Acrylamide/Bis-acrylamide | 2.5ml
1.5M Tris (pH:8.8) 1.25ml
50% Glycerol 375ul
ddH,0 875ul
10% APS 50ul
TEMED 5ul

12% Acrylamide Gel (5ml)

30% Acrylamide/Bis-acrylamide 2ml
1.5M Tris (pH:8.8) 1.25ml
50% Glycerol 375ul
ddH,0 1.375ml
10% APS 50ul
TEMED 5ul

4% Stacking (2.5ml)

30% Acrylamide/Bis-acrylamide | 325ul
1 M Tris (pH:6.8) 625ul

20% SDS 12.5ul
ddH,0O 1.512ml

10% APS 12.5ul

TEMED 2.5ul
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10X Tris-Glycine running buffer (pH 7.4-8.5)

0.25M Tris

1.92M Glycine

1% SDS

10X running buffer is diluted to 1X with ddH,O

1X Transfer buffer

80% 1X Tris-Glycine running buffer

20% methanol

10X PBS (pH 7.4)
1.37M NaCl

0.03M KCI

0.035M KH,PO4

0.1M NayHPQO4.12H,0

10X PBS is diluted to 1X with ddH,O

1X PBST

1X PBS

%0.5 Tween-20

1X RIPA lysis buffer

50mM Tris-HCI (pH 7.4)
150mM NacCl

1ImM EDTA

1ImM NaF

1ImM NazVVO,

0.5% Igepal CA-630
0.5% Triton X-100
0.5mM PMSF in EtOH
ImMDTT



5X Loading Dye

250mM Tris-HCI (pH 6.8)
43.5% Glycerol
5% SDS

0.5% Bromophenol Blue

Ponceau S
0.1% (w/v) Ponceau S
5% Acetic acid

5% Skimmed Milk

5% (w/v) skimmed milk prepared in 1X PBST

5% BSA for primary antibodies

5% (w/v) Fraction V BSA
0.02% Na-Azide

Protease Inhibitor (PI)

1 tablet of Roche cOmplete EDTA-free protease inhibitor cocktail was dissolved in
2ml sterile ddH,O to obtain 25X stock. 50ul aliquots were taken and stored at -20°C.

Dilution to 1X was made with RIPA lysis buffer just before preparing cell lysates.

4% PEA for immunofluorescence

20g paraformaldehyde was dissolved in 500ml 1X PBS. pH of the solution was set to
7.2 with NaOH. Filter sterilization step was done using 0.22um filter, 10ml aliquotes

were taken and stored at -80°C.

Permeabilization buffer

0.2% Triton X-100 and 0.5% FBS containing PBS was filter sterilized using 0.2um
filter
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Blocking buffer

PBS containing 0.1%Triton X-100, 0.5% FBS and 2mg/ml BSA was filtered with
0.2um filter.

Washing buffer

0.1% Triton X-100 containing PBS was filtered through 0.2um filter.

Antibody dilution buffer

0.1% Triton X-100, 0.5% BSA and 2mg/ml BSA containing PBS was filter sterilized
using 0.2um filter.

2.2. Methods
2.2.1. Cell culture

PC12-Adh cells (CRL1721.1, ATCC) were cultured in F12-Ham, containing 1%
penicilin-streptomycin, 2,5% fetal bovine serum and 15% horse serum. Cells were
maintained in a humidified atmosphere of 5% CO, at 37°C. Medium was changed
every two days. Cells were splitted at 80% confluency. In all experiments, cells were
seeded in complete medium. One day after seeding, cells were induced to
differentiate with 30ng/ml NGF in low serum medium, which was F12-Ham
medium, containing 1% penicilin-streptomycin and 1% horse serum, for five days.

NGF containing LS medium was renewed every three days.
2.2.2. Determination of cell proliferation

PC12 cells were seeded at 2.5x10* density in 96-well plates. 30ng/ml NGF
differentiation was initiated for five days the day after seeding. Cells were incubated
with increasing concentrations of APz (1.25uM, 12.5uM, 50uM and 100uM) for
24 hours. Protocol of Cell Proliferation Kit I (MTT), Roche was followed to
determine the effect of AP;.42 0n cell proliferation.
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2.2.3. Determination of cytotoxicity

PC12 cells were seeded at 2.5x10 density in 96-well plates. One day after seeding,
30ng/ml NGF incubation was performed for five days. Cells were incubated with
increasing concentrations of ABi.42 (1.25uM, 12.5uM, 50uM and 100uM) for 24h.
Protocol of Cytotoxicity Detection Kit, Roche, was followed to determine the

cytotoxic effects of APi-42.
2.2.4. Formation of Ap;.4, fibrils

226mM ApPi.4, Stock was incubated at 37°C shaker for two days. Thioflavin-T
binding assay was applied to investigate the formation of the fibrillar form of AB;.42.
For this purpose, blank mixture, composed of 10uM Thioflavin-T, 10mM Tris (pH
6.8), ddH,0, and assay mixture composed of 10uM Thioflavin-T, 10mM Tris (pH
6.8) and 10uM APi.42, ddH20 were prepared. 60ul of each mixtures were put into
384-well black microplates in triplicates. Since Thioflavin-T gives emmision at
482nm in the presence of AP fibrils, fluorescence scan between 465nm and 600nm
was followed using Thermo Varioskan instrument. Mean values were calculated

from the triplicates.
2.2.5. Protein extraction

PC12 cells were seeded at 3x10° density in 6-well plates. The day after seeding,
30ng/ml NGF incubation was initiated for five days. Cells were incubated with
100uM CDP-Choline for 48hours. 200nM rapamycin and 5nM bafilomycin
treatments were followed for 1hour and 2 hours respectively. 12.5uM AP1.42 injury
was applied for 24 hours. Cell pellets were collected from each sample and lysed
with appropriate amount of 1X RIPA lysis buffer and incubated on ice for 10min.
After pipetting gently, another incubation on ice for 10 min was done. Afterwards,
cells were centrifuged at 13000 rpm at 4°C for 10min. Supernatants were collected

into new tubes and protein samples were stored at -20°C.
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2.2.6. Protein concentration determination

After protein extraction, protein concentrations are determined by Bradford assay.
For this purpose, 1.5, 0.75, 0.5, 0.25 and 0.125 pg/ul BSA standards are prepared.
Protein samples are diluted in ddH,O at 1:10 ratio and 10ul of each samples and
BSA standards are put into a 96-well plate in triplicates. ddH,0 is used as blank.
190ul of 1X Bradford reagent is added onto each well and samples are incubated at
dark for 5min at room temperature. After 5min, plate is read at 595nm. Mean values
of each sample and BSA standards are calculated. Protein concentrations are

calculated according to the equation obtained from BSA standard values.
2.2.7. SDS-PAGE and western blotting

5X loading dye was diluted to 1X with 15ug protein sample and heated at 95°C for
5min. Samples were loaded onto 15% and 12% acrylamide gels and run at 90V until
all the samples reach to the bottom of the gel. Afterwards, gels were transferred to
nitrocellulose or 0.2um PVDF membrane by trans-blot semi dry blotting instrument
for 25-30 min using 1X transfer buffer. To check whether the transfer was successful
or not, membranes were stained with Ponceau S. Blocking step was followed using
5% skimmed milk solution prepared in PBST for 1h at room temperature. After
blocking, membranes were probed with rabbit anti-LC3B (1:4000), rabbit anti-
BECN1 (1:2000), rabbit anti-p62 (1:2000), mouse anti-neurofilament (1:1000),
rabbit anti-mitufusin-2 (1:2000), mouse anti-p-actin (1:2000) primary antibodies
overnight at 4°C. After washing membranes three times for 10min with PBST at
room temperature, incubation with peroxidase-conjugated anti-mouse (1:2000) and
anti-rabbit (1:2000) were followed for 1h at room temperature. Membranes were
washed three times for 10min with PBST and SuperSignal West Pico
chemiluminescent solution was applied onto membranes. Images were taken with

ChemiDoc and analyzed with ImageLab program.
2.2.8. Immunofluorescence staining

13mm coverglasses were placed into 12-well plates and coated with 50ng/ml
collagen from rat tail for 1h at 37°C. PC12 cells were seeded at 7x10* density

coverglasses in complete medium. Differentiation was initiated with 30ng/ml NGF
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the day after seeding for 5 days. 100uM CDP-Choline, 200nM rapamycin, 5nM
bafilomycin and 12.5uM APi.4> treatments were followed in the same way as in
protein sample preparation. After treatments, cells were fixed with 4% PFA for 30
min at room temperature and washed with PBS. Permeabilization step was followed
using permeabilization buffer for 20 min at room temperature, after this step samples
were washed three times with washing buffer. Blocking buffer was applied for 15min
at room temperature and samples were probed with rabbit anti-LC3B (1:500) using
antibody dilution buffer at +4°C overnight. After washing three times with washing
buffer, AF 488-conjugated anti-rabbit (1:1000) secondary antibody prepared in
antibody dilution buffer was applied for 1h at room temperature. Samples were
washed three times with washing buffer and two times with PBS, afterwards DAPI
(1:5000) was applied for 15min at room temperature for nucleus staining. Samples
were washed three times with PBS and coverglasses were mounted onto microscope
slides. Images were taken with 63X oil objective using Zeiss LSM 700 confocal

microscope.
2.2.9. Evaluation of mitochondrial dynamics with flow cytometry

PC12 cells were seeded at 10° density to 10cm cell culture dishes in complete
medium. NGF-differentiation was initiated the day after seeding in low serum
medium for five days. After differentiation, PC12 cells were incubated with 100uM
CDP-Choline for 24 h, afterwards 12.5uM Ap.4, treatment was followed for another
24h. After these treatments, cells were harvested and centrifuged at 600g for 5min.
Pellets were dissolved in PBS and 2x10° cells from each group were incubated with
50nM MitoTracker Red CMXRos, 2.5uM MitoSox and 200nM MitoTracker Green
FM for 20min at 37°C to determine mitochondrial membrane potential,
mitochondrial superoxide formation and mitochondrial mass respectively.
Afterwards, samples were centrifuged at 600g for 5min and washed with PBS.
Another centrifugation step was followed and pellets were dissolved in 200ul PBS.
Samples were transferred to flow cytometry tubes and analyzed with BD FACS

Verse flow cytometry instrument.
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2.2.10. Mitochondrial staining

13mm coverglasses were placed into 12-well plates and coated with 50ng/ml
collagen from rat tail for 1h at 37°C. PC12 cells were seeded at 7x10* density
coverglasses in complete medium. Differentiation was initiated with 30ng/ml NGF
the day after seeding for 5 days. 100uM CDP-Choline treatment was followed for
24h after NGF differentiation. Afterwards, 12.5uM A4, treatment was initiated for
24h. After treatments, cells were washed with PBS and stained with 25nM
MitoTracker Red CMXRos and 50nM MitoTracker Green FM for 15min at room
temperature. After washing samples two times with PBS, coverglasses were mounted
onto microscope slides and images were taken with 63X oil objective using Zeiss

LSM 700 confocal microscope.
2.2.11. Measurement of mitochondrial respiration

A day prior this experiment, a Seahorse XFp Sensor Cartridge was hydrated using
Seahorse XF Calibrant overnight at 37°C in a non-CO, incubator. Cells used for flow
cytometry were processed for this experiment. Harvested and centrifuged PC12 cells
were dissolved in PBS. 4x10* cells from each group were seeded into Seahorse XFp
Cell Culture miniplates in triplicates. These plates contain 8 wells, therefore only two
experimental groups could be analyzed in one assay since two wells were considered
as blank according to the manufacturers protocol. Plates were centrifuged at 300g for
Imin without break, supernatant was discarded and 180ul XF Base Medium (pH
7.4), containing 1mM sodium pyruvate, 2mM L-glutamine, 10mM glucose, was
added into wells. Cells were incubated in non-CO; incubator at 37°C for 40 min.
During this incubation, the contents of Seahorse XFp Cell Mito Stress kit, which are
oligomycin (50uM), FCCP (50uM), rotenone/antimycin A (25uM), were prepared
according to manufacturers protocol. Afterwards, XFp Cell Mito Stress kit was

applied as on the kit protocol and analyzed using Seahorse XFp analyzer.
2.2.12. Statistical analysis

Student’s t-test was used for statistical analysis.
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Figure 10. Experimental design
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3. RESULTS

3.1. Effects of CDP-Choline on Autophagy Proteins in NGF-Differentiated PC12
Cells Upon AP1.4, Injury

3.1.1. Differentiation of PC12 cells with Nerve Growth Factor (NGF)

NGF-differentiated PC12 cells are used as neuronal cell models. To determine
the optimum duration for neuronal differentiation, PC12 cells were incubated with
30ng/ml NGF from three to six days. Cell morphologies were daily followed and
images were taken under the light microscope for the observation of neurite growth.
Neurite growth was detected at fifth day of NGF differentiation of PC12 cells

compared to undifferentiated cells (Figure 11).

Control

Figure 11. Neurite growth characterization of NGF-treated PC12 cells. PC12 cells were incubated
with 30ng/ml NGF for three to six days. Morphological changes and neurite growth were analyzed

daily, images were taken under a light microscope.

Differentiation of PC12 cells to neuronal cells in the presence of NGF can be
characterized by several neuronal markers, such as neurofilament. There are several
subunits of neurofilament, including neurofilament-L, neurofilament-M and
neurofilament-H. In this work, we used neurofilament-L (~ 70kDa) for the
determination of PC12 differentiation, since neurofilament-L forms heterodimers
with other subunits. For this purpose, PC12 cells were incubated with 30ng/ml NGF
three to six days. Samples were collected each day and neurofilament-70kDa levels

were analyzed by western blotting. An increase in neurofilament levels was observed
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on the fourth day of differentiation, compared to undifferentiated PC12 cells. Since
the most distinct increase was seen on the fifth day, PC12 cells were differentiated

with 30ng/ml NGF for five days in further experiments (Figure 12).
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Figure 12. Neurofilament-70kDa levels of NGF-treated PC12 cells. PC12 cells were incubated in
the presence of 30ng/ml NGF for three to six days. Samples were collected each day. Neurofilament-
70kDa levels were analyzed with western blotting. Bar graph represents the mean + values of three

independent experiments.
3.1.2. Effect of CDP-Choline on autophagy proteins.

To study the effect of CDP-Choline on autophagy, differentiated PC12 cells
were incubated in the presence and absence of CDP-Choline (100uM) up to 72 h.
This concentration of CDP-Choline was chosen according to its effect on LCB levels
in our preliminary work (data not shown). Samples were collected every 24 h and
lysates were prepared to determine LC3B levels by western blotting. 16/18kDa ratio
of LC3B was increased in both CDP-Choline treated and untreated cells for 48h

(Figure 13). This increase was significant in the presence of CDP-Choline, p=0,03,
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whereas it was not significant in the absence of CDP-Choline, p=0,24. Since the
16/18kDa ratio of LC3B increased at 48h of CDP-Choline treatment, we used this

timepoint in further experiments.
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Figure 13. Effects of CDP-Choline on LC3B levels in differentiated PC12 cells. Differentiated
PC12 cells were incubated in the presence and the absence of 100pM CDP-Choline up to 72h. Cell
lysates were prepared every 24h. LC3B levels were studied by western blotting. Results are
normalized to negative control group. Bar graph represents mean + SEM values of three independent
experiments.

To further analyze autophagy mechanism, p62 and BECN1 protein levels were
also examined in the presence and the absence of CDP-Choline for 24-72 h in
differentiated PC12 cells. CDP-Choline treatment did not significantly affect the
protein levels of p62 and BECNL1 as shown in Figure 14.
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Figure 14. Effects of CDP-Choline on p62 and BECNL1 levels in differentiated PC12 cells.
Differentiated PC12 cells were cultured in the presence and the absence of 100uM CDP-Choline up
to 72 h. Cell lysates were prepared every 24 h. p62 and BECNL1 levels were measured by western
blotting. Untreated cells were used as control and the results were normalized to the control group.

Bar graphs represent the mean =SEM values of three independent experiments.

3.1.3. Measurement of cytotoxicity of ABi..o on PC12 cells and its effects on cell

proliferation.

To determine the cytotoxic effects of APi-42, NGF-differentiated PC12 cells were
incubated with increasing concentrations of ABi42 (1.25uM, 12.5uM, 25uM, 50uM
and 100uM) for 24 h. Cytotoxicity of APi.42 and its effects on cell proliferation were
measured with LDH and MTT assays, respectively. According to these assays, AB1.42
decreased cell proliferation in a concentration dependent manner. Particularly, a
significant decrease was observed at 12.5uM, p=0.01, compared to the control group
(Figure 15-A). Furthermore, AB;.4> did not show a concentration-dependent change
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in cytotoxicity. There was an increase until 50uM, but a slight decrease at 100uM.
Besides, as seen on MTT assay, 12.5uM APi.4> caused a significant increase in the
cytotoxicity of PC12 cells, p=0.03 (Figure 15-B). Therefore, this concentration was

selected for use in further experiments.
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Figure 15. Cytotoxicity of AB; 4, and its effects on cell proliferation. Differentiated PC12 cells
were incubated with increasing concentrations of AP;4 for 24 h. MTT and LDH assays were
performed to measure the effects of AB;.4, on cell proliferation (A) and its cytotoxicity respectively
(B). The untreated cells were used as control, and the results were normalized to the control group.

Bar graphs respresent the mean = SEM values of five independent experiments.

3.1.4. Measurement of fibrillar Ap;.4, formation.

Thioflavin-T, which is a fluorescent indicator of AB fibrils, was used to measure
the fibrillar formation of APi.42. For this purpose, equal amounts of Thioflavin-T
(10uM) were incubated with either ABj-42 or 10mM of Tris (pH:6.8), which was the
blank buffer solution. Fluorescence intensity of APi.4p was apparently increased
between 465nm and 600nm, compared with the blank solution. This increase

indicated the formation of fibrillar form of AB;-42 (Figure 16).
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Figure 16. Thioflavin-T binding assay. 10uM of Thioflavin-T was incubated with either A4, Or
blank buffer solution. Fluorescence scanning between 465nm and 600nm results showed that there
was an increase in the fluorescence intensity of AP, fibrils. The graph is representative of three

independent experiments.

3.1.5. Determination of autophagy inducer and inhibitor concentrations.

Different autophagy inducers and inhibitors are used in literature to assess
autophagic flux. We used rapamycin ,which is a mTOR inhibitor and widely used for
the induction of autophagic activity to investigate the details of the effects of CDP-
Choline and cell injury. To determine the optimum concentration of rapamycin,
differentiated PC12 cells were cultured with increasing concentrations of rapamycin
(0-200nM) for 1h. Samples were collected after 24 h and cell lysates were prepared
to detect LC3B levels by western blotting. 200nM of rapamycin treatment increased
16/18kDa levels of LC3B compared to untreated PC12 cells. Therefore, 200nM

rapamycin was used as autophagy activator in further experiments (Figure 17).
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Figure 17. Determination of optimum rapamycin concentration. Differentiated PC12 cells were
incubated with increasing concentrations of rapamycin (0-200nM) for 1 h. Samples were collected
after 24 h. LC3B levels were analyzed by western blotting. Untreated cells were used as control and
results were normalized to the control group. Bar graph represents mean £ SEM values of three

independent experiments.

In order to measure autophagic flux in the presence of autophagy inhibitors, we
used 3-MA, which is a blocker of class Il PI3K inhibitor, involved in
autophagosome formation, and bafilomycin, which acts as a V-ATPase inhibitor and
blocks the lysosomal degradation of autophagosomal contents. NGF-differentiated
PC12 cells were incubated with increasing concentrations of 3-MA (0-10mM) and

bafilomycin (0-25nM) for 1 h and 2 h, respectively to determine optimum
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concentrations of both inhibitors. Samples were collected after 24 h and LC3B levels
were studied by western blotting. Although 3-MA causes a decrease in 16kDa/18kDa
ratio of LC3B; we observed increased 16/18kDa ratio of LC3B in NGF-differentiated
PC12 cells. This can be correlated with the effect of 3-MA on several pathways
involving PI3K activity other than autophagy. On the other hand, bafilomycin
showed an increase in 16/18kDa ratio, as expected. We also tested the effects of 5nM
bafilomycin under same conditions on LC3B levels and observed and increase in
16/18kDa ratio (data not shown). In line with these results, we decided to use 5nM

bafilomycin in further experiments as an autophagy inhibitor (Figure 18).
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Figure 18. Determination of optimum inhibitor concentration. Differentiated PC12 cells were
incubated with different concentrations of 3-MA (0-10mM) and bafilomycin (0-25nM) for 1h. and 2h.
respectively. Samples were collected after 24h. and LC3B levels were analyzed by western blotting.

Untreated cells were used as control.
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3.1.6. Changes in the autophagy protein levels upon Af;.4; injury.

Upon 100uM CDP-Choline treatment of NGF-differentiated PC12 cells for 48 h,
cells were exposed to ABi-42 injury for an additional 24 h. To clarify the role of CDP-
Choline on autophagic flux, rapamycin and bafilomycin were used as autophagy
inducer and inhibitor, respectively. LC3B levels of cell lysates were analyzed by
western blotting. A significant increase in the 16/18kDa ratio of LC3B was observed
in the presence of 100uM CDP-Choline, p=0.04. This result was consistent with the
previous data (Figure 13). We also observed that this increase of LC3B caused by
CDP-Choline was enhanced in the presence of rapamycin and bafilomycin. This
indicated that 100uM CDP-Choline treatment cause an increase in autophagic flux.
APi-42 injury also caused a significant increase in the 16k/18kDa ratio of LC3B,
p=0.01. (Figure 19).

In addition to LC3B levels, we also investigated BECNL1 levels, as another
autophagy marker protein. Results suggested that there is an increase in BECN1
levels of CDP-Choline and Ap;.4, treated cells compared to the control group. Even
though this increase was not statistically significant, p=0.23, p=0.14 respectively, it
can be connected to the increase in LC3B levels (Figure 20).
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Figure 19. Effects of CDP-Choline on LC3B levels of injured PC12 cells. Differentiated PC12
cells were incubated in the presence and the absence of 100uM CDP-Choline for 48 h. AB;.4,
injury was followed for 24 h. Rapamycin and bafilomycin treatments were done in the
presence and the absence of both CDP-Choline and Af;.4;. Cell lysates for each group were
prepared for western blot analysis. LC3B results were normalized to negative control group.

Bar graph represents mean + SEM values of four independent experiments.
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Figure 20. Effects of CDP-Choline on BECNL levels of injured PC12 cells. Differentiated PC12
cells were incubated in the presence and the absence of 100uM CDP-Choline for 48 h. A4, injury
was followed for 24 h. Rapamycin and bafilomycin treatments were done in the presence and the
absence of both CDP-Choline and AP;.4. Cell lysates for each group were prepared for western blot
analysis. Results were normalized to negative control group. Bar graph represents mean + SEM values

of three independent experiments.

Immunofluorescence was followed concurrently with western blotting, and
average LC3B puncta formation per cell was also analyzed. According to these
results, average puncta per cell was significantly increased in the presence of 100uM
CDP-Choline and 12.5uM AP;.42, p=0.007 and p=0.02 respectively, which was

consistent with our western blot results (Figure 21).
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3.2. Effects of CDP-Choline on Mitochondrial Dynamics of NGF-Differentiated
PC12 Cells Upon AB;-42 Injury

Mitochondrial dynamics constitute an important factor on mitochondrial,
consequently cellular homeostasis and function. Mitochondrial dysfunction results in
the development of various diseases, including neurodegenerative disorders. The
effect of CDP-Choline on mitochondrial dynamics was studied to understand its

potential neuroprotective role on AP1.42 injured PC12 cells.

Mitofusin-2 is an important protein for mitochondria since it is the marker of
mitochondrial fusion which is among the principal events in controlling
mitochondrial dynamics. Therefore, we firstly investigated Mitofusin-2 levels of
differentiated PC12 cells. Samples were prepared as described on section 3.1.6.
Mitofusin-2 levels of the cell lysates were analyzed by western blotting. Even though
the presence of CDP-Choline and AP;.4; resulted in an increase of Mitofusin-2 levels,
this was not statistically significant, p=0.08 and p=0.07 respectively. In addition,
there was no difference between CDP-Choline treated and untreated cells upon Ap;.

42 Injury (Figure 22).
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Figure 22. Effects of CDP-Choline on Mitofusin-2 levels of injured PC12 cells.
Differentiated PC12 cells were incubated in the presence and the absence of 100uM CDP-
Choline for 48 h. A4, injury is followed for 24 h. Rapamycin and bafilomycin treatments
were done in the presence and the absence of both CDP-Choline and AP;.4,. Cell lysates for
each group were prepared for western blot analysis. Results were normalized to negative

control group. Bar graph represents mean + SEM values of four independent experiments.

The effect of CDP-Choline on mitochondrial membrane potential was studied on
differentiated PC12 cells. To this end, PC12 cells were incubated with increasing
concentrations of CDP-Choline (100-1000uM) for 24 h. After incubation, cells were
probed with MitoTracker Red CMXRos, which is sensitive to mitochondrial
membrane potential. We did not observe any concentration dependent differences in
mitochondrial membrane potential of PC12 cells between control and CDP-Choline
(Figure 23-A). To identify the effect of CDP-Choline in a time-dependent manner,
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differentiated PC12 cells were incubated with 100uM CDP-Choline for different
timepoints (16h-72h) and probed with MitoTracker Red CMXRos. There was no
change in mitochondrial membrane potential levels between control and CDP-

Choline groups at different timepoints (Figure 23-B).
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Figure 23. Effects of different concentrations of CDP-Choline on mitochondrial membrane
potential. Differentiated PC12 cells were incubated with increasing CDP-Choline concentrations
(100-1000pM) for different timepoints. After incubation, cells were probed with 50nM MitoTracker
Red CMXRos, measured by flow cytometry and analyzed with BD FACS Suite program. (A)
Incubation with increasing concentrations of CDP-Choline for 24 hours did not cause any change in
mitochondrial membrane potential on PC12 cells. (B) Incubation with 100uM CDP-Choline for

different timepoints did not change the mitochondrial membrane potential of PC12 cells.

Upon 100uM CDP-Choline treatment of differentiated PC12 cells for 24 h,
12.5uM APi42 injury was followed for another 24 h. Cells were probed with
MitoTracker Red CMXRos, MitoSox and MitoTracker Green FM to monitor
mitochondrial membrane potential, mitochondrial superoxides and mitochondrial
mass, respectively by flow cytometry. When A;.4, treated group was compared with
control group, we observed a significant increase in MitoRed levels, p=0.03.
Although there was an enhancement in the MitoSox levels in A4, treated group as
well, it was not statistically significant, p=0.08. MitoGreen levels were also enhanced
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in AP;4, treated group, but it was not a significant increase, p=0,15. When CDP-
Choline treated group was compared with the control group, a significant increase
was noticed in MitoSox levels, p=0.04. Interestingly, a significant increase was also
observed in MitoGreen levels, p=0.03. We did not observe any changes in MitoRed
levels of control group and CDP-Choline-treated group, which was consistent with
our previous data (Figure 23). Additionally, we did not notice any change in
MitoRed, MitoSox and MitoGreen levels when we compared AP treated group with
CDP+Ap treated group (Figure 24).
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Confocal microscopy imaging was followed concurrently to verify the results
obtained from flow cytometry. To this end, NGF-differentiated PC12 cells were
treated as described in Figure 24 and were probed with MitoTracker Red CMXRos
and MitoTracker Green FM. Consistent with our flow cytometry results, an increase
was observed in MitoRed levels when control and Afi.42 groups were compared.
Similarly, a noticable enhancement was obtained in MitoGreen levels between
control and CDP-Choline treated groups (Figure 25). Apart from these, we did not

observe any notable changes in other groups.

In addition to flow cytometry analysis, mitochondrial respiration was examined
simoultaneosly using XFp Cell Mito Stress kit of Seahorse XFp analyzer. AB1.42
injury was followed for 24 h upon 100uM CDP-Choline treatment for 24 h. Samples
were processed according to the manufacturers protocol for analysis. Oligomycin,
FCCP and mixture of rotenone and antimycin A were used as ETC complex V
inhibitor, uncoupler and ETC complex I and Il inhibitor, respectively. According to
these experiments, cells treated with 100uM CDP-Choline had decreased
mitochondrial respiration rates with reference to the control group. Maximal
respiration and ATP production rates of CDP-Choline treated group were also lower
than the control group (Figure 26-A,C). Likewise, mitochondrial respiration,
maximal respiration and ATP production decreased in cells treated with both CDP-

Choline and A;.4» compared with only Ap1.4o-treated group (Figure 26-B,D).
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To evaluate the effect of higher concentrations of APi42, on mitochondrial
dynamics, NGF-differentiated PC12 cells were pre-treated with 100uM CDP-
Choline for 24 h and then, incubated with 50uM APi.4, for another 24 h. Cells were
probed with MitoTracker Red CMXRos, MitoSox and MitoTracker Green FM as
previously described. Interestingly, CDP-Choline treatment decreased MitoSox
levels in the presence of 50uM APi.42. Besides, we observed a decrease in MMP
levels of AB-injured PC12 cells. However, CDP-Choline did not affect mitochondrial

mass upon injury (Figure 27).
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Figure 27. Effects of 50uM AP;.4, treatment on mitochondrial dynamics of differentiated PC12
cells. Differentiated PC12 cells were treated with 100uM CDP-Choline for 24 h. 50uM APi.4
incubation is followed for another 24 h. Mitochondrial membrane potential, mitochondrial
superoxides and mitochondrial mass are analyzed by probing cells with 50nM MitoTracker Red
CMXRos, 2.5uM MitoSox and 200nM MitoTracker Green FM, respectively. Fluorescence intensity
of the probed cells are obtained with flow cytometry and analyzed with BD FACS Suite program.

Histograms are representatives of three independent experiments and show the relative fluorescence
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intensity of compared groups. Fluorescence intensities are analysed using BD FACS Suite program.
Results are normalized with control group. Bar graphs represent mean + SEM values of three

independent experiments.
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4. DISCUSSION

AD is the most prevalent neurodegenerative disease worldwide by affecting over
44 million people and predicted to exceed 130 million people in 2050 due to
increasing life expectancy. Treatment and medical expenses for this disease are also
anticipitated to exceed a trillion-dollars in a few years. Currently used drugs for AD
treatment are unable to stop or reverse the symptoms of the disease, therefore AD-
related investigations are still the key to find an effective treatment. Formation of
senile plaques composed of aggregated AP and hyperphoshorylated tau mediated
NFTs are accepted as the major causes of AD. These effects result in neuronal
degeneration and loss followed by cognitive deficits and memory loss. The
mechanism underlying these pathologies remains elusive. Although, autophagy
mechanism is considered as a potential therapeutic and protective pathway to clear
aggregated and misfolded proteins seen in AD, enhancement in autophagic levels
were also reported in neurodegeneration. Besides, accumulated AVs are reported to
be a source of toxic AP peptides. Therefore, these situations render autophagy as a
double-edged sword since its role still remains controversial. In addition, the
membrane source of the autophagosome still remains unknown. Recent studies
highlighted the neuroprotective effects of CDP-Choline, which is an intermediate in
PC synthesis, in in vivo and in vitro models of brain hypoxia, ischaemia,
intracerebral haemorrhage, and traumatic brain injury (36). However, the mechanism
of this neuroprotective effect of CDP-Choline needs to be elucidated. PC, as the
major constituent of biological membranes, also plays a role in maintaining neuronal
homeostasis, including neurotransmission and synaptic function. Given the findings
indicating reduced PC and PE levels in AD brains, CDP-Choline is suggested to be a
precursor to ameliorate phospholipid synthesis (6, 75). In view of the involvement of
autophagosome in autophagy mechanism, we proposed that CDP-Choline might
enhance autophagic activity by providing lipid sources for autophagosome
formation. Therefore, in this study we aimed to examine effects of CDP-Choline on

autophagy in NGF-differentiated PC12 cells upon A;.4; injury.
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Since the effect of CDP-Choline on autophagy of neuronal cells is unknown, we
firstly characterized neuronal differentiation of PC12 cells following NGF treatment.
We measured neurofilament-70kDa levels known as a neuronal marker during
differentiation process. Neurite outgrowth was observed on the fifth day of
differentiation. Next, the effect of CDP-Choline on autophagy proteins of
differentiated PC12 cells were investigated. The levels of LC3B, the most important
autophagy marker, were investigated. Statistically significant increase in 16/18kDa
ratio of LC3B protein was detected following 48 h of CDP-Choline treatment of
differentiated PC12 cells. In addition to LC3B levels, the other autophagy proteins,
BECNL1 and p62 were also followed upon CDP-Choline treatment. However, we did
not determine a significant change in these protein levels as similar to that observed
in LC3B levels. In a rat model of ischemia/reperfusion, protective effects of choline
treatment via regulating autophagic flux have been recently reported (37). Autophagy
induction upon CDP-Choline treatment on differentiated PC12 cells was
demonstrated for the first time with our study. We did not observe any difference in
BECN1 and p62 levels upon CDP-Choline treatment of differentiated PC12 cells.
This may be a result of their roles in different cellular pathways other than
autophagy, including redox homeostasis, inflammatory responses and endocytosis,
aging and apoptosis respectively (4, 111). To this end, Wooten et al. (113) showed
increased p62 levels in NGF-differentiated PC12 cells activates NF-kB pathway for
cell survival. In addition, McNight et al. (66) demonstrated the involvement of
Beclin-1 protein in membrane trafficking pathways, like endocytosis, and neuronal
viability via UVRAG-Vps34 complex.

Different concentrations of AP have been used for inducing cell injury in other
studies (28, 117). Therefore, we examined the effect of different APi.42
concentrations (1.25; 12,5; 50; 100uM) on cell proliferation and toxicity to
determine optimum conditions for cell injury. We found that 12.5uM APi.4
treatment significantly increased cytoxicity and reduced cell viability by nearly 30%.
To figure out the effects of CDP-Choline on autophagy in the presence and the

absence of APi.42, LC3B protein levels were measured. A significant increase was
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detected in 16/18kDa ratio of LC3B protein of the cells treated with ABiso. In
addition to western blot experiments, immunofluorescence analysis of LC3B levels
consistently revealed a significant increase in puncta formation per cell in Ap and
CDP-Choline treated PC12 cells. Similar effect of AP,s.35-mediated injury on LC3B
levels was also shown by Pengjuan Xu et al. in 2015 (116). But they did not
investigate the effects of AP injury on autophagic flux. Furthermore, enhanced
16/18kDa ratio of LC3B of AP treated cells in the presence of rapamycin and
bafilomycin, as inducer and inhibitor of autophagy, showed that AP induces
autophagic flux (70). Although the details about the mechanism of this induction
need further investigation, Hung SY et al. (45) showed that induced autophagic flux
protects SHSY-5Y cells from AP injury via a7-nicotinic-acetylcholine receptors
(@7nAChR).

Since mitochondria are the main power suppliers for cellular events their proper
function is necessary for cellular homeostasis. Mitochondrial fusion and fission
events, and mitophagy are together responsible for mitochondrial quality control.
These events are triggered by changes in mitochondrial membrane potential or
disruption in bioenergetics involving mitochondrial respiration. As previously
described, fusion and fission events are involved in the exchange of mitochondrial
contents and division of damaged parts of the mitochondrion, respectively. On the
other hand, mitophagy is involved in the autophagosomal engulfment of damaged
mitochondria and their degradation upon fusion with lysosome. There is a substantial
increase in the number of publications highlighting the importance of mitochondrial
homeostasis via mitochondrial dynamics and mitophagy in neurodegenerative
diseases. Although mitochondrial dysfunction and altered bioenergetics are among
the indicators of AD, it is still not clear whether these indications are consequences
or reasons of proteinopathies seen in AD. The effects of CDP-Choline on
mitochondrial dynamics of differentiated PC12 cells in the presence and the absence
of AP injury have been investigated in this thesis study for the first time. CDP-
Choline treatment enhanced the levels of Mfn2, which are involved in mitochondrial

fusion. This result is consistent with increased mitochondrial mass seen in our flow
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cytometry analysis. Thus, CDP-Choline may have a role in preserving the delicate
balance between mitochondrial dynamics and bioenergetics by enhancing fusion
between healthy and damaged mitochondria. Mitochondrial dynamics are altered in
AD brains in favor of mitochondrial fission, followed by fragmented mitochondrial
morphology and decreased fusion protein levels (109). Interestingly, our results
showed increased Mfn2 levels upon AP injury. This may reflect the differences
between in vitro and in vivo models of AD. Due to their highly dynamic structures,
mitochondria should undergo fusion and fission in short time periods to maintain
homeostasis. Hence, assessing mitochondrial fusion after 24 h may be misleading
since the essential effect of Ap or CDP-Choline on mitochondrial dynamics can be

captured at earlier timepoints.

MMP is a key element in mitochondrial function and fate, resulting from protons
pumped into the mitochondrial inner membrane during electron transfer through
ETC complexes in OXPHOS. MMP is considered to be an indicator of cellular ATP
metabolism since it is responsible from the initiation of ATP synthesis. Besides,
dissipation of MMP triggers mitophagy by recruiting and phosphorylating Parkin to
the mitochondrial outer membrane, a process conceived as ‘eat-me!” signal (85, 129).
OXPHQOS, as the fundamental mechanism for cellular ATP synthesis, is a naturally
ROS producing system. Under normal conditions, mitochondrial ROS are produced
following binding of leaked electrons to oxygen. ROS production can be handled and
utilized in signalling pathways as long as it is balanced by antioxidant production
induced by SOD and glutathione reductase activity. However, in the case of
neurodegeneration, including AD, ROS are overproduced and cause increased
oxidative damage resulting in neuronal loss. Increased mitochondrial ROS levels are
related to several factors, including, decreased ATP production and changes in the
protons pumped into the intermembrane space (59). Similarly, oxygen consumption
and ATP production rates are also diminished with aging and neurodegenerative
diseases. Recent studies indicate that CDP-Choline is effective in neuroprotection by
increasing ATP production, acetylcholine production and glutathione reductase

levels (53, 106). Similarly, its antioxidant effects have been shown in different
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disease models (2, 35, 126). In this study, MMP, mitochondrial superoxide
formation, mitochondrial mass and oxidative phosphorylation in cells treated with
CDP-Choline and AP were analysed in order to clarify the role of CDP-Choline on
mitochondrial function. Although CDP-Choline did not cause any alterations in
MMP levels of NGF-differentiated PC12 cells, a significant increase in MitoSox
levels was observed upon CDP-Choline treatment. Also, a decline in oxygen
consumption rate was detected in CDP-Choline treated cells. These results,
combined with increased Mfn2 levels and mitochondrial mass may be associated
with impaired mitophagic activity, since inactivation of Mfn2 by phosphorylation
mediated by PINKZ1 is required for the recruitment of Parkin to the mitochondrial
outer membrane (17, 20). Furthermore, a study in 2015 demonstrated Mfn2 deficient
MEF cells exhibited increased OCR levels (51). Similarly, increased MitoSOX levels
can be associated with decreased OCR levels upon CDP-Choline treatment, since
oxygen molecules become vulnerable to leaked electrons during OXPHOS. In
addition, a recent study involving neuronal stem cells (NSCs) indicates increases in
ROS levels and mitochondrial mass as an intermediate step in neurogenesis (9).
Although we did not study the effect of CDP-Choline on neurogenesis, increased
MitoSox levels and mitochondrial mass upon CDP-Choline treatment may be related
with neurogenesis. In addition to these results, we found that 12.5uM A treated
PC12 cells showed interestingly a significant increase in MMP levels compared to
the control group, whereas their MitoSOX and MitoGreen levels did not change.
These results can be associated with altered bioenergetics and impaired mitophagy
upon AP treatment. Diminished ATP synthesis is correlated with increased MMP
(62), whereas mitophagy deficits are shown as a cause of increased MMP levels and
mitochondrial protein accumulation, such as Mfn2 (44). Moreover, Sun L et al. (99)
showed enhanced PINK1/Parkin mediated mitophagy in response to acetylcholine to
attenuate injury caused by hypoxia in myoblast cells. Since CDP-Choline may be
involved in acetylcholine production (114), it is possible that CDP-Choline treatment
would enhance mitochondrial function by increasing acetylcholine levels to prevent
neuronal loss. Although 12.5uM AP treatment caused an increase in cytotoxicity, it
did not affect MitoSox and MitoRed levels as expected. Hence, it left question marks

about the effectiveness of our AD model with aggregated AP peptides. We further
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analyzed the effects of 50uM Ap-mediated injury on mitochondrial dynamics of
differentiated PC12 cells in the presence and the absence of CDP-Choline.
Interestingly, CDP-Choline reduced MitoSox levels of 50uM AP treated PC12 cells.
This situation suggests that CDP-Choline may have different roles in modulating
mitochondrial dynamics under normal conditions and in the case of an injury, which

suggests that CDP-Choline displays its protective effect under stressed conditions.

Moreover, recent publications urge on two different hypothesis concerning the
aggregation process of AP peptide. One emphasizes AP injury is followed by soluble
oligomers and defines fibrillar form of A as inert while the other argues that fibrillar
form of AP acts as the most damaging form. We used fibrillar form of AB1.4, in our
study and measured this structural formation by ThT-binding assay. This method
needs additional quantification to characterize the fibrillar structure of Ap peptides,
since different forms of AP show different cellular effects. More specific
quantification and characterization tools are required to discover the effects of both
fibrillar and oligomeric forms of AP peptide (103, 127). Different results obtained
from different concentrations of AP seen in our study may be explained by structural
differences. Therefore, characterization of A by different biochemical methods, like

TEM, circular dichroism and AFM merits investigating (15).

In summary, CDP-Choline and AB-mediated injury affected autophagy protein
levels and mitochondrial function of NGF-differentiated PC12 cells. Given the
controversial roles of autophagy mechanism in neurodegeneration and unclear
membrane sources for autophagosome formation, mechanism-based investigation of
CDP-Choline on autophagic flux may contribute to enlighten its role in
neurodegenerative diseases. It also may provide details about the mechanism of the
neuroprotective effect of CDP-Choline with regard to find new therapeutic targets for

the prevention and the treatment of neurodegenerative diseases.
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