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ABSTRACT

THE EFFECTS OF HIGH CHOLESTEROL/HIGH FAT DIET ON
ENDOPLASMIC RETICULUM STRESS AND NEURONAL DYSFUNCTION
IN THE HIPPOCAMPUS AND CEREBRAL CORTEX OF APOE-/- MICE

Mengi, Naz
Master of Science, Molecular Biology and Genetics
Supervisor: Assoc. Prof. Dr. Tiilin Yanik
Co-Supervisor: Prof. Dr. Michelle Adams

July 2019, 63 pages

Hyperlipidemia is an obesity-associated lipid metabolism disorder with high serum
total cholesterol (TC) levels and is known to be a risk factor for neurodegenerative
diseases. High-fat diet (HFD) induced elevated inflammation levels accompanied by
increased levels of apoptosis markers and decreased levels of synaptic proteins in the
hippocampus points out a possible neuronal loss. Protein kinase RNA-like
endoplasmic reticulum kinase (PERK) pathway is activated by endoplasmic reticulum
(ER) stress. The activation of PERK pathway results in reduced protein synthesis and
increased expression of transcription factors involved in the apoptotic and
inflammatory response. A possible impact of PERK pathway activation on neuronal
failure has been questioned.

In this study, the impacts of high cholesterol/high-fat diet (HC/HFD) on the PERK
pathway, inflammation, postsynaptic integrity, and neurogenesis were investigated in
the hippocampus and the cerebral cortex of ApoE”" mice by performing Western blot
analysis. In the hippocampus, no changes in the PERK pathway was detected,
inflammation levels were decreased with Western diet. In the cerebral cortex, the
levels of ER stress, inflammation, and postsynaptic integrity proteins were

significantly increased in ApoE”" mice independently of the diet. Neurogenesis was



significantly higher in the hippocampus and the cerebral cortex of ApoE” mice.
Whereas there was no effect of HC/HFD on ER stress in the hippocampus, genotype

effect activated the PERK pathway in the cerebral cortex.

Keywords: Obesity, Hyperlipidemia, Western Diet, ER Stress, Hippocampus

Vi



0z

YUKSEK KOLESTEROL/YUKSEK YAG DiYETINiN APOE-/-
FARELERIN HIPOKAMPUS VE SEREBRAL KORTEKSINDE
ENDOPLAZMIK RETIKULUM STRESINE VE NORONAL FONKSIYON
BOZUKLUKLARINA ETKIiSi

Mengi, Naz
Yiiksek Lisans, Molekiiler Biyoloji ve Genetik
Tez Danigmani: Dog. Dr. Tiilin Yanik
Ortak Tez Damismani: Prof. Dr. Michelle Adams

Temmuz 2019, 63 sayfa

Hiperlipidemi, serum kolesterol seviyelerinin yiiksek olmasi ile obeziteye bagh lipit
metabolizma bozuklugudur ve ndrodejeneratif hastaliklar i¢in risk faktorii olusturdugu
bilinmektedir. Yiiksek yaglh diyetin inflamasyon ve apoptoz belirteglerini arttirmast,
sinaptik protein seviyelerini azaltmas1 hipokampiiste olas1 noron kaybina isaret eder.
Protein kinaz RNA benzeri endoplazmik retikulum kinaz (PERK) yolagi,
endoplazmik retikulum (ER) stresi ile indiiklenir. Bu yolagin aktivasyonu; protein
sentezinin azalmasi, apoptoz ve inflamasyonda rol alan transkripsiyon faktdrlerinin
ekspresyonunun artmasiyla sonug¢lanir. PERK yolag: aktivasyonun noronal yetmezlik
tizerindeki olas1 etkisi sorgulanmugtir.

Bu calismada, yiiksek kolesterol/yiiksek yag diyetinin (YK/YYD) PERK yolagi,
inflamasyon, postsinaptik biitiinliik ve nrogenez iizerindeki etkileri, ApoE” farelerin
hipokampiis ve serebral kortekslerinde Western blot analizi yapilarak incelenmistir.
Hipokampiiste PERK yolaginda bir degisim saptanmazken, Western diyeti
inflamasyonu azaltmigtir. Serebral kortekste ER stresi, inflamasyon ve postsinaptik
biitiinliigiinii gosteren proteinlerin seviyeleri ApoE”" farelerinde diyetten bagimsiz

olarak artmuistir. ApoE” farelerininin hipokampiis ve serebral kortekslerinde

Vil



ndrogenez artmistir. YC/Y'YD diyetinin hipokampiiste PERK yolag: iizerine bir etkisi
olmazken, serebral kortekste genotip PERK yolagini indiiklemistir.

Anahtar Kelimeler: Obezite, Hiperlipidemi, Yiiksek Yagli Diyet, ER stress,
Hipokampiis
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CHAPTER 1

INTRODUCTION

1.1. Obesity

The general definition of obesity can be described as the accumulation of excessive
fat in adipose tissue which may impair the individuals' health [1]. There are several
factors that lead to excessive fat accumulation, however, one of the main reasons is
excessive consumption of Western diets, which include high amounts of sugar and fat
content, along with the decreased physical activity [2]. Nowadays, obesity is
recognized as a worldwide health problem which also has affected Turkish population
to a great extent. According to The Organization for Economic Co-operation and
Development health statistics, 22.3% of the adult population is obese in Turkey [3].
Obesity is not a condition which is only about gaining weight but it is also linked to
several disorders which can have numerous impacts on individuals' quality of life and
even the cause of their deaths. Hyperlipidemia is a lipid metabolism disorder which is
considered as one of the obesity comorbid conditions and recognized as a significant
risk factor for developing atherosclerosis and cardiovascular diseases (CVDs) [4].
According to the World Health Organization (WHO), cardiovascular diseases are
responsible for one of every four deaths around the world [5]. In Turkey, the statistical
analyses that were performed by WHO showed that CVDs are the causes of 34% of
all deaths in 2016 [6]. When we consider the number of individuals that are being
affected by these conditions, it is crucial to understand the underlying molecular
mechanisms behind the remarked deficits in order to develop therapies against these

disorders.



1.2. Hyperlipidemia

Hyperlipidemia is a lipid metabolism disorder in which serum lipid levels are elevated
as a result of the deficits in the transportation of fat molecules [4]. Lipids are organic
compounds with their crucial functions for living organisms. Triglycerides (TG),
phospholipids (PL), and cholesterol (CHOL) are the main nutritional components
which are classified as lipids [7]. While TG are primarily utilized to produce energy,
PL and CHOL are used for intracellular functions [8]. Since lipids are hydrophobic,
they are transported as lipoproteins. Lipoproteins are spherical in structure and while
their surfaces are mainly composed of PL, free CHOL, and proteins; their cores mainly
consist of TG and CHOL esters [4]. The protein components of lipoproteins are named
as apolipoproteins. Lipoproteins can be classified according to which apolipoproteins
they carry. Apolipoproteins have significant roles for lipid transport, lipid metabolism
and the integrity of lipoprotein structure [9]. There are four major types of
lipoproteins; chylomicrons (CM), very low-density (VLDL), low-density lipoprotein
(LDL) and high-density lipoprotein (HDL) [10].

Transporting lipids between where they are absorbed or synthesized and where they
are stored or utilized is a highly regulated process. After ingesting a meal which
includes fat, the lipolysis of TG to free fatty acids (FFA) and 2-monoacylglycerols
(MAG) is initiated in the intestinal lumen which are received via the enterocytes with
passive diffusion and active transport by these of transporters [11]. CHOL is also taken
up by a special transporter of enterocytes [12]. In enterocytes, while FFA and MAG
are coupled back to TG, CHOL forms cholesterol-esters [11]. Once PL,
apolipoproteins (apo), TG and CHOL-esters are assembled, they are called CM [13].
CM are secreted to intestinal lymph and they enter blood circulation by thoracic duct
[14]. The liver produces VLDL which are TG-rich lipoproteins. FFA are delivered by
VLDL and CM to adipose tissue and skeletal muscle for energy production and storage
[13]. The lipolysis of these TG-rich lipoproteins is necessary for releasing FFA to

circulation and lipoprotein lipase is the main enzyme which is used for this purpose



[15]. During this process, CM form chylomicron remnants and VLDL form LDL

which are eventually taken up by the liver [16]

The reverse cholesterol transport is achieved by HDL particles which are synthesized
by the liver. They have an important role in taking CHOL from peripheral tissues and
transport them back to the liver [17].

Any disturbances take place in this highly regulated lipid transport process can cause
hyperlipidemia. Hyperlipidemia is characterized by increased levels of serum total
cholesterol (TC), TG, low- density lipoprotein cholesterol and reduced levels of high-

density lipoprotein cholesterol [18].

The increased levels of serum cholesterol are the consequence of hyperlipidemia and
it poses a great risk factor for developing cardiovascular diseases, atherosclerosis, and
stroke [19]. Studies have supported the idea that neurodegenerative diseases and
central nervous system (CNS) injury can be caused by hyperlipidemia which shows
the fact that hyperlipidemia can affect the CNS along with peripheral tissues [20]. The
importance of lipid metabolism for CNS may be the result of high concentrations of
lipids in this system. The important functions of lipids in neuronal integrity were
demonstrated by several neurodegenerative disorders including Alzheimer’s (AD),
Parkinson’s, and Huntington diseases involving in deregulated lipid metabolism [21].
Therefore, understanding how dysregulations in lipid metabolism affect CNS would

promote novel approaches for developing therapies against seen deficits.
1.2.1. ApoE”- Mice as Hyperlipidemic Animal Model

There are different kinds of apolipoproteins with different crucial functions. One of
them is apolipoprotein E (ApoE) that is a glycoprotein and has a role in the facilitation
of lipid transport between where they are synthesized or absorbed and where they are
utilized or stored [22]. ApoE functions as a ligand for lipoprotein receptors and
mediates the uptake of CM, VLDL, and their remnants to LDL receptor. As a
consequence, mice lacking ApoE (ApoE~") demonstrate slow clearance of lipoprotein
[23]. When ApoE™ mice fed with Western diet (0.21% cholesterol, 21% fat), they



develop hyperlipidemia, hypercholesterolemia and atherosclerotic plaques [24].
Therefore, ApoE™ mice have been extensively used as a practical mouse model for

atherosclerosis and hyperlipidemia studies [25].
1.3. Neuroinflammation

Inflammation is an important defense mechanism against detrimental changes in the
body. However, its neuropathological causes are well accepted [26]. The presence of
low-grade inflammation in peripheral tissues in obese people is well known [27].

Recent studies suggested that it also can cause inflammation in the CNS [28].

The activation of Toll-like receptor 4 (TLR4) present on the immune cells can induce
an inflammatory response and elevated serum FFA levels can induce TLR4 activation
[29] that is followed by induction of downstream inflammatory signals by the help of
cytoplasmic adaptor protein which is myeloid differentiation factor 88 (MyD88). The
interaction of MyD88 and TLR4 activate two serine-threonine protein kinases which
have arole in the phosphorylation of transforming growth factor beta-activated kinase-
1 (TAK1). The induction of IkB kinase complex by phosphorylated TAK1 leads to
phosphorylation of IkB which finally releases NFKB. NFkB is moved to the nucleus
and starts to increase the transcription of proinflammatory cytokines which are Tumor
Necrosis Factor-alpha (TNF-a), Interleukin 1 beta (IL-1beta), Interleukin 6 (I1L-6) and
additionally nucleotide-binding oligomerization domain leucine-rich repeat and pyrin
domain-containing protein 3 (NLRP3) [30]. The oligomerization and activation of
NLRP3 inflammasome cause the activation of caspase-1 which processes and releases
IL-1beta. When the critical threshold level for caspase-1 activation is passed, the cell

undergoes pyroptosis which is the term used for inflammation-induced cell death [31].

The question of how inflammation affects the different brain regions has aroused
interest. One of the brain regions is hypothalamus which has naturally drawn attention
since this area is home to the aggregation of neurons called arcuate nucleus which
consists of the neurons of Neuropeptide Y/Agouti-related protein and Pro-

opiomelanocortin/Cocaine- and amphetamine-regulated transcript have significant



roles in energy metabolism and the regulation of body weight [32]. Normally, the
blood-brain barrier (BBB) is a specialized structure restricts the access of immune
cells and their mediators into the brain [33]. However, some brain regions lack an
effective BBB which makes them more prone to the negative effects of peripheral
inflammation. The arcuate nucleus is one of these regions which lacks an effective
BBB [34], therefore, how hypothalamus is affected by inflammation is a well-studied
compared to the other brain regions [35], [36]. On the other hand, research indicated
the fact that BBB can be altered by inflammation [37]. Peripheral inflammation
increases the proinflammatory cytokines in plasma, this proinflammatory cytokines
can also initiate an inflammatory response that induces the production of
proinflammatory cytokines in the brain [38]. This results in neuroinflammation
causing an increase in the permeability of other brain regions [39]. Therefore, recently
the neuroinflammation and its impacts on the entire CNS including hippocampus has
been sparked interest.

1.4. High Fat Diet (HFD) Effects on Hippocampus

Hippocampus is a brain structure and it is a part of the temporal lobe of the cerebral
cortex [40]. It is easily distinguishable with it’s a layer of neurons which are densely
packed and created an S-shape structure. In literature, the hippocampus is divided into
different regions morphologically as cornu ammonis (CA), dentate gyrus (DG),
subiculum and entorhinal area (EC). The complete structure is called as hippocampal

formation. The major regions of hippocampus are depicted in Figure 1.1 [41].
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Figure 1.1. A coronal hippocampus section. Stained by Toluidine blue showing
distinct regions of the hippocampal formation including Cornu Ammonis (CA) as
CALl, CA2 and CA3 and dentate gyrus [41].

Although it has several roles, the hippocampus is best known for its irreplaceable
function for learning, memory and spatial navigation. Learning and memory deficits
for spatial relations have been considered as a major sign for hippocampal dysfunction
[42].

Diets that have a high lipid content increase the serum lipid levels and found to cause
alterations in different brain regions including the hippocampus [43]. The association
between high lipid intake and regional brain atrophy of temporal lobe which is home
to the hippocampus was documented [44]. Following studies revealed that elevated
body fat is related to decreased neuronal viability in the grey and white matter of the
brain including the temporal lobe [45]. There are also several human and animal
studies which indicated how high cholesterol intake is a significant risk factor for
impaired memory and cognitive deficits [46], [47], [48], [49], [50]. Although the
findings relate high fat intake with cognitive and memory deficits, the underlying

molecular mechanisms are not clearly understood.



Literature supported the idea that increased neuroinflammation upon high fat intake
has harmful effects on neurons which eventually disrupt the neuronal integrity and

lead to cellular death.

The relation of HFD to the elevation of expression of cytokines accompanied by
increased levels of expression of NFKB in the hippocampus of rats [51]. Additionally,
Dutheil, et. al (2016) showed HFD increased the TLR4 protein levels, expression of
cytokines and apoptotic markers in this region [52]. The reduction of synaptic

plasticity also has been recognized [53].

Also, the integrity of BBB has been investigated by analyzing the tight junction
proteins of this structure. HFD declined tight junction protein levels pointing out a
loosened BBB in the hippocampus [54]. Data has suggested that inflammation has an
impact on increased permeability of BBB which makes the region much more prone

to the effects of inflammation, hence give rise to synaptic failure and neuronal loss.

Few studies are also present on the effects of high cholesterol intake. Yang, et. al.
(2017) showed that high cholesterol diet increased the FFA levels in the brain which
is followed by elevation in the number of apoptotic neurons and inflammatory
cytokines along with decreased BBB integrity. They hypothesized that induced

secretion of these cytokines causes the destruction of the cerebral cortex [18].
1.5. Neurogenesis

Higher lipid intake has been associated with hippocampal-dependent cognitive and
memory decline. Hence, how neuronal development is affected by elevated serum
lipid levels received attention. Neurogenesis is a process in which new neurons are
generated and formerly, it took place only in developmental stages but not in the adult
brain. However, in 1962 Altman challenged this concept by showing that new neurons
are present in different brain regions of rats including the hippocampus [55]. After the
improvements in techniques for tracking cellular fate, evidence provided that the
existence of adult neurogenesis [56]. The presence of neurogenesis in the

subventricular zone (SVZ) and in the subgranular zone (SGZ) of the DG is well-



accepted today [57]. Through the rostral migratory system, the migration of neurons
that are born in SVZ is provided [57], and then they join into olfactory bulb as
interneurons. The neurons that are born in SGZ migrate to granular cell layer (GCL)

and they integrate into GCL as granule cells [57].

Figure 1.2 shows the four main stages of adult neurogenesis which are composed of
proliferation, differentiation, migration, and maturation. SGZ of DG is home to the
neuronal stem cells and via this process, they become granular cells at GCL of DG
[57].

Marker expression
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Figure 1.2. The stages of adult neurogenesis in the hippocampus. Associated
markers of different stages are depicted. Radial glia-like cells give rise to neural
progenitor cells. Some of them can give rise to immature neurons/neuroblasts which

can differentiate into mature granule cells [57].

Many factors alter neurogenesis process and one of them is increased serum lipid

levels. The elevated pro-cytokine levels were detected in hippocampus of animals fed



with the HFD and the decreased levels of neuronal stem cells was considered as a
consequence of increased inflammation in the hippocampus. It has been proved that
HFD was also linked to the diminished hippocampal neurogenesis due to the
decreased levels of brain-derived neurotrophic factors (BDNF) which is a very crucial
factor for neuronal survival and plasticity [58, 59].

1.6. Endoplasmic Reticulum (ER) Stress

ER is a cellular organelle that has several functions such as protein synthesis,
maturation, folding and intracellular trafficking [60]. When these systems are
disrupted under pathological conditions, ER stress is triggered [61]. Unfolded proteins
start to accumulate in the cells during the ER stress which results in damaging the cells
[62, 63], therefore, it is crucial for the cells to restore the ER homeostasis for their
survival. There is a molecular system which is activated upon ER stress, namely called
unfolded protein response (UPR) [64]. When ER fails to fulfill its protein folding
capacity, UPR induces the three branches of pathways that aim the prevention of
accumulation of unfolded proteins [65]. In order to achieve these objectives, these
signal pathways attenuate the global protein synthesis to decrease the translation of
newly produced proteins and activate the transcription of chaperone proteins to

recover protein folding capacity [66].

There are three different pathways in the UPR [65]. One of the branches of UPR is the
protein kinase RNA-like endoplasmic reticulum kinase (PERK) pathway. PERK is an
ER transmembrane protein that has a cytosolic domain and a kinase domain [667].
The elevated levels of unfolded proteins are sensed by the cytosolic domain of PERK
and this leads to the autophosphorylation of the kinase domain [67]. Phosphorylated
PERK (p-PERK) phosphorylates eukaryotic Initiation Factor 2 alpha (elF2a) [64].

Eukaryotic Initiation Factor 2 (elF2), which is comprised of elF2a, elF2beta and
elF2gamma, can be found bound to guanosine diphosphate (GDP) or guanosine
triphosphate (GTP) [68]. When elF2 is bound to GTP, it associates with initiator
methionine transfer ribonucleic acid which will enable the formation of the ternary



complex [69]. The transition of elF2-GDP to elF2-GTP is regulated by eukaryotic
Initiation Factor 2B (elF2B) which is a guanine exchange factor (GEF) [68]. The
ternary complex is one of the members of the translation preinitiation complex (PIC)
aside with a messenger ribonucleic acid and the small ribosomal subunit without the

formation of this complex, translation cannot be performed [70].

If phosphorylation of elF2a (p-eIF2a) occurs, it strengthens the affinity of elF2 to
elF2B which potentially causes the reduction of its GEF activity [68]. That results in
the prevention of the formation of the ternary complex which affects the production

of PIC, consequently, these events lead to the attenuation of protein synthesis.

p-elF2a activates selective translation of activating transcription factor 4 (ATF4) [71].
ATF4 increases the transcription of a set of genes which include growth arrest and
deoxyribonucleic acids damage-inducible protein (GADD34) and C\EBP homologous
protein (CHOP) [71]. GADD34 has a function as dephosphorylation of p-elF2a and
providing the inhibition of attenuation of global protein synthesis [72]. Prolonged ER
stress results in high quantity production of CHOP which induces apoptosis and
cytokine production [73].

1.6.1. The Activation of PERK Pathway Upon High-Fat Content in Brain

The presence of neuroinflammation followed by HFD has been indicated along with
synaptic failure and apoptosis, yet, the molecular pathways which contribute these

harmful results for cognitive health are still unknown.

Upon its activation, the PERK pathway results in global protein synthesis reduction
increased inflammatory cytokines and apoptotic markers. The declined in global
protein synthesis leads to synaptic failure since the proteins which are crucial for
neuronal survival cannot be translated. Moreover, the presence of cytokines and
apoptotic markers causes neuronal death. These observations are consistent with the
cellular disturbances that were observed in the hippocampus of different animal
models followed by high fat intake which make the PERK pathway a potential target

to manipulate for therapeutic approaches for obesity-related neuroinflammation.
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Lu, et. al (2010) demonstrated that the presence of ER stress in the hippocampus of
wild type mice fed with high cholesterol diet, the elevated levels of NFKB and
neuronal loss which has supported the concept of the ER stress may contribute to the
harmful influences of high cholesterol intake in the hippocampus [74]. However,
additional studies are necessary to reveal how the brain is altered in hyperlipidemia.

1.7. PERK Pathway as a Potential Treatment Neurodegenerative Diseases

Alzheimer's disease, Parkinson's disease, prion disease, and amyotrophic lateral
sclerosis are known as neurodegenerative disorders share a common feature which is
the aggregation of misfolded proteins and related cellular apoptosis [75]. The
underlying mechanisms leading to neuronal loss in these disorders are still under
investigation. There are many cellular pathways whose disturbances can contribute to
pathological conditions resulting in neurodegeneration. Lastly, the idea of the
activation of ER stress contribution on neurodegeneration has appeared to be one of
the cellular mechanisms [76]. The concept of using the PERK pathway inhibitors to
restore global protein synthesis against synaptic failure and neuronal loss has been
started to be comprehended as a therapeutic approach [76]. There are different PERK
pathway inhibitors that are able to block this pathway at different downstream levels.
In this study, GSK2606414, integrated stress response inhibitor (ISRIB) and selective
inhibitor of a holophosphatase (Sephin 1) were used.

GSK?2606414 is a PERK pathway inhibitor prevents the phosphorylation of PERK
occurred at the beginning of the PERK pathway [77]. GSK2606414 has the ability to
block stress-induced autophosphorylation of PERK which prevents the
phosphorylation of elF2a and decreases the ATF4 and CHOP protein levels [77]. It
provided the restoration of protein synthesis and minimizes the neurodegeneration in
prion-infected mice [78]. Nevertheless, although GSK2606414 has highly significant
neuroprotective effects in the brain, it is linked to a certain extent of toxicity [79] that
Is associated with the pancreas that depends on diminished protein translation because

of its excessive synthesis levels of secretory proteins [77]. ISRIB is an integrated stress
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response inhibitor. This inhibitor does not prevent the phosphorylation of elF2a,
however, it enhances the activity of elF2B [80]. Therefore, ISRIB enables the
formation of the ternary complex and decreases the inhibition of protein synthesis
without showing pancreatic toxicity [81]. Interestingly, the enhancement of memory
was additionally observed [81]. Sephin 1 targets GADD34 which is the protein
phosphatase of p-eIF2a and functions as prolonging the phosphorylation of elF2a after
the stress is induced [82], [83]. In this way, it attenuates the expression of certain
stress-related genes such as CHOP [84]. Some degree of translation recovery is
required to produce CHOP. By targeting GADD34, Sephin 1 diminishes the
translation recovery which causes reduced expression levels of CHOP. The
neuroprotective effects of Sephin 1 are supported for different misfolding protein

diseases in mice [85].
1.8. The aim of this study

The High cholesterol/high-fat diet (HC/HFD) elevates the serum FFA levels.
Increased serum FFA activates TLR4 receptors which leads to the production of
inflammatory cytokines and eventually end up with low-grade inflammation in
peripheral tissues. Insufficient BBB structure in different brain regions makes these
regions vulnerable to the outcomes of neuroinflammation which ultimately results in
neuronal failure. BBB is also a dynamic structure and elevated inflammation increases
its permeability. Therefore, other brain regions do not lack efficient BBB has been
affected. It has been hypothesized that hippocampus can be one of the regions in which
neuroinflammation has harmful impacts since studies showed HC/HFD causes
hippocampal learning and memory deficits. Parallel to the cognitive deficits, studies

indicated that HFD decreases the neuronal integrity and causes neuronal loss.

In recent years, it has been thought that the stimulation of the PERK branch of the ER
stress response can contribute to neurodegenerative diseases and diet-induced

neuronal alterations. As the consequences of induced PERK pathway are similar to
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the outcomes of high fat intake, the idea that using PERK pathway inhibition as a

therapeutic approach gained attention.

The aim of this study was to improve the understanding of molecular mechanisms on
the alterations in neurons caused by HC/HFD. Therefore, it was investigated that the
effects of Western diet including HC/HFD on the ER stress, inflammation,
neurogenesis and postsynaptic integrity in the hippocampus and the cortex of ApoE™"

transgenic mice.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Animal Subjects

Male C57BL/6 and ApoE™Y" (ApoE~’") mice were purchased from Charles River,
Wilmington, Massachusett that were provided by Prof. Dr. Michelle Adams, Bilkent
University and Assoc. Prof. Dr. Ebru Erbay, Bilkent University. They were
maintained in a room with controlled temperature (20-22 °C) and humidity (45-50
%), and a 12 h light/dark cycle. All animal procedures were approved by the Bilkent
University Animal Ethics Committee (2018/2).

The experimental design was depicted in Table 2.1. The number of animals used in
this study was determined by taking into consideration obtaining statistically
meaningful results [86]. Experiments were initiated, when mice were nine weeks old.
Control and transgenic groups received either standard rodent chow diet (4.5% fat) or
Western diet classified as HC/HFD (0.21% cholesterol, 21% butterfat, catalog:
TD.88137 #E15721, Ssniff Spezialdiaten, Germany). The animals had ad libitum
access to their diet and to also water. The duration of each diet was 16 weeks.

Table 2.1. The experimental design including mouse strains and diets.

Animal Groups and Diet Types The number of Animals
C57BL/6, Chow Diet n=7
C57BL/6, Western Diet n=7
ApoE~", Chow Diet n=7
ApoE~", Western Diet n=7

For immunohistochemistry experiments, there were slight changes in animal groups
and feeding process that were conducted with only male ApoE” mice. Western diet
(0.21% cholesterol, 21% butterfat) was started to be given ad libitum from the age of
8 weeks and it was continued to for 10 weeks. After that by daily intraperitoneal (IP)
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injections, GSK2606414 (30 mg/kg) (Atomole) or DMSO (Sigma Aldrich), Sephinl
(5 mg/kg) or DMSO, ISRIB (1 mg/kg) (Cayman CHEM) or DMSO were given to the
subjects in separate groups. As vehicles, while %12.5 (v/v) cremophor-saline was used
GSK2606414 and DMSO, %16 (v/v) cremophor-saline was used for Sephin 1 and
DMSO, ISRIB and DMSO. The duration of injections was 6 weeks for GSK2606414,
ISRIB, and their DMSO control groups; the injections were performed for 4 weeks for
Sephin 1 and its DMSO control group. During this process, the Western diet was
continued to be given to the subjects. The experimental design was illustrated in

Figure 2.1.

GSK2606414: 30 mg/kg

Control: DMSO

‘Western Diet + LP. Injections

f f f

8 weeks 18 weeks 24 weeks

Sephin 1: 5 mg/kg

Control: DMSO

8 weeks 18 weeks 22 weeks

___________________________

ISRIB: 1 mg/kg

Control: DMSO

Western Diet + I.P. Injections

f f f

8 weeks 18 weeks 24 weeks

Figure 2.1. The illustrations of experimental design.



2.2. Dissections

The subjects fasted for 12 hours before sacrifice. The anesthesia of animals was
provided with the injection of xylazine (10 mg/kg) and ketamine (100 mg/kg)
intraperitoneally. The dilution of Ketaset (100 mg/mL) and Xylaject (20 mg/mL) was
provided in Phosphate-Buffered Saline (PBS) solution. After intraperitoneal injection,
the toes of the animals were pinched to monitor the anesthetic depth. With this process,
the deep anesthesia can be assessed for 1-2 hours. Then the thoracic and abdominal
cavity of the subjects was opened under the deep plane of anesthesia, approximately
1.0 mL of blood was collected from the apex of the heart to measure metabolic
parameters. Next, 10-20 mL PBS was injected from the apex and then the right atrium
was punctured to empty blood and PBS. If animals used for immunohistochemistry
(IHC), 10-15 mL of 10% formalin was given to the subjects from the apex of their
heart. If the subjects were used for Western blot analysis, this step was skipped.
Under the deep plane of surgical anesthesia, the cervical dislocation of the mice was
followed by the decapitation of the animals. A petri dish, which included cold 0.1 M
PBS, was located on ice. After extracted from the skull, the brain was placed on the
Petri dish, the cerebellum and the olfactory bulb were removed with a scalpel blade.
For protein immunoblot experiments, the brain was cut along the midline to separate
two cerebral hemispheres. Each hemisphere was placed as their medial sides were
facing up. The tissue that was covering the medial surface of hippocampus was
removed by a sterile dissection spatula. Then, the dissection spatula was placed under
the ventral part of hippocampus and the intact hippocampus was removed from the
cortex. The hippocampi (Figure 2.2) collected from two hemispheres and the
remaining brain tissue were placed separately into the 1.5 mL centrifuge tubes. By
putting centrifuge tubes into liquid nitrogen, the samples were snap-frozen. After that,

they stored at -80°C, until the experiments were started.

17



Figure 2.2. The isolated hippocampus.
For immunohistochemistry studies, the base of plastic cryomolds was filled with
optimal cutting temperature (OCT) compound. Then brains were embedded into
cyromolds and their anterior and posterior sides were labeled on molds. Next, brains
were covered with OCT (Figure 2.3.) and any air bubbles were removed by a sterile
syringe tip. After 5 minutes, tissue blocks were snhap-frozen by locating them into
isobutanol which was placed in dry ice. They stored at -80°C until the experiments

were started.

Figure 2.3. OCT embedded brain tissue. A: Anterior, P: Posterior

2.3. Homogenization of Hippocampus and Cortex Tissues

The tissues were put into 1.5 mL Eppendorf tubes. For cortex samples 800 mL and for
hippocampus samples 350 mL homogenization buffer [ImM EDTA, 10mM Hepes,
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250mM Sucrose, and Protein Inhibitor Cocktail, pH 7.4] was added to the tubes. In
order to perform mechanical homogenization, first glass homogenizer was used for
cortex samples, next the hippocampus and cortex tissues were passed through a 1 mL

syringe for 7-8 times on the ice.
2.4. Protein Isolation from Hippocampus and Cortex Tissues

First, homogenization buffer was removed from the tissues by centrifugation at 8000
X g for 6 minutes at 4 °C. The supernatant was removed and pellets from cortex
samples were suspended in 1000 pL radioimmunoprecipitation assay (RIPA) buffer
[50 mM Tris-HCI, pH 7.4, containing 150 mM NaCl, 0.25% (w/v) sodium
deoxycholate, 1% NP-40, 1.0 mM EDTA and Protein Inhibitor Cocktail] and pellets
from hippocampus samples were suspended in 400 pL. RIPA buffer. Next, the
ultrasonication process was performed for 6 times with 1-second intervals. Samples
were incubated on ice for 30 minutes and every 10 minutes they were mixed.
Following the incubation period, samples were centrifuged at 13000 rpm for 20
minutes at 4 °C. The supernatant was taken and aliquoted. After the determination of

protein concentrations, they were stored at -80 °C.
2.5. Bradford Assay

The concentration of proteins was measured by Bradford Assay (Sigma, St. Louis,
MO, USA) using a 96-well plate according to manufacturer instructions. Bovine
serum albumin (BSA, A7906, Sigma-Aldrich, St. Louis, MO, USA) was used as a
standard solution and ddH20 was used as a blank solution. The amounts of BSA and
ddH20 that were loaded on the plate for blanks and standards are represented in Table
A.1. Unknown protein samples were prepared by adding 0.5 pL protein from each
sample and 4.5 uL. ddH20. Standards, blanks, and unknown protein samples were
loaded into 96-well plate as duplicates and 250 uL of Bradford Reagent (B6916,
Sigma, St. Louis, MO, USA) was added to each well. Then, the 96-well plate was
placed on the plate shaker. They were mixed at 240 rpm for 45 seconds. Next, the

plate was removed from the plate shaker and incubated at room temperature for 10
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minutes without shaking. If any air bubbles had been detected, they were removed by
using a sterile syringe tip. The values of absorbance were measured at 595 nm by
multi-plate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA).
During the reading process, blanks were marked in the template and their absorbance
values were omitted from the absorbance values of each well. The absorbance levels
of standards and their concentration values were plotted and a standard curve (Figure
A.1) was generated by applying a linear curve fit to the plot. This standard curve was

used for the determination of unknown protein samples.
2.6. Western Blot Analysis

First, proteins were separated using Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE). For this, 12% resolving gels were prepared (Table
A.2). In order to prevent air bubble formation and to create a smooth surface, the
surface of gels was covered with isopropanol. When polymerization was completed,
isopropanol was removed from the gels and 5% stacking gel (Table A.3) was poured
on the resolving gel. The comb was placed with an angle to prevent the trapping
bubbles. After polymerization of stacking gel, gels were placed into the running
modules in the gel box which was filled with 1X SDS-PAGE running buffer (Table
A.4, 10X of SDS-PAGE running buffer) Then, the combs were removed while they

were covered with the running buffer to prevent the damaging of the gels.

So as to determine the protein levels of p-PERK, p-eIF2a, CHOP, and IL1-beta, 40
ug of proteins and for doublecortin (DCX) and postsynaptic density-95 (PSD-95)
levels, 30 pg of protein samples were used. The samples were run in cohorts and
cohorts were run at least two times at the different side of each gel to make more
accurate comparisons between groups and determine that the place of the samples in

gels would not have affected the results.

The samples were mixed with the appropriate volume of 2X loading buffer before
loading them into the wells of the gel. They were incubated in a heater for 5 minutes

at 95°C. After a quick spinning down samples were loaded onto the gels along with a
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protein ladder (26619, Thermo Scientific Paisley, UK) and run for 30 minutes at 80
volts, then as soon as they left the stacking gel and entered to the resolving gel, the
multitude of the volt was increased to 100 volts for approximately 120 minutes using
the Mini-PROTEAN Tetra Cell system (BioRad, CA, USA).

Next, the protein samples were transferred to polyvinylidene fluoride (PVDF)
membrane using the Mini Trans-blot Electrophoretic Transfer Cell module (BioRad,
CA, USA). For transferring process, first 1X transfer buffer was prepared (Table A.5,
10X concentration of transfer buffer). Whatman papers, sponges and gel holder
cassettes were put into 1X buffer. PVDF membranes were put into 100% Methanol
(MeOH) for 3 minutes, after that they were put into ice-cold 1X transfer buffer. All
components were placed in an order (Figure 2.4). The transfer of proteins to the
membranes was performed at 100 volts for 90 minutes in ice-cold 1X transfer buffer.
In order to determine any increase in resistance which may be caused by increased

heat, milliampere multitudes were checked regularly to eliminate it.

Plastic Holder, Black Surface, Cathode (-)
Sponge

Blotting paper

Gel

Membrane

Blotting paper

Sponge

Plastic Holder, White Surface, Anode (+)

Figure 2.4. The illustration of the transfer system.

After the transfer process, the gels were checked for any remaining of marker to test
the quality of the transfer. Then, the membranes were blocked at room temperature
for one hour in their appropriate blocking buffer. Blocking buffers were chosen
according to the optimization experiments. DCX, PSD-95, and Tubulin were blocked
in Tris Buffered Saline-Tween 20 (TBS-T) including 5% Milk and p-PERK, p-elF2a,
CHOP, and IL-1beta were blocked in TBST-including 5% BSA (10X TBS buffer,
Table A.6).
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The primary antibodies that were used in this study were the followings: anti-CHOP
(Cell Signaling Technologies, cat#5554, 1:500), anti-DCX (abcam, cat#abl18723,
1:500), anti-lL1beta (abcam, cat# 9722, 1:500), anti-p-elF20. (Gene Tex,
cat#GTX24837, 1:2000), anti-PSD-95 (abcam, cat#18528, 1:10000), anti-p-PERK
(Cell Signaling Technologies, cat#3179, 1:500) and anti-Tubulin (Cell Signaling
Technologies, cat#2146, 1:5000). Anti-DCX, anti-PSD-95, and anti-Tubulin were
diluted in TBS-T-5% Milk and anti-CHOP, anti-1L1beta, anti-p-eIF2a, anti-P-PERK
were diluted in TBS-T-5% BSA. After the blocking process, membranes were soaked

into TBS-T. Membranes were incubated with the primary antibodies overnight at 4°C.

In the following day, primary antibodies were collected from membranes. Membranes
were washed with 1X TBS-T thrice for 10 minutes on a shaker. After the washing
process, membranes were incubated in secondary antibodies (Cell Signaling
Technologies, #7074, 1:10000) for 1 hour at room temperature on the shaker. Then
secondary antibodies were collected and membranes washed in 1X TBS-T thrice for

10 minutes.

Chemiluminescent signals were obtained from horseradish peroxidase-conjugated
secondary antibodies by using (Biorad, #1705061, USA). There were two different
solutions in the kit which are luminol/enhancer solution and peroxide solution. These
solutions were mixed (1:1) and put onto the membranes. Membranes were incubated
for 5 minutes in dark. Those solutions were mixed in the proportion of 1:1 and
immediately put onto the membranes. Membranes were incubated in a dark chamber
for 5 minutes and then visualized. For detection of chemiluminescent signals, a
ChemiDoc™ XRS+ imaging system was used (Biorad, CA, USA) with the ImageLab
software (Biorad, CA, USA).

The images of the blots were taken by using Image Lab program and they were
quantified with Image J software (NIH, Bethesda, MD, USA). First, the rectangular
shape was selected as a selection and all lanes were quantified with the same sized

rectangular selection and the intensity measurements were performed. In this study,
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two normalization methods were performed; one of them was within-gel
normalization that the normalization of each band to the average intensity of all bands
in the same blot to prevent the exposure differences between blots because each
sample was run at least two times [87]. The second was standard normalization, the
intensity of protein interest was divided by the intensity of the housekeeping protein
(Tubulin).

2.7 Statistical Analysis

The normal distribution and variance homogeneity were tested with the Kolmogorov-
Smirnov test which met the expectations of the assumptions of the normality. A two-
way analysis of variance (ANOVA) was utilized with the variables of diet with two
levels (Chow Diet and Western Diet) and genotype with two levels (C57BL/6 and
ApoE™) on the protein levels of ER stress markers (p-PERK, p-elF2a, CHOP),
inflammation marker (IL-1 beta), postsynaptic integrity marker (PSD-95), and
neurogenesis marker (DCX). Post-hoc analysis was carried out with Bonferroni
correction. *p<0.05 accepted as the significance level.

2.8 Immunohistochemistry (IHC)

OCT-embedded brain tissue blocks were coronally sectioned using a cryostat (Leica
CM 1850 UV, Germany) as 10 um sections and they were put on ice for 30 minutes.
For antigen retrieval process, the vegetable steamer was set up and preheated with the
sodium citrate buffer [10 mM citrate, pH 6.0, containing 0.05% Tween20]. Sections
were placed into the preheated antigen retrieval buffer and incubated in the streamer
for 30 minutes. Then sections were cooled down at the room temperature. Next,
sections were located into a glass jar filled with TBS plus 0.025% TritonX-100 (T-
TBS) and washed for 5 minutes twice with gentle agitation. Blocking step was
performed with 5% BSA in T-TBS for 1 hour at room temperature. Next, they were
incubated with a primary antibody. The used primary antibodies were anti-Neuronal
Nuclei (NeuN) (abcam, cat#104225, 1:2000, 1:4000, 1:8000) and anti-IL-1 beta
(abcam, cat#9722, 1:150) which were diluted in 5% BSA in T-TBS overnight at 4 °C.
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The next day, slides were washed in T-TBS thrice for 10 minutes with gentle agitation.
Following washing steps, a proper fluorophore-conjugated secondary antibody (Cell
Signaling Technologies, cat#4413, 1:1000) was applied to the sections for 1 hour at
room temperature in dark. Next, they washed with TBS for 15 minutes thrice with
gentle agitation in dark. They were mounted with fluoroshield mounting medium with
4',6-diamidino-2-phenylindole (DAPI) (abcam, cat#ab104139) and covered with a
coverslip. Finally, images were captured with a Zeiss fluorescent microscope (Axio
Zoom.V16, Zeiss, Oberkochen, Germany, UNAM, Bilkent University).

Additionally, to capture higher quality images, permeabilization was performed for
NeuN staining that the IHC protocol was followed identically with an extra step after
antigen retrieval process, sections were permeabilized with permeabilization buffer
(TBS with 0.5% TritonX-100) for 5 minutes at room temperature.

2.9 Caspase-1 Activity

The activity of active caspase-1 was detected by using FAM-FLICA™ Caspase-1
Assay Kit (ImmunoChemistry Technologies, #97, LLC. Bloomington, MN, USA).
10 um brain sections were put on ice for 30 minutes and the antigen retrieval process
performed with sodium citrate buffer [L0 mM citrate, pH 6.0, containing 0.05%
Tween20] for 30 minutes by using a vegetable streamer. Then, with gentle agitation,
slides were washed twice for 5 minutes with 0.025% T-TBS. After washing steps, the
sections were blocked with 3% BSA in T-TBS for 1 hour at room temperature. The
tissue section staining solution (TSSS) was prepared by diluting 150X FLICA stock
in 0.025% TBS-TritonX (1:300, 1:150). Sections were incubated with TSSS for 2
hours in dark at room temperature. Then, the slides washed with 1X TBS thrice for 15
minutes and they were mounted with DAPI. Finally, images were taken with a Zeiss

fluorescent microscope.

24



CHAPTER 3
RESULTS

3.1. The Effects of the Western Diet on the Hippocampus

To analyze the PERK pathway of ER stress on the subjets, p-PERK, p-elF2a, CHOP
were used as markers.

3.1.1. ER Stress
3.1.1.1. p-PERK

There was no significant effect of diet and genotype on p-PERK levels in the
hippocampus (Figure 3.1).
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Figure 3.1. The Western blot analysis of p-PERK in the hippocampus [88]. (A)
Representative immunoblot and (B) the quantification of the immunoblots (n=7,
biological replicates) (n=2, technical replicates). Each bar represents Mean + SEM.
Dark grey showed Western diet fed animals and light grey showed chow diet fed

animals.
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3.1.1.2. p-elF2a

Results showed that the expression of p-elF2a in the hippocampus was not

significantly altered by diet and by genotype (Figure 3.2).
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Figure 3.2. The Western blot analysis of p-elF2a in the hippocampus. (A)
Representative immunoblot and (B) the quantification of the immunoblots (n=7,
biological replicates) (n=3, technical replicates). Each bar represents Mean + SEM.
Dark grey showed Western diet fed animals and light grey showed chow diet fed

animals.

3.1.1.3. CHOP

The data analysis indicated that the main effect of both diet (***p<0.001) and
genotype (*p<0.05) on CHOP expression level was significant. Further post-hoc
analysis showed that CHOP level was significantly decreased in both C57BL/6
(***p<0.001) and ApoE"- (*p<0.05) mice with Western diet in comparison with chow
diet (Figure 3.3). In addition to these results, CHOP expression level was significantly
lower in chow diet for ApoE~”" mice than C57BL/6 mice (*p<0.05) (Figure 3.3).
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Figure 3.3. The Western blot analysis of CHOP in the hippocampus [88]. (A)
Representative immunoblot and (B) the quantification of the immunoblots (n=7,
biological replicates) (n=2, technical replicates). Each bar represents Mean = SEM.
Dark grey showed Western diet fed animals and light grey showed chow diet fed
animals. (*p<0.05), ***p<0.001)

3.1.2. Inflammation

As inflammation marker, IL-1 beta was used. It is a cytokine with its several functions
and involved in immune and proinflammatory responses, and it is one of the main
caspase-1 targets [89]. The main effect of diet (***p<0.001) and genotype (*p<0.05)
on IL-1 beta expression were significant. Further interaction analysis revealed that IL-
1 beta level was significantly decreased with Western diet both in the hippocampus of
ApoE~’ mice (*p<0.05) and hippocampus of C57BL/6 mice (**p<0.01) (Figure 3.4).
Additionally, while there is a significant decrease of IL-1 beta expression in ApoE™
strain compared to C57BL/6 strain with chow diet (*p<0.05) (Figure 3.4), there was
no significant change of our protein interest among C57BL/6 and ApoE™ mice with
the Western diet.
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Figure 3.4. The Western blot analysis of IL-1 beta in the hippocampus [88]. (A)
Representative immunoblot and (B) the quantification of the immunoblots (n=7,
biological replicates) (n=2, technical replicates). Each bar represents Mean + SEM.
Dark grey showed Western diet fed animals and light grey showed chow diet fed
animals. (*p<0.05, **p<0.01)

3.1.3. Postsynaptic Integrity

To detect the postsynaptic density, PSD-95 was used as a marker which is one of the
proteins present at the postsynaptic regions of excitatory synapses. Our data indicated
that the main effect of diet and genotype on PSD-95 was not statistically significant.
However, there was a significant interaction between the effects of diet and the
genotype on PSD-95 level (*p<0.05). Post-hoc analysis showed that the PSD-95
expression level was significantly increased in C57BL/6 mice with the Western diet
compared to chow diet (*p<0.05) (Figure 3.5). There was no change in the PSD-95
protein level in ApoE™ mice with both chow and Western diet. PSD-95 protein levels
were significantly higher in ApoE” mice than C57BL/6 with chow diet (*p<0.05)
(Figure 3.5). Western diet did not change the PSD-95 expression level in both strains.
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Figure 3.5. The Western blot analysis of PSD-95 in the hippocampus. (A)
Representative immunoblot and (B) the quantification of the immunoblots (n=7,
biological replicates) (n=3, technical replicates). Each bar represents Mean + SEM.
Dark grey showed Western diet fed animals and light grey showed chow diet fed
animals. (*p<0.05)

3.1.4. Neurogenesis

To determine neurogenesis DCX, an immature neuronal marker was used [90]. Two-
way ANOVA analysis showed that the main effect of diet on the DCX levels were not
significant but the main effect of genotype on DCX was significant (***p<0.001).
Nevertheless, post-hoc analysis relieved that the DCX expression levels have a
tendency to increase in ApoE” mice (p=0.052) with Western diet compared to chow
diet. Additionally, the DCX levels were significantly higher in ApoE™ strain than
C57BL/6 strain with both Western diet (***p<0.001) and chow diet (*p<0.05)
(Figure3.6).
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Figure 3.6. The Western blot analysis of DCX in the hippocampus. (A)
Representative immunoblot and (B) the quantification of the immunoblots (n=7,
biological replicates) (n=3, technical replicates). Each bar represents Mean + SEM.
Dark grey showed Western diet fed animals and light grey showed chow diet fed
animals. (*p<0.05, ***p<0.001)

3.2. The effects of Western Diet on the Cerebral Cortex
3.2.1. ER Stress
3.2.1.1. p-PERK

There was a significant genotype effect on p-PERK levels in the cerebral cortex,
nevertheless, the effect of diet was not detected. p-PERK levels of C57BL/6 mice were
statistically significantly elevated with Western diet compared to chow diet (*p<0.05)
(Figure 3.7). Also, p-PERK levels was significantly higher in ApoE™ compared to
C57BL/6 mice when they fed with chow diet (*p<0.05) (Figure 3.7).
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Figure 3.7. The Western blot analysis of p-PERK in the cerebral cortex [88]. (A)
Representative immunoblot and (B) the quantification of the immunoblots (n=7,
biological replicates) (n=2, technical replicates). Each bar represents Mean + SEM.
Dark grey showed Western diet fed animals and light grey showed chow diet fed
animals. (*p<0.05)

3.2.1.2. p-elF2a

Data revealed that diet (*p<0.05) and the genotype (***p<0.001) had an impact on p-
elF2a protein levels. In both Western diet (***p<0.001) and chow diet groups
(***p<0.001), p-elF2a expression levels were higher in ApoE” mice than C57BL/6
mice (Figure 3.8). Furthermore, the p-elF2a protein level was increased in C57BL/6
strain with Western diet compared to chow diet (*p<0.05) (Figure 3.8).
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Figure 3.8. The Western blot analysis of p-elF2a in the cerebral cortex. (A)
Representative immunoblot and (B) the quantification of the immunoblots (n=7,
biological replicates) (n=3, technical replicates). Each bar represents Mean + SEM.
Dark grey showed Western diet fed animals and light grey showed chow diet fed
animals. (*p<0.05, ***p<0.001)

3.2.1.3. CHOP

There was a significant main effect of genotype (**p<0.01) on CHOP levels but the
main effect of diet was not detected on CHOP expression. Post-hoc analysis showed
that when they had given chow diet, the expression of CHOP was increased in
ApoE~’ mice compared to C57BL/6 (**p<0.01) (Figure 3.9).
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Figure 3.9. The Western blot analysis of CHOP in the cerebral cortex. (A)
Representative immunoblot and (B) the quantification of the immunoblots (n=7,
biological replicates) (n=2, technical replicates). Each bar represents Mean + SEM.
Dark grey showed Western diet fed animals and light grey showed chow diet fed
animals. (**p<0.01)

3.2.2. Inflammation

Although the effect of diet on IL-1 beta levels were not significant, the effect of
genotype on IL-1 beta levels were significant. In ApoE™" mice IL-1 beta levels were
significantly higher than C57BL/6 mice (*p<0.05) (Figure 3.10).
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Figure 3.10. The Western blot analysis of IL-1 beta in the cerebral cortex. (A)
Representative immunoblot and (B) the quantification of the immunoblots (n=7,
biological replicates) (n=2, technical replicates). Each bar represents Mean + SEM.

Dark grey showed Western diet fed animals and light grey showed chow diet fed

animals. (*p<0.05)

3.2.3. Postsynaptic Integrity

There was a significant effect of genotype on PSD-95 expression levels in cerebral

cortex (*p<0.05) (Figure 3.11). In ApoE” mice chow diet had a tendency to increase

the PSD-95 levels compared to C57BL/6 strain (p=0.059).
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Figure 3.11. The Western blot analysis

of PSD-95 in the cerebral cortex. (A)

Representative immunoblot and (B) the quantification of the immunoblots (n=7,

biological replicates) (n=3, technical replicates). Each bar represents Mean + SEM.

Dark grey showed Western diet fed animals and light grey showed chow diet fed

animals. (*p<0.05)

3.2.4. Neurogenesis

There was a significant main effect of both diet (*p<0.05) and genotype (***p<0.001)

on DCX expression. Further interaction analysis showed significantly increased DCX

protein levels in ApoE”- mice compared to C57BL/6 upon the chow diet (***p<0.001)

(Figure 3.12). The DCX expression also was higher in ApoE™ strain in comparison to
C57BL/6 genotype with the Western diet (***p<0.001) (Figure 3.12).
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Figure 3.12. The Western blot analysis of DCX in the cerebral cortex. (A)
Representative immunoblot and (B) the quantification of the immunoblots ((n=7,
biological replicates) (n=3, technical replicates). Each bar represents Mean + SEM.
Dark grey showed Western diet fed animals and light grey showed chow diet fed
animals. (***p<0.001)
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3.3. IHC Optimization

NeuN was used for the identification of mature neurons in brain sections [91]. The
optimization results of IHC for different dilutions (1:2000, 1:4000, 1:8000) of NeuN
were given in Figure 3.13, Figure 3.14, Figure 3.15. In order to capture images with
higher quality to be able to count the neurons, the permeabilization process was

performed Figure 3.16.

Figure 3.13. The immunofluorescence staining of the hippocampus with 1:2000
NeuN. Red fluorescence was NeuN (1:2000), blue fluorescence was DAPI marker and
NeuN+DAPI (C, F, I). DG region at 10X magnification (A, B, and C), CALl region at
20X magnification (D, E, and F), CA3 region at 20X magnification (G, H, and ). DG:
Dentate gyrus, CA: Cornu ammonis. The images were captured via Zeiss fluorescent
microscope (Axio Zoom.V16, Zeiss, Oberkochen, Germany, UNAM, Bilkent
University).
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Figure 3.14. The immunofluorescence staining of the hippocampus with 1:4000
NeuN. Red fluorescence was NeuN (1:4000), blue fluorescence was DAPI marker and
NeuN+DAPI (C, F, I). DG region at 10X magnification (A, B, and C), CAL region at
20X magpnification (D, E, and F), CA3 region at 20X magnification (G, H, and I). DG:
Dentate gyrus, CA: Cornu ammonis. The images were captured via Zeiss fluorescent
microscope (Axio Zoom.V16, Zeiss, Oberkochen, Germany, UNAM, Bilkent
University).
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Figure 3.15. The immunofluorescence staining of the hippocampus with 1:8000
NeuN. Red fluorescence was NeuN (1:8000), blue fluorescence was DAPI marker and
NeuN+DAPI (C, F, ). DG region at 10X magnification (A, B, and C), CAL region at
20X magpnification (D, E, and F), CA3 region at 20X magnification (G, H, and ). DG:
Dentate gyrus, CA: Cornu ammonis. The images were captured via Zeiss fluorescent
microscope (Axio Zoom.V16, Zeiss, Oberkochen, Germany, UNAM, Bilkent
University).
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Figure 3.16. The immunofluorescence staining of the hippocampus with NeuN in
permeabilized sections. Red fluorescence was NeuN (1:4000), blue fluorescence was
DAPI marker and NeuN+DAPI (C, F, I). DG region at 20X magnification (A, B, and
C), CAl region at 20X magnification (D, E, and F), CA3 region at 20X magnification
(G, H, and I). DG: Dentate gyrus, CA: Cornu ammonis. The images were captured via
Zeiss fluorescent microscope (Axio Zoom.V16, Zeiss, Oberkochen, Germany,
UNAM, Bilkent University).
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The images of IL-1 beta by optimized IHC method were given Figure 3.17.

Figure 3.17. The immunofluorescence staining of the cerebral cortex and
hypothalamus with IL-1 beta. Red fluorescence was IL-1 beta (1:150), blue
fluorescence was DAPI marker and IL-1 beta+DAPI (C, F, I, and L). Cerebral cortex
region at 20X magnification (A, B, and C), at 40X magnification (D, E and F),
Hypothalamus region at 20X magnification (G, H, and 1), at 40X magnification (J, K,
and L). The images were captured via Zeiss fluorescent microscope (Axio Zoom.V16,
Zeiss, Oberkochen, Germany, UNAM, Bilkent University).
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The images of active Caspase-1 by optimized IHC method were given Figure 3.17.

Figure 3.18. The immunofluorescence staining of the cerebral cortex with
Caspase-1. Green fluorescence was active Caspase-1, blue fluorescence was DAPI
marker and Caspase-1+DAPI (C, F, ). Cerebral cortex region at 20X magnification
(1:300) (A, B, and C), cerebral cortex region at 20X magnification (1:150) (D, E, and
F). The images were captured via Zeiss fluorescent microscope (Axio Zoom.V16,
Zeiss, Oberkochen, Germany, UNAM, Bilkent University).
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CHAPTER 4

DISCUSSION

Diet including high-fat content has been associated with hippocampal-dependent
memory and cognitive impairments [92]. Neuroinflammation is considered as a
potential cause behind these deficits. Elevated serum lipid levels lead to alterations in
BBB resulting in higher permeability of the structure [93]. It was suggested that this
can make hippocampus more prone to the effects of diet-induced neuroinflammation.
In these studies, inflammation was accompanied with decreased synaptic integrity and
increased in markers used for apoptosis, pointing out a potential neuronal loss [52].
The PERK pathway is one of the branches of ER stress and is induced with HFD. The
activation of the PERK pathway resulting in attenuation of global protein synthesis
and selective translation of proteins involved in apoptosis and inflammatory response
[66]. Since the effects of HFD in neurons resemble the results of stimulated PERK
pathway, the idea of manipulation of this pathway as a therapeutic approach has been
promising recently. GSK, Sephin 1 and ISRIB are different inhibitors of PERK
pathway, they have been used in neurodegenerative diseases and found to enhance the

pathological conditions of these diseases [94].

In this study by using ApoE” mice fed with HC/HFD as a hyperlipidemic animal
model, how Western diet alters neurons in different respects and affects the ER stress
in the hippocampus and the cerebral cortex were investigated. The immunoblot
analysis of markers was assessed to show ER stress, inflammation, synaptic integrity

and neurogenesis in the subjects.

Previous studies showed HFD results in the induction of the PERK pathway and
elevated inflammation in the hippocampus of mice [74]. Therefore, our hypothesis

was to observe an increase in PERK pathway markers. Yet, in our study, there were

43



no significant differences of p-PERK, p-elF2a levels in the hippocampus and
surprisingly there was a decline in CHOP, IL-1 beta levels with Western diet in both
strains. Simultaneous decrease of CHOP and inflammation marker supports the
consistency of our results. It is necessary to analyze the levels of other cytokines such
as TNF-alpha to confirm the decrease in inflammation. To understand why there is a
decrease in the protein levels of CHOP and IL-1beta, further studies should be

performed.

Additionally, the studies revealed a correlation between high TC levels and cognitive
impairment in mid to old aged humans [95]. In our study, subjects were 25 weeks old
and are considered mature young adults [96] which might be the reason why
inflammation and apoptosis were not detected in their hippocampi. PSD-95 was used
to examine the excitatory postsynaptic integrity of the neurons. Since several studies
found a decline in PSD-95 levels with HFD, lower PSD-95 levels were expected in
the hippocampus of hyperlipidemic mice [97]. Yet, PSD-95 was significantly
increased with the Western diet in C57BL/6 group and no effect was detected in the
ApoE™ group. The absence of ER stress and decreased inflammation might be the
reason why we did not observe a decrease in PSD-95 for Western diet groups in our

study.

Similar to the hippocampus, it was expected to detect an increase in PERK pathway
markers accompanied by inflammation in the cerebral cortex of the mice fed with the
Western diet. In the cerebral cortex, the impact of genotype on p-PERK and p-elF2a
was significant, these markers were higher in ApoE” mice. Our results suggested a
potential diet-induced activation of the PERK pathway in the control group, whereas
in ApoE” mice the difference was not induced by the diet. Similarly, CHOP, IL-1
beta, and PSD-95 levels were higher in ApoE™ mice but the diet did not affect the
CHOP, IL-1 beta, and PSD-95 levels. The literature points out that the plasma
cholesterol was mainly carried on HDL in wild-type mice on regular chow diet and
their LDL levels were lower than humans. Even if they were fed with Western diet,

these mice show high HDL/LDL ratio so that they are highly resistant to the
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development of atherosclerosis [98]. Therefore, this group only shows the
consequences of high cholesterol diet (HCD). HCD and hyperlipidemia induced the
PERK pathway, whereas apoptotic, inflammatory and postsynaptic integrity markers
only increased by ApoE™ genotype and they were not altered by HCD. The effect of
diet on ApoE” subjects was not detected. As mentioned in the introduction, ApoE
protein functions as a ligand for the uptake of CM and VLDL and their remnants to
LDL, its absence causes the slow clearance of lipoproteins and results in
hypocholesteremia and atherosclerotic lesions even if they are fed with a chow diet
[98]. Consequently, this genotype effect with chow diet can be the reason why the
alterations caused by the Western diet were not detected in ApoE™ mice. Absence of
a decrease in PSD-95 levels may indicate that postsynaptic integrity was not affected
by the induced PERK pathway. However, the isolation of proteins was performed
from cerebral cortex tissue directly. In order to assess the results more accurately,
synaptic proteins in synaptosomes can be isolated and analyzed, or inhibitory synaptic
proteins may be studied to comprehend whether the balance between excitatory and

inhibitory synaptic proteins was disrupted.

It was hypothesized to observe lower DCX levels with the Western diet since lower
BDNF levels were documented with HFD [59]. Our study showed a significant rise in
immature neurogenesis marker in ApoE” mice compared to C57BL/6 strain,
suggesting a potential genotype effect on neurogenesis as also observed in another
research by Janssen, et. al (2016). They used 12 months-old mice fed with HFD (19%
butter, 0.5% cholate, 1.25% cholesterol) for 3 months and did not detect any changes
in DCX levels [99]. Higher DCX levels is an indicator of more neurons, nevertheless,
detecting only DCX levels may not show whether the neurons are going to survive
and become mature neurons. Hence, a mature neuronal marker such as NeuN was used
to validate the neuron numbers. So as to achieve this goal, the optimization of NeuN
was performed with IHC (Figure 3.13, Figure 3.14 and Figure 3.15). The quality of
images was not sufficient enough to count the neurons one by one. The neurons were

densely distributed in hippocampal regions. Although permeabilization method makes
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counting of neurons in CA1 and CA3 regions possible, we were not able to count the
neurons in the DG region (Figure 3.16). Nissl staining is a histological method used
for staining of neurons. It has been widely used to analyze the morphology and
pathology of neurons [100], [101]. Therefore, Nissl staining can be assessed in future
studies. The optimization of IHC of IL-1beta and caspase-1 was shown in Figure 3.17
and Figure 3.18. The analysis of IL-1beta can help us with confirming the accuracy of
decreased levels of this inflammation marker in the hippocampus and increased levels
of this inflammation marker in the cerebral cortex of ApoE” mice. IHC results of
caspase-1 would support us to investigate whether there is an increase in
inflammation-induced neuronal death in both brain regions. Additionally, since there
is an activation PERK pathway in the cerebral cortex of ApoE™ subjects, IHC analysis
of these markers on the cerebral cortex of the subjects would show us whether using
PERK pathway inhibitors will diminish the inflammation and the cell death induced

by inflammation in the cerebral cortex.
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CHAPTER 5

CONCLUSION AND FUTURE DIRECTIONS

In this study, the impacts of HC/HFD on ER stress, inflammation, postsynaptic
integrity, and neurogenesis were analyzed in the hippocampus and the cerebral cortex
in ApoE™ and C57BL/6 mice. ApoE™ strain was used as a hyperlipidemic animal
model and C57BL/6 mice were used as a control group. Experiments were initiated

with 8 weeks old male mice and diet lasted for 16 weeks.

Our results showed that diet and the genotype did not induce the PERK pathway in
the hippocampus. Essentially, CHOP and IL-1 beta levels were decreased with the
Western diet in both strains suggesting HC/HFD might diminish inflammation in this
region. Diet did not alter the PSD-95 levels in the hippocampus suggesting there
would be no decrease in postsynaptic integrity in hippocampal neurons of
hyperlipidemic mice. Western blot analyses suggested that the genotype significantly
altered the levels of PERK pathway, inflammation, and postsynaptic integrity markers
in the cerebral cortex, whereas diet did not make a difference in protein levels of PSD-
95. The ER stress markers were higher in ApoE”" mice than C57BL/6 mice. Since IL-
1 beta and PSD-95 were also elevated in the ApoE” group. Higher neurogenesis was

detected in both the hippocampus and the cerebral cortex of ApoE~’ mice.

As future studies, IHC will be performed to observe whether the PERK inhibitors
change the high cholesterol-induced alterations in the hippocampus and in the cortex.
To confirm decreased inflammation, other cytokines such as TNF-alpha and IL-6
might be assessed in the hippocampus. To study synaptic integrity, inhibitory synaptic
proteins would be checked to whether the balance between inhibitory and excitatory
synapses was disrupted. Moreover, performing synaptosome isolation and assessing
synaptic proteins from synaptosomes would be a better approach to study synaptic
integrity. Since human studies correlated cognitive deficits with high TC levels at mid-
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life, middle-aged mice would be used to mimic this correlation in hyperlipidemia

studies.
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APPENDIX A

A. Supplementary for Western Blot Analysis

Table A.1. The preparation of blank and standards.

ddH20 (ul) BSA(ul) (from | Concentration
Img/1mL stock | values (ug/mL)
solution)
Blank 5 0 0
Standard 1 4,5 0,5 2
Standard 2 4 1 4
Standard 3 3 2 8
Standard 4 2 3 12
Standard 5 1 4 16
Standard 6 0 5 20
0,500
0,400 y = 0,0192x - 0,0064
RZ=0,9959
0,300

0,200 /-/
0,100
0,000 -/././ : : : .

-0,100

Figure A.1. The standard curve of the absorbance levels of standards.
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Table A.2. 10mL of 12% running gel.

Components Amounts
Water 3.0 mL
40 % Acrylamide/bis 3.0mL
1 M Tris-HCI, pH 8.8 3.750 mL
10 % SDS 100 pl
10 % APS 100 pl
TEMED 10 pl
Table A.3. 5mL of 5% stacking gel.
Components Amounts
Water 3.770 mL
40 % Acrylamide/bis 0.500 mL
1 M Tris-HCI, pH 8.8 0.625 mL
10 % SDS 50 ul
10 % APS 50 ul
TEMED 5ul

Table A.4. 10X SDS-PAGE Running buffer.

Components Amounts
Tris Base (25mM) 309
Glycine (192 mM) 144 g
Sodium Dodecyl Sulfate 10 g
Water 1000 mL
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Table A.5. 10X Transfer Buffer.

Components Amounts
Tris Base 3049
Glycine 144 g
Water 1000 mL

Table A.6. 10X TBS adjusted at pH:7.6.

Components Amounts
Tris Base 24.2 ¢
NaCl 80.0g
dH20 1 liter
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