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ABSTRACT

IMPACTS OF HIGH-FAT DIET AND GENOTYPE ON BLOOD-BRAIN BARRIER
AND SYNAPTIC INTEGRITY IN MOUSE CEREBRAL CORTEX: AN

EXPLORATION OF PERK PATHWAY

Biisranur Seker
M.Sc. in Neuroscience
Advisor: Michelle Marie Adams

September 2024

High-fat diet intake can induce hyperlipidemia and result in cognitive decline by causing
endoplasmic reticulum stress, decreased blood-brain barrier, and synaptic integrity. The
protein kinase R-like endoplasmic reticulum kinase (PERK) pathway is one of the arms of
the unfolded protein response, which is activated by endoplasmic reticulum stress. The
PERK inhibits the global protein translation while allowing the translation of certain
proteins that are involved in inflammation and apoptosis. Due to its apoptotic properties, it

is thought that the PERK pathway causes neurodegeneration.

To study the effects of hyperlipidemia, a high-fat diet-fed Apoe knock-out mice model
(Apoe™) is appropriate. Knocking out the Apoe in mice makes the animal model more
prone to high-fat diet-induced hyperlipidemia. In the cerebral cortex of these animals,
endoplasmic reticulum stress, blood-brain barrier, and synaptic integrity markers are

checked at protein and mRNA levels. No changes are observed in the PERK pathway



markers besides phosphorylated eukaryotic Initiation Factor 2a.. Additionally, there is a
significant increase in blood-brain barrier marker Claudin-5 levels in Apoe” mice fed with
a high-fat diet. There is also no significant change in synaptic integrity markers. In the
second part, the effects of the PERK pathway inhibition are checked with integrated stress
response inhibitor and GSK2606414 in the high-fat diet-fed Apoe” mice cerebral cortex.
There are no significant alterations in BBB and synaptic integrity when the animals are

injected with inhibitors.

In conclusion, this study investigates the effects of high-fat diet induced hyperlipidemia in
the cerebral cortex of Apoe”” mice on ER stress, blood-brain barrier, and synaptic integrity.
In the cerebral cortex region, the PERK pathway-related ER stress is not observed, and
synaptic integrity remained unchanged while the blood-brain barrier is affected. Moreover,
the effects of the PERK pathway inhibition are researched, and there is no inhibition effect

observed in the cerebral cortex region.

Keywords: High fat Diet, Apoe” Mice, ER Stress, BBB and Synaptic integrity, PERK

pathway inhibition



OZET

YUKSEK YAGLI DiYET iLE GENOTIPiN FARENIN SEREBRAL KORTEKSINDE
KAN-BEYIN BARIYERI VE SINAPTIK BUTUNLUGE ETKILERI: PERK

YOLAGININ ARASTIRILMASI

Biisranur Seker
M.Sc. in Neuroscience

Danigsman: Michelle Marie Adams

Eyliil 2024

Kanda dolasan kolesterol ve trigliseritin artis1 hiperlipidemiye neden olur. Yiiksek yaglh
diyetin yol agtig1 hiperlipidemi endoplazmik retikulum (ER) stresine, kan-beyin
bariyerinin ve sinaptik biitliinliigliniin bozulmasina sebep olarak biligsel bozulmalar goriiliir.
Protein kinaz R benzeri endoplazmik retikulum kinaz (PERK) yolagi, ER stresi ile aktive
edilen katlanmamis protein yaniti kollarindan biridir. PERK apoptotik proteinlerinin
translasyonuna yol agarken global protein translasyonunu engeller. Apoptotik

ozelliklerinden dolay1 PERK yolaginin nérodejenerasyona neden oldugu diisiiniilmektedir.

Bu c¢aligmada hiperlipideminin etkilerini incelemek i¢in yiiksek yagli diyetle beslenen
Apoe” fare modeli kullanildi. Farelerde apolipoprotein E’nin (ApoE) devre disi
birakilmasi fareleri yliksek yagli diyetin neden oldugu hiperlipidemiye yatkin hale getirir.

Bu hayvanlarin serebral korteksinde ER stres, kan-beyin bariyeri ve sinaptik biitiinliik



belirtecleri protein ve mRNA diizeylerinde kontrol edildi. PERK yolag: belirteglerinden
fosforile olmus 6karyotik inisiyasyon faktorii 2o disinda herhangi bir belirtegte belirgin bir
degisiklik gozlenmedi. Ayrica, yiiksek yagh diyetle beslenen Apoe™ farelerinde kan-beyin
bariyeri belirteci claudin-5 diizeylerinde 6nemli bir artis oldugu gézlemlendi. Sinaptik
biitlinliikte bir degisiklik gozlemlenmedi. Caligmanin ikinci kisminda, yiiksek yagh diyetle
beslenen Apoe’ farelerin serebral korteksinde PERK yolag1 inhibisyonunun etkileri
entegre stres tepkisi inhibitorii ve GSK2606414 ile kontrol edildi. Hayvanlar inhibitor

enjekte edildiginde belirgin bir degisiklik gézlemlenmedi.

Sonug olarak bu ¢aligma, Apoe™ farelerin serebral korteksinde yiiksek yagh diyet kaynakli
hiperlipideminin ER stresi, kan-beyin bariyeri ve sinaptik bitiinliik tizerindeki etkilerini
arastirdi. Serebral korteks bolgesinde PERK yolagina bagli ER stresi ve sinaptik biittinliikte
degisiklik gozlemlenmezken, kan-beyin bariyeri biitiinliigii etkilenmistir. Ayrica PERK
yolagi inhibisyonunun etkileri de arastirilmistir. Serebral korteks bolgesinde herhangi bir

inhibisyon etkisi gézlemlenmemistir.

Anahtar Kelimeler: Yiiksek yagli diyet, Apoe” fare, ER stres, kan-beyin bariyeri ve

sinaptik biitlinliik, PERK yolag1 inhibisyonu
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CHAPTER 1

INTRODUCTION

1.1 Hyperlipidemia

One of the main building blocks of living beings is lipids. There are two groups of lipids,
where they are formed mainly with fatty acids like triacylglycerols and where they are
formed mainly with steroids like cholesterols [1]. The metabolism of these lipids is tightly
regulated, and disruptions in it might cause health problems. Hyperlipidemia is one such
health deficit that occurs when the cholesterol or triglyceride levels circulating in the blood

increase above a threshold [2].

1.1.1 Lipids

There are various types of lipids that differ in metabolism mechanisms. Cholesterols,
triacylglycerol, and phospholipids are the crucial lipids found in the body [3]. They have
their own importance for human health.

Cholesterol is a steroid-based lipid and resides in animal tissues in two forms: esterified
and free. Free cholesterol can be found in membranes, whereas esterified cholesterol can
be found in the plasma [4]. When cholesterol levels decrease in the plasma, the sterol
regulatory element binding protein (SREBP) gets activated and migrates to the nucleus.
There, SREBP binds to the sterol regulatory element of the reductase gene, which increases
the transcription of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR). This

is important since HMGCR is a catalyzer for cholesterol synthesis. In the event of
1



cholesterol increase in the plasma, SREBP stays inactive, and the remaining SREBP found
in the nucleus gets degraded, which closes off the cholesterol synthesis [5].

Many transporters are involved in the cholesterol transportation. Some of them are engaged
in the uptake of cholesterol, and some are to promote the efflux of unesterified cholesterol
[6]. The esterification of cholesterol is vital for the storage and transportation of cholesterol,
as unesterified/free cholesterol is toxic to the body [7]. Intracellular cholesterol gets
esterified at the Endoplasmic Reticulum (ER) with acetyl-coenzyme A acyltransferase 2.
After that, it is compacted into lipoproteins [8].

Triacylglycerols (TG) are another lipid type that is important for the body. TGs are vast
energy providers to the mammalian body [9]. Dietary TGs are taken up by enterocytes after
hydrolyzing them with pancreatic lipases to monoglycerides and free fatty acids and
packed into lipoproteins [10].

Phospholipids are lipids that are composed of fatty acids. They are mainly derived from
glycerol [11]. They have a hydrophilic head and a hydrophobic tail, which makes them
perfect structural lipids for cell membranes [12]. Moreover, due to their amphipathic
features, they play an essential role in the transportation of lipids. In lipoproteins, the

hydrophobic core is enveloped with phospholipids to create the hydrophilic surface [13].

1.1.2 Lipoproteins

Lipids are hydrophobic by nature, and in order to travel through blood, they need to be
coated with hydrophilic components. Therefore, lipoproteins contain both lipids and
proteins. At the core of the structure of lipoproteins, cholesteryl esters and triacylglycerols

reside. The hydrophilic surface that coats the hydrophobic part contains apolipoproteins



(peripheral and integral), unesterified lipids, and phospholipids [14]. There are different
classes of lipoproteins, such as chylomicrons, very low-density lipoproteins, intermediate-
density lipoproteins, low-density lipoproteins, and high-density lipoproteins [15]. Each
class of lipoproteins differs in terms of size, lipid, and apolipoprotein content.
Apolipoproteins not only play structural roles but also act as ligands for lipoprotein
receptors and sometimes might activate or inhibit enzymes crucial for lipid metabolism
[16].

Chylomicrons are the largest lipoproteins. They transport the dietary cholesterol and TG
[17]. It contains apolipoproteins A-I, A-ll, A-1V, A-V, B-48, C-II, C-lll, and E.
Apolipoprotein B-48 must be present in every chylomicron as they are the structural
proteins [18]. The size of the chylomicrons depends on the consumed fat, and they have a
half-life of less than an hour. After that, they degraded into chylomicron remnants [19]. As
the chylomicron remnants are small, they can cross the endothelium and accumulate. This
accumulation can contribute to cardiovascular diseases [20].

Very low-density lipoproteins (VLDLs) are responsible for the transportation of TGs. It
contains apolipoprotein(apo) B-100, C-I, C-I1, C-111, and E [21]. After it is synthesized by
the liver and starts circulation, it achieves its mature form by getting apo C and E along
with cholesterol esters from high-density lipids (HDLSs) [22]. When delipidation of VLDLs
occurs, they are converted into intermediate-density lipoproteins (IDLs). Some IDLs
circulating are transformed into low-density lipoproteins (LDLs), and others are directly
removed from the plasma [23].

Low-density lipoproteins are the major lipoproteins that are responsible for carrying

cholesterol. It contains apolipoprotein B-100 [24]. The small, dense LDL particles tend to



accumulate as they have a low affinity to LDL receptors for uptake [25]. They also tend to
get oxidized easily and stimulate inflammation in their oxidized form [26].

High-density lipoproteins are also carriers of cholesterol. Apolipoprotein A-l is the
structural apolipoprotein of the HDLs [27]. HDLs are highly important because they carry
cholesterol, not from the liver to other tissues but rather from peripheral tissues to the liver,

through a process called reverse cholesterol transport [28].

1.1.3 Exogenous and Endogenous Lipid Pathways

The exogenous lipid pathway deals with lipids coming from diet. These lipids first undergo
pancreatic lipase-mediated lipolysis, then emulsified by bile acids in the small intestine
[29]. The fatty acids and monoacylglycerols come from the lipolysis of TGs, and the free
cholesterol and fatty acids come from the hydrolyzation of cholesterol esters and are taken
up by intestinal enterocytes. In the enterocytes, chylomicrons are formed by the re-
esterification of fatty acids and cholesterol. Then, the chylomicron is secreted into the
intestinal lymphatics [30]. Chylomicrons get apolipoprotein C from HDLs, and with this
act, activation of lipoprotein lipase by apolipoprotein C-I1 occurs. As a result, fatty acids
and glycerol from the TGs are absorbed by the tissues, whereas phospholipids, free
cholesterol, and apolipoprotein C are taken up by HDLs. The remaining particles become
chylomicron remnants [31].

The endogenous lipid pathway is for transporting TGs and cholesterol that is synthesized
in the liver to the peripheral tissues. The free cholesterol is delivered with chylomicron
remnants and newly synthesized triacylglycerol from VLDLSs to be sent into circulation

[32]. To form a mature VLDL, nascent VLDL takes apolipoproteins A, C, and E from HDL



[33]. After TGs and cholesterol are delivered to the peripheral tissues, VLDL remnants
form. Then, as the VLDL remnants, IDLs, form, they are either converted into LDLs or
removed from circulation [31]. The conversion to LDL is mediated by the activity of the
LDL receptors. If the activity of the LDL receptors is high, then the production of LDL is
low [34]. HDLs, which are synthesized in the liver, become mature and circulate. Free
cholesterol is taken up by HDL and gets esterified, which blocks cholesterol from being

released and delivered back to the liver [35].

1.1.4 High-Fat Diet

The term hyperlipidemia usually reflects the high level of LDL in the plasma. When the
clearance of LDL by its receptor is defective, LDL levels increase [36], [37]. This might
have many causes, like genetic disorders, alcohol consumption, obesity, and such [38]. Diet
is one of those causes; increasing the intake of dietary saturated fatty acids causes
hyperlipidemia [39].

Hyperlipidemia can cause diseases like atherosclerosis and cardiovascular diseases. It can
also cause impairments in neuronal functions [40]. The high-fat diet causes increased
levels of circulating lipids, which causes hyperlipidemia, resulting in decreased blood-
brain barrier (BBB) integrity [41]. Though prolonged high-fat diet consumption causes

neurodegeneration, short-term intake can also cause cognitive deficits [42].

1.2 Apoe Knockout Mice as Hyperlipidemia Model
Mice are widely used animal models due to its many advantages. Besides genetic similarity

to humans, their life cycle are suitable for studying many timeframe. They can develop



from 19 to 21 days, and by 7 to 8 weeks, they get sexually mature. Among these, they are
smaller and have a short generation time, making them easier to maintain than other
mammals [43].

There are also differences between humans and mice. For example, The lipid metabolism
in mice differs from that of humans in multiple ways. In humans, 75% of the plasma
cholesterol is in the form of LDL [44]. Meanwhile, in mice, the plasma cholesterol is
mainly carried by HDL [45]. This is mainly due to the absence of cholesterol ester
transferase in mice [46]. This enzyme transfers cholesterol from HDL to LDL and VLDL,
and in the absence of it, HDLs are not depleted from cholesterol and continue their function
as the leading carrier of cholesterol [47], [48]. There is also a difference in the content of
the non-HDL cholesterol fraction. VLDL and chylomicron remnants are the main ones,
rather than LDLs [49]. Moreover, apolipoprotein B is active in the liver and the small
intestine, resulting in more efficient and faster clearance of LDL [48]. With all that, mice
somehow show resistance toward hyperlipidemia [50]. To study hyperlipidemia in mice,
in 1992, Apoe knockout (Apoe™) mice have been produced [51]. Apolipoprotein E (ApoE)
is a vital ligand that binds to cell surface LDL receptor and chylomicron remnant receptor
with high affinity. This binding allows the clearance of VLDL and chylomicron remnants
from the circulation [52]. Thus, the deficiency of this protein holds back the clearance of
these remnants and results in a shift towards VLDL and chylomicron remnants from HDLS
[53]. Moreover, feeding these mice with a high-fat diet causes hyperlipidemia due to

increased VLDL and chylomicron remnants [54].

1.3 Endoplasmic Reticulum



In the cells, most of the protein synthesis and transportation occurs in the organelle called
endoplasmic reticulum (ER). Proteins that ER, Golgi, plasma membrane, and lysosome as
their determined locations mostly translated on the ribosomes located on the ER membrane
[55]. The ER plays more of a role in the cell than protein synthesis; it is involved in the
folding and maturation of more than a third of all proteins [56]. Folding and maturation are
crucial for the proteins to achieve their final form. At the ER lumen, proteins go through
some post-translational modifications, such as disulfide bond formation, to attain the final
three-dimensional shape. There are machineries, such as chaperones, that assist these
modifications [57]. Even though these modifications are controlled, the success of protein
folding is under 20% [58]. The other proteins are misfolded or sometimes aggregated [59].
The process called ER-associated degradation (ERAD) is for these misfolded or aggregated
proteins to be disposed of [60]. Through this process, unfolded proteins are marked for

ubiquitylation to target proteins for proteasome and degradation [61].

1.3.1. ER Stress

The increase in the misfolded/aggregated protein causes cell stress. This stress is called ER
stress [62]. Under stress conditions, the accumulation of misfolded proteins increases, and
the unfolded protein response (UPR) is activated [63]. The first aim of the UPR is to restore
the normal function of the ER. To do that, it causes an expansion in the size of the ER and
increases the number of ER chaperones by upregulating the transcription [64]. If, with these
changes, homeostasis is achieved, the misfolded protein number is decreased, UPR is

closed, and the functionality of the ER is restored. However, if UPR is proven insufficient



and the cell undergoes chronic stress, apoptosis or cell death may occur [65].

1.3.1.1 PERK Pathway of the Unfolded Protein Response

The UPR has three major signaling pathways. These are Inositol-Requiring Enzyme 1 a,
Protein-kinase R like Endoplasmic Reticulum Kinase (PERK) and Activating
Transcription Factor 6 (ATF6). PERK is a membrane-bound protein [66]. In its inactive
form, PERK is bound to the Binding immunoglobulin Protein (BiP) [67]. When UPR is
activated with increased misfolded proteins, BiP is released from PERK due to its high
affinity to misfolded proteins. With the release of BiP, PERK gets activated and auto-
phosphorylates itself [68].

When PERK is phosphorylated, it initiates a cascade of events. One of the downstream
targets of phosphorylated PERK (p-PERK) is eukaryotic Initiation Factor 2 (elF2) [69].
elF2 has 3 subunits; a, B, and vy. y subunit of elF2 binds to guanosine diphosphate (GDP)
or guanosine triphosphate (GTP) [70]. In its inactive form, elF2 is bound to GDP, and it
becomes active when it is bound to GTP [71]. This exchange of GDP to GTP is facilitated
by elF2B [72]. elF2 bound to GTP (elF2-GTP) delivers initiator transfer ribonucleic acid
(t-RNA) to ribosomes and forms the 43S pre-initiation complex with 40S ribosomal
subunit. This pre-initiation complex recognizes the initiation codon, which allows
translation to continue [73]. p-PERK causes the phosphorylation of the alpha subunit of
the elF2. This initiates the integrated stress response (ISR) [74]. Phosphorylated elF2a (p-
elF2a) causes the inhibition of eIF2B, so the exchange of GDP to GTP does not occur.
This halts delivery of the initiator t-RNA,; as a result, global protein synthesis is inhibited,

which buys time for cells to handle all the misfolded proteins (Fig 1.1) [75], [76].



One of the downstream elements of p-elF2a is Activating Transcription Factor 4 (ATF4).
p-elF2a causes the selective translation of ATF4 while inhibiting the global protein
synthesis [77]. Under normal conditions where elF2-GTP levels are high, and p-elF2a
levels are low, the translation complex is able to continue the translation, and once it
translates the inhibitory short upstream open reading frame (UORF), the translation
complex dissociates and stops translation before getting a chance to translate ATF4 [78].
However, under stress conditions, where elF2-GTP levels are low, and p-elF2a levels are
high, delivery of the reinitiation complex is delayed, and the 40S subunit continues to scan
through the uORF without translating inhibitory uORF. And the translation reinitiates at
the start codon of ATF4, which results in an increase in ATF4 translation [79]. In the
attempt to recover the normal condition of the cell, ATF4 activates and causes an increase
in some pro-survival factors, such as ER Chaperones [80]. If the stress conditions are
relieved, eif2a phosphorylation will end, as well as PERK inhibition. This inhibition will
terminate the ISR [81].

On the other hand, under prolonged stress conditions, ATF4 initiates a pro-apoptotic
cascade of events. ATF4 allows the transcription of CCAAT-enhancer-binding protein
homologous protein (CHOP) [82]. CHOP also contains uORF, which allows for it to be
translated under the inhibited global protein synthesis through a mechanism called
ribosomal bypass mechanism, in which inhibitory uORF is scanned through by ribosome
and translates CHOP [83]. When the CHOP is upregulated, it causes the activation of
apoptotic mechanisms (Fig 1.2) [84]. First of all, the expression of the gene that encodes
the anti-apoptotic B-cell lymphoma 2 that blocks cell death is inhibited by CHOP [85].

Moreover, CHOP also activates the growth arrest and DNA damage-inducible protein



(GADD34), and GADD34 causes the dephosphorylation of elF2a through protein
phosphatase 1, thereby allowing the synthesis of pro-apoptotic proteins [86]. Also, CHOP
causes caspase-3 activation and if the activation passes the threshold, it would end in

cellular death [87].
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Figure 1.1. elF2 and elF2B interaction. The upper part of this scheme represents how
elF2 and elF2B interact under normal conditions. In normal conditions, elF2B initiates the
activation of elF2 by providing an exchange of GDP to GTP. GTP-bound elF2 forms an

initiation complex with 40S subunit of ribosome and initiator met-tRNA. This complex
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initiates the translation. The lower part of this scheme shows how ER stress and
phosphorylation of elF2 affect the elF2B and translation. When elF2 is phosphorylated
from its a subunit, it blocks the exchange of GDP-GTP by inhibiting elF2B. This halts the
global protein translation while allowing the selective translation of ATF4, CHOP, and

GADD34. The figure is created with BioRender.com.

Excess amounts of misfolded proteins caused by ER stress have been dictated as a
pathology in several neurodegenerative diseases. Moreover, apoptosis induced by CHOP
results in neuronal cell death, which might contribute to neurodegenerative diseases [88].
ER can detect metabolic changes and excessive nutrients caused by high-fat diet-induced
hyperlipidemia, leading to the disruption of ER homeostasis. Disruption in the homeostasis

of ER results in ER stress [89].
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Figure 1.2. The PERK Pathway. The left side of the figure shows the normal state of
PERK. Normally, PERK is found in monomer form bound with BiP. The right side of the
figure shows the PERK pathway activated with ER Stress. BiP has a high affinity to
unfolded proteins; under ER stress, when the unfolded proteins increase, BiP is released
from PERK. This initiates the dimerization and phosphorylation of PERK. p-PERK causes
the phosphorylation of elF2 and, therefore, inhibits the global protein translation while
selectively upregulating the translation of ATF4. ATF4 when it is upregulated, it activates

CHORP. The figure is created with BioRender.com.
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1.4 Blood-Brain Barrier

The limited capacity of regeneration requires neurons to have extra protection from the
materials circulating in the blood that can harm them. There are many neurotoxins in the
blood coming from endogenous sources such as metabolites or exogenous sources. On the
other hand, the brain needs nutrients and oxygen to execute the neuronal functions. The
blood-brain barrier (BBB) limits the entry of harmful substances while allowing a nutrient

exchange between blood and the brain (Fig 1.3) [90].

1.4.1 The Neurovascular Unit

Brain endothelial cells that form the BBB form a unit together with astrocytes, mural cells
like pericytes, microglia, neurons, and extracellular matrix components called the
neurovascular unit (NVVU). Interaction between the components of the NVU is critical for
an efficient barrier that protects the brain [91]. Each of these components have their own
functions in the NVU.

Pericytes are essential elements of the NVU. They have roles in the maintenance of the
integrity of BBB, disposing of toxic derivatives of cellular processes through phagocytosis,
and controlling the entrance of the immune cells [92]. Moreover, they can modulate the
cerebral blood flow by adjusting the capillary diameter. Pericytes can also synthesize
vascular endothelial growth factor (VEGF) and participate in angiogenesis, a process that
causes the formation of new blood capillaries [93].

Astrocytes are the glial cells that are abundant in the central nervous system. They have

several crucial uses in the brain, such as regulating homeostasis and modulating
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neurotransmitter uptake. Its function in the NVVU is to conduct the communication between
neurons and vasculature [94].

The endothelial cells are the main components of the NVU that serve as a barrier. However,
pericytes and astrocytes both can act as defense mechanisms as well in case of damage to
the endothelial cells [95]. Through this function, pericytes and astrocytes are also crucial

for the protection of the brain.

1.4.2 Tight-Junctions

The brain endothelial cells are firmly connected to each other by the tight junction proteins.
They are crucial as they seal the junctions between epithelial cells, sustaining the integrity
of the BBB [96]. Tight junction proteins establish cell-to-cell adhesion by connecting the
neighboring tight junction proteins. Claudins, occludin and junction-adhesion molecules
(JAMs) and cytoplasmic accessory proteins such as cingulin and Zonula occludens-1, -2, -

3 (Z0O-1, -2, -3) are the main tight-junction proteins [97].

1.4.2.1 Claudins

Claudins have four transmembrane domains with two extracellular loops. Through these
loops, they bind to other tight junction proteins, including other claudins on the adjoining
endothelial cells. Claudins-1 and -5, along with occludin, are the primary building blocks
of the BBB [98]. The scaffolding ZO proteins can arrange the spatial organization of
Claudin strands by jointing with the actin proteins in the cytoskeleton [99]. Claudin-5 can
regulate the paracellular ionic selectivity and endothelial permeability [100]. Claudin-5

expression is regulated by many pathways and by its interaction with other tight-junction
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proteins. For instance, phosphorylation of Claudin-5 decreases its expression [101]. Also,

VEGF causes the downregulation of Claudin-5 and increases the BBB permeability [102].

1.4.2.2 Occludin

Occludin, tricellulin, and marvel domain containing 3 (marvel D3) are the tight junctions
associated marvel proteins. Tricellulin adjusts the permeability for macromolecules, and
marvel D3 has a compensatory role in the sealing of the BBB [103]. Occludin has four
transmembrane domains with two extracellular loops. They are integral parts of the
selective permeability of the BBB. It can bind to ZO proteins that regulate their trafficking
[104]. With Claudins, they can form intramembranous strands that contain fluctuating

channels to allow selective diffusion [94].

1.4.2.3. Junctional Adhesion Molecules and Cytoplasmic Accessory Proteins

JAMs are part of the immunoglobulin superfamily that has a single transmembrane domain.
The extracellular part has two loops formed by disulfide bonds. They are crucial for cell-
to-cell adhesion. Moreover, JAMs are involved in the trafficking of the occludin to the
tight-junction proteins. Also, they engage in the transmigration of monocytes upon BBB
[105].

The other important proteins in the BBB are cytoplasmic accessory proteins. These proteins
create a bridge between cell cytoskeleton and tight-junction proteins [106]. ZO proteins
have an actin-binding region at the C-terminus where actin filaments interact. This

interaction created by ZO proteins via cingulin between actin and tight junctions like
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claudins and occludin is crucial for the structural support of endothelial cells [107].

1.4.3 Transportation Across Blood-Brain Barrier

One of the crucial functions of BBB, besides protection of the neurons from toxins, is to
sustain a homeostatic environment using ion channels. It also allows the passage of
nutrients that are required by the brain [108]. Moreover, BBB regulates the amount of
neurotransmitters by separating the central and peripheral neurotransmitters. Furthermore,
it keeps the macromolecules outside of the brain [109]. These functions of the BBB are
strictly regulated by the activity of the transportation mechanisms in the BBB. There is
passive diffusion, active efflux, carrier-mediated transport, and receptor-mediated

transport [94].

1.4.3.1. Passive Diffusion and Active Efflux

Entry to the brain through passive diffusion is dependent on lipid solubility and the
molecular weight of the molecules. Also, the area of the polar surface is another limiting
factor. Lipid-soluble molecules that have a molecular weight smaller than 400 kDa might
diffuse across BBB. The pores that have been formed in the phospholipid bilayer for the
diffusion of the molecules have limited sizes. Therefore, molecules that have higher
spherical volume than the pore size might not pass to the brain [110].

The active efflux requires ATP to transport substrates. On the blood side of the endothelium
membrane of the BBB, there are ATP-driven efflux pumps and ATP-binding cassette
proteins. These transporters are for the endogenous metabolites, which can be transported

substrate from endothelium to blood, or this transportation might be bidirectional [111].
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1.4.3.2. Carrier-mediated Transport and Receptor-mediated Transport

There are some essential nutrients that the brain requires, like glucose, whose entry has
been blocked by the BBB. Carrier-mediated transport (CMT) is part of the Solute Carrier
Transporters, which enables the transcellular movement of molecules such as amino acids,
carbohydrates, fatty acids, and such. These transporters may carry molecules from blood
to brain and brain to blood [112].

Although the CMT can carry amino acids, the proteins, due to their size, cannot use as
transporters to the brain. In that case, neuroactive peptides, hormones, and growth factors
use receptor-mediated transportation (RMT) [113]. There are ligand-specific receptors to
which macromolecules bind to promote endocytosis. Macromolecules bind to their
receptors, and then they are internalized into endothelial cells, and through the cytoplasm,
they are exocytosed to the other side. To avoid degradation by the lysosomal component

in the cytoplasm, the endosome and its contents are guided away from the lysosome [114].
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Figure 1.3. The Blood-Brain Barrier. The figure shows the tight junctions and cells that
are associated with endothelial cells to create a blood-brain barrier. Both Occludin and
Claudin-5 are bound to ZO-1 so that they can attached to the cytoskeleton. JAMs also bind
each other to provide more adhesion between cells. At the brain side of the endothelial
cells, pericytes and astrocytes interact with endothelial cells to regulate BBB.
Transportation across the endothelial cells also can be seen in the figure. Transportation
can be active efflux, passive diffusion, receptor-mediated, or carrier-mediated. Adapted
from “Endothelial Junctions in the Blood Brain Barrier” by BioRender.com (2024).
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Previously, it has been shown that hyperlipidemia causes BBB integrity disruptions. These
includes such as increased permeability due to the altered expression of the related mMRNAs,
like the expression of tight-junction proteins [115]. As the BBB protects the brain from the

neurotoxins circulating the blood, increased permeability leads to damage to the brain[116].

1.5 Synapses

One neuron’s axon and the other neuron’s dendrite form a junction called the synapse (Fig
1.4). The synapses are for neurons to communicate with each other. Presynapse, the axon
of the neuron, is responsible for neurotransmitter release, and the postsynapse, the dendrite
of the opposite neuron, has receptors for neurotransmitters to bind [117].

The synapses can be excitatory or inhibitory depending on the receptors they carry or the
neurotransmitters that they release. Excitatory synapses express ionotropic channels (o-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and N-methyl-
D-aspartate (NMDA) receptors) or metabotropic channels on their post-synaptic region for
glutamate that has been released from the presynapse [118]. Inhibitory synapses, on the
other hand, express glycine or gamma-aminobutyric acid (GABA) receptors on their post-

synapses for GABA and glycine that is released from presynapse to bind [119].

1.5.1 Synaptic Transmission

When an action potential reaches the axon, it activates the voltage-gated calcium channels
and allows calcium entry to the presynapse. Calcium triggers the release of synaptic
vesicles that contain neurotransmitters from the synapsin. Synapsin is a protein that binds

synaptic vesicles to the cytoskeleton of the cell, so when the synaptic vesicles are released
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from the synapsin, they become mobile and transported to the presynaptic membrane. Each
vesicle contains synaptobrevin protein on its membrane. Synaptobrevin interacts with
syntaxin and Synaptosomal-Associated Protein, 25kDa, and forms a complex called
soluble N-ethylmaleimide-sensitive factor activating protein receptors (SNARE) complex.
SNARE complex allows for synaptic vesicles to fuse with the presynaptic membrane and
release the neurotransmitters to the synaptic cleft. After the release, neurotransmitters bind
their receptors on the post-synapse and excite or inhibit the cell accordingly. Synaptic
vesicles get recycled after the release, so SNARE complex dissembles, and, through
endocytosis, synaptic vesicles are taken up to be filled with neurotransmitters again [119].
The excitation or the inhibition of the postsynapses is determined by the ratio of excitation
and inhibition that a postsynapse receives. If the balance is shifted towards excitation, the

cell excites, and if it is shifted towards inhibition, the cell is inhibited [121].

1.5.1.1 Synaptophysin

Synaptophysin is an integral membrane glycoprotein, and it is one of the swarming proteins
found in the synaptic vesicles, along with synaptobrevin. Although it is not directly
involved in the neurotransmitter release, synaptophysin establishes the precise re-uptake
of synaptobrevin after the synaptic vesicle fusion [122]. Diet-derived cholesterol causes
the decreased expression of synaptophysin. Due to its interaction with synaptobrevin,
synaptophysin is important for synapse formation and stability. As it decreases due to

increased cholesterol intake, synaptic connections weaken [123].
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1.5.2 Scaffold Proteins in the Postsynapses

1.5.2.1 Postsynaptic Density Protein 95

On the postsynapses of the excitatory synapses, there is an electron-dense region called the
postsynaptic density. In this region, there are high numbers of receptors and the cells that
accompany receptors. A major scaffold protein that resides in the postsynaptic density is
the postsynaptic density protein 95 (PSD-95). It has several protein-protein interaction
domains, and due to this, PSD-95 plays an important role in the regulation of synaptic
strength. PSD-95 associates with transmembrane proteins and organizes their locations. It
also stabilizes the protein at the synapses [124].

PSD-95 can interact various proteins. For instance, it binds to the transmembrane AMPA
receptor regulatory protein, stargazin, and regulates the trafficking of AMPA receptors.
Moreover, through its interaction with the NR2 subunit, it also regulates NMDA receptors
[125].

Another protein that PSD-95 interacts which is also crucial for the strength of the synapses,
are neuroligin. Neuroligins are the adhesion proteins found in the postsynapses that make
connections with other adhesion protein neurexins found in the presynapse. PSD-95 packs
neuroligin at excitatory synapses and translocates the ones found in the inhibitory synapses
to the excitatory synapses. Through this, it changes the balance of excitation and inhibition
towards excitation [126]. Dysregulation of the cholesterol mechanism results in cognitive
decline and PSD-95 reduction. As it is an important protein that regulates the stability of

the excitatory synapses, loss of PSD-95 causes declined synaptic plasticity [127].
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1.5.2.2 Gephyrin

Gephyrin is a scaffold protein that is located at the inhibitory synapses. Similar to PSD-95
at the excitatory synapses, gephyrin interacts with many proteins. Gephyrin stabilizes and
regulates the inhibitory synapses, glycine, and GABA receptors [128].

Gephyrin can bind to the glycine receptors and to the tubulin at the cytoskeleton. It is
crucial clusterization of the glycine receptors at the postsynaptic membrane. In GABAergic
synapses, during the inhibitory signaling, gephyrin accumulates. Gephyrin also binds to
neuroligins to facilitate the maturation of inhibitory synapses. Thus, it can change the
balance of excitation and inhibition ratio towards inhibition [129]. High cholesterol causes
the reduction of gephyrin expression. Through reduced gephyrin, cholesterol intake
actually affects the organization and the number of inhibitory receptors and negatively

affects the integrity of inhibitory synapses [130].
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Figure 1.4. The excitatory and inhibitory synapses. The left side of the figure shows the
excitatory synapse components and their interactions. The main scaffold protein at the
excitatory postsynapse is PSD-95. It interacts with receptors (NMDAR, AMPAR) and
neuroligins. Through these interactions, it stabilizes the synapse. The right side of the
figure shows the inhibitory synapse components and their interactions. Gephyrin is the
main scaffold protein found in the postsynapse of the inhibitory synapse. It binds to
receptors (GABA, Glycine Receptors) and neuroligins to stabilize the synapse. The figure

is created with BioRender.com.

Synapses can be affected from metabolic changes. A high-fat diet and hyperlipidemia
affect the synapses by changing the expression of various associated genes [131]. Moreover,

ER stress resulting from hyperlipidemia also leads to synaptic dysfunction. ER stress
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causes the halt of global protein translation, and due to this, there would be decreased

translation of synaptic proteins. [132].

1.6 GSK2606414 and Integrated Stress Response Inhibitor

1.6.1 GSK2606414, PERK Inhibitor

GSK2606414 is an inhibitor that binds to the cytosolic kinase domain of the PERK protein.
After the binding, it inhibits the auto-phosphorylation of PERK. Once the phosphorylation
of PERK is inhibited, the PERK pathway of UPR is inhibited. This means that there is no
phosphorylation of elF2, so global protein translation continues without activating ATF4
and CHOP. Resulting in no translation of apoptotic proteins because of CHOP activation.
It has been confirmed that GSK2606414 could pass the BBB, and previous studies done
on prion-disease mice models showed that GSK2606414 allows global protein translation
upon the inhibition of PERK phosphorylation. However, they also showed that
GSK2606414 causes pancreatic toxicity [133]. Also, in another study, GSK2606414

protected the brain against cerebral ischemia by altering the PERK pathway [134].

1.6.2 ISRIB, elF2B activator

Integrated stress response inhibitor (ISRIB) acts allosterically to stabilize the active
conformation of elF2B. This form is resistant to p-elF2a. Therefore, ISRIB is able to
inhibit the downstream of p-elF2a and allows the global protein translation to continue.
This reduces ATF4 and CHOP activation without inhibiting the phosphorylation of elF2.

It has been confirmed that ISRIB could pass the BBB, and previously, it has been shown
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that it reduces the ATF4 levels and somewhat restores global protein synthesis in prion-
diseased mice models. It has been shown to be neuroprotective without causing pancreatic

toxicity [135].

1.7 Aim of The Study

Hyperlipidemia caused by a high-fat diet is the alteration of the lipid content circulating in
the blood and the increase in the cholesterol and triglyceride levels in the blood. Metabolic
changes such as hyperlipidemia are linked to ER Stress and the activation of the PERK
pathway of the UPR signaling. Moreover, hyperlipidemia has been associated with

alterations in the blood-brain barrier integrity and synaptic integrity.

The PERK pathway is taught to be one of the inducers of neurodegenerative diseases. As
hyperlipidemia is linked to neurodegenerative diseases, the PERK pathway inhibition is

thought to be the potential therapeutic target.

The first part of this study is to understand how a high-fat diet affects the cerebral cortex
of the Apoe knockout mice compared to C57BL/6 mice by investigating ER stress, blood-
brain barrier integrity, and synaptic integrity. The aim of the second part of the study is to
investigate the same alterations of the previous part after the inhibition of the PERK

pathway with Trans-ISRIB and GSK2606414.
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CHAPTER 2

MATERIAL & METHODS

2.1. Animal Study
2.1.1. Animal Subjects

In the study, two genotypes, C57BL/6 (WT) and Apoe- animals, have been used. Apoe-
strain mice (C57BL/6.129P2-Apoetm1Unc/J) are from Jackson Laboratory, Bar Harbor,
Maine, and have been created by Nabuyo Maeda, University of North Carolina. Both WT
and Apoe™ mouse strains were already present at Bilkent University Animal Facility. The
kept conditions of the animals were 20-22°C and controlled humidity around 45-50%, 12
hours light/dark cycle. All experiments were approved by the Animal Care and Use
Committee at Bilkent University (Decision Number: 2020/18). Animal numbers for
feeding experiments are 7-8 for each group, and for injection experiments, they are 8 (for

Trans-ISRIB) and 4 (for GSK2606414) for each group.

2.1.1.1. Feeding

For the feeding experiments, both WT and Apoe™ animals were given either a chow diet
with 4.5% fat or a western diet with 0.21% cholesterol and 21% butterfat (TD.88137
#E15721, Ssniff Spezialdiaten, Germany) for 16 weeks starting from 6-8 weeks old (Fig
2.1). Animals’ access to food and water was ad libitum. Their weights were checked

weekly.
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16 Weeks

1 Sacrifice
Feeding: Chow Diet
16 Weeks
C57BL/6 1 Sacrifice
6-8 Weeks Old Feeding: Western Diet
16 Weeks
1 Sacrifice
Feeding: Chow Diet
16 Weeks
Apoe Knock-out 1 Sacrifice
6-8 Weeks Old Feeding: Western Diet

Figure 2.1. Experimental Setup for Feeding Experiments. Experimental design of
feeding experiments. Both genotypes of animals have been started on the western or chow

diet at 6-8 weeks old, and the diet period lasts for 16 weeks.

2.1.1.2. Injections

There were two different small molecules that were used to inhibit the PERK pathway.
Apoe™ subjects were given western diet for 16 weeks. During the last six weeks of the 16-
week feeding experiment, animals were intraperitoneally (IP) injected with either Trans-
ISRIB or GSK2606414 (Fig 2.2).

GSK2606414 (HY-18072, MedChemExpress, NJ, USA) was dissolved in DMSQO, and then,

before administrating to the animal, it was prepared with a 12.5% Cremophor-EL-Saline
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(238470-1, Merck, Darmstadt, Germany). It was calculated as 30 mg inhibitor per kg in a
day. The vehicle for GSK2606414 contained DMSO and 12.5% Cremophor-EL-Saline.
Trans-ISRIB (HY-12495, MedChemExpress, NJ, USA) was dissolved in DMSO and
administered with 16% Cremophor-EL-Saline as 1 mg of inhibitor per kg in a day. The
vehicle for Trans-ISRIB contained DMSO and 16% Cremophor-EL-Saline. These dosage
amounts have been chosen according to the published paper of Dr. Inci Onat and Dr. Ebru

Erbay, where they showed the optimal dose for these inhibitors to avoid pancreatic toxicity

[136].
A

6 Weeks

1 Sacrifice
Injection: Trans-ISRIB
10 Weeks
o}
%Q Feeding: Western Diet

Apoe Knock-out 6 Weeks

6-8 Weeks Old { Sacrifice
Injection: Vehicle
B

6 Weeks

1 Sacrifice
Injection: GSK2606414
10 Weeks
QO
% Feeding: Western Diet
Apoe Knock-out 6 Weeks , »

6-8 Weeks Old 1 Sacrifice

Injection: Vehicle
Figure 2.2. Experimental setup for I.P. injections. The experimental design for I.P.
injections. Apoe”’ animals have been fed with the western diet for 16 weeks, and in the last

6 weeks of the feeding experiments, they were injected with inhibitors or their vehicles.
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2.1.2. Dissections

For both non-injection and injection groups, animals were sacrificed at 22-24 months old.
Before the sacrifice, the subjects were fasted for 12 hours. Subjects were anesthetized with
isoflurane using the open-drop method, where isoflurane-dropped cotton and the animal
were put in a box together. Then, the effectiveness of the anesthetizer was controlled with
a toe-pinch response. After confirming that the animal was under anesthesia, the thoracic
and abdominal viscera were opened. For checking the blood parameters, ~1 mL of blood
was collected from the heart, and then 10 mL of ice-cold 1X phosphate-buffered saline
(PBS) perfusion was used to clean the remaining blood.

After the decapitation of the subjects, the thalamus, cerebellum, olfactory bulb, amygdala,
hippocampus, and hypothalamus were separated from the brain, and the right and left
cerebral cortex regions were collected into separate eppendorf tubes to be used in the
experiments.. The samples that were spared for the total protein and RNA isolation were
first put into liquid nitrogen and then in a fridge at -80°C for long-term storage. The
samples that would be used in synaptosome isolation waited on the ice and then were put

in a fridge at -80°C for long-term storage to avoid damaging the synaptosomes.

2.2. Western Blot Analysis

2.2.1. Total Protein Isolation

The cerebral cortex was mechanically homogenized with dounce homogenizer for ~10
strokes, in 1000 pl 1X ice-cold PBS solution. After that, each homogenate was passed

through 1 mL syringe to make sure all the tissue was homogenized. Then, 500 pl of
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homogenate was reserved for RNA isolation. The remaining 500 pl was centrifuged at
14000 rpm for 10 minutes at 4°C. An inhibitor cocktail (Protease Inhibitor Cocktail (PIC)
(P8340-1ML, Sigma-Aldrich, St. Louis, MO, USA), Phosphatase Inhibitor (PI) (P0044-
1ML, Sigma-Aldrich, St. Louis, MO, USA), Sodium orthovanadate (Na;VO.), PMSF, 5 ul
for each inhibitor) was added to 500 ul Radioimmunoprecipitation Assay (RIPA) buffer
(Table 2.1), and the pellet has been suspended in this buffer after supernatant is discarded.
The suspension was ultrasonicated with a sonicator at 50 amplitude, 0.5-1 cycle for 9 times.
The suspension rested on ice for 30 minutes and then centrifuged at 13000 rpm for 20
minutes at 4°C.

Table 2.1. Recipe of RIPA Buffer

RIPA Buffer Recipe For 100 mL
Materials Amounts

1 M Tris-HCL pH 8.8 2.5mL
NaCl 0.876 g
Sodium deoxychalate 0.25¢
NP-40 1mL
EDTA 0.029 g

2.2.2. Synaptosome lIsolation

The cerebral cortex was mechanically homogenized with dounce homogenizer for ~10
strokes, the same for all samples in 800 pl of homogenization buffer (1.0 mM EDTA, 250
mM sucrose, 10 mM Hepes, pH=7.4). After that, the homogenates passed through a 1 mL

syringe to make sure all the tissue was homogenized. The homogenates were centrifuged
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at 1200 x g for 10 minutes at 4°C. The pellet was discarded, and 10 pl of homogenate was
preserved for use in experiments later. The remaining supernatant was centrifuged at 15000
X g for 20 minutes at 4°C. The supernatant was reserved as cytosol, which will be used in
experiments later. The pellet was suspended in 125 pl Syn-PER™ Synaptic Protein
Extraction Reagent (#87793, ThermoScientific, Rockford, IL, USA). Before the
experiments, synaptosome confirmations were done using NMDAR-2B (LS-C25797,

LSBio, Washington, USA), B-actin and Synaptophysin. (Appendices A.1.)
2.2.3. Bradford Assay

The protein amounts were measured with Bradford Assay. To a 96-well plate, standards,
blanks, and samples were loaded. As a standard, Bovine Serum Albumin (BSA) (A7906,
Sigma-Aldrich, St. Louis, MO, USA) was used in concentrations of 0.1, 0.2, 0.4, 0.6, 0.8,
and 1 pg/ul. For each well, 0.5 ul sample and 4.5 pl dH20 have been loaded. Later, 250 pul
Bradford Reagent (B6916, Sigma-Aldrich, USA) was loaded into each well. The 96-well
plate was shaken on the plate shaker at 240 rpm for 45 seconds. The plate was incubated
in the dark at room temperature for 10 minutes before the absorbances were measured.
Biotek Synergy HT Multi-Mode Microplate Reader (BioTek® Instruments, Inc., Winooski,
VT, USA) was used to measure the absorbances at 595 nm. The standard curve was plotted

according to the absorbances, and the protein amounts were measured accordingly.

2.2.4. Western Blot Analysis

For protein experiments, sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
was used. For the resolving part of the gel, a 12% and 15% gel composition were used

(Table 2.3-4). As a stacking part of the gel, a 5% gel composition was used (Table 2.2).
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Firstly, the resolving gel was poured into the casting system, and to avoid bubble formation,
a thin layer of isopropanol was poured onto the resolving gel. After the resolving gel was
polymerized, isopropanol was cleaned with dH20. Then, stacking gel was carefully poured
to avoid bubbles, and the combs were inserted.

Samples and dH20O were mixed to obtain the desired amount of protein that was aimed to
be loaded onto the gel. Later, 2X Loading dye (Table 2.5) was added to the mixture and
heated at 95°C in a heater for 10 minutes. Analysis of Claudin-5 was done with non-boiled
samples as suggested by the manufacturer.

The SDS Running Buffer (Table 2.6) was used to run the proteins in the gel. The gel was
placed in the electrophoresis unit, and the apparatus was filled with 1X Running Buffer.
The comb was removed, and prepared proteins containing loading buffer were loaded into
the wells. Running started at 80 volts; once the proteins were out from the stacking gel
and passed to the resolving gel, the amper was increased to 100 volts to run for ~2 hours.
Polyvinylidene difluoride (PVDF) membrane (88518, ThermoScientific, Rockford, IL,
USA) was used to transfer the proteins from the gel. The PVDF membrane was wetted in
100% methanol for 2 minutes before being contacted with gel for activation. Sponge,
Whatmann paper, PVDF membrane, and gel were placed in the cassette (Fig 2.4). The
cassette was placed in the tank, and the tank was filled with a cold 1X Transfer Buffer
(Table 2.7-8). It was transferred at a constant 100 V for 90 minutes.

For preparation of blocking and primary solutions, 1 mL Tween-20 (TWN508.500,
BioShop, Burlington, ON, Canada) was added to 1X Tris-Buffered Saline (TBS) (Table

2.9). Before the primary incubation, membranes were blocked in 5% Non-fat Dry Milk in
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TBS-Tween (TBS-T) or 5% BSA in TBS-T for 1 hour at room temperature. After blocking,
all membranes were washed with TBS-T twice for 5 minutes.

The antibodies that were used during the experiments are listed in Table 2.10. The primary
antibody incubation was performed overnight at four °C on a shaker. After ~18 hours, the
membranes were washed with TBS-T 3 times for 10 minutes. Then, Anti-Rabbit HRP-
Linked (#7074S, Cell Signalling Technology, Danvers, MA, USA) or Anti Goat HRP-
Linked (ab97100, Abcam, Cambridge, UK) secondary antibodies were added (Table 2.10),
and the membranes were incubated for 1 hour at room temperature on a shaker. After that,
the membranes were washed with TBS-T 3 times for 10 minutes.

SuperSignal™ Femto (34095, ThermoScientific, Rockford, IL, USA) was used for
imaging. The membranes were incubated with Femto for 2 minutes in the dark and then

imaged on ChemiDoc™ XRS Imaging System (Bio-Rad, CA, USA).
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Figure 2.3. Placement of Transfer Sandwich. At the bottom part (anode side), there is a
sponge, and following that, Whatman paper and PVDF membrane. Above the membrane,

there is polyacrylamide gel, Whatman paper, and a sponge that closes with the cathode side.
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Table 2.2. 5% Stacking Gel Recipe

5% Stacking Gel Recipe For 1 gel
Reagents Amounts
Water 2.83 mL
1 M Tris-HCI pH 6.8 0.47 mL
10% SDS 37.5 pul
Bis-Acrylamide 29:1 40% Solution 0.375 mL
10% Ammonium Persulfate (APS) 37.5 ul
Tetramethylethylenediamine (TEMED) 3.75 ul
Table 2.3. 12% Resolving Gel Recipe
12% Resolving Gel Recipe For 1 gel
Reagents Amounts
Water 2.63 mL
1 M Tris-HCI pH 8.8 3.28 mL
10% SDS 87.5 ul
Bis-Acrylamide 29:1 40% Solution 2.63 mL
10% APS 87.5 ul
TEMED 8.75 ul
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Table 2.4. 15% Resolving Gel Recipe

15% Resolving Gel Recipe For 1 gel
Reagents Amounts

Water 2.4 mL

1 M Tris-HCI pH 8.8 3.75mL

10% SDS 100 pl

Bis-Acrylamide 29:1 40% Solution 3.75 mL

10% APS 100 pl

TEMED 10 ul

Table 2.5. 2X Loading Buffer Recipe

2X Loading Buffer Recipe For 20 mL
Reagents Amounts

Tris-HCI pH 6.8 2mL

10% SDS 8 mL

Glycerol 4 mL

4% Bromophenol Blue 250 pl
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Table 2.6. 10X SDS-Page Running Buffer Recipe

10X SDS-Page Running Buffer For1L
Reagents Amounts
Tris Base 309
Glycine 144 g
10% SDS 100 mL
Table 2.7. 10X Transfer Buffer Recipe
10X Transfer Buffer For 1 L (storage 4°C)
Reagents Amounts
Tris Base 309
Glycine 144 g
Table 2.8. 1X Transfer Buffer Recipe
1X Transfer Buffer For 1 L (storage 4°C)
Reagents Amounts
10x Transfer Buffer 100 mL
Methanol 200 mL
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Table 2.9. 10X TBS Recipe

10X TBS ForllL
pH 7.6

Reagents Amounts

Tris-base 2429

NaCl 80¢g

Table 2.10. Antibody List Used for Western Blot

Primary Antibodies | Blocking Primary Dilution Secondary Dilution

Solution

p-PERK  (16F8, | 5% BSAin TBS- | 1:250, 5% BSA in | 1:5000, Rabbit HRP

Cell Signalling | T TBS-T 5% Non-Fat Dry
Technology, Milk in TBS-T
Danvers, MA,

USA)

PERK (C33E10, | 5% Non-fat Dry | 1:1000, 5% BSA in | 1:10000, Rabbit HRP
Cell Signalling | Milkin TBS-T | TBS-T 5% BSA in TBS-T
Technology,

Danvers, MA,

USA)
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p-eif2a
(STJ11102562, St
John's Laboratory,

London, UK)

5% BSA in TBS-

T

1:8000, 5% BSA in

TBS-T

1:10000, Rabbit HRP

5% BSA in TBS-T

eif2a (53248, Cell

5% Non-fat Dry

1:10000, 5% BSA in

1:10000, Rabbit HRP

Signalling Milk in TBS-T | TBS-T 5% BSA in TBS-T
Technology,

Danvers, MA,

USA)

Occludin 5% Non-fat Dry | 1:1000, 5% Non-Fat | 1:10000, Rabbit HRP
(ab216327, Milk in TBS-T | Dry Milkin TBS-T | 5% Non-Fat Dry
Abcam, Milk in TBS-T

Cambridge, UK)

Claudin-5
(ab131259,
Abcam,

Cambridge, UK)

5% Non-fat Dry

Milk in TBS-T

1:1000, 5% Non-Fat

Dry Milk in TBS-T

1:10000, Rabbit HRP

5% Non-Fat Dry

Milk in TBS-T

PSD-95 (ab18258,
Abcam,

Cambridge, UK)

5% Non-fat Dry

Milk in TBS-T

1:10000, 5% Non-
Fat Dry Milk in
TBS-T

1:10000, Rabbit HRP

5% Non-Fat Dry

Milk in TBS-T

Gephyrin  (sc-

6411, Santa Cruz

5% Non-fat Dry

Milk in TBS-T

1:1000, 5% Non-Fat

Dry Milk in TBS-T

1:20000, Goat HRP

5% Non-Fat Dry

Milk in TBS-T

38




Biotechnology,

Dallas, TX, USA)

Synaptophysin
(ab32594, Abcam,

Cambridge, UK)

5% Non-fat Dry

Milk in TBS-T

1:128000, 5% Non-
Fat Dry Milk in

TBS-T

1:10000, Rabbit HRP

5% Non-Fat Dry

Milk in TBS-T

Tubulin  (2146S,

5% Non-fat Dry

1:5000, 5% Non-Fat

1:10000, Rabbit HRP

Cambridge, UK)

Cell Signalling | Milkin TBS-T | Dry Milkin TBS-T | 5% Non-Fat Dry
Technology, Milk in TBS-T
Danvers, MA,

USA)

B-Actin 5% BSA in TBS- | 1:4000, 5% BSA in | 1:10000, Rabbit HRP
(ab1801, Abcam, | T TBS-T 5% BSA in TBS-T

2.3. RT-qgPCR Experiments

2.3.1. RNA Isolation

500 pul of homogenate was preserved for RNA isolation experiments. The homogenate was

centrifuged at 11000 x g for 10 minutes. The supernatant was discarded, and 500 pl

TRIzol® Reagent (code, Ambion, CA, USA) was added to the pellets. Samples were

incubated at room temperature for 10 minutes. 125 pl chloroform was added, and the

mixture was vigorously shaken and left to rest at room temperature for 2-5 minutes. After

a clear phase separation was the mixture was centrifuged at 15000 rpm for 15 minutes at
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4°C. After the centrifuge, there was a 3-phase in the tube. The bottom pink part was the
organic phase, the white interphase was DNA, and the upper part, where the clear solution
was RNA. Without disrupting the bottom layers, RNA was collected into a new tube. 250
ul isopropanol was added and left for the RNA clamp to appear at room temperature for
10 minutes. Then, it centrifuged at 15000 rpm for 35 minutes at 4°C. The supernatant was
discarded, and the pellet was suspended in 500 ul 70% ethanol. The sample was centrifuged
at 5000 rpm for 5 minutes at 4°C. The supernatant was discarded, and the pellets were left
to air dry for 15 minutes. Finally, the pellets were suspended in 35 pl nuclease-free water
(AM9937, Ambion, Carlsbad, CA, USA). The concentration of RNA was measured with

NanoDrop 2000 (ThermoScientific, Rockford, IL, USA).

2.3.2. cDNA Synthesis and RT-qPCR

Using the iScript™ cDNA Synthesis Kit (1708891, Bio-Rad, CA, USA), cDNA was
synthesized from RNA. As a first step, the amount of cDNA was calculated according to
the RNA concentrations of the samples. The calculation is done by dividing RNA
concentration into 500 ng of cDNA. Then, the RNA amount was completed to 15 pl with
nuclease free water. Then, 4 pl of 5X Buffer and 1 pl reverse transcriptase was added.
Using C1000™ Thermal Cycler (Bio-Rad, CA, USA), conditions were arranged as
follows: 5 minutes at 25°C, 30 minutes at 42°C, 5 minutes at s at 42°C, 5 minutes at 85°C,
and then finally at 4°C. The cDNA was stored at -80°C for long-term storage and -20°C
for short-term storage. Later, cDNA, reverse and forward primers, and LightCycler® 480
SYBR Green | Master (04887352001, Roche Diagnostics, Mannheim, Germany) mix were

added to each well of A 96-well plate. The plates were run in The LightCycler® 480 (Roche
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Diagnostics, Mannheim, Germany). Running conditions were an initial heating step of 15
minutes at 95°C, and then a cycle repeated 45 times: 10 seconds at 95°C, 30 seconds at
60°C, and 30 seconds at 72°C. For the results, cycle threshold (ct) values were considered,
and there were 2 technical replicates for the primers (Table 2.11). Normalizations were
done with housekeeping genes Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for
injection experiments and Ribosomal Protein 13A (RPL13A) for the experiments exploring

the effect of high-fat and genotype.

Table 2.11 Primer List Used for RT-qPCR

Primers | Forward Reverse

CHOP |5 CCTAGCTTGGCTGACAGAGG | 5 CTGCTCCTTCTCCTTCATGC

3’ 3

ATF4 | 5> TCGATGCTCTGTTTCGAAATG | 5°

3 AGAATGTAAAGGGGGCAACC

3,

VEGF |5 CGCAAGAAATCCCGGTTTAA |5’

3’ CAAATGCTTTCTCCGCTCTGA

3,

GAPDH | 5 GTGAAGGTCGGTGTGAACG 3’ | &°

GGTCGTTGATGGCAACAATC

TC 3’

RPL13A | 5’AGCCTACCAGAAAGTTTGCTT | S’GCTTCTTCTTCCGATAGTGC

AC3 ATC 3’
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2.5. Statistical Analysis

Western Blot Images were arranged at Image Lab 6.1 (Bio-Rad, CA, USA). Later, all the
band quantifications were done in ImageJ (National Institute of Health, Bethesda, MD,
USA). Each band was selected separately with the same sized selection, and then plots of
the band intensity were produced. Analysis of the bands was done using 2 normalizations.
First, within gel normalization, the intensity of each band is divided by the average of the
same blot’s band intensity to remove imaging biases. Second is standard normalization, in
which each band is divided by its housekeeping band (Tubulin and B-actin). For
phosphorylated antibodies where total protein and phosphorylated protein were imaged
from the same gel, firstly, a gel normalization and standard normalization were performed,
and then the phosphorylated one was divided by total protein. If the phosphorylated and its
total protein were imaged from different gels, each protein was normalized to its own
housekeeping protein, and then the phosphorylated protein was divided by its total protein.
All the statistical analyses were done using IBM SPSS Statistics 28.0.0.0 (IBM, SPSS Inc.,
USA), and the graphs were formed using GraphPad Prism 8 (GraphPad, Boston, MA,
USA). The assumptions of a two-way analysis of variance (ANOVA) and t-test were
checked with the Shapiro-Wilk and Levene test. For the normally distributed and
homogenous samples, a two-way ANOVA was performed to investigate the diet and
genotype effect, and to investigate the effect of inhibitors, a Student t-test was performed.
Mann-Whitney U Tests were applied to investigate the diet and genotype effect, The

Kruskal-Wallis, and the effect of inhibitors in non-parametric situations. The partial-
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correlations were performed for testing the correlation between body weight and the

markers.
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CHAPTER 3

RESULTS

3.1. Body Weights of the Subjects

3.1.1. The Effect of High-fat Diet on the Mouse Cerebral Cortex
3.1.1.1. Total Protein Studies

For analysis the last body weight measurements have been used. The normality tests were
done using the Shapiro-Wilk test, and the homogeneity was checked using the Levene’s
Test. As the parameters for two-way ANOVA are not met, Kruskal-Wallis have been used
to look at main effects, then Mann-Whitney U have been used to compare within groups.
The Kruskal-Wallis analysis revealed that diet has a significant effect on body weight (H(1)
=18.531 p =<.001, Table 3.1.) whereas genotype has no significant effect on body weight
((H(1) = 0.954 p = <0.329, Table 3.1.). It also has been revealed that there is a significant
increase of body weight in wild type animals with western diet (U(16) = .000 p = <.001,
Table 3.1.). There is also significant increase of body weight between wild-type animals
and Apoe knock-out animals fed with chow diet (U(16) = 2.500 p = <.001, Table 3.1.).
Moreover, there is also significant increase with western diet feeding in Apoe knockout

animals (U(15) = 8.000 p = <0.017, Table 3.1.).
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Table 3.1 Last Body Weight Measurement Comparisons. In the table, there is the mean
of the last body weight measurements of the animals that have been used for total protein
isolation and further experiments of it. There is a significant body weight increase with
western diet. Also, there is a significant body weight increase between wild-type and Apoe

knock-out animals fed with chow diet.

C57BL/6 C57BL/6 Apoe” Apoe-
Chow Diet Western Diet  Chow Diet Western Diet

Body Weight 27.625 36.25 29.625 35.714

3.1.1.2. Synaptic Integrity Studies

For analysis the last body weight measurements have been used. The normality tests were
done using the Shapiro-Wilk test, and the homogeneity was checked using the Levene’s
Test. A two-way ANOVA is performed and revealed that there is a significant diet effect
(F (1,30) =70.406, p =<.001, Table 3.2), there is no genotype (F (1,30) = 0.836, p = 0.368,
Table 3.2) or interaction effect (F (1,30) =0.387, p = 0.539, Table 3.2) observed. There is
also significant body weight increase in both wild-type (p = <.001) and Apoe knock-out (p

= <.001) animals when they fed with western diet.
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Table 3.2. Last Body Weight Measurement Comparisons. In the table, there is the mean
of the last body weight measurements of the animals that have been used for synaptosome

isolation and further experiments of it. There was a significant increase in body weight

with diet.
C57BL/6 C57BL/6 Apoe™ Apoe™
Chow Diet Western Diet Chow Diet Western
Diet
n 9 9 9 7
Body Weight 28.333 38.111 30 38.428

3.1.2. PERK Pathway Inhibition on the Mouse Cerebral Cortex
3.1.2.1. Total Protein Studies

For analysis the last body weight measurements have been used. The normality tests were
done using the Shapiro-Wilk test, and the homogeneity was checked using the Levene’s
Test. For Trans-ISRIB, t-test revealed that body weight is significantly increased with
Trans-ISRIB (t(14) = -3.574 p = 0.003, Table 3.3) and for GSK2606414 injections, Mann-
Whitney U test revealed that body weight is significantly decreased with GSK2606414

(U(8) = 0.000 p = 0.019, Table 3.3).
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Table 3.3 Last Body Weight Measurement Comparisons. In the table, there is the mean
of the last body weight measurements of the animals that have been used for total protein
isolation and further experiments of it. There is a significant increase of body weight with
Trans-ISRIB, and a significant decrease of body weight with GSK2606414. n=8 for Trans-

ISRIB and its control group, n=4 for GSK2606414 and its control group.

A Vehicle Trans-ISRIB B Vehicle GSK2606414
n 8 8 n 4 4
Body Weight 30.5 38.125 Body Weight 36.5 23.5

3.1.2.2. Synaptic Integrity Studies

For analysis the last body weight measurements have been used. The normality tests were
done using the Shapiro-Wilk test, and the homogeneity was checked using the Levene’s
Test. For Trans-ISRIB, student t-test revealed that there is no significant body weight
change (t(14) = 0.524 p = 0.073, Table 3.4). For GSK2606414, student t-test revealed there
is significant decrease in body weight with the injections (t(6) = 0.524 p = <.001, Table

3.4).
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Table 3.4 Last Body Weight Measurement Comparisons. In the table, there is the last
body weight measurements of the animals that have been used synaptosome isolation and
further experiments of it. There is a significant decrease of body weight with GSK2606414.

n=8 for Trans-ISRIB and its control group, n=4 for GSK2606414 and its control group.

A Vehicle Trans-ISRIB B Vehicle GSK2606414
n 8 8 n 4 4
Body Weight 39.5 37.75 Body Weight 40 225

3.2. The Effect of High-fat Diet on the Mouse Cerebral Cortex

3.2.1. ER Stress — The PERK Pathway

To investigate how a high-fat diet affected the PERK pathway, the following markers have

been used for Western blot analysis: p-PERK, p-elF2a.

3.2.1.1. p-PERK

The ratio of p-PERK to PERK expression has been considered to investigate the
phosphorylation levels of PERK. The normality tests were done using the Shapiro-Wilk
test, and the homogeneity was checked using the Levene’s Test. A two-way ANOVA test
has revealed that diet (F (1,27) = 0.170 p= 0.683, Figure 3.1) and genotype (F (1,27) =
2.207 p=0.149, Figure 3.1) do not have a significant effect on the expression level of p-

PERK. Moreover, there is no significant interaction between diet and genotype (F (1,27) =
48



0.889 p=0.354, Figure 3.1). The partial correlation analysis is done to see the correlation
between body weights. Spearman’s correlation revealed that there is no significant

correlation between body weights and p-PERK/PERK ratio (r(27) = 0.094 p = 0.626).

C57BL/6 Apoe--

A Chow Western Chow Western

AR -

S S e s | Tubulin ~55 kDa

p—— - - - PERK ~130 kDa
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= 2 1.5 & 5 = 2 o % E Apoe™”
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Figure 3.1. Observed Bands and Expression of p-PERK Across Genotype and Diet in
the Cerebral Cortex. The A part of the image shows the representative band image for p-
PERK, PERK, and Tubulin. The left side of the B part shows the graphs of the normalized
quantified bands of the p-PERK/PERK ratio normalized to Tubulin band intensity for the
main effects of diet and genotype. The right side of the B part shows the interaction effect
between diet and genotype. The expression of p-PERK did not change significantly with

diet or genotype and there was no interaction between these main effects. The error bars
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represent mean +1 SEM and statistical significance was set at p < 0.05. n= 8 for C57BL/6

animals and Apoe” Chow diet-fed animals, and n= 7 for Apoe~Western diet-fed animals.

3.2.1.2. p-elF2a

The ratio of p-elF2a to elF2a expression has been considered to investigate the
phosphorylation levels of elF2a. The normality tests were done using the Shapiro-Wilk
test, and the homogeneity was checked using the Levene’s Test. A two-way ANOVA test
has revealed that diet (F (1,27) =3.644, p = 0.067, Figure 3.2) does not have a significant
effect on p-elF2a. However, genotype (F (1,27) =13.749, p < 0.001, Figure 3.2) has a
significant effect; C57BL/6 animals have higher p-elF2a intensity compared to Apoe™.
And diet, genotype interaction (F (1,27) =11.708, p = 0.002, Figure 3.2) is significant.
Moreover, post-hoc analysis revealed that there is a significant increase in the C57BL/6
Western diet when compared to the Chow diet fed C57BL/6 animals (p < 0.001, Figure
3.2). Also, the levels of p-elF2a are higher in C57BL/6 Western diet-fed animals when
compared to Apoe” Western diet-fed animals (p < 0.001, Figure 3.2). There was no
significant interaction between the Chow diet-fed C57BL/6 animals and Apoe™ animals (p
= 0.838, Figure 3.2). There was also no significant interaction effect between Apoe™
animals (p = 0.302). The partial correlation analysis is done to see the correlation between
body weights. Spearman’s correlation revealed that there is no significant correlation

between body weights and p-elF2a/elF2a (r(27) = 0.280 p = 0.141).
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Figure 3.2. Observed Bands and Expression of p-elF2a Across Genotype and Diet in
the Cerebral Cortex. The A part shows the representative images of p-elF2a, elF2a and
tubulin. The left side of the B part shows the graphs of the normalized quantified bands of
the p-elF2a/elF2a ratio for the main effects of diet and genotype. The right side of the B
part shows the interaction effect between diet and genotype. The expression of p-elF2a
changed significantly with genotype, however, not with diet. There was a significant
interaction effect, while western diet increased p-elF2a protein levels in C57BL/6 mice
compared to the C57BL/6 subjects fed with chow diet and Apoe™ subjects fed with western
diet. The error bars represent mean +1 SEM and statistical significance was set at p < 0.05,
*** < 0.001. n= 8 for C57BL/6 animals and Apoe” Chow diet-fed animals, and n= 7 for

Apoe’ Western diet-fed Animals.
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3.2.2. Blood-Brain Barrier Integrity

To investigate how a high-fat diet affected the blood-brain barrier integrity, the following
markers have been used for Western blot analysis: claudin-5 and occludin. For the RT-

gPCR analysis vegf has been used.

3.2.2.1. Claudin-5

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. A two-way ANOVA test has revealed that diet does have
a significant effect on Claudin-5 (F (1,27) = 8.596, p = 0.007, Figure 3.3). Moreover, the
effect of genotype (F (1,27) =12.934, p = 0.001, Figure 3.3) and diet and genotype
interaction (F (1,27) =7.368, p = 0.011, Figure 3.3) were significant. Moreover, the post-
hoc analysis revealed that the expression of Claudin-5 significantly increased in Apoe”
Western compared to the C57BL/6 Western group (p < 0.001, Figure 3.3), and the effect
of diet in the Apoe” genotype was significant, the expression of Claudin-5 did significantly
increase in the Apoe”" Western group compared to the Apoe” Chow group (p < 0.001,
Figure 3.3). The partial correlation analysis is done to see the correlation between body
weights. Spearman’s correlation revealed that there is no significant correlation between

body weights and Claudin-5 (r(27) = -0.127 p = 0.510).
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Figure 3.3. Observed Bands and Expression of Claudin-5 Across Genotype and Diet

in Cerebral Cortex. The A part shows the representative images of Claudin-5 and Tubulin.

The left side of the B part shows the graphs of the normalized quantified bands of Claudin-

5 for the main effects of diet and genotype. The right side of the B part shows the interaction

effect between diet and genotype. The expression of Claudin-5 significantly increased with

the western diet and in Apoe knock-out mice, and there was a significant effect of

interaction. Expression of Claudin-5 was higher in Apoe” animals fed with the western

diet when compared to C57BL/6 animals fed with the western diet and Apoe”~ animals fed

with the chow diet. The error bars represent mean +1 SEM and statistical significance was

setatp <0.05,**p<0.01, *** p<0.001. n=8 for C57BL6 Chow group, C57BL6 Western,

Apoe™ Chow groups and n=7 for Apoe”” Western groups.
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3.2.2.2. Occludin

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. Kruskal-Wallis test has revealed that diet (H (1) =0.306,
p = 0.580, Figure 3.4) and genotype (H (1) =0.100, p = 0.752, Figure 3.4) do not have a
significant effect on Occludin. The partial correlation analysis is done to see the correlation
between body weights. Spearman’s correlation revealed that there is no significant

correlation between body weights and Occludin (r(27) =- 0.071 p = 0.713).
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Figure 3.4. Observed Bands and Expression of Occludin Across Genotype and Diet
in the Cerebral Cortex. The A part shows the representative images of Occludin and
Tubulin. The left side of B part shows the graphs of the normalized quantified bands

Occludin for the main effects of diet and genotype. The right side of the B part shows the
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interaction effect between diet and genotype. The expression of Occludin did not change
significantly with diet or genotype. The error bars represent mean +1 SEM and statistical
significance was set at p < 0.05. n=8 for C57BL6 Chow group, C57BL6 Western, Apoe™

Chow groups and n=7 for Apoe” Western groups.
3.2.2.3 VEGF

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. A two-way ANOVA test has revealed that diet (F (1,8)
=1.718 p = 0.226, Figure 3.5) and genotype (F (1,8) =0.661 p = 0.440, Figure 3.5) do not
have a significant effect on the VEGF mRNA expression levels. Moreover, there is no
significant interaction between diet and genotype (F (1,8) = 0.000 p = 0.991, Figure 3.5).
The partial correlation analysis is done to see the correlation between body weights.
Spearman’s correlation revealed that there is no significant correlation between body

weights and VEGF (r(8) = -0.221 p = 0.540).
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Figure 3.5. VEGF mRNA Expression Levels Across Diet and Genotype in the
Cerebral Cortex. The Left side of the figure shows the main effects of genotype and diet
and the right side shows the interaction effect between the diet and genotype. The mRNA
expression levels of VEGF did not change significantly with diet or genotype. And there
was no significant interaction between diet and genotype. The error bars represent mean

+1 SEM, and statistical significance was set at p < 0.05. n=3 for all groups.

3.2.3. Synaptic Integrity

To investigate how a high-fat diet affected the synaptic integrity, the following markers
have been used: PSD-95, Gephyrin and Synaptophysin. To confirm the synaptosome
isolation, confirmation experiments have been done. The images can be found at the

Appendix section.

3.2.3.1. PSD-95

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. A two-way ANOVA has revealed that the main effects
of diet (F (1,30) =3.806, p = 0.060, Figure 3.6) and genotype (F (1,30) =0.046, p = 0.307,
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Figure 3.6) were not significant. Moreover, the overall interaction was not significant (F
(1,30) =2.196, p = 0.149, Figure 3.6). The partial correlation analysis is done to see the
correlation between body weights. Pearson’s correlation revealed that there is no

significant correlation between body weights and PSD-95 (r(30) =-0.126 p = 0.492).
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Figure 3.6. Observed Bands and Expression of PSD-95 Across Diet and Genotype.
The A part shows the representative images of PSD-95 and B-actin. The B part shows the
graphs of the normalized quantified bands for PSD-95. The expression of PSD-95 did not
significantly change with the genotype, and diet. There is also no significant interaction
effect. The error bars represent mean +1 SEM and statistical significance was set at p <

0.05. n=9 for C57BL/6 fed with Chow, Western diet and Apoe” fed with chow diet, and

n=7 for Apoe” Western groups.
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3.2.3.2. Gephyrin

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. Assumptions of the two-way ANOVA test were not met.
The Kruskal-Wallis test has been performed. It has shown that there is no significant effect
of genotype (H (1) =0.019 p = 0.890, Figure 3.7) or diet (H (1) =0.430 p = 0.512, Figure
3.7) on Gephyrin expression. The partial correlation analysis is done to see the correlation
between body weights. Spearman’s correlation revealed that there is no significant

correlation between body weights and Gephyrin (r(30) = 0.109 p = 0.553).
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Figure 3.7. Observed Bands and Expression of Gephyrin Across Diet and Genotype.
The A part shows the representative images of Gephyrin and B-actin. The B part shows the
graphs of the normalized quantified bands for Gephyrin. The expression of Gephyrin did

not significantly change with the genotype and diet. The error bars represent mean +1 SEM
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and statistical significance was set at p < 0.05. n=9 for C57BL6 Chow group and Western

groups, and Apoe”” Chow, and n=7 for Apoe” Western groups.

3.2.3.3. Synaptophysin

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. Assumptions of the two-way ANOVA test were not met.
The Kruskal-Wallis test has been performed. It has shown that there is no significant effect
of genotype (H (1) =0.233 p = 0.629, Figure 3.8) or diet (H (1) = 0.233 p = 0.629, Figure
3.8) on Synaptophysin expression. The partial correlation analysis is done to see the
correlation between body weights. Spearman’s correlation revealed that there is no

significant correlation between body weights and Synaptophysin (r(30) =-0.240 p = 0.185).
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Figure 3.8. Observed Bands and Expression of Synaptophysin Across Diet and

Genotype. The A part shows the representative images of Synaptophysin and B-actin. The

B part shows the graphs of the normalized quantified bands for Synaptophysin. The

expression of Synaptophysin did not significantly change with the genotype and diet. The

error bars represent mean +1 SEM and statistical significance was set at p < 0.05. n=9 for

C57BL6 Chow group and Western groups, and Apoe” Chow, and n=7 for Apoe” Western

groups.
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3.3. PERK Pathway Inhibition on the Mouse Cerebral Cortex

3.3.1. ER Stress — The PERK Pathway

To investigate the PERK pathway inhibition following markers have been used for Western
blot analysis; p-PERK and p-elF2a.. And the following markers have been used for RT-

gPCR analysis; ATF4 and CHOP.

3.3.1.1. p-PERK

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. The Mann-Whitney U Test has revealed that the
expression of p-PERK did not change with the injection of Trans-ISRIB (U (8) =28, p =
0.674, Figure 3.9) and GSK2606414 (U (4) =6, p = 0.564, Figure 3.9). The partial
correlation analysis is done to see the correlation between body weights. Spearman’s
correlation revealed that there is no significant correlation between body weight and p-
PERK/PERK ratio for both Trans-ISRIB (r(13) =-0.084 p = 0.765) and GSK2606414 (r(5)

=-0.569 p = 0.182).
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Figure 3.9 Observed Bands and Expression of p-PERK In Trans-ISRIB and
GSK2606414 Injected Animals. The A part of the image shows the representative band
image for p-PERK, PERK, and Tubulin. The B part shows the graphs of the quantified
bands for the p-PERK/PERK ratio normalized to Tubulin. The expression of p-PERK did
not significantly change with Trans-ISRIB and GSK2606414 injections. The error bars
represent mean +1 SEM and statistical significance was set at p < 0.05. n =8 for Trans-

ISRIB and its control group, n=4 for GSK2606414 and its control group.

3.3.1.2. p-elF2a

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. The student t-test has revealed that the expression of p-
elF2a did not change with the injection of Trans-ISRIB (t (14) =0.773, p = 0.319, Figure
3.10). Also, there is no significant change with the injection of GSK2606414 (t (6) =-0.789,
p = 0.087, Figure 3.10). The partial correlation analysis is done to see the correlation

between body weights. Pearson’s correlation (for Trans-ISRIB) and Spearman’s
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correlation (For GSK2606414) revealed that there is no significant correlation between
body weight and p-elF2a/elF2a ratio for both Trans-ISRIB (r(13) = 0.172 p =0.541) and

GSK2606414 (r(5) = 0.054 p = 0.908).
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Figure 3.10 Observed Bands and Expression of p-elF2a In Trans-ISRIB and
GSK2606414 Injected Animals. The A part shows the representative images of p-elF2a,
elF2a and tubulin. The B part shows the graphs of the normalized quantified bands for the
p-elF2a/elF2a ratio. The expression of p-elF2a did not significantly change with Trans-
ISRIB and GSK2606414 injections. The error bars represent mean +1 SEM and statistical
significance was set at p < 0.05. n =8 for Trans-ISRIB and its control group, n=4 for

GSK2606414 and its control group.

3.3.1.3. ATF4

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. The student t-test has revealed that the expression of

ATF4 did not change with the injection of Trans-ISRIB (t (4) =0.434, p = 0.687, Figure

63



3.11) and The Mann-Whitney U Test revealed that GSK2606414 (U (6) =2, p = 0.275,
Figure 3.11). The partial correlation analysis is done to see the correlation between body
weights. Pearson’s correlation (for Trans-ISRIB) and Spearman’s correlation (For
GSK2606414) revealed that there is no significant correlation between body weight and

ATF4 for both Trans-ISRIB (r(3) = -0.853 p = 0.066) and GSK2606414 (r(3) =-0.146 p =

0.814).
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Figure 3.11. ATF4 mRNA Expression Levels in Trans-ISRIB and GSK2606414
Injected Animals. The figure shows the graph of the mRNA expression levels of ATF4
when the animals are injected with PERK pathway inhibitors. The left side shows the effect
of Trans-ISRIB compared to its vehicle, and the right side shows the effect of GSK2606414
compared to its vehicle. The expression of ATF4 did not change significantly with
injections of Trans-ISRIB or GSK2606414. The error bars represent mean +1 SEM, and

statistical significance was set at p < 0.05. n=3 for all groups.
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3.3.1.4 CHOP

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. The student t-test has revealed that the expression of
CHOP did not change with the injection of Trans-ISRIB (t (4) = 0.224, p = 0.833, Figure
3.12). Also, there is no significant change with the injection of GSK2606414 (t (4) =0.886,
p = 0.426, Figure 3.12). The partial correlation analysis is done to see the correlation
between body weights. Pearson’s correlation revealed that for Trans-ISRIB, there is
significant negative correlation between CHOP and body weight (r(3) =-0.884 p = 0.047).
For GSK2606414, Spearman’s correlation revealed that there is no significant correlation

between body weight and CHOP (r(3) = -0.568 p = 0.318).
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Figure 3.12. CHOP mRNA Expression Levels in Trans-ISRIB and GSK2606414
Injected Animals. The figure shows the graph of the mRNA expression levels of CHOP
when the animals are injected with PERK pathway inhibitors. The left side shows the effect
of Trans-ISRIB compared to its vehicle, and the right side shows the effect of GSK2606414

compared to its vehicle. The expression of CHOP did not change significantly with
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injections of Trans-ISRIB or GSK2606414. The error bars represent mean +1 SEM and

statistical significance was set at p < 0.05. n=3 for all groups.

3.3.2. Blood-Brain Barrier Integrity

To investigate how the PERK pathway inhibition affected the blood-brain barrier integrity,
the following markers have been used for Western blot analysis: Claudin-5 and Occludin.

For the RT-gPCR analysis vegf has been used.

3.3.2.1. Claudin-5

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. The student t-test has revealed that the expression of
Claudin-5 did not change with the injection of Trans-ISRIB (t (14) = -1.883, p = 0.081,
Figure 3.13). Also, there is no significant change with the injection of GSK2606414 (t (6)
=0.286, p = 0.785, Figure 3.13). The partial correlation analysis is done to see the
correlation between body weights. Pearson’s correlation (for Trans-ISRIB) and
Spearman’s correlation (For GSK2606414) revealed that there is no significant correlation
between body weight and Claudin-5 for both Trans-ISRIB (r(13) = 0.096 p = 0.733) and

GSK2606414 (r(5) = 0.532 p = 0.219).
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Figure 3.13. Observed Bands and Expression of Claudin-5 In Inhibitor Groups. The
A part shows the representative images of Claudin-5 and Tubulin. The B part shows the
graphs of the normalized quantified bands for Claudin-5. The expression of Claudin-5 did
not significantly change with Trans-ISRIB injections or GSK2606414 injections. The error
bars represent mean +1 SEM and statistical significance was set at p < 0.05. n=8 for Trans-

ISRIB and its control group, n=4 for GSK2606414 and its control group.

3.3.2.2. Occludin

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. The student t-test has revealed that the expression of
Occludin did not change with the injection of Trans-ISRIB (t (14) =0.589, p=0.953, Figure
3.14) and GSK2606414 (t (6) =-2.130, p=0.077, Figure 3.14). The partial correlation
analysis is done to see the correlation between body weights. Pearson’s correlation (for

Trans-ISRIB) and Spearman’s correlation (For GSK2606414) revealed that there is no
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significant correlation between body weight and Occludin for both Trans-ISRIB (r(13) = -

0.092 p = 0.745) and GSK2606414 (r(5) = -0.245 p = 0.596).
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Figure 3.14. Observed Bands and Expression of Occludin in Trans-ISRIB and
GSK2606414 Injected Animals. The A part shows the representative images of Occludin
and tubulin. The B part shows the graphs of the normalized quantified bands Occludin. The
expression of Occludin did not significantly change with Trans-ISRIB and GSK2606414
injections. The error bars represent mean +1 SEM and statistical significance was set at p

< 0.05. n =8 for Trans-ISRIB and its control group, n=4 for GSK2606414 and its control

group.
3.3.2.3. VEGF

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene Test. The Mann-Whitney U Test revealed that the expression of
VEGF did not change with the injection of Trans-ISRIB (U (6) =4, p=0.825, Figure 3.15)
and GSK2606414 (U (6) =4, p=0.827, Figure 3.15). The partial correlation analysis is done

to see the correlation between body weights. Spearman’s correlation revealed that for
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Trans-ISRIB, there is significant negative correlation between VEGF and body weight
(r(3) = -0.880 p = 0.049). For GSK2606414, there is no significant correlation between

body weight and VEGF (r(3) =-0.193 p = 0.756).
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Figure 3.15. VEGF mRNA Expression Levels in Trans-ISRIB and GSK2606414
Injected Animals. The figure shows the graph of the mMRNA expression levels of VEGF
when the animals are injected with PERK pathway inhibitors. The left side shows the effect
of Trans-ISRIB compared to its vehicle, and the right side shows the effect of GSK2606414
compared to its vehicle. The expression of VEGF did not change significantly with
injections of Trans-ISRIB or GSK2606414. The error bars represent mean +1 SEM and

statistical significance was set at p < 0.05. n=3 for all groups.

3.3.3. Synaptic Integrity

To investigate how the inhibition of PERK pathway affected the synaptic integrity, the
following markers have been used for Western blot analysis: PSD-95, Gephyrin and

Synaptophysin.

69



3.3.3.1. PSD-95

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. The student t-test has revealed that the expression of
PSD-95 did not change with the injection of Trans-ISRIB (t (14) =0.230, p = 0.822, Figure
3.16). Also, there is no significant change with the injection of GSK2606414 (t (6) =1.261,
p = 0.254, Figure 3.16). The partial correlation analysis is done to see the correlation
between body weights. Pearson’s correlation revealed that there is no significant
correlation between body weight and PSD-95 for both Trans-ISRIB (r(13) = -0.392 p =

0.148) and GSK2606414 (r(5) = -0.155 p = 0.740).
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Figure 3.16. Observed Bands and Expression of PSD-95 In Inhibitor Groups. The A
part shows the representative images of PSD-95 and B-actin. The B part shows the graphs
of the normalized quantified bands for PSD-95. The expression of PSD-95 did not
significantly change with Trans-ISRIB injections or GSK2606414 injections. The error
bars represent mean +1 SEM and statistical significance was set at p < 0.05. n=8 for Trans-

ISRIB and its control group, n=4 for GSK2606414 and its control group.
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3.3.3.2. Gephyrin

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. The student t-test has revealed that the expression of
Gephyrin did not change with the injection of Trans-ISRIB (t (14) = -1.493, p = 0.158,
Figure 3.17). Also, there is no significant change with the injection of GSK2606414 (t (6)
=0.074, p = 0.943, Figure 3.17). The partial correlation analysis is done to see the
correlation between body weights. Pearson’s correlation revealed that there is no
significant correlation between body weight and Gephyrin for both Trans-ISRIB (r(13) =

0.326 p = 0.236) and GSK2606414 (r(5) = -0.502 p = 0.251).
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Figure 3.17. Observed Bands and Expression of Gephyrin in Inhibitor Groups. The
A part shows the representative images of Gephyrin and B-actin. The B part shows the
graphs of the normalized quantified bands for Gephyrin. The expression of Gephyrin did
not significantly change with Trans-ISRIB injections or GSK2606414 injections. The error
bars represent mean +1 SEM and statistical significance was set at p < 0.05. n=8 for Trans-

ISRIB and its control group, n=4 for GSK2606414 and its control group.

71



3.3.3.3. Synaptophysin

The normality tests were done using the Shapiro-Wilk test, and the homogeneity was
checked using the Levene’s Test. The student t-test has revealed that the expression of
Synaptophysin did not change with the injection of Trans-ISRIB (t (14) = 1.368, p = 0.193,
Figure 3.18). Also, there is no significant change with the injection of GSK2606414 (t (6)
=-0.835, p = 0.436, Figure 3.18). The partial correlation analysis is done to see the
correlation between body weights. Pearson’s correlation revealed that there is no
significant correlation between body weight and Synaptophysin for both Trans-ISRIB

(r(13) = -0.385 p = 0.157) and GSK2606414 (r(5) = -0.348 p = 0.444),
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Figure 3.18. Observed Bands and Expression of Synaptophysin in Inhibitor Groups.
The A part shows the representative images of Synaptophysin and B-actin. The B part
shows the graphs of the normalized quantified bands for Synaptophysin. The expression of
Synaptophysin did not significantly change with Trans-ISRIB injections or GSK2606414

injections. The error bars represent mean +1 SEM and statistical significance was set at p

72



< 0.05. n=8 for Trans-ISRIB and its control group, n=4 for GSK2606414 and its control

group.
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CHAPTER 4

DISCUSSION

This thesis work is a two-part study. In the first part of the study, the aim is to understand

how the high-fat diet affects the PERK pathway, blood-brain barrier integrity, and synaptic
integrity in the cerebral cortex of both C57BL/6 and Apoe"' subjects. The second part of

the study aims to understand how the inhibition of the PERK pathway using Trans-ISRIB

and GSK2606414 affects the same parameters.

For the first aim, both WT and Apoe” mouse is fed with either a standard chow diet or a
high-fat diet for 16 weeks. Then, western blot and RT-qPCR analysis is performed for
cerebral cortical tissues. For the ER stress, the protein levels of p-PERK and p-elF2a are
analyzed; in the meantime, to assess the BBB integrity, gene expression levels of VEGF
and protein levels of Claudin-5 and Occludin are assessed. Lastly, the protein levels of
PSD-95, Gephyrin, and Synaptophysin are investigated to study synaptic integrity. For the
second aim, Apoe” mice fed with a high-fat diet are I.P. injected with either Trans-ISRIB
or GSK2606414 for six weeks. To assess the ER stress under the inhibitors, the protein
levels of p-PERK, p-elF2a, and gene expression levels of ATF4 and CHOP are analyzed.

For the BBB and synaptic integrity same parameters are checked.

Our western blot analysis shows that the p-PERK/PERK ratio is not significantly affected
by either diet or genotype. Also, there is no significant interaction between these main
effects. However, when it comes to the p-elF2a/elF2a ratio, it is significantly affected by

74



the genotype, as it is significantly decreased in cerebral cortical tissues of Apoe” subjects
compared to WT animals. Surprisingly, the protein levels of p-elF2a are increased in
western diet-fed C57BL/6 subjects compared to chow diet given C57BL/6 mice.
Furthermore, there is a significant interaction between diet and genotype, and levels of p-
elF2a are significantly less in western diet-fed Apoe”’ animals when compared to western
diet-fed WT animals. Moreover, there is no significant correlation between body weights
for either marker. This might suggest that the increase in phosphorylation levels of

elF2a. independent from the body weight change.

The literature suggests that excessive nutrients as a result of hyperlipidemia are detected
by ER. Detection of these excessive nutrients activates the UPR pathway by causing ER
stress [88]. One of the arms of the UPR is the PERK pathway. Under stress conditions,
PERK gets activated and autophosphorylates. The lack of a significant increase in the p-
PERK/PERK ratio suggests no alteration in PERK pathway activation by genotype or diet.
Therefore, PERK is not activated by neither the high-fat diet nor the Apoe” genotype in
our subjects’ cerebral cortex. The previous studies provide an input about the activated
PERK pathway under high-fat diet feeding in other tissues such as the hippocampus
[137],[138]. Since the PERK pathway is not activated in this thesis study in the cerebral
cortex, this can point out tissue-specific differences in the PERK pathway activation in the
brain. It is suggested that tissues and cells have distinct needs for ER capacity and function,
and the regulation of UPR can be different as well. Moreover, different tissues activate
different arms of UPR [139]. Through these suggestions, to understand our results better,

it would be beneficial to investigate other branches of UPR to see whether they are
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activated in the cerebral cortex rather than the PERK pathway.

elF2 is one of the downstream elements of the PERK pathway. When PERK auto-
phosphorylates, it causes the phosphorylation of elF2 from its alpha subunit. However, in
our study, there is a significant change in the phosphorylation levels of elF2 when there is
no PERK activation. In the absence of PERK activation, it is possible that another inducer
caused the phosphorylation of elF2 in WT animals fed with the western diet. Indeed, elF2
has two other inducers apart from the PERK: Protein Kinase R (PKR) and General control
nonderepressible 2 (GCN2). They respond to different stress inducers in the cell. PKR
activity can be induced by excess nutrition, such as saturated fatty acids in the body
[140],[141]. So, it might be possible that PKR is the reason why we saw an increased p-
elF2a. in the western diet-fed wild-type mice when compared to chow-fed wild-type
animals. To make better assumptions, PKR must be investigated in our subjects’ cerebral

cortical tissues.

Interestingly, Apoe knock-out animals do not show the same pattern in p-elF2a. A study
has shown an upregulation of BiP, which is an ER chaperone, under ER stress. They have
shown that under chronic stress inducers, cells get adapted, and they get unsusceptible to
further UPR activation. They suggest that, under chronic ER stress, upregulation of BiP is
followed by improved protein folding, which suppresses UPR activation [142]. ApoE is
responsible for the clearance of VLDL and chylomicron remnants [51]. Therefore,
knocking this protein changes the lipid metabolism of the animal. As Apoe” already has a
stressed metabolism due to the absence of apolipoprotein E, feeding them with a high-fat

diet to further activate the ER stress by inducing hyperlipidemia might cause an adaptive
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mechanism in these mice to suppress the phosphorylation of elF2. To test this, BiP can be

investigated in our experimental setup as well.

BBB protects the brain from the neurotoxins circulating in the blood. It has many
components that contribute to this protection. Claudin-5 and Occludin are scaffold proteins
that are found in the BBB. Hyperlipidemia affects the BBB by increasing its permeability
[115]. Our western blot analysis of the Claudin-5 marker, as a part of the BBB integrity
research, is significantly affected by both diet and genotype. Interestingly, it is significantly
higher in Apoe” when compared to WT animals, and it is higher in western diet-fed
animals when compared to chow diet-fed animals. Moreover, there is a significant
interaction between diet and genotype. Claudin-5 levels are significantly higher in western
diet-fed Apoe” animals when compared to western diet-fed WT animals. Additionally,
western diet feeding is increased claudin-5 levels in Apoe™ animals when compared to
Apoe™ animals fed with a chow diet. On the other hand, there are no significant effects of
either diet, genotype, or interaction between these main effects on Occludin. Additionally,
RT-gPCR analysis is revealed that there are no diet, genotype, or interaction effects on
VEGF expression levels. Claudin-5 and Occludin are the main tight-junction proteins
found in the blood-brain barrier. Also, there is no significant correlation between body
weights and markers, suggesting that the increase in Claudin-5 is independent from the
body weights. Previous studies showed a blood-brain barrier disruption induced by high-
fat diet feeding and decreased levels of tight junction proteins [143]. However, in our study
there is no decrease in Claudin-5 and Occludin upon high-fat diet feeding. Interestingly,
Claudin-5 is significantly increased upon high-fat diet feeding in our experiments. In a

study, they showed that low-grade inflammation causes the increased expression of various
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tight junction proteins such as Occludin in the brain, suggesting that a possible protection
mechanism might be in a role to restore the blood-brain barrier integrity caused by low-
grade inflammation [144]. The inflammation levels of the same animals that have been
used in this thesis work is checked by Fulya Kizildag, one of our lab members [145]. Her
experiments reveales that there is an increase in inflammation markers (cleaved-caspase 1
and mature interleukin-18) in Apoe knock-out animals, suggesting that there might be an
inflammatory response in Apoe knock-out animals. Thus, the increased levels of Claudin-
5 in Apoe knock-out animals fed with a western diet might indicate a protective mechanism
caused by the inflammation in these animals. Our finding of VEGF does not contradict our
finding in Claudin-5. As the VEGF upregulation would cause a decreased upregulation of
Claudin-5, the lack of significance in VEGF while having an increased expression of

Claudin-5 fits together [146].

Although Claudin-5 is an indicator of blood-brain barrier integrity, it might not be enough
to predict there is an increase in blood-brain barrier integrity. Occludin and ZO proteins
regulate the Claudin-5 strands organization [147]. In studies it has been shown that
knocking out Claudin-5 animals does not inhibit the tight-junction formation [148].
Moreover, in another study, they suggest that in their study blood-brain barrier disruption
is not related to the degradation of Claudin-5; rather, it is its displacement that caused the
disruption. So, they suggest that the linkage of Claudin-5 to actin, a process modulated by
ZO proteins, is lost [149]. These findings suggest that the increase of only Claudin-5 might

not be the sole and firm indicator of increased blood-brain barrier integrity. Checking the
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ZO protein levels can be a good indicator of the integrity of BBB.

Two or more neurons communicate with each other through synapses. They have crucial
components such as scaffold proteins PSD-95, Gephyrin or presynaptic components such
as Synaptophsyin. A high-fat diet and hyperlipidemia affect the synaptic integrity by
changing the expression of genes involved in synapse formation [127]. Western blot
analysis of synaptic integrity investigations revealed that there is a trend towards an
increase in PSD-95 of western diet-fed animals compared to chow diet-fed animals.
However, there is no significant genotype effect in PSD-95. Furthermore, there is no
significant interaction effect between diet and genotype. Additional to these results, there
is no significant diet, genotype or interaction effect in the protein levels of Gephyrin and
Synaptophysin in the cerebral cortical synaptosome. Also, there is no significant
correlation between the synaptic markers and the body weights. Synaptic integrity is one
of the factors that is affected by a high-fat diet [150]. Thus, investigating these markers
was crucial to understand how high cholesterol levels affect the synaptic health. No change
in these protein levels suggest, the presynaptic neurotransmitter release, excitatory and
inhibitory synaptic strength are not affected by high-fat diet induced hyperlipidemia.
However, these markers alone is not enough to comment on the synaptic integrity. A study
showed a change in GABAergic signalling upon feeding with high-fat diet [151] Indeed,
there are other factors that can affected rather than the scaffold proteins or abundant

presynaptic protein Synaptophysin. So, understanding whether there is decline or

79



increased synaptic integrity requires different approaches to investigate.

The second part of the study investigates the inhibition of the PERK pathway. Under stress
conditions PERK pathway is activated, thus this pathway is an important therapeutic target.
Western blot analysis of the p-PERK/PERK ratio revealed that there is no significant
change with either inhibitor (Trans-ISRIB and GSK2606414) compared to their respective
controls. Moreover, western blot analysis showed that there is no significant change in the
p-elF2a/elF2a ratio with Trans-ISRIB or GSK2606414 injections. There were also no
significant correlation with the body weight. Furthermore, RT-gPCR analysis shows no
significant change with injections of Trans-ISRIB or GSK2606414 in ATF4 and CHOP
expression levels. Even though there is no significant correlation between body weights
and ATF4, CHORP is significantly negatively correlated in Trans-ISRIB injected animals,
suggesting an increase in body weight causes a decrease in CHOP. There is no significant
correlation with body weight and either markers for GSK2606414 injected animals.

Trans-ISRIB works in a way that does not affect the phosphorylation of either PERK or
elF2. Rather it activates the elF2B, so that global protein translation may continue. Thus,
not seeing a significant change in the ratio of p-PERK/PERK or p-elF2a/elF2a is expected.
However, there is also no change in the ATF4 and CHOP levels which we would expect a
decrease when Trans-ISRIB is injected. It is important to note that the sample size was
three for ATF4 and CHOP, unlike western blot analysis, which had approximately eight
subjects. Therefore, the statistical power is low. This causes false negative results and
reduces the finding of true results. Increasing the sample size to make more reliable
assumptions would be better. GSK2606414 directly inhibits the phosphorylation of PERK,

which inhibits the PERK pathway. Thus, for GSK2606414 we would expect a significant
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decrease in the ER stress markers with the injections. In this case, it is important to note
that an activation of the PERK pathway isn’t showed by the first part of this thesis work.
Moreover, there is significantly less p-elF2a. in Apoe™ western-diet-fed animals. Only
western diet-fed Apoe” animals is used for the injections. In this case, there might be a
possibility that there is no activated PERK pathway to inhibit in the beginning.

Western blot analysis showed that there is no significant effect of Trans-ISRIB and
GSK2606414 on Claudin-5 and Occludin. Moreover, RT-gPCR analysis revealed that
there is no significant change in VEGF expression levels with either inhibitor. Even though
there is no significant correlation between body weights and Claudin-5 and Occludin,
VEGF is significantly negatively correlated in Trans-ISRIB injected animals, suggesting
an increase in body weight causes a decrease in VEGF. There is no significant correlation
with body weight and the markers for GSK2606414 injected animals. Lastly, western blot
analysis demonstrated that there is no significant effect of Trans-ISRIB or GSK2606414
on any synaptic integrity markers: PSD-95, Gephyrin, and Synaptophysin. There is no
significant correlation with body weight and the synaptic markers for both Trans-ISRIB
and GSK2606414 injected animals. For the injections, a restored blood-brain barrier and
synaptic integrity are aimed through the inhibition of the PERK pathway. Therefore, the
lack of significance in the ER stress markers when injected with either inhibitor also
suggests that there would be no change in the markers of the blood-brain barrier and

synaptic integrity.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

In the first part of this thesis work, ER stress, BBB integrity, and synaptic integrity have
been investigated in the cerebral cortex of chow diet and western diet-fed C57BL/6 and
Apoe-/- animals to understand the effect of a high-fat diet. In our study, a high-fat diet did
not induce the phosphorylation of PERK. Therefore, no PERK pathway activation was seen
in either genotype. However, p-elF2a/elF2a. levels increased when C57BL/6 animals were
fed with the western diet, and there were fewer p-elF2a/elF2a. in Apoe knock-out animals
when fed with the western diet. Our investigations on BBB integrity revealed that Claudin-
5 increased in Apoe knock-out animals with a western diet, while Occludin and VEGF
stayed unchanged. Also, in synaptic integrity markers remained unchanged. These results
suggest that a high-fat diet and genotype have affected the ER stress markers and BBB
integrity markers.

In the second part of this thesis work, the PERK pathway inhibition has been investigated.
Trans-ISRIB or GSK2606414 inhibitors has been investigated on western diet-fed Apoe™
animals in terms of ER stress, BBB integrity, and synaptic integrity. There were no
significant results in animals injected with Trans-ISRIB or GSK2606414 in terms of ER
stress, BBB integrity, and synaptic integrity.

There were a few limitations in this study, and some future studies might be added. First,
ATF4 and CHOP are crucial markers for the assessment of PERK pathway activation.
They were lacking in the first part of the experiments. The antibodies that have been tried

were not working properly during western blot experiments. Their results are important as
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they are the downstream elements of the PERK pathway, and therefore, they can give more
information about the effects of a high-fat diet on the PERK pathway activation. So, just
like the second part, RT-gPCR can be done on these animals for ATF4 and CHOP.
Secondly, for the RT-gPCR experiments, only three animals were used to assess the effects
of a high-fat diet and genotype on VEGF and later to understand the inhibition effects on
VEGF, ATF4, and CHOP. Having a larger sample size in these experiments might change
the results by reducing the errors. Moreover, there is no DNase treatment while doing the
RNA isolation. DNase treatment is important as genomic DNA can contaminate the RNA,
causing false-positive results [152]. The A260/280 values are commonly used to assess the
purity of the RNA [153]. However, in this work, the A260/280 values are checked for each
RNA, and furthermore, the peaks for each DNA are checked for possible DNA
contamination. Moreover, the primers that are used in this work have exon-exon junctions.
This avoids the amplification of genomic DNA if there is any contamination in the samples
[154].

As mentioned in the discussion part, the inability to show the PERK pathway activation
might be due to the cell's adaptation to the prolonged stress and resistance to further PERK
pathway activation [142]. To test this theory, different feeding periods, such as two weeks
and eight weeks, can be added alongside the 16-week feeding period. This way, we could
see whether getting a short-term high-fat diet would cause PERK pathway activation
without causing cell adaptation.

Investigating different diet processes can also be useful in how the brain is affected by the
diet. For example, caloric restriction can be used to investigate whether it can change and

reverse the effects of knocked-out Apoe, as caloric restriction is thought to be a good diet
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for the brain [155]. Moreover, the animals that have been used in this study are dissected
at their young adulthood. Seeing how different ages of mice are affected by diet
intervention might provide better insights for the study. Therefore, an aged mice group, 18
to 24 months old, can be added to the studies.

For further investigation, other UPR pathways can be investigated. In a study, they have
shown that even when cells are adapted to stress, they showed some ATF6 activation rather
than PERK activation [138]. To see whether this is also valid for our study might be useful.
Also, again, in the same study [138], they showed a BiP upregulation under prolonged
stress. As BIP is an important ER chaperone that interacts with PERK, investigating BiP
as well would help to interpret the results better. Moreover, to understand the pattern p-
eif2a has shown, its regulators, such as PKR, can be utilized for future studies.

The Claudin-5 increase is not enough to say that an increased BBB integrity has been
observed. Many BBB proteins, such as ZO proteins, especially ZO-1, interact with
Claudin-5 and act as a bridge between actin molecules and the Claudins, arranging their
placement on the endothelial membrane [156],[157]. Because its linkage to the
cytoskeleton might still be at fault, to look more into this, ZO proteins can be studied.

As discussed in the Discussion part, there is no change in the synaptic integrity markers,
but, other synaptic markers. For example, receptors such as NMDA and GABA receptors
as they interact with the neurotransmitters to determine the excitation/inhibition of post
synapse [158]. Also, neural cell adhesion molecules, neurexin and neuroligins, are other
synaptic markers that can be looked at as they connect presynapse and postsynapse together
[159], [160]. Through their important functions in the synaptic connections, they can be

studied to have a better view on how synapses are affected by the interventions.
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The PERK pathway inhibition was a crucial part of the study. We were unable to show the
inhibition due to a lack of PERK pathway activation in the brain. Therefore, other tissues,
such as the liver of these animals, can be used to confirm the effect of these inhibitors in
our study. Since some tissues such as liver are more prone to develop ER stress under
hyperlipidemia, showing the effect of the inhibition in these tissues would be easier [161].
Through these results, it can be suggested that the cortex remained mostly unaffected by
the interventions. In the brain, there is a process called neurogenesis, which is the term
used for the generation of new neurons. Each tissue has a different neurogenesis rate; some
tissues, such as the hippocampus, have a higher rate of neurogenesis in adulthood, while
tissues, such as the cerebral cortex, have a lower rate of adult neurogenesis [162]. This
might explain the stability of the cerebral cortex tissue. Therefore, immunohistochemistry
would be useful in confirming the differences between tissues and the rate of neurogenesis
in the cerebral cortex.

Behavioral test are very useful to test the cognitive abilities of the mice. There are many
behavioral tests, such as the Barnes maze test, can measure the animal’s learning and
memory [163]. Investigating how the interventions translate into the behavior of animals
can provide better insights into the results.

A previous study shows that brain lipid homeostasis is affected due to APOE deficiency in
human iPSC organoids. An upregulation of cholesterol biosynthesis in excitatory neurons
accompanied by lipid accumulation in astrocytes is observed, and moreover, these
symptoms are alleviated by ISRIB [164]. The study shows the importance of APOE and

how its deficiency can be eased by ISRIB. This thesis is important in this manner; it
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explores how APOE deficiency and a high-fat diet change the cerebral cortex. Moreover,
this thesis provides insights on the effects of ISRIB on the cerebral cortex.

This study was important for understanding the effects of high-fat diet-induced
hyperlipidemia on ER stress, BBB integrity, and synaptic integrity. These are crucial to
understanding the impacts of high-fat diet-induced hyperlipidemia on the brain. The PERK

pathway inhibition effects on the same parameters are also explored in this thesis.
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APPENDICES

A.1l. Synaptosome Isolation Confirmation
To confirm the synaptosome isolation, NMDAR-2B (LS-C25797, LSBio, Washington,

USA) has been used as a synaptic marker. Synaptosomes contain synaptic proteins and
receptors. As such, NMDAR is used to assess the synaptic fraction during synaptosome
isolations [165]. In cytosol, we do not expect to see any band, while we expected a clear
band in synaptosome. As for synaptophysin, it is a synaptic cytosol protein, it is present in
both synaptic and cytosolic fraction [166]. And B-actin is a ubiquitous protein, it should be

present in every fraction [167].

A.1.1. Synaptosome Isolation Confirmation for Diet and Genotype Western

Blot Analysis

C57BL/6 CS57BL/6  Apoe’-  Apoe--
Chow Western Chow Western

WCL Cyto Syn WCL Cyto Syn WCL Cyto Syn WCL Cyto Syn

- B as &b e - = .« | NMDAR-2B ~180 kDa

T ——————— — —— | B_actin ~ 45 kDa

S e e | Synaptophysin~ 38 kDa

Figure A.1. Observed Band Images for Synaptosome Isolation Confirmation. The
figure shows the blot images for brains of animals used to investigate diet and genotype
relationship. NMDAR-2B is a post-synaptic receptor, and it is used as synaptic marker. As
expected, it is present in synaptosome while absent in cytosol. Synaptophysin as it is

synaptic cytosol protein it is present in every fraction. -actin as ubiquitous protein present
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in all fractions. WCL: Whole Cell Lysate, Cyto: Cytosol, Syn: Synaptosome Chow: Chow

Diet, Western: Western Diet

A.1.2. Synaptosome Isolation Confirmation for the PERK Pathway Inhibitor

Injection Western Blot Analysis

Trans-ISRIB Vehicle GSK2606414 Vehicle

WCL Cyto Syn WCL Cyto Syn WCL Cyto Syn WCL Cyto Syn

| —————— | o—— - — o o | (-actin ~ 45 kDa

S || s e [ Synaptophysin~ 38 kDa

Figure A.2. Observed Band Images for Synaptosome lIsolation Confirmation. The
figure shows the confirmation experiments for inhibitor injected animals. NMDAR-2B is
a post-synaptic receptor, and it is used as synaptic marker. As expected, it is present in
synaptosome while absent in cytosol. Synaptophysin as it is synaptic cytosol protein it is
present in every fraction. 3-actin as ubiquitous protein present in all fractions. WCL: Whole

Cell Lysate, Cyto: Cytosol, Syn: Synaptosome
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