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ABSTRACT

Modulation of the Neuroinflammatory Response Following Genetic and Environmental

Manipulations in the Zebrafish (Danio Rerio)

Beyza Ozen
M.Sc in Neuroscience
Advisor: Michelle Marie Adams

May 2022
Aging is an inevitable process through which organisms experience functional and physical
decline. Cellular changes such as mitochondrial dysfunction, telomere attrition, and loss of
proteostasis constitute the main components of this process. One of the hallmarks of brain aging is
the increased inflammatory status of the brain. This process is named neuroinflammation and is
seen both in the development of neurodegenerative disorders and in healthy aging. The over-
activation of microglia and astrocytes, increased secretion of pro-inflammatory cytokines and
reactive oxygen species, NLRP3/NALP3 inflammasome activation, and the upregulation of NF-
kB signaling pathway are among the markers of neuroinflammation. Deregulated nutrient sensing
through mammalian target of rapamycin pathway(mTOR), impaired neurogenesis, and synaptic
integrity over time are among the common outcomes of this process. Genetic susceptibility is also
another factor to contribute the vulnerability to inflammation. Therefore, further studies are
necessary to investigate the effects of the inflammation-stimulating agents and the genetic

susceptibility.

Thus, this study aimed to develop copper sulfate as an inflammatory stimulating agent for both
zebrafish embryos and adults. For this objective, we conducted long-term and short-term copper

sulfate embryo treatment studies.



The gene expression results showed that the inflammatory response was quite predictable in
embryos by increasing pro-inflammatory markers early on and later increasing anti-inflammatory
cytokines. Secondly, we conducted copper sulfate and rapamycin treatment in very old (38 months)
zebrafish animals to investigate the impact of the inflammation on mTOR signaling and synaptic
integrity. The protein expression results indicated that rapamycin was an effective for mTOR
suppression in very old animals but copper sulfate was not able to stimulate a robust inflammatory
response. Also, synaptic integrity markers were mostly stable among treatment groups in very old
animals. Finally, we used tsc2*- adult animals and applied rapamycin treatment to very old (33
months) tsc2*" adults to assess the effect of overactive mTOR signaling and the possibility of
reversing this in the progression of inflammation. Comparatively, we wanted to understand the
effect of copper sulfate exposure in very old (43 months) ztor*- animals that have a downregulated
mTOR pathway. The results showed that the rapamycin effect was not significant between wild-
type and tsc2*"- animals in terms of pro-inflammatory cytokines and autophagy markers. Similarly,
the copper sulfate effect was not different between wild type and ztor*” animals for pro-

inflammatory markers. However, autophagy markers decreased significantly in mutants.

In conclusion, this study showed that aging affects the regulation of the inflammatory response
within the brain. Also, genetic manipulations on the mTOR pathway would provide crucial insights

to investigate the neuroinflammatory profile of the brain in the course of aging.
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OZET

Zebra Bahginda (Danio Rerio) Genetik ve Cevresel Manipiilasyonlarin Ardindan

Noroinflamatuar Yamtin Modiilasyonu

Beyza Ozen
Norobilim Yiiksek Lisans Programi
Tez Danismant: Michelle Marie Adams

Mayis 2022
Yaglanma, organizmalarin islevsel ve fiziksel gerileme yasadig1 kacinilmaz bir siirectir.
Mitokondriyal disfonksiyon, telomer yipranmasi ve proteostaz kaybi gibi hiicresel degisiklikler bu
stirecin ana bilesenlerini olusturur. Beyin yaslanmasinin ayirt edici 6zelliklerinden biri, beynin
artan inflamatuar durumudur. Bu siirece noroinflamasyon adi verilir ve hem ndrodejeneratif
bozukluklarin gelisiminde hem de saglikli yaslanmada goriiliir. Mikroglia ve astrositlerin asir1
aktivasyonu, proinflamatuar sitokinlerin ve reaktif oksijen tiirlerinin artan salgilanmasi,
NLRP3/NALP3 inflamatuar aktivasyonu ve NF-kB sinyal yolunun upregilasyonu,
noroinflamasyonun belirtegleri arasindadir. Memeli rapamisin yolu (mTOR) hedefi yoluyla
diizensiz besin algilamasi, bozulmus ndrojenez ve zamanla sinaptik biitiinliik bu siirecin ortak
sonuglar1 arasindadir. Genetik yatkinlik da iltihaplanmaya kars1 savunmasizliga katkida bulunan
baska bir faktordiir. Bu nedenle inflamasyonu stimiile eden ajanlarin etkilerini ve genetik yatkinligi

arastirmak i¢in daha ileri ¢caligmalara ihtiyac vardir.

Bu nedenle, bu ¢aligma, hem zebra balig1 embriyolar1 hem de yetiskinler i¢in inflamatuar uyarici
bir ajan olarak bakir siilfat gelistirmeyi amagladi. Bu amagla uzun siireli ve kisa siireli bakir siilfat
embriyo tedavi ¢alismalar1 ger¢eklestirdik. Gen ekspresyonu sonuglari, inflamatuar yanitin, erken

donemde proinflamatuar belirtegleri artirarak ve daha sonra anti-inflamatuar sitokinleri artirarak



embriyolarda oldukga tahmin edilebilir oldugunu gésterdi. ikinci olarak, iltihabm mTOR
sinyalizasyonu ve sinaptik biitiinliik tizerindeki etkisini arastirmak i¢in ¢ok yasli (38 aylik) zebra
balig1 hayvanlarinda bakir siilfat ve rapamisin tedavisi gerceklestirdik. Protein ekspresyonu
sonuglari, rapamisinin ¢ok yasli hayvanlarda mTOR supresyonu i¢in etkili oldugunu ancak bakir
stilfatin giiclii bir inflamatuar yanit1 uyaramadigini gosterdi. Ayrica, sinaptik biitiinliik belirtegleri,
cok yaslh hayvanlarda tedavi gruplar1 arasinda ¢ogunlukla stabildi. Son olarak, asir1 aktif mTOR
sinyalinin etkisini ve inflamasyonun ilerlemesinde bunu tersine ¢evirme olasiligini1 degerlendirmek
icin tsc2* yetiskin hayvanlar1 kullandik ve cok yash (33 aylik) tsc2*" yetiskinlere rapamisin
tedavisi uyguladik. Karsilastirmali olarak, asagi regiile edilmis bir mTOR yoluna sahip ¢ok yash
(43 aylik) ztor”” hayvanlarda bakir siilfat maruziyetinin etkisini anlamak istedik. Sonuglar,
proinflamatuar sitokinler ve otofaji belirtegleri agismdan yabanil tip ve tsc2*" hayvanlar arasmda
rapamisin etkisinin énemli olmadigin1 gosterdi. Benzer sekilde, proinflamatuar belirtecler icgin
bakir siilfat etkisi, yabanil tip ve ztor*” hayvanlar arasinda farkli degildi. Bununla birlikte,

mutantlarda otofaji belirtegleri onemli 6lglide azalda.

Sonug olarak, bu ¢alisma yaslanmanin beyindeki inflamatuar yanitin diizenlenmesini etkiledigini
gostermistir. Ayrica, mTOR yolu lizerindeki genetik manipiilasyonlar, yaglanma siirecinde beynin

noroinflamatuar profilini aragtirmak i¢in cok 6nemli bilgiler saglayacaktir.

Anahtar Kelimeler: noroinflamasyon, mTOR sinyalizasyonu, zebrabaligi, sinaptik butlinlik
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CHAPTER 1

Introduction

1.1 Aging

Aging can be defined as the decreasing physical and biological integrity over time, and functional
decline as an outcome of this process [1]. Thanks to the advancements in technology, more people
live until 60 years or more. According to the World Health Organization, 2 billion people will be
60 and older by 2050 [2]. The aging population is increasing all over the world and also in Turkey
[3]. However, a rapidly aging population is a risk factor for the growth of populations, particularly
in terms of created economic value and social security system policies [4]. One important reason
is that humans become more vulnerable to various age-associated diseases, as a result, economic
efficiency decreases drastically within the society together with accumulated healthcare costs [5].
Cancer, cardiovascular diseases, and neurodegenerative disorders such as Alzheimer’s
disease(AD), and Parkinson’s disease(PD) are among the age-related pathologies in humans due
to the change in brain function [1]. As expected, cognitive and behavioral dysfunctionalities are
common outcomes of these debilitating disorders [6]. Unfortunately, all of these dysfunctionalities
affect both the efficiency of economic development and the integration of the elderly population
into society by disrupting a healthy aging process [7]. Despite the accumulated effort of modern
science, the causes of aging and possible preventive manipulations to this process have not been
analyzed completely, yet [8]. Therefore, it is important to understand the hallmarks of aging and
its effects on brain function and health to develop novel therapeutic strategies. This approach would
create effective solutions for the aging population while increasing not only their life span but also

their contribution and integration into society.



1.2 The Hallmarks of Aging

The comprehensive research on aging has declared some common hallmarks which have the
potential to affect many biological systems. These hallmarks can be divided into 3 main categories,
depending on their functions: primary hallmarks, antagonistic hallmarks, and integrative hallmarks.
Primary hallmarks are responsible for the damage and these can be counted as the DNA damage
theory, telomere attrition, epigenetic alterations, and loss of proteostasis. Antagonistic hallmarks
occur as a response to deterioration and these are mitochondrial dysfunction, cellular senescence,
and deregulated nutrient-sensing. Finally, integrative hallmarks are responsible for the phenotype,

and these are stem cell exhaustion together  with altered intercellular communication [1].
1.2.1 Primary Hallmarks
1.2.1.1 The DNA Damage Theory

DNA damage theory of aging postulates that genomic instability is one of the major causes of
aging [9]. Various factors such as ultraviolet (UV) radiation and environmental toxins cause
DNA damage and this leads to genomic instability. Genomic instability reduces the replication
capacity of the genome which is followed by decreased tissue regeneration. Decreased

regeneration capacity causes aging or premature aging throughout life [10].

1.2.1.2 The Role of Epigenetic Alterations

Epigenetic alterations often refer to histone modifications and DNA methylation [1]. In one
study, human diploid fibroblasts (HDF) experience a decrease in heterochromatin-like domains
in the course of aging [11]. Also, specific enzymes and effectors that take part in transcription
and translation processes are known to cause histone modifications in the aging process [12].

As for DNA methylation, in a longitudinal study, it is demonstrated that DNA methylation is



decreased in Alu elements in aging individuals [13]. However, the relation between DNA
methylation and aging is not very clear. Although hypomethylation is detected in some studies
like the previous one, DNA hypermethylation is also possible in tumor suppressor genes with

increasing age [14]. More research is needed to elucidate this topic further.

1.2.1.3 Telomere Attrition

Telomeres are protective hexamer protein complexes known as shelterin at each end of
eukaryotic chromosomes. These are particularly susceptible to aging-associated deterioration
since they are shortened with increasing age. Some studies have found that telomere attrition
increases in the course of aging by negatively affecting cellular senescence and regeneration
[15]. Telomere shortening is also associated with the premature onset of many diseases
including aplastic anemia, pulmonary fibrosis, and atherosclerosis which is thought to be
related to the aging process [1], [16]. Various environmental factors including smoking,
obesity, exposure to harmful toxins, and stress are also known to lead to both excessive
telomere shortening and premature aging [17]. When these factors are considered, telomere
attrition can be regarded as a cause and/or mediating variable in the progression of age-related

disorders.

1.2.1.4 Loss of Proteostasis

Loss of proteostasis is defined as the deficiency of the whole mechanism of protein folding,
degradation, and intracellular stabilization of proteins [18]. This deficiency accumulates in
different tissues and leads to various pathologies as the organism ages. In one study, it is found
that the accumulation of protein aggregates negatively impacts muscle aging and muscle

function in Drosophila as a result of loss of proteostasis [19]. Also, misfolded proteins are



known to be one of the causes of age-related neurodegenerative disorders such as AD disease
and PD [1]. Therefore, loss of proteostasis should be considered among the important factors

for the aging process.

1.2.2 Antagonistic Hallmarks

1.2.2.1 Mitochondrial Dysfunction and Reactive Oxygen Species

The mitochondrial free radical theory of aging states that mitochondrial deterioration
accumulates in the course of aging and reactive oxygen species(ROS) activation accelerates as
an outcome, which leads to cellular dysfunction [24]. ROS are free radicals, they can be found
within the cell, organelles, and mitochondria. They contain at least one unpaired electron that’s
why they are highly reactive. ROS generation mainly occurs due to the mitochondrial activation
as a side-product of the cell metabolism. When ROS production is at its baseline levels, it can
be beneficial for cell signaling, growth, and differentiation. However, excessive ROS
production leads to several dysfunctions within the cell metabolism. To prevent this outcome,
several enzymes constantly take part in regulating ROS levels, and not being able to cope with

ROS levels initiates oxidative stress [20].

Mitochondrial dysfunction as a hallmark of aging also occurs independently from ROS
generation. Mitophagy is known as the selective elimination of mitochondria by autophagy and
altered mitophagy rates, mitochondrial DNA(MtDNA) mutations, and changes in

mitochondrial membrane structure cause dysfunctionalities in the course of aging [21].

1.2.2.2 Cellular Senescence

In cellular senescence, the long-lasting cellular arrest is enforced for an unknown duration, due

to the various stress factors. Recently, it has emerged as an important factor in age-related



pathologies. The probability of cellular senescence is thought to be increased during aging.
However, for aging-associated diseases, cellular senescence can be both a cause and a
consequence. Senescent cells can impact the production of various inflammatory markers such
as interleukin-6 (IL-6), interleukin-1p (IL-1p), and tumor necrosis factor-o (TNF-a), this could
be a signaling mechanism for anti-inflammatory response and/or the expression of cellular
damage. Additionally, a complex interaction between cellular senescence and environmental
factors is believed to exist, a homeostatic response may be provided for regulation within the

system [22].

1.2.2.3 Deregulated Nutrient Sensing

In mammalian species, the anterior pituitary gland produces the growth hormone(GH) which
is currently mediated by the insulin-like growth factor(IGF-1). IGF-1 is produced as a response
to growth hormone and takes a role in the regulation of insulin signaling together with insulin
hormone. Therefore, IGF-1 and insulin signaling is known as the “’insulin and IGF-1
signaling”’ (IIS) pathway. They work for the glucose-sensing mechanism of the cells. IIS
pathway has downstream targets such as the mammalian forkhead members of the class O
(FOXO) transcription factors, PI3K-Akt signaling pathway, and the mammalian target of
rapamycin(mTOR) signaling pathway. All of these targets are effective in regulating longevity

and metabolism so aging-associated pathologies [1].

Among these pathways, the mTOR pathway has significant effects on cell growth, anabolic
reactions, autophagic regulation, and inflammation. mTOR kinase consists of two multiprotein
complexes: mMTORC1 and mTORC2. The down-regulation of mTOR has been shown to extend
longevity in mice, yeast, and fruit flies [23], and mTOR activity increases in mice's

hypothalamic neurons in the course of aging [24]. Therefore, down-regulation of mTOR can



be assumed to extend longevity. Two interventions are effective in mTOR down-regulation so
far, rapamycin treatment and a dietary regimen which includes caloric restriction(CR). Acute
rapamycin treatment is effective in mTORC1 pathway down-regulation but not in the mTORC?2
pathway [25] and both rapamycin treatment and CR effects occur an age-dependent manner. In
one study using zebrafish, rapamycin has suppressed the mTOR pathway more successfully in
young animals than in old animals and intermittent fasting(IF) can activate neural progenitor
cell marker, doublecortin-like kinase (DCAMKL1) while showing similar effects with
rapamycin. However, two autophagy genes are not influenced by both CR and rapamycin
treatments [26]. In another study, CR effects are found to be mediated by telomere lengths
again in an age-dependent manner [27]. Therefore, mTOR pathway inhibition depends on many
factors including the duration, timing, and density of the intervention whether it is CR or
rapamycin treatment. Nevertheless, CR has been a prominent intervention by suppressing the

mTOR pathway through decreased nutrient-signaling to extend longevity [1].

1.2.3 Integrative Hallmarks

1.2.3.1 Stem Cell Exhaustion

One of the main hallmarks of aging can be defined as the permanent decline in functions of
tissues and stem cell exhaustion comprehensively points to this hallmark. Stem cells are capable
of preventing functional decline by providing regenerative capacity to the cells. However, stem
cell exhaustion is often seen in the course of aging [1]. Hematopoietic stem cells(HSC) have
critical roles in providing blood cell production since they can induce new mature blood cells
[28]. Although the number of HSC increases in mice during aging, their regenerative capacity
is decreased [29]. Cell-intrinsic mechanisms are believed to cause this phenotype, but aging

may be a negatively contributing factor. In one research, long-term hematopoietic stem



cells(LT-HSC) are extracted from both young and old mice and genes that are related to
lymphoid specification and transformation and the existence of lymphoid progenitor cells are
up-regulated, especially in the old mice. This can be one of the driving factors behind
developing leukemia at an advanced age and also explain the aging-associated immune
deterioration [30]. Stem cell rejuvenation by preventing stem cell exhaustion has a great
capacity to reverse the immune deterioration and related functional decline at the organismal

level so it is an important concept to work on.

1.2.3.2 Altered Intercellular Communication

Besides cell-intrinsic mechanisms, intercellular communication is also altered. Changes in the
inflammatory response in the course of aging which is known as “’inflammaging’’ are one of
the prominent examples of altered intercellular communication. The increased secretion of pro-
inflammatory cytokines, defective autophagy response, and the up-regulated nuclear factor
kappa-B (NF-kB) pathway response subsidize this intercellular communication as a response
to aging. It is also known that changes in one tissue for example increased pro-inflammatory
response also mediate the aging-related outcomes in other tissues within the organism. Some
interventions are proposed to prevent these phenotypes such as the regulation of the gut
microbiome to rescue the outcomes of the inflammaging phenotype and the administration of

anti-oxidant compounds [1].

1.3 Brain Aging

Aging-associated outcomes within the brain can be detected easily since aging affects cognitive
functions robustly for many elderly. However, the underlying mechanism behind brain aging

mainly occurs through the changes in cellular and molecular mechanisms during aging.



1.3.1 Changes in Cellular and Molecular Mechanisms In the Course of Aging

The underlying factors behind many cognitive and executive deficits seen in aged individuals
are robust changes in cellular and molecular mechanisms within the brain. These changes can
be observed in various cell types such as neurons and glial cells. Also, protein accumulation

and insufficiency of synaptic plasticity are among common alterations [36].

Neurons are the main information supplier cells of the brain and they are affected heavily by
the negative consequences of aging. Neurogenesis is diminished and neuronal morphology is
changed in terms of reduced dendritic branching and spine numbers. Particularly, large in size
neurons need to maintain energy supply through dendrites but they can be more vulnerable to
aging since energy supply may not be maintained. Also, the activity of ions is crucial for the
preservation of electrical activity but this can be dysregulated too [37]. As for the number of
neurons, the latest agreement states that the reduction in number does not account for the
observed cognitive deficits in aging. Yet, the neuron number is mainly preserved within the

hippocampus and is not the cause of learning impairments related to aging in rats [38].

Apart from neurons, both synaptic and structural plasticity are influenced by aging. A
diminished number of synapses accompany various morphological changes. For example, in
aged rats, the return mechanism of microtubule-associated protein 1B(MAP1B) is not effective
as in the younger rats [39]. Long-term potentiation (LTP) and long-term depression(LTD) are
two main mechanisms of synaptic plasticity for learning and memory and LTP is significantly
diminished in aged rats [40] which has consequences for cognitive impairments, especially on
hippocampal-related tasks. Morphological changes can be encountered in the presynaptic and

postsynaptic terminals, the number of synaptic boutons is subject to change on the terminals.



In aged rodents and monkeys, a reduced number of postsynaptic spines on the cortex and

hippocampus are detected [36].

The accumulation of neurofibrillary tangles which are mainly composed of phospho-tau
generally in the amygdala and hippocampus as well as amyloid-p deposits which are one of
the hallmarks of AD are among the protein accumulation examples [41]. They can be detected

in both normal and diseased brains in the course of aging.

Glial cells are the other type of cells within the brain, they are divided into three
oligodendrocytes, microglia, and astrocytes. The effects of aging can be observed in these cells
too. Both the number and size of the microglia and astrocytes are increased, especially the
number of activated astrocytes and microglia is boosted. This can lead to negative
consequences for example the increased production of pro-inflammatory cytokines which
advances the inflammatory response. However, the increased number of glial cells can
contribute to protective responses for instance advanced production of anti-inflammatory
cytokines [37]. Additionally, the expression profile of autophagy, ROS, and many other
related inflammatory markers change depending on the alterations within the non-neuronal
cells of the brain. All of these alterations eventually form the neuroinflammatory response

profile of the central nervous system(CNS).

1.4 Neuroinflammation

Neuroinflammation can be defined as the multi-factorial inflammatory response within the
brain and spinal cord [42]. The activation of the non-neuronal cells such as microglia and
astrocytes lay the foundation of neuroinflammation, generally. Neuroinflammation is a

common mechanism behind many neurodegenerative disorders including AD, PD, multiple



sclerosis (MS), and dementia, although the progress patterns differ within these disorders [43].
It can be said that systemic/chronic inflammation takes place in the case of neurodegenerative
disorders, the activation and the downstream effects of glial cells and macrophages are
increased and sustained for longer durations. In this case, the damage is accumulated in time

and may exert its effects later [44].

Since systemic/chronic inflammation takes a long time to investigate the neuroinflammatory
profile within the brain, acute inflammation is also possible and may lead to a similar
neuroinflammatory profile. In the case of acute inflammation, the inflammatory responses can
be initiated by various environmental toxins which act as inflammatory agents such as
lipopolysaccharide (LPS) and copper sulfate (CuSOa), spinal cord, and/or brain injury. Once
the inflammatory response is needed to be initiated T cells, astrocytes, and microglia work as
a team to start this response and exert neuroprotective effects later [43]. Now it has been
generally accepted that neuroinflammation is a process that has both beneficial and harmful
effects on the cells within the CNS. On the one hand, through the secretion of pro-inflammatory
cytokines and ROS elements and the toxic nature of microglia, neuroinflammation would be
harmful. On the other hand, the activation of microglia, astrocytes, and oligodendrocytes would
stimulate cellular repair and the clearance of aggregated proteins [45]. The duration, dosage of
the inflammatory stimuli, and the existence of other protective factors within the CNS would

determine the outcome of the neuroinflammatory process.

1.4.1 Microglia

Microglia are among the macrophages of the CNS but they are different from other glial cells
such as astrocytes and oligodendrocytes by their gene expression patterns and origins [46].

Microglia become activated as a response to an inflammatory stimulus. There are two main
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types of phenotypes that microglia display, M1 state, and M2 state. M1 state can be defined as
the pro-inflammatory response state of the microglia, many pro-inflammatory cytokines such
as TNF-a, IL-1B, various chemokines, ROS elements, and nitric oxide(NO) are secreted from
the M1 state of microglia. M2 state works as an immunosuppressor mechanism, neuronal
survival, clearance of toxic aggregate proteins, and the secretion of neurotrophic factors for
example IL-8 is seen in this state [45]. For some pathological conditions such as obesity and
type 2 diabetes, the transition from the M2 state to the M1 state is detected. This transition is a
risk factor for the progression of the pathological condition by the accelerated production of

pro-inflammatory cytokines [46].

Apart from M1 and M2 microglial states, microglial activation is also separated into 3 phases:
classical phase, alternative phase, and acquired deactivation phase depending on the factors
that stimulate them [47]. The classical phase is defined through the activation of the M1
microglial state, T cell responses are initiated through the upstream activation of pro-
inflammatory cytokines in this state [48]. In alternative activation and acquired deactivation
phases, the M2 microglial state is dominant, and chemokines such as interleukin-13 (I1L-13)
and interleukin-4 (IL-4) are secreted. This mechanism is more focused on the “anti-
inflammatory* process of the inflammatory response, also with the production of interleukin-

10(IL-10) and transforming growth factor-p (TGF-B) [49].

1.4.2 Astrocytes

Astrocytes are among the non-neuronal cells together with microglia and oligodendrocytes.
They take important roles in regulating inflammatory responses in the course of acute and/or
chronic inflammation and they are mainly subject to moderation by microglia [50]. Astrocytes

are generally involved in CNS damage and to do this they exhibit functional heterogeneity.
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Reactive astrocytes are responsible for the feedback replies towards neuroinflammation, and
they are considered to be divided into 2 groups as in the case of microglia, Al astrocytes, and
A2 astrocytes. Al astrocytes are in charge of neurotoxic activity whereas neuroprotective
effects are provided by A2 astrocytes [51]. For almost all CNS diseases and acute and/or
chronic inflammation cases, astrocytes display binary responses. On the one hand, they take
part in repairing CNS damage, and the healing process. On the other hand, they initiate and
maintain inflammation within the CNS, release cytokines and pro-inflammatory chemokines,
and accelerate the neuroinflammatory process [52]. More research is needed to decipher tissue,
inflammation type, duration, and species-specific effects of astrocytes in the CNS. Astrocytes
are also involved in the regulation of many signaling pathways such as the NF-«xB, the

mitogen-activated protein kinase (MAPK), and the calcineurin (CN) pathways [52].

1.4.3 M1 Microglial State Markers

M1 microglial state is associated with an increased inflammatory response immediately after
the inflammation, especially in acute cases. Many pro-inflammatory cytokines, various
chemokines, NO, and ROS elements are synthesized from the microglia at the M1 state.
Microglia particularly respond to pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) at this stage for the further recruitment of T

cells and leukocytes [48], [49].

1.4.3.1 Cyclooxygenase-2 (COX-2)

Cyclooxygenase (COX) enzymes belong to the prostaglandin-endoperoxide synthase (PTGS)
enzyme family which work as reaction catalyzers. There are 2 isoforms of the COX enzyme:

COX-1 and COX-2. Both isoforms have roles in inflammation regulation. COX-2 is generally
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localized around neurons under normal conditions. However, astrocytes and microglia express
COX-2 after inflammatory stimuli in both in vivo and in vitro experiments [53]. The expression
of COX-2 is thought to be a moderating factor for the expression of other pro-inflammatory
cytokines which take part in the NF-xB signaling pathway. However, in one study, the
expression of COX-2 has been detected to be independent of the expression profile of IL-1f3
and TNF-a in human monocytes [54]. These differences may come from the type of

inflammatory agents, the duration of the inflammation, and the experimental conditions [53].

COX-2 has many effects on the CNS, some of them are related to inflammatory responses but
some of them are not. COX-2 facilitates neuronal plasticity within CNS under normal
conditions. There is compelling evidence that states that COX-2 expression is enhanced during
the process of LTP and LTD which are fundamental mechanisms of memory formation and
consolidation [55]. On the other hand, cognitive dysfunctions are increased in aging rats via
overexpression of COX-2 neurons, and the inhibition of COX-2 expression ameliorated these
dysfunctions [56]. This shows that COX-2 expression at normal levels might be necessary for
cognitive mechanisms and this relation may be moderated via the inflammatory pattern of the

CNS.

Disruptions of glutamatergic transmission within the brain lead to excitotoxic cell death of
neurons which is known as excitotoxicity. Excitotoxicity, oxidative stress, ROS secretion, and
COX-2 expression are interconnected with each other [57]. The inhibition of COX-2
expression compensates for the injury which is caused by the excitotoxic cell death in vivo
models [58] and induced ROS activity by cadmium can increase cellular COX-2 expression
[59]. As stated previously, COX-2 activity is upregulated in the cases of both chronic and acute

inflammation. Therefore, increased COX-2 expression is also detected in chronic
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neurodegenerative disorders such as in hippocampal neurons of AD patients [60], and
dopaminergic neurons of substantia nigra pars compacta in PD patients [61], and post-mortem

spinal cord tissue from amyotrophic lateral sclerosis (ALS) patients [62].

1.4.3.2 Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)

NF-kB signaling pathway has been proposed as one of the main intermediary pathways of
aging and neuroinflammation. This pathway involves many cellular processes such as cell
survival, cellular stress and senescence, inflammation, expression of cytokines and
chemokines, oxidative responses, and apoptosis [63]. Many other signaling pathways which
are associated with aging and cellular senescence such as IGF-1, mTOR, sirtuin (SIRT), and
FOXO are related to NF-kB signaling. Many pathogens, viruses, and related inflammation-
stimulating agents for example LPS are known to activate this pathway [64]. Additionally,
TNF and interleukin-1 (IL-1) are both catalysts and downstream transcriptional targets of NF-

kB signaling [63].

NF-kB signaling is divided into 2 pathways mainly based on their functions: canonical and
non-canonical. Canonical pathway is known as NF-kB essential modulator (NEMO)
dependent IkB kinase (IKK) and is stimulated by pro-inflammatory signals. Therefore, the
canonical pathway is more important for aging-associated pathologies and inflammation. On
the other hand, the non-canonical pathway is required for the cellular development particularly
B cells and T cells development throughout p52/RelB heterodimer complex [65]. Both of these
pathways are interconnected and induce the transcription of many cytokines such as IL-1a/p,

IL-2, 3, 6, 12, TNF-a in the cases of inflammation [63].
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Figure 1.1 Schematic representation of canonical and non-canonical pathways in which
NF-kB signaling function. The illustration is adapted from Cong Sun (2011) [155] and the

figure is created with BioRender.

NF-kB signaling is also crucial for the functionalities of glial and neuronal cells. NF-xB works
as a modulator for the expression of pro-inflammatory cytokines such as IL-6, IL-1, TNF,
neuropeptides, and COX-2. This modulation is conducted through the proteasome IxB kinase
pathway as a response to various factors such as oxidative stress, nerve growth factors, and
glutamate toxicity [66]. In the cases of traumatic brain injury and viral infection, the expression
levels of IL-1 and TNF are known to be upregulated via NF-xB signaling in glial cells [67].
Moreover, NF-«B takes a role in regulating synaptic plasticity together with COX-2. As stated
before, COX-2 enzymatic activity is required for neuronal and synaptic plasticity under normal
conditions. Elementary COX-2 expression for synaptic plasticity has been observed to be co-
localized with increased NF-xB expression in neurons of the hippocampus in the rat brain [68].
This may indicate a necessary association between NF-xB and COX-2 signaling under baseline
conditions within the brain. Also, the expression of NF-kB signaling and COX-2 enzymatic

activity is anticipated to be increased in the cases of inflammation.

15



1.4.3.3 Interleukin-8 (CXCL38) (IL-8)

IL-8 is a cytokine that belongs to the CXC chemokine family and works in pathological
inflammation [69]. IL-8 is generally secreted by macrophages, epithelial cells, astrocytes, and
neurons in response to an inflammatory agent such as the entrance of bacteria, viruses, or
another chemical and/or toxic molecule [70], [71], [72], [73]. One of the key factors of IL-8
expression is that its also a neutrophil chemokine, depending on the type and/or duration of
the infection IL-8 can immigrate to the infection site [72]. The NF-kB signaling pathway is
quite important for IL-8 gene expression. After the inflammatory response is initiated by a
related inflammatory agent, NF-kB transcriptional activity is required through the KK
pathway [74]. IKK pathway is related to the canonical pathway of NF-kB signaling which is
activated after the pro-inflammatory signal. Therefore, IL-8 can be regarded as a crucial
cytokine, being an important indication of the inflammatory response. In one study,
methamphetamine (METH) induced cells triggered the expression of IL-8 through the
involvement of astrocytes, also neuronal apoptosis is increased again in vitro [72]. IL-8
expression is enhanced not only in acute inflammation but also in neurodegenerative disorders.
Microglia cultured cells obtained from post-mortem AD patients reveal higher IL-8 expression
compared to controls. Similarly, increased IL-8 expression is detected in the brains of
Huntington's disease (HD) patients and within the cerebrospinal fluid (CSF) of ALS patients
[75]. Therefore, IL-8 plays a crucial role in both acute and chronic inflammation through the

NF-«xB pathway.

1.4.3.4 Interleukin-1p (IL-1p)

Acute and/or chronic inflammation that takes place in the CNS initiates the activation of

microglia and astrocytes by increasing their reactivity. As a result, the levels of pro-
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inflammatory cytokines are boosted as mentioned previously. IL-1B is one of these pro-
inflammatory cytokines. This cytokine belongs to the IL-1 family, it is one of two different
proteins together with interleukin-1o (IL-1a) [76]. The elevated mRNA and protein levels of
IL-1p after an inflammatory stimulus is detected on many occasions. In one study, adolescent
rats are voluntarily administered alcohol and increased mRNA levels of IL-1f8 are identified
in the medial prefrontal cortex (mPFC) by activating microglia [77]. IL-1p is associated with
acute inflammation and is regarded as one of the important mediators of further pro-
inflammatory responses. After inflammation initiation, both neuronal and non-neuronal cells
undergo cellular hypertrophy by the elevated expression of cell-surface immune proteins. The
direct injection of IL-1p induces the expression of other pro-inflammatory cytokines and
cyclooxygenase enzymes [76]. These further effects are also capable of influencing the
synaptic formation and integrity mechanisms. In one study, lipopolysaccharides (LPS) are
injected into the hippocampal slice cultures from mice, and then IL-1 mRNA levels are
elevated. Additionally, IL-1p direct injection causes the decline of synaptophysin protein
levels in the culture [78]. IL-1p can be also related to chronic inflammatory states which are
observed in neurodegenerative disorders. The expression of this cytokine is increased in post-

mortem tissues of AD and vascular dementia (VD) patients [79].

1.4.3.5 Tumor necrosis factor-alpha (TNF-a)

TNF-a is one of the pro-inflammatory cytokines which is mainly secreted from microglia.
Although astrocytes and neurons can produce this cytokine up to some extent, the main source
is microglial cells. TNF-o has an important role in regulating neuroinflammatory responses
via carrying both neuroprotective and neurotoxic effects. Apart from being a prominent

indicator of microglial activation in both acute and chronic inflammation also in
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neurodegeneration, it is known to modulate glutamate-regulated cytotoxicity [80]. TNF-a
affects the expression levels of many other pro-inflammatory cytokines such as IL-1f and IL-
6. In one study, TNF-a direct injection into the mice increases serum and brain levels of IL-6
together with robust sickness response [81]. Furthermore, in another research, TNF-a synthesis
suppressor 3,6’-dithiothalidomide decreases TNF-a levels by rescuing LPS-mediated
neuroinflammation. In the same study, decreased TNF-o levels also mitigate aberrant
hippocampal plasticity which is caused by LPS neurotoxicity [82]. TNF-a is believed to
modulate these synaptic plasticity changes as well as LTP and LTD mechanisms together with
IL-1PB expression through the findings from the research about neurodegenerative disorders
[83]. Finally, TNF-a is a mediator in AD pathophysiology, LPS injection to AD animal models
elevates the detrimental effects of AD in terms of amyloid precursor protein (APP) and

amyloid beta-peptide (AB) plaques through increased levels of TNF-a. [84].

1.4.4 M2 Microglial State Markers

Inflammation within the CNS can have many detrimental consequences. Astrocytes and
microglia are specialized non-neuronal cells for the recognition and the construction of
essential responses within the CNS in the case of an inflammatory challenge, especially after
acute inflammation. PAMPs and DAMPs are among the response targets of these cells. These
responses are associated with the M1 microglial state and are quite important for the
recruitment of leukocytes, T cells and helper cells, the release of pro-inflammatory cytokines
is in this response group. However, neuroprotective responses are needed to be initiated to
ameliorate  the long-term  detrimental effects of inflammation.  Therefore,
immunosuppressive/anti-inflammatory cytokines are secreted. This process also indicates the

transition from the M1 microglial state to the M2 microglial state [85].
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1.4.4.1 Interleukin-10 (1L-10)

IL-10 is one of the crucial anti-inflammatory cytokines. Macrophages, dendritic cells, and
microglia can secrete I1L-10 which exerts neuroprotective and immunosuppressive effects in
both acute and chronic inflammation [86]. In one study, LPS stimulated inflammatory
challenge to the primary neuronal cell culture is rescued by IL-10 receptor (IL-10R) and JAK-
STAT3 pathway activation [87]. This rescue mechanism is considered to be exerted by the
downregulation of pro-inflammatory cytokines. For instance, LPS-induced inflammation of
the primary ventral mesencephalic (VM) cultures causes neuronal destruction and neuronal
loss as well as increased expression of pro-inflammatory cytokines such as IL-1p, TNF-a, and
COX-2. In this case, IL-10 can reduce neuronal deficiency and the elevation of pro-
inflammatory cytokines [88]. Another evidence of IL-10 neuroprotective effects comes from
ischemic stroke and traumatic brain injury(TBI) studies [89]. In one study, after cortical stroke,
IL-10 is injected into the mice. This administration decreases the elevation of pro-
inflammatory cytokines and genes which are related to inflammation as shown by quantitative
polymerase chain reaction (QPCR) in the acute phase of the brain injury [90]. Therefore, IL-

10 is among the important modulators of anti-inflammatory responses.

1.4.4.2 Transforming Growth Factor-Beta (TGF-)

TGF-pB is one of the well-known anti-inflammatory cytokines with robust neuroprotective
effects after inflammation. Reactive astrocytes play an important role in TGF- expression and
this role has supported the correlation between the expression levels of glial fibrillary acidic
protein(GFAP) and TGF-p signaling. However, T cells and B cells are also known to produce
this cytokine even at low levels [91]. TGF-p is known to diminish neuronal deficiency through

the downregulation of immune cell infiltration. In one study, the expression of astrocytic TGF-
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B is suppressed through a genetically engineered mouse model of GFAP™ astrocytes in vivo.
The upregulation of immune cell infiltration and deficiency in motor behaviors are detected
[92]. TGF-B signaling is also important for the progression of neurodegenerative disorders as
seen in AD. Research with post-mortem tissues has revealed that TGF-p expression is
increased in CSF and plasma in the brains of AD patients [93]. This may be related to the
increased need for neuroprotective effects in the course of AD development. Therefore, TGF-
B signaling and its associated downstream targets should be evaluated for therapeutic

objectives for both acute and chronic neuroinflammation cases.

1.5 Neuroinflammation and Synaptic Integrity

In 1949, Donal Hebb has made an important statement that constitutes the basis of brain
plasticity: “Cells that fire together, wire together” [94]. A lot has changed since then, today it
is acknowledged that brain plasticity has also many biological routes and subdomains within
the CNS. Neuronal differentiation and migration, neurogenesis, axonal growth, and dendritic
branching are among the cellular basis of brain plasticity. Synaptic plasticity is also one of these
subdomains and is considered to be the cellular base of learning and memory through LTP and
LTD mechanisms. The neuroinflammatory status of the brain inevitably affects synaptic
plasticity, there is a mutual relation between neuroinflammation and synaptic plasticity. Non-
neuronal cells, for example, glial cells, affect many cellular mechanisms that control pre- and
post-synaptic formation/integrity in the course of neuroinflammation and neurodegeneration

[95].

Neuroinflammation is revealed to be correlated with the reduction of synaptic integrity and
formation, also the increment of synaptic deficiency [96]. This mechanism is thought to be

modulated by neuronal excitotoxicity. Microglial activation, in the course of
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neuroinflammation, causes NO release. NO prevents glutamate reuptake at pre-synaptic sites
which induce N-methyl-p-aspartic acid (NMDA) receptors overactivation. This overactivation

leads to the release of pro-inflammatory cytokines through arachidonic acid (AA) activation.
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Figure 1.2 Schematic representation of NO and AA release during the secretion of pro-

inflammatory cytokines. The figure is created with BioRender.

Under these conditions, pre-synaptic markers synaptophysin (SYN) and drebrin are also
decreased [97]. SYN is a vesicle membrane pre-synaptic marker and drebrin is localized in
dendrites and dendritic spines as a neuron-specific marker. Drebrin is found to decrease in the
case of chronic inflammation in the neurodegenerative disease models [98], and LPS exposure
to organotypic hippocampal slice cultures (OHSC) has caused a decrease in SYN protein levels

[99].

Chronic neuroinflammation which is often seen in neurodegenerative disorders also causes

synaptic plasticity dysregulations. This mechanism is one of the reasons for deficiency in
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neuroprotective processes during disorders as well as a crucial mediator of cognitive

disruptions observed during the disease progression [95].

1.5.1 Post Synaptic Density-95 (PSD-95)

PSD-95 is one of the scaffold proteins which is crucial for the NMDA receptors (NMDAR),
dendritic spines, and excitatory signaling. NMDARs are important for LTP and LTD
mechanisms which are the cellular bases of learning and memory within the brain. PSD-95
binds to the NMDARs so contributes to the excitatory activity between neurons [100].
Moreover, PSD-95 involves in the construction process of new dendritic spines again as a
scaffold protein [96]. It can be claimed that this protein is one of the fundamental aspects of
synaptic plasticity. However, the relation between neuroinflammation and the expression of
PSD-95 is not simple. In one study, Freund’s adjuvant (CFA) which is an antigen solution that
stimulates inflammation is injected into mice brains and causes a decrease in PSD-95 protein
levels in the cortex but not in the hippocampus. This may indicate a region-specific modulation
of PSD-95 levels, which may also be dependent on the inflammatory agent and the duration
[101]. In another study, resveratrol administration ameliorates morphine tolerance and
suppresses neuroinflammation by modulating NMDARs expression through the loss of PSD-
95 protein. This study shows the importance of PSD-95 for the NMDARSs and the ameliorating
effect of resveratrol may present itself by decreasing NMDAR levels in the course of
inflammation [102]. Finally, another study has found that LPS administration to mice
hippocampus induces elevated PSD-95 levels. This could work as a compensatory mechanism,
LPS may increase the need for the birth of new neurons so NMDARs and excitatory activity
could be upregulated especially in the early phases of synaptogenesis [103]. Therefore, it can

be said that PSD-95 expression depends on many factors in the course of neuroinflammation
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such as the inflammatory agent, the duration of the exposure, and the developmental stage of
the neurogenesis and/or synaptogenesis. More research is needed to decipher this relation in a

detailed manner.

1.5.2 Synaptophysin (SYN)

SYN is another crucial synaptic integrity protein that accumulates on presynaptic vesicle
membranes [96]. SYN has important regulatory roles in learning and memory. Since the
neuroinflammatory condition is known to damage these abilities, SYN is expected to be
downregulated in the presence of neuroinflammation. In one study, glutaminase C
overexpressing transgenic mice models have developed neuroinflammation as well as learning
and memory deficits, also decreased SYN levels showing through Western blot [104]. Apart
from overexpressing brain enzymes, external factors such as aging and brain trauma may
downregulate SYN levels, throughout intensifying neuroinflammatory effects due to aging in
the presence of surgical brain trauma [105]. Finally, in the course of neurodegeneration, the
expression of SYN may also be at low levels. AP treated astrocytes are co-cultured with CD4+
T cells and again SYN levels are decreased [106]. These findings might partly explain the
debilitating cognitive outcomes seen in the chronic neuroinflammation cases, for example in

neurodegenerative disorders.

1.5.3 Gephyrin (GEP)

Gephyrin is a scaffolding protein like PSD-95, but it is mainly found in inhibitory synapses —
GABAergic synapses. Therefore, it plays a major role in inhibitory signaling and the
excitatory/inhibitory (E/I) balance of the CNS [107]. Gephyrin is inevitably affected by the

neuroinflammatory status of the brain. Although increased inhibitory synaptic activity is

23



related to various neurodegenerative disorders [108], gephyrin modulation may be depended
on the type of neuroinflammation. In one study, a group of mice is exposed to social isolation
for 4 weeks. This isolation leads to anxiety-like behaviors and the following
neuroinflammation by reducing gephyrin protein levels in the hippocampi, measured by the
Western blot method [109]. On the other hand, in another study, mice hippocampal neurons
that are exposed to Human Immunodeficiency Virus (HIV)-induced neuroinflammation in
culture, show increased inhibitory synaptic activity and gephyrin levels by confocal imaging
[110]. The pathways of socially-induced neuroinflammation and HIV-induced
neuroinflammation are not the same so this could cause different gephyrin outcomes.
GABAergic synapses are crucial for the progression of anxiety disorders so this could be a
more direct mechanism. The source of the inflammation, signaling pathways, the nature of
the studies(in vitro vs in vivo), measurement methods, and maybe the duration of the

inflammatory signaling might significantly affect the gephyrin levels in the brain [110].

1.6 Neuronal & Glial Cell Markers

1.6.1 HuC

Drosophila ELAV protein has been recognized as a crucial neuronal marker since its being
expressed in all neurons, identifying as a pan-neuronal marker [111]. Similarly, HuC protein
belongs to the Hu/elav RNA binding protein family together with HuD and these proteins are
believed to be the earliest neuronal markers in zebrafish. Both HUC and HuD are expressed in
the central and peripheral nervous systems. The temporal and spatial expression patterns of
HuC and HuD are different from each other, with HuC more effective in the neural
determination while HuD being more effective in neural differentiation [112]. HuC is

competent as a neuronal precursor in the course of early development. In one study, neurogenin
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which supports neuronal specialization is administered to zebrafish embryos and this leads to
HuC expression in the forebrain, hindbrain, and midbrain at 11 hours post-fertilization (hpf)
[113]. HuC is also important for the neuronal precursor and therefore also for neurogenesis

which is the creation of new neurons.

1.6.2 Glial Fibrillary Acidic Protein (GFAP)

Although GFAP is often known as a prominent marker of glial cells, GFAP can affect the fate
of neurons in the CNS in the course of development. In one study GFAP+ progenitor cells
have upregulated oligodendrocytes and neurons in mice [114]. Moreover, GFAP expressing
cells are among the important regulators of adult neurogenesis in the mouse forebrain [115].
The upregulated GFAP expression particularly by astrocytes is among the indicators of
neuroinflammation and even aging. In one study, GFAP expression is significantly increased
in CSF of MS patients’ brains. This can be interpreted as a sign of astrogliosis which is the
upregulated astrocyte levels within the CNS possibly due to inflammation [116]. Similarly,
GFAP levels are measured from grey matters of schizophrenic patients through the real-time
polymerase chain reaction (RT-PCR) method, and upregulated GFAP expression is found only
in patients with altered astrocyte morphology and astrogliosis [117]. In vitro studies via the
usage of inflammation-stimulating agent for example LPS has proven increased GFAP
expression as well as the upregulation of COX-2. Since GFAP is among the symbols of
reactive glial cells, it is expected be interacting with pro-inflammatory cytokines, too [118].
GFAP upregulation is encountered not only in acute inflammation but also in low-level chronic
inflammation for example in the course of neurodegenerative disorders. In one study, post-

mortem hippocampal tissues of AD patients express GFAP by neurons. This also proves the
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extent of GFAP, it is not only seen in glial cells but takes a role both in the production and

progression of the neuronal cells [119].

1.7 Mammalian Target of Rapamycin Signalling Pathway (mTOR)

MTOR is a serine-threonine kinase from the PI3K family and has crucial roles in anabolic
processes associated with cell growth, survival, and cellular proliferation, it is also
evolutionarily conserved in zebrafish (Danio rerio). mTOR signaling pathway is related to
deregulated nutrient sensing which is one of the hallmarks of aging. In the course of aging, the
balance of nutrient signaling for cells has been dysregulated via the negative contributions of
the hormonal ISS pathway, FOXO transcription, and mTOR signaling. These pathways are
also associated with longevity and aging-related disorders. mTOR pathway has implications
on the downregulation of autophagy-related gene expressions, and even tumor formation,
especially at an advanced age. Apart from mTOR and the phospho-mTOR (p-mTOR) proteins,
ribosomal protein S6 (S6), phospho-ribosomal protein S6 (p-S6), eukaryotic translation
initiation factor 4E-binding protein 1 (4E-BP1) and phospho-4E-BP1 (p-4E-BP1) are among
the downstream targets of mTOR pathway and indicate the activity of mTOR signaling [25],

[26].

Rapamycin is known as an immunosuppressing chemical, it is also a proven mTOR pathway
inhibitor [24]. Rapamycin has been approved to be used in humans by the United States Food
and Drug Administration (FDA) [120] and it has been experimented with for a long time for
the usage of pharmacological intervention. Apart from suppressing mTOR signaling, it can
prevent LPS-induced acute neuroinflammation so would be classified as a potential therapeutic
target for neuroinflammation-related diseases. In the course of inflammation, levels of

hypoxia-inducible factor 1o (HIF1a) which is the main transcriptional factor that arranges
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adequate responses to several pathologies are upregulated together with mTOR protein levels.
Rapamycin exposure inhibits this upregulation by ensuring neuroprotective signals [121].
However, the exact mechanism is not clear, it may be depended on the mTOR pathway or
rapamycin might act as an immunosuppressor independent of the mTOR pathway. Therefore,
the exact implications, usage conditions, dose, and duration protocols are not clear, yet. In one
research, age-dependent effects of rapamycin are observed on zebrafish [26], but its

suppressing effects in the presence of inflammation are worth investigating.

1.8 Tuberous Sclerosis Complex (TSC)

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterized by the
formation of multiple tumors. This disorder is caused by the mutations in TSC1 and/or TSC2
genes. These genes do not only cause TSC disorder, they are also crucial for various cellular
signals such as sensing environmental cues to create effective responses in terms of cellular
growth, proliferation, and stress signals. TSC1 protein which is also known as hamartin and
TSC2 protein which is also known as tuberin constitute the TSC1-TSC2 protein complex
together and work as a negative regulator of the mTOR pathway, especially for the mTORCL1
signaling by undertaking the aforementioned tasks. Therefore, when these genes are not
available, overactivation of the mTOR pathway is possible [122]. A TSC2 mutant model
would be useful to investigate the mTOR pathway over-activation and its relation to

neuroinflammation in the framework of age and pharmacological intervention interactions.
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Figure 1.3 Schematic representation of TSC1-TSC2 complex and its relation to mTOR

signaling. The figure is created with BioRender.
1.9 Copper Sulfate (CuSOs) As an Inflammatory Agent

LPS is a widely used chemical to stimulate inflammation within the brain in both in vivo and
in vitro models [78], [84], [88], [121]. Although it is useful, other chemicals are also worth
investigating in terms of their inflammatory potential. Copper sulfate (CuSQa) is a widespread
chemical that can be one of the main sources of environmental toxicity. Copper is important
for nutrition, various enzymatic reactions, and cellular events at trace amounts but its levels
are arranged carefully within the organism. Higher amounts of copper might cause cellular
toxicity and induce inflammation [123]. Ceruloplasmin and transcuprein are major copper-
binding proteins, ceruloplasmin is also responsible for copper entry into the brain. Copper
toxicity can cause neuroinflammatory events and the upregulation of ROS levels within the

brain [124].
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Copper induces ROS generation through the Fenton reaction. Since copper is a cation with +2
charges, it can decompose with hydrogen peroxide (H20.) to generate free oxidizing agents.

These oxidizing agents damage macromolecules and cause inflammatory events [123].

Copper 4+ H.,0, free oxidizing
sulfate agents

Moreover, copper has a role in the accumulation of AP protein. Long-term exposure to copper
causes AP aggregation followed by oxidative damage and microglial activation. In AD animal
models, this pattern is detected as well as increased pro-inflammatory cytokines such as TNF-
a and IL-1B [125]. These findings show that copper would be an effective inflammatory agent

to be used in various model organisms.
1.10 Zebrafish As A Model Organism

There is an emerging interest in zebrafish as a model organism, especially in translational and
biomedical research. Zebrafish are cost-efficient model organisms, that can produce hundreds
of offspring in one breeding [126]. Zebrafish embryos are transparent so they are quite suitable
for early genetic interventions, drug screening, and chemical toxicity experiments [127]. They
have a fully sequenced genome, their brain organizations are similar to mammals and they
have a 69% similar genetic profile to humans which makes them quite appropriate model
organisms to study complex brain diseases such as neuropsychiatric and neurodevelopmental
disorders. [128], [129]. Zebrafish telencephalon is considered to be homologous to mammalian
amygdala and hippocampus so neurobiological changes related to learning-memory deficits as

well as social behavior can be investigated [130]. Moreover, zebrafish telencephalon expresses
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adult neurogenesis [131] and high regenerative capacity in CNS [132]. All these features make
zebrafish a useful model organism for neurobiological research at both embryo and adult

levels.

1.11 Aims of This Thesis

As mentioned previously, primary, antagonistic and integrative hallmarks of aging constitute
the aging profile of the organism. The free radical/oxidative stress theory of aging
comprehensively summarizes this profile. According to this theory, the upregulated
inflammatory status leads to enhanced ROS production together with less efficient anti-
inflammatory cytokine expression mechanisms. This process is followed by the increased
production of M1 microglial state markers such as pro-inflammatory cytokines and astrocyte
reactivity [20]. In the course of this process, the mTOR signaling may become over-active
together with deregulated nutrient sensing and dysfunctional autophagy [26]. NLRP3/NALP3
inflammasome activation, upregulation of NF-xB signaling pathway, and its downstream
targets lead to increased cytokine levels. This neuroinflammatory status of the brain induces
dysregulated synaptic integrity and impaired neurogenesis. Finally, cognitive/behavioral
consequences are applied in addition to neurodegenerative disorders. This whole mechanism

is also known as “oxy-inflammaging” which was pointed out by De La Fuente in 2008 [133].

In the light of this information, there were several objectives of this thesis. The first objective
was to develop copper sulfate as an inducer of neuroinflammation in both zebrafish embryos
and adults. Copper sulfate is an efficient inflammatory reagent due to its contribution to ROS
production and AP accumulation [123], [124], [125]. Therefore, it would give expected
outcomes for the development of neuroinflammation. The second objective was to assess the

effect of the acute inflammatory response on mTOR signaling, synaptic integrity responses
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and the inhibitory capacity of rapamycin in the course of neuroinflammation in very old (38
months) adult male and female zebrafish. Increased mTOR signaling and its downstream
targets are detected in the hippocampus of AD patients via post-mortem studies [134].
Additionally, the suppression of mTOR signaling leads to a decreased neuroinflammatory
response in the cerebral palsy mouse model [135]. Rapamycin can also downregulate
neuroinflammation in both in vitro and in vivo models, apart from being a proven inhibitor for
the mTOR pathway [121], so interactions between rapamycin, mTOR signaling, and
neuroinflammation are worth investigating in aged organisms. The third objective was to
characterize tsc2*~ mutants genotypically. Previously, tsc2” zebrafish embryos show higher
inflammatory responses through over-active mTOR signaling [136], so the inflammatory
status of the very old tsc2*" adults would provide valuable insights for neuroinflammation.
The final objective of this thesis was to decipher the effect of rapamycin treatment on an over-
active mTOR pathway that is seen in very old (33 months) tsc2* animals. Also the impact of
CuSOQ4 treatment on very old (43 months) ztor*- animals was aimed to be examined on a less-
active mTOR pathway. In other words, we investigated the scope of chemical interventions in

the inflammatory responses.
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CHAPTER 2

Methods

The first objective of this thesis was to develop CuSOs as an inflammatory-stimulating agent in
zebrafish embryos. To do this aim, zebrafish embryos at 3 days post fertilization (dpf) were exposed
to 2 different types of CuSO4 exposure in 24 well plates in E3 medium: long-term treatment and
short-term treatment. The long-term treatment took 4 days with methylene blue and the short-term
treatment took 4 hours or 24 with or without methylene blue. The objective of the long-term copper
treatment was to mimic chronic inflammation whereas the aim of the short-term treatment was to
mimic the acute inflammation. Since methylene blue was found to be therapeutic in oxidative-
stress related degeneration [137], the effect of this substance to the inflammatory condition should
have been taken into consideration. The overall objective of the embryo study was to determine
the effective dosage of CuSOs as an inflammatory reagent in terms of its effectiveness on mRNA

levels of various pro- and anti-inflammatory cytokines.
2.1 Gene Expression Experiments with Embryos
2.1.1 Subjects

ZebTech Housing System (Tecniplast, Italy) takes place in Bilkent University Zebrafish Facility
and is used for the maintanence of the fish. The temperature and pH level of the circulating water
were controlled regulary with carbon and mechanical filters. The temperature of the system was
28°C and pH levels were kept in between 7.0-7.5. All of the fishes were fed with dry flakes twice
a day and artemia once a day. They were kept in either 3.5 liter or 8 liter of tanks with a 14 hours

of light and 10 hours of dark cycle. A total of 300 3 dpf offsprings of wild type fish were used for
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both long-term and short-term CuSO4 exposure study. The protocol for animal experiments in this
study was approved by Bilkent University Animal Experiments Local Ethics Committee

(BILHADYEK) with the decision number 2019/14.
2.1.2 Experimental Procedure

In order to obtain embryos, one adult female and one adult male wild type fish were placed in

breeding tanks with a seperator, for at least 15 hours.

After seperators were opened in the following day, emrbyos were collected and placed into the E3
medium with methylene blue in petri dish. Emrbyos were fed with dry flakes (Sera, Germany) and
kept in 30.5°C incubator for 3 days. The collection time of the embryos were noted and they were

taken into the experiments exactly after 72 hours.

Table 2.1 E3 Medium (60X)

Substance Amount
NaCl (Sigma Aldrich, 13423) 17.2 g
KCI (Sigma Aldrich, 12636) 0.76 g
CaClz. 2H20 (Carlo Erba, 327 607) 299¢
MgS0s. 7H,0 (Sigma, M2773-1) 49¢
ddH20 UptollL

2.1.3 Long-term Treatment Condition

The CuSOs4 concentrations in this condition were as the following: 0 uM (control), 2.5 uM, 5 uM,

and 7.5 uM. In the beginning of the experiment, CuSO4.5H20 (Sigma-Aldrich; Catalog #: 209198)
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was dissolved in E3 medium with methylene blue to obtain 100 uM concentrated stock solution.
Later, copper solutions at different concentrations were obtained through serial dilution. At 3 dpf,
embryos were taken into the 24 well plates. In each well, there were 5 embryos and 2 ml dissolved
CuSOg in E3 medium with methylene blue at different concentrations. There were at least 3 control
wells(15 embryos) in each 24-well plate. These well plates were again kept in 30.5°C incubator
until the experiment was ended. At every 24 hours, the E3 medium was changed. Also, checkpoints
were arranged and at every checkpoint dead embryos were removed. Checkpoints were decided as

the following:

Table 2.2 Checkpoint chart for long-term treated embryos

Checkpoint — 1 3 hours later
Checkpoint — 2 6 hours later
Checkpoint — 3 12 hours later
Checkpoint — 4 18 hours later
Checkpoint — 5 24 hours later — Medium change
Checkpoint — 6 48 hours later — Medium change
Checkpoint — 7 72 hours later — Medium change
Checkpoint — 8 96 hours later — Medium change
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In total, 5 technical replicas were conducted for this study. After treatment, embryos were collected
in 1.5 ml eppendorf tubes as being 10 emrbyos in each tube. The collected embryos were

immediately snap-frozen in liquid nitrogen and stored into the -80°C.
2.1.4 Short-term Treatment Condition

Long-term treatment was conducted to mimic chronic inflammation in order to investigate the
inflammatory response at mMRNA level. However, the mortality rate of animals was quite high in
the end of this treatment. This could be due to the duration, 4 days of CuSO4 exposure could be too
long. In addition, methylene blue which was a common chemical reagent used in embryo mediums
has anti-inflammatory feature [137]. For these reasons, short-term CuSOs treatment was conducted
as a follow-up study with shorter CuSO.4 exposure duration and the usage of E3 medium in both

with and without methylene blue options.

Again at 3 dpf, embryos were taken into the 24 well plates. In each well, there were 5 embryos in
2 ml E3 medium which contained 10 uM dissolved CuSQO4 with or without methylene blue. There
were at least 3 control wells(15 embryos) in each 24-well plate. These well plates were again kept
in 30.5°C incubator until the experiment was ended. Initial mortality rate was not high so
checkpoints were not applied. At least 30-40 embryos were collected after 4 hours and the same
number were collected after 24 hours with corresponding controls for each duration. In total, 3
technical replicas were conducted for this study. Again, every 1.5 ml eppendorf tube contains 10
emrbyos. The collected embryos were immediately snap-frozen in liquid nitrogen and stored into

the -80°C.

The summary of long-term and short-term treatment conditions are as follows:
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CuSO0, Treatment for Zebrafish Embryos
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Figure 2.1 CuSO4 treatment for 3 dpf zebrafish embryos. The figure is created with BioRender.
2.1.5 RNA Isolation from Zebrafish Embryos

For RNA isolation, 10 embryos were pooled and at least 10 embryos were used from each technical
replica for each concentration and time point. Each pooled embryo set was homogenized with 250
ul Trizol (Trizol ® Reagent, Ambion, 19367501) by using a syringe. Then, samples were
centrifuged at 12.000 x g for 5 minutes at +4°C. Embryos were sinked at the bottom of the tube
and the clear supernatant was transferred into the another tube. 5 minutes incubation was applied
at room temperature to allow the complete dissociation of nucleoproteins. Then, 50 pl Chloroform
(Chloroform, Merck, 1.02245.2500) was added into each tube, Trizol and Chloroform was allowed
to mix by gentle spin-down movements. After 3 minutes of incubation at room temperature,
samples were centrifuged at 12.000 x g for 15 minutes at +4°C. After centrifuge, samples were
dissociated into 3 phases: bottom Trizol layer, middle organic layer and top ageous phase which
contains RNA. The top layer was transferred to another tube and 125 ul isopropanol was added to
tubes to precipitate the RNA. Again 10 minutes incubation at room temperature was performed

and samples were centrifuged at 12.000 x g for 10 minutes at +4°C. The total RNA precipitated as
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a white-gel at the bottom of the tube. The supernatant was decanted and the precipitation was
washed with 250 pl 75% ethanol. After a brief vortex, samples were centrifuged at 12.000 x g for
5 minutes at +4°C. The ethanol was removed by pipetting gently, and the samples were left within
the bench for 5 minutes for air-dry. Then, RNA pellets were dissolved with 10 pl nuclease-free
water (Thermo Fisher Scientific, USA, AM9937) and placed into the 55°C heat block for 10
minutes to ensure complex dissolution. Final RNA concentrations were determined on

NanoDrop™ 2000 and samples are removed to -80°C fridge to be used later.
2.1.6 DNase Treatment and Complementary DNA (cDNA) Synthesis

TURBO DNA-free™ Kit (AM1907, Ambion, USA) was used for DNase treatment to eliminate
the DNA residues within the RNA. After quick spin of RNA samples, 7 ul nuclease-free water
(Thermo Fisher Scientific, USA, AM9937), 2 pl 10X buffer and 1 pl DNase enzyme were added
for each sample. Then, samples were incubated at 37°C for 30 minutes. After incubation, 2 pl
DNase inactivation buffer was added to stop the reaction. Samples were incubated at room
temperature for 5 minutes and they were centrifuged for 2 minutes at 11.000 x g. The inactivation
buffer precipitated at the bottom of the tube, the supernatant which contained the DNase-free RNA

was taken into the new tube. The RNA concentration was again measured on NanoDrop™ 2000.

DNase treatment was followed by cDNA synthesis. cDNA synthesis kit (iScript cDNA Synthesis
Kit, 100 reactions, BioRad, USA, 1708891) was used to synthesize 500 ng cDNA. The final RNA
concentrations were used to calculate the required RNA amount. In order to obtain 20 pl cDNA,
samples were diluted with 15 pl nuclease-free water then 4 pl 5X buffer and 1 pl reverse-
transcriptase enzyme within the kit were added. Samples were centrifuged for a few seconds and

incubated at 25°C for 5 minutes, at 46°C for 20 minutes finally at 95°C for 1 minute at the thermal
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cycler (Thermal Cycler C1000, BioRad) machine. Samples were kept at -80°C for long-term

experiments.

2.1.7 Quantitative Polymerase Chain Reaction (QPCR)

2.1.7.1 Primers Used in The Study

Gene expression and mMRNA levels were measured through gPCR. Some of the primers used in the

study such as COX-2, NF-«xB and IL-8 were taken from the literature [69]. Other primers such as

IL-1B, TNF-a, IL-10, TGF-B, Ic3-b and atg-5 were validated by our group. As the housekeeping

gene, ribosomal protein L13a (rpl13-a) was used [138], [139]. The relative gene expression levels

of each gene were specified based on the rpl13-a gene. The annealing temperature, the melting

temperature, the length, and the length of the products could not be specified in the reference

source. Therefore, the National Center for Biotechnology Information (NCBI) Primer Blast

program was used to analyze the obtained primers. The detailed information about the used primers

can be found in Table 2.3.

Table 2.3 Forward and reverse sequences and the final concentrations of primers

Gene Forward primer (5°-3’) Reverse primer (5°-3°) Concentration
in reaction
cox-2 | ACAGATGCGCTACCAGTCTT CCCATGAGGCCTTTGAGAGA 1uM
nf-kB | GGTCGGACAGAGATCACGGATT TGCTGTTCTTCACGTCCTCT 0.5 uM
IL-8 | GTGCGCCAATGAGGGTGAA ACCCACGTCTCGGTAGGATT 1uM
IL-1p | GATCCGCTTGCAATGAGCTAC TCAGGGCGATGATGACGTTC 1uM
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TNF-a | AGGAACAAGTGCTTATGAGCCATGC | AAATGGAAGGCAGCGCCGAG 1uM
IL-10 | TCACGTCATGAACGAGATCC CCTCTTGCATTTCACCATATCC 0.5 uM

TGF-p | TGTACCCGCAATCCTTGACC CCGACTGAGAAATCGAGCCA 1uM
Ic3-b | CCTCCAACTCAACTCCAACC GCCGTCTTCGTCTCTTTCC 1uM
atg-5 | CAACTGTGGATGGGTCTG GAGCGTCTGGATGAATGG 1uM

rpl13-a | TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG 1uM

2.1.7.2 Dilutions of Primers and Samples

After new primers arrived, they were dissolved in nuclease-free water (Thermo Fisher Scientific,

USA, AM9937) as specified on their product sheet to achieve 500 puM of final primer

concentration. Then, these primers were optimized by using trial cDNA which was obtained from

non-treated and CuSQ; treated embryos. For each primer pair, undiluted, 1:2, 1:4 and 1:8 diluted

versions of cDNA samples were used. After this optimization, primers were decided used as

follows:

Table 2.4 Product lengths and sample dilutions of primers

Gene Product Length Sample Dilution
COX-2 240 1:8
nf-kB 210 1:8
IL-8 195 undiluted
IL-1B 109 1:2
TNF-a 157 1:2
IL-10 151 1:2
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TGF-B 169 1:4

Lc3b 112 undiluted

rpl13-a 148 1:8

2.1.7.3 Quantitative Polymerase Chain Reaction (QPCR) Protocol

For both optimization and actual experiments, the protocol was the same. The total reaction volume
for each sample was 20 pl which included 10 pl LightCycler® 480 SYBR Green 1 Master (Roche,
Switzerland, 04707516001), 6 ul nuclease-free water, 2 pl diluted primers and 2 pl cDNA. First,
SYBR Green 1 Master and nuclease-free water were mixed (MasterMix). Then, primer dilutions
were prepared, for 1:20 dilution 2.5 pl forward, 2.5 pl reverse primer were mixed with 95 pl
nuclease-free water. For 1:10 dilution 5 pl forward, 5 pl reverse primer were mixed with 90 ul
nuclease-free water. Then MasterMix was mixed with a diluted version of each primer(premix).
Each well of Roche 96 well plate (Roche, Switzerland, 04707516001) was filled with 18 pl of this
premix. Finally, cDNA was added to each well according to the agreed sample dilutions. The plate
was sealed and centrifuged at 1500 rpm for 2 minutes. After centrifugation, the plate was placed
into the LightCycler® 480 Instrument (Roche) and the reaction was initiated. The reaction

conditions are stated in Table 2.5.

Table 2.5 Reaction Conditions for Quantitative Polymerase Chain Reaction

Preincubation 95°C for 10 seconds
95°C 10 seconds 4.4 ramp rate
Amplification — 45 cycles 60°C 15 seconds 2.2 ramp rate
72°C 15 seconds 4.4 ramp rate
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95°C 5 seconds 4.4 ramp rate
Melting Curve 55°C 30 seconds 2.2 ramp rate
72°C continuous 0.29 ramp rate

Cooling 40°C for 10 seconds

Two technical replicas were conducted for each sample. The gene expression levels were calculated
based on the 22T method by the normalization for rpl13-a housekeeping gene. First, rpl13-a Ct
values were subtracted from the Ct values of the gene of interest, so delta Ct values were obtained.
Then, 0 uM copper sulfate treated samples (control samples) were determined as the control
samples and their average values were subtracted from the delta Ct values. These final values were
delta delta Ct values (AACT) and fold change gene expression levels were obtained through 2-44¢T
method. For some experimental cohorts, fold change values were transformed to the log2 values to

normalize the data and to apply the homogeneity of variances assumptions.
2.2 Protein Expression Experiments

Section titles indicated with one asterisk (*) states that those prodecures were performed by Dr.

Ergul Dilan Celebi Birand.

The second aim of this thesis was to assess the effect of the mTOR signaling on an acute
inflammatory response, synaptic integrity responses and the inhibitory capacity of rapamycin in

the course of neuroinflammation in very old (38 months) adult male and female zebrafish.
2.2.1 Subjects

All of the animal subjects were taken from the Bilkent University Zebrafish Facility whose

conditions were mentioned previously. There are 16 adult (7 females, 9 males) 38 months old
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zebrafish were used in this experiment. Before the experiment, all fish were fed twice a day with
standard fish flakes (Sera, Germany), and once a day with artemia (Sera, Germany) in the tank
system. The protocol for very old wild-type adults, genotyping of tsc2*" adults and the gene
expression experiments of tsc2* and ztor* adults was approved by Bilkent University Animal

Experiments Local Ethics Committee (BILHADY EK) with the decision number 2019/14.
2.2.2 *Experimental Procedure

There were 4 groups in this experiment: dimethyl sulfoxide (DMSO) treatment group, CuSOg4
treatment group, rapamycin (RAPA) treatment group and CuSO4 and then rapamycin treatment

(CuSO4 + RAPA) treated group. There were 4 animals assigned in each treatment group.

Table 2.6 Distribution of animals across experimental groups. DMSO: DMSO treated control
group, CuSOs: Copper sulfate treatment group, RAPA: rapamycin treatment group, CuSO4 +

RAPA: Copper sulfate and then rapamycin treated group.

Group Name Treatment Male Female
number number
DMSO 1 hour of DMSO treatment 2 2
CuSOg4 1 hour of copper treatment 2 2
RAPA 1 hour of DMSO + 3 hours of 3 1

rapamycin treatment

CuSOs4 + RAPA 1 hour of copper + 3 hours of 2 2

rapamycin treatment
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All treatments were conducted in separate 4 L of tanks on the indicated durations in the table. The
standard temperature and lighting conditions were maintained for the fish during the treatment.
Both rapamycin and CuSO4 were dissolved in DMSO. Basically, 25 mM CuSO4 was obtained in
1 mI DMSO (Applichem, Germany, A3672) and this working solution was added to the 4 L of tank
water. Therefore, the final CuSO4 concentration was 25 uM. Similarly, 96 pl RAPA (Sigma, USA,
R0395) was dissolved in 904 ul DMSO. And this amount was added to the 4 L tank water so the
final RAPA concentration was 24 pM. After drug treatments were conducted as on the indicated
durations in Table 2.6, all of the animals were euthanized on the ice and fish are decapitated using
a sterile surgical blade. Trunks were visualized on the light microscopy to confirm genders. Gills,
eyes and brains of the animals were dissected separately and collected in different eppendorf tubes.

After collection, tissues were snap-frozen immediately with liquid nitrogen and stored at -80°C .
2.2.3 *Protein Isolation from Brain Tissues

Each of the brain tissues was homogenized in freshly prepared RIPA buffer with a 25-gauge 2 mi

syringe (Beybi, Turkey). The recipe for the 1 ml RIPA buffer can be found in Table 2.7.

Table 2.7 The recipe for the 1 ml RIPA buffer

Reagent Name Amount
2 M NaCl (Sigma-Aldrich, Germany, 7647145) 75 ul
1 M Tris-HCI (pH=8) (Sigma Aldrich, 50 pl

Germany, 1185531)

1 % NP-40 (NP40S) 10 pl
Sodium dodecyl sulfate (SDS, 10%) (Sigma, 10 ul
T9281)
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ddH20 355 pi

2X Protease Inhibitor (Sigma, 05892970001) 500 pl

60 pl RIPA buffer was used for each 1 mg of tissue. After complete homogenization, homogenates
were left in ice for 30 minutes for the lysis. Then, samples were centrifuged at 13.000 rpm for 20
minutes at +4°C. Supernatants were removed gently with the micropipette, they were aliquoted and

stored at -80°C.
2.2.4 *Bradford Assay

Bradford assay was used to measure the protein concentrations which were isolated from brains.
In this measurement, 1 mg/ml bovine serum albumin (BSA) protein was the standard control
protein. In 96-well plates, BSA (Sigma, USA, A2153) standards were prepared with ddH20O as

stated on the Table 2.8.

Table 2.8 BSA Standars (ul) for Bradford Assay

1 2 3 4 5 6 7
BSA 0 0.5 1 2 3 4 5
ddH20 5 4.5 4 3 2 1 0

All protein samples were prepared as 0.5 pl protein and 4.5 pl ddH20. Then, 250 pl of Bradford
reagent (Sigma, USA, B6916) was added to each well. Standards and protein samples were
prepared as duplicates. The plate was shaken briefly and incubated for 10 minutes. On the

Microplate Reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA), absorbance
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values at 595 nm were read. After reading, a standard curve was obtained based on the BSA values

and the concentration of proteins was calculated.

y = 0.0175x-0.0095
BSA Standard Curve R2 - 0.9921

0.4
0.35
0.3
0.25
0.2
0.15
0.1

Absorbance Values

0.05

-0.05 0 5 10 15 20 25

BSA Concentration

Figure 2.2 BSA Standard Curve results for the calculation of protein concentrations from the

brains.

2.2.5 Western Blot Procedure

2.2.5.1 Sample Preperation for Western Blot

To avoid the saturation of proteins, all of them were loaded into the gel as a total of 40 pg. This
amount was decided previously in Adams Lab by optimization experiments. The housekeeping
protein tubulin also gave unsaturated results with 40 ug loading. Protein samples were mixed with
ddH20 and 2X loading dye according to their obtained concentrations. The total volume for each
sample was set as 40 pl. Before adding 2X loading dye, 10% dithiothreitol (DTT) was added freshly

to the 2X loading dye mixture.

Table 2.9 2X Loading Dye
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Reagent Name

Amount

10% SDS 4 mi

Glycerol 2 mi
Bromophenol blue 100 pl
0.125 M Tris-HCI (pH=6.8) 2.5 ml

After samples were prepared, they were boiled at 95°C for 10 minutes. Then they were ready to be

loaded into the SDS-PAGE gel.

2.2.5.2 SDS-PAGE Gel Preperation

For Western Blot experiments, two types of gels were prepared: 10% resolving and 5% stacking
gels. Stacking gels were required for the generation of wells and protein loading whereas resolving
gels were for the running of the proteins. The concentration of the gels depended on the protein of

interest, smaller proteins run better at concentrated gels. At each experiment, 2 gels were loaded

with proteins.

Table 2.10 10% Resolving Gel (for 2 gels)

(Sigma, A6050)

Reagent Name (for 2 gels) Amount
ddH20 9.3ml
1.5 M Tris (pH=8.8) 5mi
10% SDS 200 pl
30% Acrylamide/bis-acrylamide mix 5.3ml
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10% Ammonium persulfate (APS) 200 pl

N,N,N’N’-tetramethylethane-1,2-diamine 30 pl

(TEMED) (Sigma, T9281)

Table 2.11 5% Stacking Gel (for 2 gels)

Reagent Name (for 2 gels) Amount
ddH20 4.76 mi

0.5 M Tris (pH=6.8) 2 mi

10% SDS 80 pl
30% Acrylamide/bis-acrylamide mix 1060 pl

(Sigma, A6050)

10% Ammonium persulfate (APS) 80 pl

N,N,N’N’-tetramethylethane-1,2-diamine 8 ul

(TEMED) (Sigma, T9281)

2.2.5.3 Sample Loading and Gel Electrophoresis

1.5 mm glass plates were aligned with the shorter one facing inward. The potential leakage was
checked with ddH.O. Then, 10% resolving gel was poured slowly with a pipette. Isopropanol was
added to the gel immediately to prevent any bubble generation. After the resolving gel was
polymerized completely, the isopropanol was discarded and its residues were cleaned with ddHO.

Then, 5% stacking gel was poured on top of the resolving gel again with a pipette. Bubbles were
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removed with 10 pl pipette tips and a 10-wells gel comb was placed slowly to produce wells. The

gel took 15 minutes to polymerize completely.

Gels within the glass plates were removed from the gel cassettes and placed into the electrode
assembly (Mini-PROTEAN Tetra Cell Electrophoresis System, BioRad, USA). The tank was filled
with 1X running buffer (Table 2.12). 10-well combs were removed slowly not to damage protein
wells. Protein samples were loaded slowly into the wells to prevent any formation of bubbles.
PageRuler Prestained Protein Ladder (Thermo Fisher Scientific, USA, 26616) and PageRuler
Prestained Protein Ladder (Thermo Fisher Scientific, USA, 26619) were used as protein markers
and loaded as 1.5 pl into the first well and last two wells in each gel. All wells were loaded with
protein samples and/or 2X loading dye. After loading was completed, the 1X running buffer was
poured until the 4-gels line and samples were run at 90 V for 30 minutes to align all samples.
During this duration samples were expected to leave stacking gel. Then, the voltage was increased
to 120 V, and samples were run in the gel for 120 minutes at this voltage. Each sample was run at

least two times per protein of interest.

Table 2.12 10X Running Buffer (pH=8.3, 1 L)

Reagent Name Amount
250 mM Tris 30.285 g
1.9 M Glycine 144,134 g

10% SDS 100 ml
ddH20 UptollL

2.2.5.4 Transfer of Proteins
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The required equipment for the transfer system was prepared before the gel running ends. Gel
holder cassettes, 4 Whatman papers per gel holder cassette and foam pads were soaked into the 1X
Transfer buffer (Table 2.13). In the meantime, Polyvinylidene difluoride (PDVF) membranes were
also soaked into the 100% methanol for 1 minute in order to activate them. Then, membranes were
also taken into the 1X Transfer buffer after activation. Also, the sandwich system for the gel
transfer was prepared (Figure 2.3). The running time for electrophoresis was checked, and protein
markers should have been opened. The running was stopped and cassette sandwiches were opened
with gel releasers. The stacking gel was discarded and the resolving gel was carefully placed within
the gel holder cassette on top of the Whatman paper. Then, the PDVF membrane was placed, and
two Whatman papers and a sponge were followed. Then, gel holder cassettes were closed, placed
into the Mini Trans-Blot Cell Module (BioRad, CA, USA). The cooling unit was placed into the

tank, and the transfer process was conducted at +40C. It took 90 minutes at 100 V.

I sponge

[ | | papers

I, sponge

I - — ()

Figure 2.3 The sandwich blot system for the transfer of proteins.

Table 2.13 1X Transfer Buffer (2 L)

Reagent Name Amount

25 mM Tris base 69
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195 mM Glycine 289

Methanol 400 ml

ddH.0 Uptol.6L

2.2.5.5 Blocking & Primary and Secondary Antibody Incubation

In the process of transfer, blocking buffers were prepared with either 5% non-fat dry milk or 5%
bovine serum albumin (BSA) in 1X-TBS-T (Tris Buffered Saline — 3% Tween-20) (Table 2.14) in
50 ml falcons. After the transfer was ended, membranes were removed from the Trans-Blot Cell
Module system and cut into pieces according to the size of the protein of interest based on the
protein ladders. Then, they were placed into either milk or BSA solutions and left for incubation
on the shaker for 1 hour at room temperature. This blocking step was required for the elimination
of the undesired proteins from the membrane. In the meantime, primary antibodies were prepared
in 5% milk or BSA in 1X-TBS-T solutions at previously optimized concentrations. After blocking,

membranes were left for incubation with primary antibodies at +4°C overnight.

Table 2.14 10X Tris Buffered Saline (TBS) (pH=7.6, 1 L)

Reagent Name Amount
Tris base 12 ¢
NaCl 80¢g

ddH20 UptollL

In order to obtain TBS-T, this solution was diluted to 1X and 3 ml Tween-20 (Sigma, 8221841000)

was added to 1 L of 1X TBS.
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After overnight incubation with primary antibodies, membranes were washed with 1X TBS-T
several times as indicated durations in Table 2.17. Membranes were subjected to secondary
antibody incubation at room temperature for 1 hour. Then, they were again washed with 1X TBS-
T under the same conditions in Table 2.17. Therefore, membranes were ready for

chemiluminescent detection.

Table 2.15 Primary Antibodies Used in the Western Blot Experiments

Primary Company Catalog Dilution Ratio Dilution Buffer
Antibody Number
a-Gephyrin Santa Cruz sc-6411 1:1000 5% BSA in TBS-T
Biotechnology,
USA
a-GFAP Abcam, UK ab53554 1:1000 5% BSA in TBS-T
a-PSD-95 Abcam, UK ab18258 1:5000 5% milk in TBS-T
a-Synaptophysin Abcam, UK ab32594 1:10.000 5% milk in TBS-T
a-HuC Abcam, UK ab184267 1:1000 5% milk in TBS-T
a-mTOR Cell Signaling 2983S 1:5000 5% milk in TBS-T
Technology,
USA
Cell Signaling
a-p-mTOR Technology, 2974 1:2000 5% BSA in TBS-T
USA
a- TNF-a Z-Fish® AS-55383s 1:4000 5% milk in TBS-T
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a-p-S6 Cell Signaling 4858 1:1000 5% BSA in TBS-T
Technology,

USA

Cell Signaling
a-B-Tubulin Technology, 2146 1:5000 5% milk in TBS-T

USA

Table 2.16 Secondary Antibodies Used in Western Blot Experiments

Secondary Company Catalog Dilution Dilution Buffer
Antibody Number Ratio
a-goat Abcam, UK ab97100 1:5000 5% BSA in TBS-T
a-rabbit Cell Signaling
Technology, 7074 1:5000 5% milk in TBS-T
USA

Table 2.17 Membrane Washing Conditions for Western Blot Experiments

Duration 5 minutes 5 minutes 10 minutes 5 minutes 5 minutes

2.2.5.6 Chemiluminescent Detection

Supersignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Rockford,
USA, 34095) was used for the band detection. Peroxide and enhancer detection solutions were used

in a 1:1 ratio for imaging. Later, this mixture was used to cover membranes and they were left for
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incubation for 5 minutes in the dark. Membranes were visualized on the BioRad ChemiDocTM
XRS+ Imaging System (BioRad, CA, USA) on both signal accumulation and automatic exposure

modes because the exposure depended on the protein of interest.
2.2.6 Image Quantification

The quantification of images was conducted by Narin Ilgim Ardigc Avct who was blind to
experimental conditions and the order of protein samples. The obtained band intensities were
double-normalized. First, within-gel normalization was conducted by dividing the band intensity
of the protein of interest by the average band intensity of that within the same gel. Within-gel
normalization aimed to eliminate differences between technical replicas. Then, tubulin
normalization was calculated by dividing the within-gel normalized value of the protein of interest

by the within-gel normalized value of the tubulin.
Within-gel normalization: (band intensity of the protein) / (average band intensity of that protein)

Tubulin normalization: (within-gel normalized value of the protein) / (within-gel normalized

value of the tubulin)

2.3 Genotyping Experiments for tsc2*- Animals & Gene Expression Experiments for TSC2

and mTOR Mutants

The third objective was to optimize the genotyping protocol for tsc2*- mutants and to investigate

the outcomes of the genetic susceptibility for an over-active mTOR signaling.
2.3.1 Genotyping Experiments for tsc2*~ Animals

2.3.1.1 Tissue Collection for Deoxyribonucleic Acid (DNA) Extraction
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Gills from individual adult fishes were used for DNA extraction. Tissues were collected in separate
tubes during the dissection and snap-frozen immediately by using liquid nitrogen. Then, samples
were placed into the -80°C fridge. One piece of gill and/or half of the tail was enough for DNA

extraction.
2.3.1.2 DNA Extraction

This process took 2 consecutive days. On the first day, tissues were placed into the separate tubes

which were filled with 300 pl lysis buffer beforehand.

Table 2.18 DNA Extraction (Lysis) Buffer — 30 ml

Substance Amount
100 mM EDTA 3mi
1 M Tris-HCI (pH = 8.23) 3ml
2 M NaCl 3ml
10% SDS 1.5ml
ddH20 19.5 mi

Then, 3 pl proteinase k (20 mg/ml) was added to each tube, and samples were left at 55°C
incubation overnight. On the second day, samples were heated at 95°C in a heat bath for 20 minutes
for the inactivation of Proteinase K. Then, samples were centrifuged at 13.000 rpm for 20 minutes,
at +4°C. After this centrifuge, DNA remained in the supernatant so it was slowly removed into
another tube. 275 pl isopropanol was added to each sample, and another centrifuge was conducted
again at 13.000 rpm for 20 minutes, at +4°C. After this centrifuge, DNA precipitated as a white-

gel pellet at the bottom of the tube. The isopropanol supernatant part was removed slowly and DNA
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samples were washed with 500 pl, 70% ethanol. Again the centrifugation was conducted under the
same conditions and the ethanol supernatant was finally removed. The eppendorf tubes were placed
horizontally within the petri dishes for air drying, it took approximately 7-8 minutes. DNA pellets
were dissolved in 10 pl nuclease-free water by pipetting up and down on the eppendorf walls.
Finally, DNA concentrations were measured at NanoDrop™ 2000, and samples were removed to
a -20°C fridge to be used later. Some of the obtained DNA concentrations from adult fishes for the

genotyping experiments are as follows:

Table 2.19 Some of the DNA Concentrations from Adult Zebrafish Tissues for Genotyping

Sample Name DNA Concentration 260/280 Value 260/230 Value
Sample-1 115.4 1.71 1.16
Sample-2 1329.6 1.71 1.26
Sample-3 1064.1 1.83 1.58
Sample-4 280.3 1.77 1.58
Sample-5 756.6 1.76 1.66

2.3.1.3 Primers for Tuberous Sclerosis Complex 2 (TSC2) Mutant Characterization

Primers were taken from Kim et al. (2011) article, the research group that developed tsc2*

zebrafish animals [140].

Table 2.20 Primers Used for TSC2 Genotyping

Primer Name Product Final Sequence (5°-3°)

Length Concentration
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TSC2 - forward 151 bp 1uM CCAGCACCACCTGCAGTCTGG

TSC2 - reverse 151 bp 1uM CTCTTGGGCAGAGCAGAGAAGTTGG

Before usage primers were diluted as 1/10 ratio and final concentration in the reaction was finalized

as 1 uM.
2.3.1.4 Polymerase Chain Reaction (PCR)

For each sample, 25 pl PCR was prepared in 200 pl eppendorf tubes. The reagents in the reaction
included nuclease-free water, DMSO (NEB, MO0536l), the mixture of forward and reverse
primers(premix), Phusion® Hot Start Flex 2X Master Mix (NEB, M0536L), and individual DNA

for each sample.

Table 2.21 The reagents of 25 pl PCR

Reagent Name Amount for 25 ul reaction
Nuclease-free water 8.25 ul
DMSO 0.75 ul
Premix 2.5 ul
Hot Start Flex 2X Master Mix 12.5 ul
DNA 1l

At the beginning of each experiment, Master Mix which contained all reagents except DNA was
prepared. Then, 24 ul was put from Master Mix to each sample and finally, DNA was added. The
samples were placed into the thermal cycle (TC-512, Techne) under the following cycling

conditions. Annealing took 30 cycles.

Table 2.22 Thermal Cycyling Conditions for PCR

Initial Denaturation 980C — 30 seconds
Annealing 980C — 10 seconds
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700C — 30 seconds
720C — 30 seconds
720C — 10 minutes

Final Extension

After PCR experiment, samples were kept in -20°C until restriction enzyme(RE) reaction.
2.3.1.5 Restriction Enzyme (RE) Reaction

HpyCH41V(NEB, R0619L) restriction-digestion enzyme was used for this step. 30.5 ul reaction

was prepared for each sample.

Table 2.23 The reagents of 30.5 pul restriction enzyme reaction

Reagent Name Amount for 30.5 pyl Reaction
Nuclease-free water 23 ul

PCR product(individual) 4 ul
CutSmart 10X Buffer (NEB) 3 ul
HpyCH41V Enzyme (NEB) 0.5 ul

Then samples were taken into the thermal cycle (2720 Thermal Cycler, Applied Biosystems) for
the following conditions: 37°C for 40 minutes + 80°C for 15 minutes. After restriction enzyme

experiment, samples were kept in -20°C until they were loaded into the agarose gel.
2.3.1.6 Sample Preparation & Sample Loading

Both PCR and RE samples were loaded into the agarose gel. 8 pl PCR sample was mixed with 2
pl 5X DNA Loading Dye (5X DNA Loading Buffer Blue, 5400200-1000) and a 28 pl RE sample
was mixed with 7 pl dye. Afterward, samples were loaded into the agarose gel electrophoresis
together with a 1.5 pl DNA ladder (GeneRuler 100bp, Thermo Scientific, SM0243). After loading,
they were left to run for 40 minutes at 100 V by using a 1X TAE buffer. BioRad ChemiDocTM

XRS+ Imaging System (BioRad, CA, USA) was used for gel imaging.
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Table 2.24 50X TAE Buffer —1 L

Substance Amount
Trisma Base (Sigma Aldrich, 77861) 242 g
Glacial Acetic Acid (Sigma Aldrich, 64197) 57.1ml
EDTA 1869

ddH.0 UptolL

Table 2.25 2.5% Agarose Gel with EtBr

Substance Amount
Agarose (BioReagent, low EEO, 9012366) 25¢
1X TAE Buffer 100 ml
EtBr 2 ul

2.3.2 Gene Expression Experiments for tsc2*- & ztor* Animals and Wild Type Siblings

Gene expression experiments for tsc2*~ and ztor* animals together with their wild-type siblings
were conducted with very old zebrafish adults (33 months and 43 months) on gPCR. The
genotyping experiments of ztor*”- animals were conducted by Serena Sevdiye Aktiirk. On tsc2*"
animals the tuberin protein was not able to encode due to the non-sense mutation in the gene of
interest and this led to the over-active TOR signaling. On ztor* animals, TOR signaling was
suppressed due to TOR haploinsufficiency [141]. Therefore, tsc2* animals could be defined as the
accelerated aging model whereas ztor*” animals could be defined as the deaccelerated aging model.

In this experiments, 24 UM rapamycin treatment was applied to the TSC2 animals for 3 hours, and
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25 puM CuSOq treatment was applied to the ztor animals for 1 hour together with their wild-type
siblings on the previously described conditions (Section 2.2.2). After tissues were collected, brains
were split into two as the left and right hemispheres, and snap-frozen immediately. Then RNA
isolation, DNase treatment, and cDNA synthesis experiments were conducted as described
previously. Gene expression experiments were conducted on gPCR for various pro- and anti-

inflammatory markers and some autophagy markers.

2.4 Statistical Analysis

All statistical tests and data visualizations were conducted in R(4.2.0) programming language. For
gene expression experiments, diagnostic tests were applied to both fold change and log2 expression
values before the statistical analyses. Shapiro Wilk and Levene’s Tests were used to check the
normality and homogeneity of variances assumption, respectively. The majority of the genes
accorded normality and homogeneity of variances assumptions. For the long-term CuSO4 exposure
experiments, one-way ANOVA was applied if these assumptions were met. If not, the Kruskal-
Wallis test was conducted. For the short-term CuSQO4 exposure experiments, three-way ANOVA
was applied for 3 independent variables: CuSO4 dosage, the medium, and the duration of exposure.
If one of these variables was not significant, then this variable was dropped from the analysis and

two-way ANOVA was applied to investigate factors together and/or individually.

For protein expression experiments, again diagnostic tests were applied to check normality and
homogeneity of variances assumption. If these assumptions were met, one-way ANOVA was
applied for only one independent variable which was the exposed substance to animals. If these
assumptions were not met, the non-parametric alternative of one-way ANOVA which was the

Kruskal-Wallis Test was applied. The significance levels were set at p < 0.05 in all experiments.
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CHAPTER 3

Results

3.1 Gene Expression Experiments with Embryos
3.1.1 Long-Term CuSO4 Exposed Embryos

The main objective of this study was to asses the capability of CuSO4 to induce inflamatory
response in zebrafish. Therefore, we checked the gene expression levels of two pro-inflammatory
cytokines, COX-2 and IL-8, also one anti-inflammatory cytokine IL-10 in the long-term CuSO4
exposed embryos. There was no significant effect of CuSO4 dosage (F(3,20) = 0.258, p = 0.855)
on the log2 fold change values of COX-2 (Figure 3.1.1 (a)). Also, there was no significant effect

of CuSO;4 treatment (F(3,20) = 1.463, p = 0.255) on log2 fold change values of IL-8 (Figure 3.1.1

(b)).
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Figure 3.1.1: Log2 fold change values in the expression levels of two pro-inflammatory
cytokines, COX-2 and IL-8. There were no significant effects of CuSO4 dose on COX-2 (a) and
IL-8 (b). Error bars represent the 95% confidence interval. The top and the bottom of the box
represent the 25th and 75th percentiles. The line inside the box is the 50th percentile. Outliers are

represented by closed circles. (***: p< 0.001, **: p<0.01, *: p<0.05, #: p< 0.1, ns: p>0.1)

In terms of the gene expression levels of the anti-inflammatory cytokine IL-10, there was a
marginally significant effect of CuSO4 dosage (F(3,14) = 3.221, p = 0.05) on the log2 fold change
values of IL-10 (Figure 3.1.2 (a)). The difference between IL-10 log2 fold change values at 0 uM
copper treated condition (control group) and 7.5 UM treated condition was significant (p = 0.04,

95% C.I. = [0.095], [4.451]) (Figure 3.1.2 (b)).
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Figure 3.1.2: Log2 fold change values in the expression levels of the anti-inflammatory
cytokine, IL-10 (a). There was a marginally significant effect of CuSO4 dose on log2 fold change

values of IL-10. Error bars represent the 95% confidence interval. The top and the bottom of the
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box represent 25th and 75th percentiles. The line inside the box is the 50th percentile. Outliers are

represented by closed circles. (***: p< 0.001, **: p<0.01, *: p< 0.05, #: p< 0.1, ns: p>0.1)
3.1.2 Short-term CuSO4 Exposed Embryos

The long-term CuSO4 treatment was not very effective for embryos. There was higher mortality
rate and embryos were quite lethargic during the experiment. Also, methylene blue has immuno-
suppressive effects and it could prevent the generation of inflammatory response. However, adult
fishes do not need methylene blue in tank water. Therefore, an additional short-term CuSO4
exposure study has been conducted to test the effect of methylene blue and CuSO. exposure
duration on 3 dpf zebrafish embryos. In this study, we checked the gene expression levels of pro-
inflammatory cytokines COX-2, NF-«B, IL-8, IL-1pB, TNF-a and anti-inflammatory cytokines IL-

10 and TGF-p.

There was a significant effect of only CuSO4 dosage (F(1,20) = 5.079, p = 0.035) on the log2 fold
change values of COX-2 (Figure 3.1.3 (a)). There was not an interaction effect between dose and
duration and dose and medium. Also, there was a significant effect of only CuSO4 treatment
(F(1,16) = 4.649, p = 0.046) on log2 fold change values of NF-xB (Figure 3.1.3 (b)). Again, there

was not an interaction effect between dose and duration and dose and medium.
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Figure 3.1.3: Log2 fold change values in the expression levels of the pro-inflammatory
cytokines, COX-2 (a) and NF-kB (b). There was a significant effect of CuSO4 dose on log2 fold
change values of COX-2 and NF-xB. Error bars represent the 95% confidence interval. The top
and the bottom of the box represent the 25th and 75th percentiles. The line inside the box is the
50th percentile. Outliers are represented by closed circles. (***: p< 0.001, **: p< 0.01, *: p<0.05,

#: p<0.1, ns: p> 0.1)

For another pro-inflammatory cytokine IL-8, there was a statistically significant interaction
between CuSO4 dosage and duration (F(1,20) = 6.344, p = 0.02). Therefore, simple main effect
analysis showed that 10 uM CuSO4 treatment had a significant effect on IL-8 fold change log2
values on 4 hours treated condition (F(1,10) = 51.7, p < 0.001) (Figure 3.1.4 (a)). Also, 10 uM
CuSO4 treatment had a significant effect on IL-8 fold change log2 values on 24 hours treated

condition (F(1,10) = 6.124, p = 0.03) (Figure 3.1.4 (b) & Figure 3.1.5).
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Figure 3.1.4: Log2 fold change values in the expression levels of the pro-inflammatory
cytokine IL-8 on 4 hours treated condition (a) and 24 hours treated condition (b). There was
a significant effect of CuSO4 dose on log2 fold change values of IL-8 in both conditions. Error bars
represent the 95% confidence interval. The top and the bottom of the box represent the 25th and
75th percentiles. The line inside the box is the 50th percentile. Outliers are represented by closed

circles. (***: p<0.001, **: p< 0.01, *: p< 0.05, #: p< 0.1, ns: p>0.1)
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Figure 3.1.5: Log2 fold change values in the expression levels of the pro-inflammatory
cytokine IL-8 (a). IL-8 log2 fold change levels increase earlier upon the exposure of CuSO4
(b). There was a significant effect of CuSO4 dose on log2 fold change values of IL-8 in both
conditions. Error bars represent the 95% confidence interval. The top and the bottom of the box
represent the 25th and 75th percentiles. The line inside the box is the 50th percentile. Outliers are

represented by closed circles. (***: p< 0.001, **: p< 0.01, *: p< 0.05, #: p< 0.1, ns: p> 0.1)

For another pro-inflammatory cytokine IL-1p, there was a statistically significant interaction
between CuSOs4 dosage and medium (with or without methylene blue) (F(1,20) = 5.944, p = 0.024).
Therefore, simple main effect analysis showed that 10 uM CuSO4 treatment had a significant effect
on IL-1p fold change log2 values on without methylene blue treated condition (F(1,10) = 16.29, p
< 0.01) (Figure 3.1.6 (a)). On the other hand, 10 uM CuSOQ4 treatment did not have a significant
effect on IL-1p fold change log2 values on with methylene blue treated condition (F(1,10) =0.112,

p = 0.745) (Figure 3.1.6 (b)).
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Figure 3.1.6: Log2 fold change values in the expression levels of the pro-inflammatory
cytokine IL-1p on treatment without methylene blue condition (a) and on treatment with
methylene blue condition (b). There was a significant effect of CuSO4 dose on log2 fold change
values of IL-1p on treatment without methylene blue condition. Error bars represent the 95%
confidence interval. The top and the bottom of the box represent the 25th and 75th percentiles. The
line inside the box is the 50th percentile. Outliers are represented by closed circles. (***: p< 0.001,

¥ p<0.01, *: p< 0.05, #: p< 0.1, ns: p>0.1)
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Figure 3.1.7: Log2 fold change values in the expression levels of the pro-inflammatory
cytokine IL-1p (a). IL-1p log2 fold change levels increase significantly only on the without
methylene blue treatment condition upon the exposure of CuSQOs (b). Error bars represent the 95%
confidence interval. The top and the bottom of the box represent the 25th and 75th percentiles. The
line inside the box is the 50th percentile. Outliers are represented by closed circles. Nometh:
without methylene blue, meth: with methylene blue. (***: p< 0.001, **: p<0.01, *: p< 0.05, #: p<

0.1, ns: p>0.1)

For pro-inflammatory cytokine TNF-a there was not a significant effect of CuSO4 dosage (F(1,17)
= 1.624, p = 0.219), duration of the treatment (F(1,17) = 1.117, p = 0.305) and the medium
condition (F(1,17) = 0.767, p = 0.393) on the log2 fold change values of TNF-a (Figure 3.1.8).

There was not an interaction effect between dose and duration and dose and medium.
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Figure 3.1.8: Log2 fold change values in the expression levels of the pro-inflammatory
cytokine, TNF-a. There was not a significant effect of CuSOa4 dose on log2 fold change values of
TNF-a. Error bars represent the 95% confidence interval. The top and the bottom of the box
represent the 25th and 75th percentiles. The line inside the box is the 50th percentile. Outliers are

represented by closed circles. (***: p< 0.001, **: p<0.01, *: p<0.05, #: p<0.1, ns: p>0.1)

In terms of anti-inflammatory cytokine IL-10, there was a statistically significant interaction
between CuSO4 dosage and treatment duration (F(1,17) = 9.329, p = 0.007). Therefore, simple
main effect analysis showed that 10 uM 4 hours CuSOs treatment did not have a significant effect
on IL-10 fold change log2 values (F(1,9) = 0.306, p = 0.594) (Figure 3.1.9 (a)). On the other hand,
10 uM 24 hours CuSOs treatment had a significant effect on IL-10 fold change log2 values (F(1,8)

= 31.48, p < 0.001) (Figure 3.1.9 (b)).
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Figure 3.1.9: Log2 fold change values in the expression levels of the anti-inflammatory
cytokine IL-10 on CuSO4 treatment for 4 hours (a) and 24 hours (b). There was a significant
effect of CuSO4 dose on log2 fold change values of IL-10 only on 24 hours treatment condition.
Error bars represent the 95% confidence interval. The top and the bottom of the box represent the
25th and 75th percentiles. The line inside the box is the 50th percentile. Outliers are represented

by closed circles. (¥**: p< 0.001, **: p< 0.01, *: p< 0.05, #: p< 0.1, ns: p>0.1)
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Figure 3.1.10: Log2 fold change values in the expression levels of the anti-inflammatory
cytokine 1L-10 (a). IL-10 log2 fold change levels increase significantly only on the 24 hours
treated condition upon the exposure of CuSOg (b). Error bars represent the 95% confidence interval.
The top and the bottom of the box represent the 25th and 75th percentiles. The line inside the box
is the 50th percentile. Outliers are represented by closed circles. (***: p<0.001, **: p<0.01, *: p<

0.05, #: p< 0.1, ns: p> 0.1)

Another anti-inflammatory cytokine TGF-p, there was not a significant effect of CuSO4 dosage
(F(1,17) = 0.00, p = 0.998), duration of the treatment (F(1,17) = 0.858, p = 0.367) and the medium
condition (F(1,17) = 2.104, p = 0.165) on the log2 fold change values of TGF-p (Figure 3.1.11).

There was not an interaction effect between dose and duration and dose and medium.
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Figure 3.1.11: Log2 fold change values in the expression levels of the anti-inflammatory
cytokine, TGF-$. There was not a significant effect of CuSO4 dose on log2 fold change values of
TGF-B. Error bars represent the 95% confidence interval. The top and the bottom of the box
represent the 25th and 75th percentiles. The line inside the box is the 50th percentile. Outliers are

represented by closed circles. (***: p< 0.001, **: p<0.01, *: p<0.05, #: p<0.1, ns: p>0.1)
3.2 Protein Expression Experiments with Very Old (38 months) Adult Zebrafish

The second aim of this thesis is to assess the effect of the acute inflammatory response which was
caused by copper on mTOR signaling and the synaptic integrity response in the course of
neuroinflammation in very old (38 months) adult male and female zebrafish. Also, the inhibitory

capacity of rapamycin in terms of mTOR signaling and neuroinflammation has been investigated.

3.2.1 Changes in mTOR Pathway Markers (*)

Our results showed that there was not a statistically significant difference between mTOR protein

expression (F(3,12) = 0.563, p = 0.65) (Figure 3.2.1(a)), p-mTOR protein expression (F(3,12) =
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0.02, p = 0.996) (Figure 3.2.1(b)) upon CuSO4 and RAPA treatment. Similarly, the ratio of p-
mTOR to mTOR was not significant (F(3,12) = 0.182, p = 0.907) (Figure 3.2.1(c)). However, there
was a significant difference between protein expression level of p-S6, specifically rapamycin
treatment after CuSO4 exposure significantly down-regulated p-S6 levels (F(3,12) = 7.274, p =

0.004) (Figure 3.2.1(d)).
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Figure 3.2.1 Changes in the expression levels of mMTOR, p-mTOR, p-mTOR/mTOR and p-S6
proteins in response to CuSO4 and RAPA treatment in very old (38 months old) animals.
MTOR, p-mTOR and p-mTOR / mTOR levels (a), (b), (c) are stable among the treatment groups
whereas RAPA treatment after CuSO4 exposure significantly down-regulates p-S6 levels (d). The
double-normalized mean band intensity values are given in arbitrary units. Error bars represent the
95% confidence interval. The top and the bottom of the box represent the 25th and 75th percentiles.
The line inside the box is the 50th percentile. Outliers are represented by closed circles. DMSO:
DMSO treated control group, Cu: CuSOs treated group, Cu+RAPA: CuSO4 and rapamycin treated

group, RAPA: rapamycin treated group. (***: p< 0.001, **: p<0.01, *: p<0.05)
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Figure 3.2.2 Representative western blots for mTOR, p-mTOR, p-S6 and p-tubulin. The
bands at approximately 289 kDa correspond to mTOR and its phosphorylated version. The bands
at 55 kDa correspond to B-tubulin. DMSO: DMSO treated control group, Cu: CuSQOa4 treated group,

Cu+RAPA: CuSO4 and rapamycin treated group, RAPA: rapamycin treated group
3.2.2 Changes in Synaptic Integrity / Neuronal Markers

Our results showed that there was not a statistically significant difference between gephyrin protein
expression (F(3,10) = 0.793, p = 0.525) (Figure 3.2.3(a)), PSD-95 protein expression (F(3,11) =
1.095, p =0.392) (Figure 3.2.3(b)) and the ratio of PSD-95 to gephyrin was not significant (F(3,11)

=0.207, p = 0.889) (Figure 3.2.3(c)).
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Figure 3.2.3 Changes in the expression levels of gephyrin, PSD-95 and PSD-95/gephyrin
proteins in response to CuSO4 and RAPA treatment in very old (38 months old) animals.
PSD-95, gephyrin and PSD-95 / gephyrin levels (a), (b), (c) are stable among the treatment groups.
The double-normalized mean band intensity values are given in arbitrary units. Error bars represent
the 95% confidence interval. The top and the bottom of the box represent the 25th and 75th
percentiles. The line inside the box is the 50th percentile. Outliers are represented by closed circles.
DMSO: DMSO treated control group, Cu: CuSQOg4 treated group, Cu+RAPA: CuSO4 and rapamycin

treated group, RAPA: rapamycin treated group. (***: p< 0.001, **: p< 0.01, *: p< 0.05)
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Figure 3.2.4 Representative western blots for gephyrin, PSD-95, and p-tubulin. The bands at
approximately 93 kDa correspond to gephyrin. The bands at 95 kDa correspond to PSD-95. The
bands at 55 kDa correspond to B-tubulin. DMSO: DMSO treated control group, Cu: CuSOg treated

group, Cu+RAPA: CuSO4 and rapamycin treated group, RAPA: rapamycin treated group

Also, SYN (F(3,12) = 1.128, p = 0.377) (Figure 3.2.5(a)), HuC (F(3,11) = 0.401, p = 0.755) (Figure
3.2.5(b)) and GFAP (F(3,10) = 2.813, p = 0.094) (Figure 3.2.5(c)) levels are mostly stable upon

CuS0O4 and RAPA treatment.
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Figure 3.2.5 Changes in the expression levels of SYN, HuC and GFAP proteins in response

to CuSO4 and RAPA treatment in very old (38 months old) animals. SYN, HuC and GFAP
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levels (a), (b), (c) are stable among the treatment groups. The double-normalized mean band
intensity values are given in arbitrary units. Error bars represent the 95% confidence interval. The
top and the bottom of the box represent the 25th and 75th percentiles. The line inside the box is the
50th percentile. Outliers are represented by closed circles. DMSO: DMSO treated control group,
Cu: CuSOq treated group, Cu+RAPA: CuSO4 and rapamycin treated group, RAPA: rapamycin

treated group. (***: p< 0.001, **: p< 0.01, *: p< 0.05)
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Figure 3.2.6 Representative western blots for SYN, HuC, GFAP and g-tubulin. The bands at
approximately 38 kDa correspond to SYN, 40 kDa correspond to HuC and 48 kDa correspond to
GFAP. The bands at 55 kDa correspond to B-tubulin. DMSO: DMSO treated control group, Cu:

CuSOq treated group, Cu+RAPA: CuSO4 and rapamycin treated group, RAPA: rapamycin treated

group
3.2.3 Changes in Inflammatory Markers (*)

Our results showed that there was not a significant difference upon CuSO4 and rapapmycin
treatment for IL-6 protein expression (H(3) = 2.404, p = 0.492) (Figure 3.2.7(a)) and TNF-a. protein

expression (F(3,11) = 2.027, p = 0.168) (Figure 3.2.7(b)).
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Figure 3.2.7 Changes in the expression levels of IL-6 and TNF-a in response to CuSOs and
RAPA treatment in very old (38 months old) animals. SYN, HuC and GFAP levels (a), (b) are
stable among the treatment groups. The double-normalized mean band intensity values are given

in arbitrary units. Error bars represent the 95% confidence interval. The top and the bottom of the
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box represent the 25th and 75th percentiles. The line inside the box is the 50th percentile. Outliers
are represented by closed circles. DMSO: DMSO treated control group, Cu: CuSOs treated group,
Cu+RAPA: CuSO4 and rapamycin treated group, RAPA: rapamycin treated group. (¥***: p<0.001,
**: p<0.01, *: p<0.05)
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Figure 3.2.8 Representative western blots for IL-6, TNF-a and B-tubulin. The bands at
approximately 20 kDa correspond to IL-6, 17 kDa correspond to TNF-o. The bands at 55 kDa
correspond to B-tubulin. DMSO: DMSO treated control group, Cu: CuSOs treated group,

Cu+RAPA: CuSO4 and rapamycin treated group, RAPA: rapamycin treated group
3.3 Genotyping Experiments with Tuberous Sclerosis Complex 2 (tsc2*") Adult Zebrafish

In order to understand wild-type (WT) and heterozygote adult fishes, both PCR and restriction
enzyme digested (RE) products are loaded into the agarose gel in each experiment. PCR products
are expected to give bands at 151 base pair (bp). The HpyCH4IV (NEB) restriction enzyme
recognizes the DNA sequence for the WT allele so it provides efficient cut for WT animals. Since
heterozygote animals have two alleles, one of them is WT allele and the other one is the mutant

allele, heterozygote animals can not produce efficient cuts upon RE treatment. Therefore, wild-
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type restriction enzyme (WT-RE) products give cut results at 120 bp and 30 bp while heterozygote

animals give inefficient cut results at 151 bp, 120 bp and 30 bp.

heterozygote WT WT
ONAGdE g T WLRE

200 bp

a Y

’ R RE PCR RE

’ PCR RE WTPCR RE PCR
100 bp
Figure 3.3.1 The representative agarose gel image of tsc2* adult zebrafish genotyping. All

PCR products give bands at 151 bp. WT-RE products give efficient cut results at 120 bp and

heterozygote-RE products give cut results at 151 bp and 120 bp.

3.4 Gene Expression Experiments with tsc2*- Old Adults and Their WT Siblings with

Rapamycin Treatment

Old tsc2*" adults are treated with rapamycin for 3 hours together with their wild type siblings. Our
results demonstrated that there was not a significant difference between rapamycin treated mutant
(heterozygote) and wild-type old adult fishes on fold change values of two pro-inflammatory
cytokines, COX-2 (t(4) = 0.157, p = 0.882) (Figure 3.4.1(a)) and TNF-a (t(4) = -0.44, p = 0.682)

(Figure 3.4.1(b)).
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Figure 3.4.1: Log2 fold change values in the expression levels of the two pro-inflammatory
cytokines, COX-2 and TNF-a. There was not a significant effect of animal type on fold change
values. Error bars represent the 95% confidence interval. The top and the bottom of the box
represent the 25th and 75th percentiles. The line inside the box is the 50th percentile. Outliers are

represented by closed circles. (***: p< 0.001, **: p< 0.01, *: p< 0.05, #: p< 0.1, ns: p>0.1)

Also, there was not a significant difference between rapamycin treated mutant (heterozygote) and

wild-type old adult fishes on fold change values of autophagic marker Ic3b (t(4) = 0.425, p = 0.693)

(Figure 3.4.2).
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Figure 3.4.2: Fold change values in the expression levels of the Ic3b. There was not a significant
effect of animal type on fold change values. Error bars represent the 95% confidence interval. The
top and the bottom of the box represent the 25th and 75th percentiles. The line inside the box is the
50th percentile. Outliers are represented by closed circles. (***: p< 0.001, **: p< 0.01, *: p<0.05,

#: p<0.1, ns: p>0.1)

3.5 Gene Expression Experiments with ztor*- Old Adults and Their WT Siblings with CuSO4

Treatment

Old ztor*” adults are treated with CuSO4 for 1 hour together with their wild type siblings. The
results showed that there was not a significant difference between CuSO. treated mutant
(heterozygote) and wild-type old adult fishes on fold change values of two pro-inflammatory
cytokines, COX-2 (t(4) = -1.27, p = 0.273) (Figure 3.5.1(a)) and TNF-a (t(4) = -0.974, p = 0.385)

(Figure 3.5.1(b)).
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Figure 3.5.1: Fold change values in the expression levels of the two pro-inflammatory
cytokines, COX-2 and TNF-a. There was not a significant effect of animal type on fold change
values. Error bars represent the 95% confidence interval. The top and the bottom of the box
represent the 25th and 75th percentiles. The line inside the box is the 50th percentile. Outliers are

represented by closed circles. (***: p< 0.001, **: p< 0.01, *: p< 0.05, #: p< 0.1, ns: p>0.1)

There was a significant difference between CuSO, treated mutant (heterozygote) ztor and wild-

type old adult fishes on fold change values of autophagic marker Ic3b (t(4) = -3.141, p = 0.03)

(Figure 3.5.2).
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Figure 3.5.2: Fold change values in the expression levels of the Ic3b. There was a significant
effect of animal type on fold change values. Wild type animals have higher Ic3b gene expression
level than mTOR heterozygote animals. Error bars represent the 95% confidence interval. The top
and the bottom of the box represent the 25th and 75th percentiles. The line inside the box is the

50th percentile. Outliers are represented by closed circles. (***: p<0.001, **: p<0.01, *: p<0.05,

#: p<0.1, ns: p>0.1)
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CHAPTER 4

Discussion

The free radical/oxidative stress theory of aging indicates mechanisms of aging throughout the
regular aging process. Increased mTOR signaling activation, dysfunctional autophagy, upregulated
NLRP3/NALP3 inflammasome and elevated NF-kB pathway function constitute the “oxy-
inflammaging” status of the organism. This study investigated some aspects of the “oxy-
inflammaging” process on neuroinflammatory and mTOR pathway response levels on both wild-

type and mutant zebrafish by utilizing CuSO4 as an inflammation-stimulating agent.
4.1 The Response of Embryos to Inflammation

The embryo part of the research was conducted to investigate the inflammatory capacity of CuSO4
in zebrafish. CuSO4 has strong implications in terms of ROS production within the organism due
to the Fenton reaction [124]. The first part of the embryo study involves long-term (4 days) CuSO4
treatment with 3 dpf embryos with different concentrations. Two pro-inflammatory cytokines
COX-2 and IL-8 gene expression levels did not increase whereas the anti-inflammatory cytokine
IL-10 level upregulated in response to CuSOs. In short-term (4 hours and 24 hours) CuSOg4
treatment, COX-2 and, NF-kB gene expression levels also increased together with upregulating IL-
10 level only during the 24 hours treated condition. This shows that the anti-inflammatory response
may have started later than the pro-inflammatory response and late increased levels of IL-10 may

act as a suppressor for pro-inflammatory cytokines in the long-term treated condition.

Another pro-inflammatory cytokine IL-8 gene expression level increased earlier. The gene

expression levels of IL-8 were higher in the 4 hours treated condition compared to the 24 hours
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treated condition. This would be due to the relation between IL-8 and the recruitment of
neutrophils. Neutrophils are one of the hallmarks of acute inflammation, they initiate early immune
responses in the case of inflammation. I1L-8 cytokine is responsible for the recruitment and the
activation of neutrophils [142]. Therefore, IL-8 may act as an activator for neutrophils through

early increasing levels.

Another pro-inflammatory cytokine IL-1p level upregulated only in the without methylene blue
condition for embryos. This would explain the anti-inflammatory feature of methylene blue [137].
Interestingly, IL-1p involves in the activation of many cytokines such as IL-6 and TNF-a through
various intracellular signaling events; mitogen-activated protein kinases (MAPKS) / activator
protein -1 (AP-1) and IKK / IKB / NF-«kB [143]. Also, in one study, reversine which has antitumor
effects has suppressed IL-1p and caused JNK / AP-1 activation and ROS production [144]. IL-1
can act as a master regulator for the initiation of inflammatory responses through various signaling
pathways. More research is needed to understand the relation between IL-1B and these

inflammatory kinases.

Another pro-inflammatory cytokine, TNF-a levels were stable in response to short-term CuSO4
treatment. TNF-a expression may be dependent on the activation of other cytokines especially anti-
inflammatory cytokines for example IL-10. In one study, IL-10 suppressed TNF-o and IL-1f
cytokines at the protein level on the activated microglial cells with amyloid-beta plaques [145].
The presence of astrocytes can also affect the expression of related cytokines and so TNF-a levels

[146].

4.2 The Response of Very Old Adults to Inflammation
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The adult study aimed to investigate the effect of the acute inflammatory response caused by copper
on mTOR signaling, the modulation of synaptic integrity, and the inhibitory capacity of rapamycin
in the course of neuroinflammation in very old adult male and female zebrafish. In the results, the
p-S6 protein level was significantly downregulated on rapamycin exposure after CuSO4 treatment.
mTOR signaling pathway has many downstream targets and p-S6 is one of those. Therefore,
rapamycin can be regarded as an effective substance to partially inhibit mTOR activity. The direct
suppression of mTOR activity can be detected through the suppression of mTOR
autophosphorylation which is the decrease of p-mTOR protein expression. However, p-mTOR
levels are generally stable across the treatment groups. In another study, the age-dependent effects
of rapamycin treatment were observed as well, mTOR activity inhibition was only seen in young
adult zebrafish in response to the rapamycin treatment [26]. mTOR has two complexes: mTORC1
and mTORC?2, although rapamycin is more effective in mTORCI, it also downregulates mTORC2
activity [147]. On the other hand, mTORC2 activity increases robustly in the course of aging, so
in our study mTORC2 levels may be upregulated further to compensate rapamycin-induced
mTORCI inhibition in very old animals [148]. Therefore, the inhibitory effect of rapamycin may

not be present in these animals.

In terms of synaptic integrity and other neuronal markers, there was not a statistically significant
difference across treatment groups. PSD-95 and GEP are important post-synaptic scaffolding
proteins for the maintenance of the excitatory/inhibitory balance of the brain. At an advanced age,
this balance may be disrupted toward a more inhibitory state. Therefore, the brain may try to
increase PSD-95 protein levels to reach a more excitable state in to compensate for this imbalance.
However, CuSO4 and rapamycin treatment in old age may damage this compensatory mechanism

through more stable scaffolding protein levels.
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Although GFAP is mostly known to be a marker of reactive astrocytes, it is also important for
neural stem cells and progenitor cells [149]. Although not significant, GFAP levels were
downregulated after CuSO4 exposure. Neurogenesis is known to be heavily dysregulated in the
advanced age [150] and the neuroinflammatory status of the brain contributes to this through
increased chemokine and cytokine production [151]. Exposure to the inflammatory stimulating
agent at an advanced age may damage the neurogenesis potential of the brain and short-term
rapamycin treatment is not effective to rescue this damage. Similarly, HuC is an indicator of
immature neurons and has implications for neural determination. In the developmental trajectory
of the brain, GFAP is expressed earlier than the HuC since the former regulates neuronal precursor
cells whereas the latter regulates immature neurons. Our results indicated that HuC levels were
also mostly stable. Longer CuSO4 and/or rapamycin treatments may slightly change HuC levels as

well.

In terms of inflammatory markers, we did not observe any significant difference across treatment
groups for both IL-6 and TNF-a. This could be explained by the ceiling effect in very old animals.
These adult zebrafish which are used in the experiments are 38 months old, CuSQO4 treatment may
not change their inflammatory status because they could have already reached an inflammatory
status. Although not significant, rapamycin treatment after CuSO4 treatment slightly rescues TNF-
a inflammatory response. This may indicate that rapamycin may act more effectively when there

is a robust inflammation within the brain.

Also, the effectiveness of CuSO4 within the tank water would be an issue. These animals were
treated with 25 pM CuSOs in tank water for 1 hour. At the beginning of the treatment, they were
not lethargic and maintained usual swimming patterns. However, they started to swim at the bottom

of the tank and their movements were slower towards the end of the treatment. Therefore, the
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duration and dosage of the copper could be regarded as efficient but direct cerebral ventricular

injection (CVMI) to the zebrafish brain would be another option.
4.3 The Response of Very Old tsc2* & ztor*- Adults to Inflammation

The third objective of this thesis was to characterize TSC2 heterozygote mutants (tsc2*")
genotypically. TSC2 animals were imported from abroad and they have been bred both incross and
outcross methods in the Bilkent University Zebrafish Facility. During breedings, homozygote
embryos died at 11 dpf at most due to lack of swim bladders. Since we are mainly interested in
outcomes related to the mTOR signaling in the course of aging, it was important for us to optimize

the characterization protocol for tsc2*" adults.

TSC2 mutants (tsc2*") were originally developed by Kim et al. (2011) through the Targeting
Induced Local Lesions in Genomes (TILLING) technique [140]. This technique is quite beneficial
to induce point mutations by using denaturing and reannealing pre-amplified PCR products [152].
This non-sense point mutation induces a C3087 to A transversion within the genome and causes
the loss of function on the gene of interest which encodes the tuberin protein. Also, this mutation
eradicates the cutting site by the HpyCH4IV restriction enzyme which works effectively on the
WT allele. Therefore, we could see efficient enzyme cuts for WT animals and non-efficient cuts

for the mutant animals in the results.

TSC2 mutation induces a non-sense mutation which causes the loss of function for the TSC2 gene
which encodes tuberin. This protein forms complexes with the hamartin protein which is encoded
by the TSC1 gene and this complex suppresses the G protein Rheb. Rheb is known as an enhancer

for the target of rapamycin (TOR) kinase. TOR Kinase is evolutionarily conserved in humans, mice,
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and Drosophila [140]. Therefore, the TSC1-TSC2 complex works as a negative regulator of the

mTOR signaling.

As mentioned previously, the TOR pathway has important modulatory roles in cell growth,
proliferation, and the development of some immune responses. This pathway involves two protein
complexes TORC1 and mTORC2. The former one contains Raptor protein and rapamycin is an
effective inhibitor for it. However, mTORC2 involves Rictor protein and rapamycin is not a useful
suppressor [140]. In the light of this information, when the TSC1-TSC2 complex does not work
adequately to suppress the mTOR pathway in a heterozygote mutant model, rapamycin would be

useful to suppress mTORCL1 signaling.

Additionally, ztor*" animals have been developed by Ding et al. (2011) and their maintenance and
breeding are being conducted at Bilkent University Zebrafish Facility. These animals were
generated through an insertional mutagenesis screen to cause TOR haploinsufficiency. Therefore,
TOR signaling is inhibited and an effective inflammatory stimulator for example CuSO4 could be

useful to activate mTORC1 signaling in these mutants in the course of aging [141].

The final objective of this thesis was to investigate whether rapamycin treatment would be effective
in rescuing the over-active mTOR pathway in tsc2*"- animals and whether CuSO4 treatment would
be useful to reverse the less-active mTOR pathway in ztor*” animals. In other words, we tried to
investigate the possibility of chemical interventions to reverse inflammatory responses in animals
that have a genetic susceptibility. On the results for tsc2*"old animals, we did not see a statistically
significant difference between WT and heterozygote animals that were treated with rapamycin on
the gene expression levels of COX-2, TNF-o and Lc3b. For tsc2* old animals, rapamycin would
suppress the over-active mTOR signaling as expected so both WT and heterozygote animals could

show similar neuroinflammatory and autophagic responses. However, non-treated WT and tsc2*"
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animals from the same cohort should be treated for a better comparison. On the results for ztor+/-
old animals, again we did not see a significant difference between WT and heterozygote animals
that were treated with CuSO4 on the gene expression levels of COX-2 and TNF-a. On the other
hand, the Ic3b gene expression level was significantly higher in the copper-treated WT animals.
Lc3b is among the prominent markers of autophagy and the suppression of the mTOR pathway
leads to the increased autophagy and Lc3b expression [153], [154]. As a response to short-term
copper treatment, WT animals could have needed more effective coping mechanisms for this robust
inflammation so they could have increased the autophagy response. However, old ztor*" animals
could have already reached an autophagy potential due to less-active mTOR signaling so CuSO4
treatment would not have been an effective autophagic signal for them. Aging could also be a
modulatory factor in these responses. mTOR signaling has been suppressed efficiantly in young
animals rather than the old animals in the previous research [26], so we should further check young

and non-treated animals as well.
4.4 Changes in Cognitive Functioning In the Course of Aging

The importance of this study can also be evaluated in terms of the changes in cognitive functioning
during aging. The neuroinflammatory status of the brain may lead to cognitive dysfunctionalities,
especially at an advanced age. Many cognitive and executive functions including different types of
learning, attention, memory comprehension, and higher-order executive tasks are appear to be
affected by aging [31]. Memory is one of the cognitive functions that gain attention in aging-related
cognitive functioning studies. Memory is a comprehensive construct and is generally divided into
many subgroups such as short-term, long-term, episodic, and semantic memory. Different brain
regions affect the execution of different memory procedures. Therefore, these cognitive functions

may not react to aging in the same manner. In working memory, older adults generally exhibit a
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lower performance compared to younger adults. Also, neuroimaging studies have shown that
different regions in the prefrontal cortex(PFC) are recruited depending on age. However, the
execution of working memory requires many components such as organization of the information,
inhibition of the unrelated content, and control of the information flow. These factors also influence

the working memory ability in aging[32].

In long-term memory, elderly people often believe that episodic memory which is related to the
previously acquired memories in one’s life is not affected by aging. This assumption can be
partially true, especially for older memories. However, elderly people have difficulty in
remembering the source of the memory compared to younger people [33] which again indicates an

important distinction related to aging.

Memory, decision-making and other related executive control functions mainly rely on the PFC
recruitment and neuroimaging studies have shown that there is a significant decline in the volume
of PFC in older people[34]. PFC is the mainly responsible brain region behind these functions and
can provide various outcomes depending on the age. These age-dependent alterations are not
independent of each other, for both basic and higher-order cognitive functions. For example, in one
study, aging-associated declines are observed in a motor learning task in mice and the confinement

factor is related to explicit memory ability [35] which also decreases in the course of aging [32].

To understand the interaction between the neuroinflammation and cognitive functions in zebrafish,
more research is needed by combining neuroimaging and behavioral studies. Conditioned place
preference (CPP) and aversion paradigms would be useful behavior assessment tools and can

provide important outcomes for the zebrafish brain.
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CHAPTER 5

Conclusions and Future Prospects

In this study,we showed that copper sulfate is an efficient inflammatory reagent at both gene and
protein expression levels. In embryos, the inflammatory status was quite straightforward with early
increasing pro-inflammatory cytokines and later increasing anti-inflammatory cytokine. Also, the
duration of the copper treatment affected the gene expression levels of cytokines. In adults, the age
effect was robust in comparison to the embryos. Copper sulfate treatment did not cause a direct
inflammatory response in very old animals possible due to the already elevated inflammatory status
of the brain. Nevertheless, rapamycin treatment after copper exposure was successful in the
suppression of p-S6 protein expression which is among the important downstream targets of mTOR
signaling. This showed that copper can induce an over-active mTOR signaling pattern and
rapamycin can reduce this response even in the elevated inflammation. In terms of synaptic
integrity and other neuronal markers, we showed that copper sulfate also can inhibit neural

progenitors and affect neurogenesis.

The genotypic characterization of tsc2* adults was achieved through the HpyCH4IV restriction
enzyme for the adults. This mutant model would provide useful insights into the interaction
between neuroinflammation and mTOR signaling through the over-active mTOR pathway.
Similarly, ztor*" adults would represent a deaccelerated aging model through less-active mTOR.
We only observed significant result between WT and heterozygote animals on gene expression
levels of Lc3b, and this would indicate that mTOR signaling has strong implications on autophagic

response.
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This study has some limitations and future research could eliminate them. First of all, the sample
size for each treatment group in the adult study can be increased. There were some decreasing and
increasing trends, especially in the protein expression levels of TNF-a and GFAP. These results
could be significant by adding more animals. The usage of only very old animals is another
limitation. The effect of rapamycin has been more evident in young rather than old animals. Also,
the effectiveness of copper may not be enough to trigger an inflammatory response in very old
animals since their brains may have already an inflammatory status. The inclusion of young and
middle-aged animals would provide valuable insights in terms of neuroinflammatory progress.
Although this study includes both male and female adult animals, sexually dimorphic responses
have not been investigated. The development of neuroinflammation may occur differently between
males and females so this kind of analysis should be conducted by adding more animals to the
study. The inflammatory and autophagic responses could be detected within different brain regions
through immunohistochemical methods such as the bromodeoxyuridine (BrdU) assay. The
telencephalon region of the zebrafish brain is mainly responsible for the age-related
neurobiological changes so this method would provide comprehensive outcomes. Also, changes in
MRNA levels which are indicated by the gene expression do not always reflect the alterations
within proteins. Post-translational modifications after mRNA synthesis change the levels of the
protein expression. Therefore, gPCR results may not reflect the protein expression results. Related
post-translational modifications and their effects onto the protein expression can be investigated as

further study.

Consequently, this study showed that the modulation of neuroinflammatory responses occurs in an

age-specific manner and genetic interventions via mutant models on the mTOR signaling pathway
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would give comprehensive outcomes to understand the inflammatory profile of the brain in the

course of aging.
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