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ABSTRACT

ABSTRACT

Lipid droplets (LDs), lipid-storing organelles containing neutral lipids such as glycerolipids
and cholesterol, are increasingly accepted as structural markers of inflammation. The nuclear
paraspeckle assembly transcript 1 (NEATT), a long non-coding RNA with over 200
nucleotides, exerts an indispensable impact on regulating autophagy and LDs accumulation
in multiple neurological disorders. Interestingly, autophagy can modulate LDs accumulation
as well. However, the knowledge about how NEAT1 modulates the formation of LDs in
stroke is limited. In this study, primary microglia were isolated and identified from newborn
mice. Then an in vitro oxygen-glucose deprivation and reperfusion (OGD/R) model was
established, and qRT-PCR and immunofluorescence were employed to identify
that NEAT1 and LDs were significantly increased in microglia after exposure to OGD/R.
To further explore the mechanism, an antisense oligonucleotide (ASO NEAT1) was adopted
to silence NEAT1 in microglia. It was observed that LD formation and autophagy-related
protein LC3 were repressed, as exhibited in immunofluorescence and western blot analyses,
respectively. Similarly, real-time PCR demonstrated the same observation on LD marker
PLIN2, as well as signaling cascades related to autophagy (Atg3, Atg5, Beclin1, and STAT3).
Additionally, 3-methyladenin (3-MA) and rapamycin (RAPA) were used to inhibit or activate
autophagy, in turn, to illustrate the interaction between autophagy and LD accumulation.
RAPA reversed the down-regulated LD accumulation and PLIN2 expression patterns
induced by ASO NEAT1 under OGD/R conditions in microglia via immunofluorescence
and western blot, whereas 3-MA promoted these effects. This thesis provides insight
into NEAT1 knockdown as a potential novel treatment option for stroke by alleviating

autophagy and further suppressing LDs.

VII



Introduction

1. Introduction

1.1. Stroke
Stroke is a major high-risk disease in global public health affecting human health and

threatening life worldwide. The disability caused by stroke imposes a huge burden on families
and society (Donnan et al. 2008). Every 40 seconds, someone gets a stroke. The disease
influences roughly 13.7 million people and causes approximately 5.5 million deaths annually.
There are two kinds of stroke, either ischemia or hemorrhage (0. Autor 2019). A hemorrhagic
stroke occurs due to the rupture of a blood vessel inside the brain. Ischemic stroke, the main
kind of stroke accounting for about 85% of all strokes, is characterized by stenosis or
occlusion of an artery, leading to hypoxia and insufficient nutrient supply to the brain, which
finally results in neuronal damage. Common signs and symptoms of stroke often include
aphasia, hemiparesis, hemispatial neglect, hemianopia, reduced levels of consciousness,
headache, and diplopia (Musuka et al. 2015). Statistically, age and gender have a higher risk
of experiencing a stroke (Barthels und Das 2020). Treating vascular occlusion usually
involves reperfusion and rapid blood flow restoration. Years of research have found that
ultra-early intravenous thrombolysis with recombinant tissue-type plasminogen activator (rt-
PA) or mechanical thrombectomy via surgery is the most immediate and effective therapy
(Balami et al. 2013). However, related studies have shown that the thrombolytic effect of rt-
PA in the blood vessel is beneficial but harmful in the brain parenchyma (Zhu et al. 2019).
Besides, the rt-PA treatment time window is narrow, with only 4.5 hours (Bai et al. 2019).
After treatment, there are many contraindications and a risk of a cerebral hemorrhage. Most
patients have different degrees of sequelae due to missing the best time for treatment.

Finding an efficient and safe therapy has become an urgent challenge in stroke research.

1.2. Classification and pathophysiology of stroke

According to the pathophysiology of the disease, stroke is divided into two main subtypes:
ischemic or hemorrhagic stroke, as previously mentioned. Ischemic stroke is an acute episode
of neurological dysfunction triggered by the localized brain, spinal, or retinal ischemia that
lasts more than 24 hours (Edlow 2018). In contrast, a transient ischemic attack is "a brief
period of neurological impairment caused by focal brain, spinal cord or retinal ischemia that
does not result in an acute infarction" (Panuganti et al. 2022). Furthermore, hemorrhagic

stroke includes two different types: subarachnoid hemorrhage (SAH) and intracerebral
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hemorrhage (ICH) (Krafft et al. 2012). The brain's function and survival depend on
continuous oxygen and glucose delivered through the blood. McClendon et al. discovered
that even a brief 30-minute maternal hypoxia-ischmia can lead to long-term disturbance of
the hippocampus, which is important for learning and memory (McClendon et al. 2019).
Ischemia induces a cascade of events leading to dysfunction of two significant injury zones:
the infarct core and the penumbra, usually due to thrombosis or embolism in the brain (Zhou
et al. 2018). A thrombotic stroke caused by atherosclerosis is most likely caused by vessel
constriction. The build-up of fatty plaques will eventually restrict the vascular chamber and
create clots, resulting in a thrombotic stroke. An embolic stroke occurs when blood clots or
other particles develop elsewhere in the body and move along the circulation to obstruct
blood flow to the brain, causing severe stress and irreversible cell death (necrosis) (Kuriakose
und Xiao 2020). The infarct area is accompanied by cerebral edema and punctate hemorrhage
around the capillaries. Pathological tissues show atrophy in later stages, and necrotic tissue is
cleared by phagocytes, leaving scar tissue and cavity (Jordan et al. 2007). The infarct that
results from cerebral embolism happens quickly and can produce a red congestive infarct,
white colot, or mixed ischemia. The brain's nerve cells have the lowest tolerance to ischemia,
and 3-4 minutes of focal ischemia already can cause infarction (Hao et al. 2020).

Energy depletion, acidosis, excitotoxicity, an increase in intracellular Ca*", production of free
radicals, apoptosis, disruption of the blood-brain barrier (BBB), and inflammation are the
main pathogenic processes of the ischemic cascade (Durukan und Tatlisumak 2007). In the
state of ischemia and hypoxia, the energy metabolism of mitochondria changes from aerobic
metabolism to anaerobic metabolism, and glucose is metabolized to lactic acid. However,
anaerobic fermentation produces much less energy than aerobic oxidation, and its efficiency
of ATP production is only 1/18 of the average (Muthaian et al. 2012). Excitatory amino acids
(EAA), particularly glutamic acid (Glu), are released and reabsorbed in the central nervous
system (CNS) as a result of brain ischemia. So the "excitotoxicity theory" states that the over-
activation of EAA receptors in the postsynaptic membrane is a major factor contributing to
neuronal damage (Shen Z et al. 2022). According to research by Yang et al., glutamate
released by astrocytes during an ischemic stroke modifies synaptic transmission and increases
brain injury (Yang ] et al. 2019). Moreover, ischemic brain injury is closely linked to an
increase in cytosolic Ca®" accumulation as a result of aberrant Ca*" signal transduction. The
pathologic studies of cerebral ischemia have found that increased intracellular Ca®" influx in
neuronal cells can lead to cell degeneration and death (Kristian 2004). Neuronal degeneration
and death caused by excitonic acids and a variety of neurotoxins are always accompanied by
cytosolic Ca®" overloaded (Verma et al. 2022). Under normal circumstances, superoxide
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dismutase, catalase, peroxidase, and a small number of free radicals exist in the body, which
can remove these free radicals without toxic effects on cells (Pham-Huy et al. 2008). When
acute cerebral infarction occurs, the common metabolic pathways of neuronal cells are
destroyed due to the decrease of oxygen supply and ATP. The aforementioned dynamic
equilibrium condition is destroyed, causing a buildup of oxygen-free radicals. The free
radicals can act on polyunsaturated fatty acids (PUFAs), induce peroxidation reactions,
promote the polymerization and de-polymerization of polysugar molecules, ultimately induce
the cross-linking and oxidation of DNA and RNA albumin, resulting in ischemic brain
damage (Sun M et al. 2018; Veno et al. 2019). Following brain ischemia, damaged brain cells
produce a large number of inflammatory cytokines, including platelet activator factor (PAF),
tumor necrosis factor-o (TNF-«), interleukin-1 (IL-1), as well as the expression of adhesion
molecules on the surface of endothelial cells, which cross the vascular wall into the brain

parenchyma (Anrather und Iadecola 2016; Chamortro et al. 2016; Iadecola et al. 2020).

1.3. Treatment

1.3.1 Thrombolytic therapy

Ultra-early intravenous thrombolytic therapy is the preferred option for treating an acute
cerebral infarction. The thrombolytic drugs rt-PA and urokinase (UK) are routinely utilized
(Sun F et al. 2020). Rt-PA is a particular thrombolytic agent that is safe and effective in
treating ultra-early cerebral infarction with a time window of 4.5 hours (Prabhakaran et al.
2015). It not only has a high affinity for fibrinogen in thrombus but also has a high affinity
and specificity for fibrinogen-bound fibrin. When the latter is degraded into the lysozyme of
blood fibrin, the thrombus is dissolved (Bhaskar et al. 2018). It remains the primary therapy
for the majority of stroke patients and does not increase the incidence of a cerebral
hemorrhage. Hong et al. consistently used the metric routinely to quantify the effectiveness
of thrombolytic treatment for cerebral infarction patients within 3 hours after onset and
found it could add the equivalent of 4.4 years of wellness without impairment (Hong und
Saver 2010). Although reperfusion is essential to restore ischemic brain function,
paradoxically, it can also cause secondary brain injury, termed ischemia-reperfusion injury
(IRI). The main reason causing the pathological reaction of IRI is the brain damage due to
oxidative stress produced by hypoxia and glucose deprivation. Other processes that are
compromised involve mitochondrial metabolism, resynthesis of pro- and anti-apoptotic
proteins, and neuronal response (Wu M et al. 2021). The present techniques of therapy

mainly focus on pharmacological and mechanical thrombolysis, although the clinical efficacy
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is limited.

1.3.2 Anticoagulant therapy

Anticoagulant therapy is a standard treatment for the prevention and treatment of
thrombosis. Direct oral anticoagulants and heparin are commonly used in clinical therapy
(Chaves und Caplan 2000). Low-molecular-weight heparins (LMWHs) are a novel form of
anticoagulants created from unfractionated heparin (UFH), which has a longer half-life,
higher bioavailability, less adverse reactions, and does not need laboratory monitoring
(Sandercock und Leong 2017). Experimental work has shown that LMWHs are the most
suitable inhibitors of active coagulation factor Xa (FXa) and thrombin, which effectively
inhibit thrombosis without affecting the coagulation function and reduce bleeding and other
complications (Sandercock et al. 2008). Effective anticoagulant therapy can reduce the
severity of a stroke and improve the survival rate. In stroke patients, anticoagulant therapy
based on low-dose UFH combined with LMWHs can enhance coagulation function, reduce
thrombotic complications, promote neurological function restoration, and improve overall

survival (Kiphuth et al. 2009).

1.3.3 Antiplatelet aggregation therapy

Platelet activation is essential for clotting and normal hemostasis through maintaining the
integrity of blood vessels. Theoretically, patients' platelet function under pathologic
conditions is often hyperactive, resulting in occlusive thrombus formation and stroke (Yeung
et al. 2018). Therefore, antiplatelet therapy (mainly aspirin and P2Y'12 receptor antagonists )
is widely used to inhibit platelet aggregation in clinical practice, which achieves an
anticoagulation effect and restores spontaneous circulation (Chong und Mohr 2005). Aspirin
is a cyclo-oxygenase inhibitor and the most commonly used antiplatelet drug in clinical
practice. Judge et al. performed a study among 83,749 participants and confirmed that aspirin
lowers stroke risk in pregnant women with pre-existing hypertension (Miller et al. 2019). In
patients with acute cerebral infarction, aspirin was effective in doses of 100-300mg/d within
48 hours of onset and could significantly reduce the recurrence rate and mortality
(Sandercock et al. 2014). Ozagrel is another new antiplatelet drug that effectively impedes
the generation of thromboxane A2 (TAX2) synthase. It can inhibit platelet aggregation,
promote prostacyclin production to expand cerebral blood vessels, inhibit cerebral
vasospasm, and effectively increase cerebral blood flow to the brain (Bhatia et al. 2021). A

randomized controlled trial by Zhang et al. demonstrated that ozagrel improves the
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neurological impairment of acute ischemic stroke patients (Zhang | et al. 2012).

1.3.4 Neuronal protection

Ordinarily, the metabolic rate of mammals is ultimately associated with maintaining body
temperature. Mild hypothermia therapy is defined as a body core temperature below 35 °C,
also known as hibernation therapy or artificial hibernation therapy (Forreider et al. 2017).
Mild hypothermia therapy can reduce free radical generation and excitatory amino acid
release, further reducing the permeability of the BBB and brain metabolic rate, therefore
having a neuroprotective effect on ischemic cerebrovascular disease (Drew et al. 2001).
Hyperbaric oxygen therapy (HBOT) is a well-known non-invasive treatment method using
almost pure oxygen to speed up the healing of carbon monoxide poisoning in recent years
(Ortega et al. 2021). Numerous early trials have shown that HBOT has protective benefits
in several stroke animal models, including better neurobehavioral outcomes, alleviated brain
lesion volume, and reduced BBB damage (Veltkamp et al. 2000; Veltkamp et al. 2005;
Veltkamp et al. 2000). It can significantly improve the dissolved oxygenation level at the area
of focal ischemia, reduce eatly tissue acidosis, regulate cerebrovascular flow, and promote
the formation of collateral circulation, thereby reducing brain edema and intracranial
pressure. Additionally, it can effectively lower the synthesis of hypoxia-inducible factor-1
(HIF-1) and its downstream target factors to limit neuronal cell death from promoting the
regeneration and remodeling of neuronal cells (Bennett et al. 2005; Thiankhaw et al. 2021).
Besides hypothermia and HBOT therapy, multiple drugs for the treatment of strokes are
available, such as cytidine-5'-diphosphocholine, neuropeptides, neurotrophic factors, and

ergotoxine (Adibhatla und Hatcher 2005; Harada et al. 2012; Mattson 2008).

1.3.5 Stem cell therapy

Stem cells are distinguished from other kinds of cells since they are available to renew
themselves and are proficient in differentiation into multiple cell types. Decades of
experimental evidence have pointed to the therapeutic possibility of stem cell-based
treatment to enhance recovery from stroke, even though much still needs to be elucidated
(Kwak K et al. 2018). It has been demonstrated that stem cells may regulate immune cell
activity and pro- or anti-inflaimmatory signals to systemically suppress over-responsive
immune reactions (Jia et al. 2022). Another primary mechanism of stem cell therapy
following stroke is promoting vascular remodeling and neurogenesis (Taguchi et al. 2004).

Several different routes of stem cell administration in stroke have been investigated, and all
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showed therapeutic efficacy (Chrostek et al. 2019; Yarygin et al. 2021). However, stem cell-
based treatment is still in its early stages of clinical use. While allogeneic cells have been used
in most recent clinical trials, the possibility of allergic reaction remains (Kawabori et al. 2020).
Additionally, the cell viability and migration of transplanted stem cells into lesion sites should

be improved (Kwak KA et al. 2018).

1.4. LncRNAs in stroke

Long noncoding RNAs (IncRNAs) are a kind of ribonucleic acid (RNA) with a length of
more than 200 nucleotides but no capacity to code for proteins (Karlsson und Baccarelli
2016). Numerous studies have previously shown that IncRNAs have a wide range of impacts
on various biological processes, such as biogenesis, transcription, translation, splicing, and
stabilization (Tao et al. 2019). In cells, IncRNAs can modulate chromatin function by
interacting with proteins, deoxyribonucleic acid (DNA), and RNA (Statello et al. 2021). In
general, IncRNAs predominantly are located inside the nucleus, whereas certain IncRINAs
preferentially reside in the cytoplasm of cells (Ji et al. 2015). It was shown that cytoplasmic
IncRNAs can promote or block translation by binding to mRNAs or act as endogenous
sponges of mictoRNA (miR) to inhibit their downstream target genes (Lanzillotti et al. 2021).
LncRNAs in the nucleus recruit chromatin modification complexes to regulate the chromatin
state and then regulate the expression of adjacent or distant genes (Gao et al. 2020; Juni et
al. 2022). The significance of IncRNAs in the formation and maintenance of CNS
homeostasis is abundantly expressed. At the same time, considerable experiments show that
ischemic stroke aberrantly changes the expression profile of IncRNAs (Wang S et al. 2018).
Following ischemic stroke, abundant evidence has proclaimed that IncRNAs participate in
the complex molecular process of ischemic cascade and influence the ischemic injury
progression through calcium overload, glutamate toxicity, oxidative stress, inflaimmatory
response, vascular injury, neuronal necrosis, neuroprotection, synaptic function (Bao et al.
2018; Ghafouri-Fard et al. 2020; Wang Q et al. 2022). Some abnormally expressed IncRINAs
have been found in both ischemic stroke patients and animal models of this disease. Among
these, NEAT1 was identified, making it a viable target for ischemic stroke treatment (Jin I
et al. 2021; Li P et al. 2020).

1.5. NEAT1
NEAT1 is an unspliced, polyadenylated IncRNA produced by RNA polymerase II from a
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region on human chromosome 11q13 known as multiple endocrine neoplasias (MEN) type
I, which yields two unique isoforms through separate RNA regulatory processes, NEAT1-1
(3.7 kb) and NEAT1-2 (23 kb) (Vlachogiannis et al. 2021). NEAT1-1 is widely represented
in the majority of organs and tissues in the adult mouse, especially in the stomach, lung,
kidney, and heart, but with relatively low expression in the brain. NEAT1-2, on the other
hand, is found in just a fraction of cells in the gastrointestinal tract (Nakagawa et al. 2011).
NEAT1 is enriched in the nucleus and serves as a crucial structural framework for
paraspeckle protein assembly, enabling paraspeckle proteins to form organized structures,
such as PSPC1, P54NRB/NONO, and SFPQ/PSF (Bu et al. 2020). Due to its indissociable
structural scaffold of paraspeckles, NEAT1 may be essential in some applications. Imamura
et al. discovered that the stimulus-responsive cooperative interaction between NEAT1 and
SFPQ stimulates transcriptional stimulation of antiviral genes, including factors like
interleukin-8 (IL-8) (Imamura et al. 2014). The loss of mitochondrial proteins is also known
to influence NEAT1 expression, and NEAT1 depletion has substantial consequences on
mitochondrial dynamics and functions by changing the sequestration of mRNAs of nuclear-
encoded mitochondrial proteins (mito-mRNAs) in paraspeckles (Wang Y et al. 2018).
Furthermore, NEAT1 acts as a ceRNA to interact with mRINA, miR, or DNA to alter the
expression of subsequent proteins (Zhang J et al. 2021).

Numerous studies have shown an intensive upregulation of NEAT1 in various malignancies,
like breast cancer (Ke et al. 2016; Li et al. 2017), respiratory cancer (Jen et al. 2017; Wu I et
al. 2019), hepatocellular carcinoma (Fang et al. 2017; Wang et al. 2017), ovarian cancer (An
et al. 2017; Liu Y et al. 2018), and colorectal cancer (Liu H et al. 2020; Zhong et al. 2018),
indicating a lower chance of survival. Concerning non-cancerous diseases, NEAT1 was
revealed to be involved in immunological reactions in the brains of mice infected with the
Japanese encephalitis virus (Kung et al. 2013). NEAT1 dysregulation has been documented
in individuals with asthma, systemic lupus erythematosus, arthritis, inflammatory bowel
disorder, and sepsis. For instance, Li et al. studied 170 patients and discovered that the
asthma group had higher NEAT1 expression than the healthy controls (Li Y et al. 2020).
NEAT1 has been reported adversely associated with miR-21 and miR-125a in allergic rhinitis
(Wang R et al. 2021). Additionally, silencing NEAT1 boosted the expression of miR-129 and
miR-204 to reduce the fibroblast-like synoviocytes cells' proliferation and inflammatory
cytokines production in allergic thinitis by the MAPK/ERK pathway (Chen J et al. 2021).
Meanwhile, NEAT1 promotes the activation of several inflammasomes and enhances
cytokine production (Zhang P et al. 2019). Furthermore, NEAT1 is also engaged in the
pathogenesis of lupus (Zhang F et al. 2016). Experiments in disease models in vitro and in

7



Introduction

vivo have verified some biological functions in the development and progression of
neurodegenerative disorders, such as Huntington's disease, multiple sclerosis, Alzheimet's
disease, Parkinson's disease, and amyotrophic lateral sclerosis (Prinz et al. 2019). Santoro et
al. investigated an increase of NEAT1 in the serum of patients with multiple sclerosis by
screening 84 IncRNAs (Santoro et al. 2016). Another publicly available microarray data
analysis of 151 Parkinson's disease patients and 130 control subjects also reported a 1.5 times

upregulation of NEAT1 in Parkinson's disease patients (Mariani et al. 2010).

1.6. Post-stroke lipid droplet

Lipid droplets (LDs), also known as lipid bodies, oil bodies, fat bodies, or adiposomes, were
initially discovered under light microscopy as cellular organelles in the nineteenth century
(Greenberg et al. 1991). LDs are made up of a hydrophobic core of neutral lipids, mainly
triacylglycerols (TAGs) and cholesteryl esters (CEs), enclosed by a phospholipid monolayer
equipped with various proteins that govern LDs activity (Olzmann und Carvalho 2019).
These LDs store metabolic energy to act as lipid reservoirs to provide substrates for
membrane formation and energy metabolism for cells (Walther und Farese 2012). Almost all
cells can form and store LDs. Exogenous lipid uptake stimulates the accumulation of LDs,
which can be observed in enterocytes with rapid production of cytosolic LDs in mice
exposed to a high-fat diet (Soayfane et al. 20106). Intriguingly, LDs also form in response to
nutrient deprivation (Hariri et al. 2018; Kwon et al. 2017). Besides nutrient status,
mitochondrial dysfunction, ER stress, hypoxia, inflammation, and oxidative stress all impact
LDs formation (Ralhan et al. 2021). Biogenesis of LDs sprouts from the endoplasmic
reticulum (ER) through a cascade of biochemical events and converting fatty acids or
cholesterol into ultimate neutral lipid products, TAGs and CEs, respectively. Alternatively, a
nascent LD may further grow and expand via LDs fusion, resulting in TAGs incorporation
(Dhiman et al. 2020). Biological research about LDs in the brain has been steadily growing
in recent years. Lipids account for more than half of the dry weight of human brain (Yu et
al. 2020). Even though not widely employed to provide energy to the brain, lipids metabolism
is closely related to maintaining normal brain homeostasis and neuronal and neuroglial cell
function. Lipidomic profiles have already described differences across various cell types in
the brain. Consistently, the relative number of LDs fluctuates within various brain cells
(Fitzner et al. 2020). LDs are expressed at low levels under normal brain physiology, whereas
accumulating evidence suggests an aggregation in the brain during development, aging, and

pathological state, such as neurodegenerative diseases (Parkinson's disease, Huntington's
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disease, Alzheimer's disease), and cancer, particularly in neuroglial cells (astrocytes and

microglia).

Microglia are the most common macrophage-like resident glial cells in the CNS to respond
against infections, antigen presentation, and the intrinsic inflammatory response. Microglia
can directly interact with neurons, astrocytes, endothelial cells, oligodendrocytes, or other
multitudinous cell types to eliminate dead cells, microbes, protein aggregates, and soluble
antigens, which are dangerous for the CNS (Colonna und Butovsky 2017). Microglia retain
a ramified phenotype under physiological conditions with a small soma and processes
actively surveying their local environment to mediate brain homeostasis. Following a stroke,
microglia immediately are activated, migrate to the affected region, stimulate downstream
cell signaling cascades to the injured area and secret some immunomodulatory molecules,
such as cytokines, chemokines, and free radicals, which is then followed by invasion of other
immune cells (Woodburn et al. 2021). The accumulation of LDs in microglia in the aging
brain and various neurodegenerative disease mouse models has been recently recognized as
"lipid-droplet-accumulating microglia" (LDAM) (Marschallinger J. et al. 2020). LDAM
revealed microglial dysfunction, such as phagocytosis deficits, excessive production of
proinflammatory cytokines, increased generation of reactive oxygen species (ROS), and
decreased cholesterol export compared with neuroprotective LPS-activated LD-rich
microglia (Marschallinger | et al. 2020). Gai et al. have shown that lipids accumulate in
synuclein-containing Lewy bodies purified from human Parkinson's disease brains (Gai et al.
2000). The discovery from Cole et al. raises the possibility that synuclein aggregation's initial
phases occur on membrane surfaces rather than in the cytosol (Cole et al. 2002). In the past
few years, there has been a growing number of studies and evolving knowledge regarding the
involvement of LDs in neurodegenerative diseases. However, there is only little knowledge
about the formation of LDs after cerebral infarction up to now. Only one article published
in 2001 illustrated magnetic resonance lipid signals in stoke rat brains correlated with neutral

lipid accumulation (Gasparovic et al. 2001).

1.7. Post-stroke autophagy

Autophagy is essential for cell homeostasis and energy metabolism. Firstly, when hypoxia,
infection, oxidative stress, nutrient deficiency, and other adverse factors occur, cells can
initiate autophagy to respond. The degradation products, such as free fatty acids, nucleotides,
and amino acids, can be recycled (He et al. 2018). Secondly, as a self-stabilizing housekeeping
mechanism, autophagy can regulate the metabolism of the endoplasmic reticulum,
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peroxisomes, and mitochondria in cells (Rabinowitz und White 2010). In addition, as a
defense mechanism, autophagy can remove damaged metabolites and organelles in cells,
reorganize at the subcellular level, and maintain the stability of the internal environment
(Green und Levine 2014). Under physiological or pathological conditions, double-layer
membrane package proteins or organelles from the ER and Golgi apparatus form
autophagosomes, then combine with lysosomes to form autophagy-lysosome to make many
kinds of enzyme digestion and degradation (Zhang Z et al. 2021). The decomposed amino
acids, nucleotides, and free fatty acids can be reused by cells to meet metabolic needs and
achieve the renewal of some organelles. Under normal circumstances, autophagy maintains
a very low baseline in order to eliminate and degrade the damaged, aging, and transgender
biological macromolecules, such as protein and nucleic acid (Ryter et al. 2013). Therefore it
provides the raw material for the reconstruction, regeneration, and repair of cells, meets the
needs of the metabolism, and achieves cell recycling (Mizushima und Komatsu 2011). Under
the stimulation of exogenous factors, including nutrition deficiency, hunger, growth factors,
hypoxia, infection, and high energy demand, autophagy can adapt to remove useless and
energy-consuming senescent organelles with misfolded proteins, degrade them and generate
energy for cell utilization. When cerebral IRI occurs, autophagy-related signaling pathways
are dramatically stimulated (Wang P et al. 2018). In recent years, ischemia-reperfusion cell
culture and animal models have confirmed that autophagy, moderately active under hunger,
hypoxia, and other cases, not only contributes to the protection of poor nutrition cells but
also can promote their survival (Green und Levine 2014). Carloni et al. established a neonatal
rat model of ischemic brain damage, detected the expression of Beclinl and cell apoptosis
by western blot and immunohistochemistry, and discovered that Beclinl expression was up-
regulated in the cortex and hippocampus of rats 4 hours after hypoxia, along with a reduced
number of necrotic nerve cells. They confirmed that the protective effect of autophagy in
brain injury was driven by ischemia and oxygen deprivation (Carloni et al. 2008). However,
if autophagy is overactivated, it can cause cell lysis and promote cell death, namely autophagic
cell death, which is often accompanied by apoptosis and necrosis. When autophagy is over-

activated, it may trigger the cells' apoptosis program and cause neuronal death.
s y trigg pop prog

Current studies believe two main molecular regulatory pathways are involved in autophagy:
the mTOR-dependent and the mTOR-independent pathway (Sarkar 2013). Within the
dependent pathway, mTOR, a component of the PI-kinase-related kinase family, is critical
for autophagy (Jung et al. 2010). The expression of cell receptors is enhanced by stimulation

of insulin and growth factors, the corresponding target molecules are activated with the
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assistance of ligands, and finally, the phosphorylation of PIP2 is promoted (Hung et al. 2012).
TSC1/2 protein, located downstream of the ClassI PI3K/PKB pathway, can inhibit mTOR
function and initiate autophagy. However, TSC2 is inactivated when it is phosphorylated by
AKT, which further activates Rheb, promotes the activation of the mTOR complex, and
finally antagonizes autophagy inversely (Huang und Manning 2008). So far, mTOR-related
inhibitors include rapamycin (RAPA) and related derivative RADOO1. In addition, related
molecular pathways independent of mTOR include Gai3, class III PI3K complex (Klionsky
und Emr 2000; Martin et al. 2014).

As mentioned before, microglia are the most abundant resident glial cells in the CNS and
play a crucial role in regulating neurological functions. Microglia cells were shown to undergo
the autophagy process in a chronic cerebral hypoperfusion model in mice caused by
permanent stenosis of the bilateral common carotid artery (Yang Z et al. 2014). The
overactivation of autophagy in microglia induced by sphingosine kinase 1/sphingosine-1-
phosphate (SphK1/S1P) seems to be related to the exacerbation of neuronal injury following
ischemia/reperfusion (Zeng et al. 2022). Activation of autophagy by microglia takes place
via a range of signaling pathways involved in ischemic stroke, such as PI3K/Akt-mTOR,
AMP/AMPK-mTOR, HIF-1 « /BNIP3, and ER stress-autophagy axis (Qin et al. 2022).
Appropriate activation of autophagy can reduce microglial activation and promote microglia
phenotype polarization to inhibit inflaimmasome activity (Peng et al. 2022). As a result, it
reduces neuroinflaimmation caused by cerebral ischemia, eventually acting as a
neuroprotectant and improving the stroke outcome. In comparison, excessive autophagy

results in cell death and exacerbates brain ischemia injuries.

1.8. 'The purpose of this thesis

LDs, lipid-storing organelles containing neutral lipids like glycerolipids and cholesterol, are
gaining importance as structural indicators of inflaimmation and lipid accumulation in
multiple disorders. NEAT1, a long non-coding RNA with over 200 nucleotides, exerts
indispensable impacts on regulating autophagy. Interestingly, autophagy can modulate LD
accumulation as well. Recently, it was shown that LDs accumulate in microglia in the aging
brain, as well as in some neurodegenerative disease mouse models. Meanwhile,
transcriptome-wide analysis has proven that NEAT1 has an inflammatory function in
experimental ischemic stroke. Intriguingly, the blockade of NEAT1 represses lipid uptake in
human macrophages' THP-1 cells. Despite this findings, in the knowledge regarding the
interplay of LDs, stroke and NEATT is still scarce. Therefore, the present study hypothesizes
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that the knockdown of NEAT1 prevents from LD accumulation in primary microglia via the

autophagy pathway under stroke condition.
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2. Materials and Methods

2.1.
Table 1: Lab equipment

Lab equipment

Device

Model

Company

Centrifuge

Freezer (-20 °C)

Freezer (-80 °C)

Refrigerator +4 °C

Ice machine

Nanodrop One

Sartorius™ arium pro VF

Ultrapure Water System

Microplate Reader

Western Blotchamber

Workbench

Incubator

Microscope

Microscope

Water bath

Microcentrifuge 5415 R

LGex3410

Heraeus

471-1076

ZBE 70-35

ND1000

spectrophotometer
p p

Kurzanleitung arium® 611

Tecan Sunrise

Mini Protean® Tetra Cell

Thermo Scientific™

HeraguardT M Clean air
workbench

Thermo Scientific™

Heracell™ 150i CO»-

incubator

Z.eiss Axiovert 25 inverse

microscope

Z.eiss Stemi 2000 ZOOM

stereomicroscope

WNB45

Eppendorf, Germany

Liebherr, Switzerland

Fisher Scientific GmbH,

Germany
Liebherr, Switzerland

Ice Systems, UK

Fisher NanoDrop, USA

Sartorius AG, Germany

Tecan Group AG, Switzerland

Bio-Rad, USA

Fisher Scientific GmbH,

Germany

Fisher Scientific GmbH,

Germany

Leica, Germany

Leica, Germany

Memmert GmbH + Co. KG,

Germany
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Vortexer

LightCycler

Western Blottransfer

system

ECL machine

Shaker

RS-VA10

480 11 28572

Trans-Blot Turbo

Transfer System

Chemidoc Station

IKA-VOBRAX-VXR

Phoenix Instrument, Germany

Roche Diagnostics GmbH,

Germany

Bio-Rad, USA

Biorad, USA

IKA®-Werke GmbH & Co.
KG, Germany

2.2.

Table 2: Buffers and solutions

Buffers and Solutions

Buffer and solutions

Composition

Western Blottransfer buffer

(10x pH 8.3)

Protein Electrophoresis

buffer

Western Blottransfer buffer

(10x pH 8.3)

BSSO0 10x stock solution

BSSO 1x solution

30.25 g Tris (25mM)
144 ¢ Glycine (192mM)
1000 ml ddH20
15.12 g Tris (250mM)

71.25 g Glycine (1.9 M)

5¢ 1% SDS

500 ml ddH20
30.25 g Tris (25mM)

144 g Glycine (192mM)
1000 ml ddH20
800 ml ddH20

68 g NaCl
4 ¢ KCI
2 g MgSO,

1.4 ¢ NaH,PO4H,O
431 ml ddH20
50 ml 10x BSSO
13.1 ml 1 M NaHCO3
5ml 1M HEPES
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166ul 30 mM Glycine
900ul 1 M CaCl2
25 mM Tris-HCI pH 7.6
150 mM NaCl

RIPA buffer 1% NP-40

1% Sodium deoxycholate
0.1 % SDS
450ml DMEM (4.5 g/L Glucose, stable Glutamine)
50ml FBS
SH-SY5Y culture medium
5ml Penicillin-Streptomycin
5ml GlutaMAX™-T (100x)
450 ml DMEM/F12 (1:1, stable Glutamine)

Microglia culture medium 50ml FBS

5ml Penicillin-Streptomycin

2.3. Chemicals and Materials

Table 3: Chemicals

Chemical Number Manufacturer
Dimethyl sulfoxide 2380.1000 CHEMSOLUTE®, Germany
15400-054 Fisher Scientific GmbH,
0 e -
0.5% Trypsin-EDTA (10x) Germany
Ethanol 2236.1000 CHEMSOLUTE®, Germany
Sigma-Aldrich Chemie
Boric acid B-9645
GmbH, Germany
DMEM (4.5 g/1 glucose) P04-04500 PAN-Biotech, Germany
Catl Roth GmbH + Co. KG,
Isopropanol 98606.5
Germany
Thermo Fisher Scientific,
RIPA Lysis and Extraction Buffer 89900

USA
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Clarity Western ECL Substrate

Methanol

Glycine

Tris

DNase I Amplification Grade Kit

Dulbecco's Phosphate Buffered
Saline

FBS Superior

GlutaMAX™.T (100x)

Triton X-100

Powdered milk

LightCycler” 480 SYBR Green 1

Master
Penicillin-Streptomycin

Rapamycin

Revert Aid H Minus First Strand
cDNA Synthesis Kit

Trypan Blue Solution 0.4%

1705061

8.22283.2500

(8898

1.08382.1000

AMPD1-KT

D8537-500ML

S06510

35050-061

T8787

1.15363.0500

04887352001

15140-122

HY-10219

K1632

15250-061

Bio-Rad Laboratories

GmbH, Germany

Sigma-Aldrich Chemie
GmbH, Germany

Sigma-Aldrich Chemie
GmbH, Germany

Sigma-Aldrich Chemie
GmbH, Germany

Sigma-Aldrich Chemie
GmbH, Germany

Sigma-Aldrich Chemie

GmbH, Germany

Sigma-Aldrich Chemie
GmbH, Germany

Fisher Scientific GmbH,

Germany

Sigma-Aldrich Chemie
GmbH, Germany

Sigma-Aldrich Chemie
GmbH, Germany

Roche Diagnostics GmbH,

Germany

Fisher Scientific GmbH,

Germany

MesChemExpress, Germany

Fisher Scientific GmbH,

Germany

Fisher Scientific GmbH,

Germany
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BCA Protein Assay Kit

ASO NEAT1

ASO Scramble

Turbofect

TRIzol Reagent

Chloroform

3-MA

Thermo Fisher Scientific,

23225
USA
Integrated DNA
Customized
Technologies, Germany
Integrated DNA
Customized
Technologies, Germany
Thermo Fisher Scientific,
R0534
USA
Fisher Scientific GmbH,
15596026
Germany
Carl Roth GmbH + Co. KG,
7554.1
Germany
Sigma-Aldrich Chemie
M9281

GmbH, Germany

Table 4: Materials

Consumable

Provider Information

6-well plates
24-well plates

96-well plates

Bottle-Top-Filter with SFCA membrane, &

75 mm, pore size 0.2 um, 500 ml

Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany

Carl Roth GmbH + Co. KG, Karlsruhe,

Germany

Cell culture flasks w/ ventilation cap for

adherent cells (25cm?, 75 cm?)
Centrifugation tubes (15 ml)

Centrifugation tubes (50 ml)

Sarstedt, Nimbrecht, Germany

Sarstedt, Nimbrecht, Germany

Sarstedt, Nimbrecht, Germany

Th. Geyer Ingredients GmbH & Co.

Glass Pasteur pipettes (150 mm, 230 mm)

KG, Renningen, Germany
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Pipette tips w/ filters, sterile (10 ul, 100 pl,
1000 )

Pipette tips w/o filters (200 ul, 1000 pl, 5000

ul)
Reaction tubes (1.5 ml, 2.0 ml)

Serological pipettes (2 ml, 5 ml, 10 ml, 25
ml, 50 ml)

Parafilm
Mzr. Frosty Freezing Container
Syringe 10 ml
CryoPure Tube 1.0 ml
Cell Scraper
Gloves
96 well plate for PCR
0.2 ml tube for PCR

Microseal 'B' seal Seals for PCR

Starlab, Hamburg, Germany

Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany
Sarstedt, Nimbrecht, Germany

Bemis NA, Neenah, USA
Thermo Fisher, USA
BD, USA
Sarstedt, Germany
CytoOne, USA
TH.GEYER, Germany
Biozym, USA
Biozym, USA

BIO-RAD, Germany

2.4. Software

Table 5: Software for data analysis

Software

Manufacturer

Microsoft PowerPoint 2016
Microsoft Word 2016
Microsoft Excel 2016

GraphPad Prism 9
Image lab

Image |

Microsoft, USA
Microsoft, USA

Microsoft, USA

GraphPad Software, USA

Bio-Rad, USA

LOCI, USA
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2.5. Isolation and culture of primary microglia cells

Primary microglia were isolated using the traditional enzyme digestion approach with slight
modification (Lian H et al. 20106). In brief, the isolation can be divided into two parts: the
mixed glial cell culture and the isolation and purification of primary microglia. The dissection
tools and workplace were sterilized with 75% ethanol. Microglia were generated from
cerebral cortices and hippocampi of newborn (PO) WT C57BL/6] mice and cultivated in
complete Dulbecco's modified Eagle's medium (DMEM), added with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (P/S). Pups wete decapitated, and the head was
placed in a 6 cm Petri dish containing 5 ml of pre-cooled Hanks' balanced salt solution
(HBSS). Next, the scalp was cut open. Pointed tip forceps were used beneath the skull but
above the brain tissue to remove the skull and the brain can be easily scooped out. Then the
brain was transferred into a new dish with 2 ml cold HBSS under a dissection microscope.
With a sterile blade, both the cerebellum and the olfactory bulbs were dissected from each
brain. Meninges were separated and then the cortices and hippocampi were isolated with
forceps. Afterward, these cortices and hippocampi were transferred to a 15 ml falcon tube
with 1 ml 0.25% trypsin and digested for 15 min at 37 °C in a water bath. After 15 min, 200
ul of 10 mg/ml DNase was added to break down the sticky DNA produced by dead cells.
Then the cell suspension was centrifuged at 300 x g for 5 min at room temperature (RT).
The pellet was gently resuspended in 5 ml warm culture medium with a 1 ml pipet tip before
being transferred to a 15 ml tube to be centrifuged at 300 x g for 5 min. After centrifugation,
the cells were collected and then resuspended in 15 ml of complete astrocyte medium
(DMEM supplemented with 10% FBS and 1% P/S) before being grown in poly-D-lysine
(PDL)-coated T75 flasks in an incubator at 37 °C with 5% CO,. The culture medium was
changed the next day to eliminate the cell debris, and every five days afterwards. After 5—7
days, astrocytes established an adherent cellular layer at the bottom of the flask, with
microglia growing on top of it. Finally, seed the cells at 50000 cells/cm” in plates or staining
slides for the subsequent experiments, in which cells were grown with DMEM/F12
containing 10% FBS and 1% P/S.

2.6. Establishment of OGD model

The oxygen-glucose deprivation (OGD) model was established to create ischemic conditions
in vitro. Primary microglia were exposed to OGD when they achieved 80% - 90% confluency

and were washed twice using Dulbecco's phosphate-buffered saline (DPBS), cultivated in a
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glucose-free balanced salt solution (BSS0), and subsequently transported to a hypoxic
incubator with 95% N, / 5% CO,, and 70% humidity at 37 °C. After the respective
incubation time, the cells were moved from the chamber, and the BSSO was replaced with
either DMEM/F12 cell culture medium or other media with additional factors. After that,
the cells were employed for further analysis, including cell viability testing, RNA isolation,

protein collection, and staining,.

2.7. ‘Transfection

The cells were cultured according to the standard requirements. After trypsinization, the
isolated and purified microglia were spread to six-well plates, achieving a cell final confluency
of 80 to 90% at the time of transfection with 2'-OMe antisense oligonucleotides (ASO). ASO
NEAT1  (5-GGAAATCATAGAGGACAGGC-3") or ASO  Scramble (5
GAAGAAGTACGAAGTGACGC-3") were synthesized by the INTEGRATED DNA
TECHNOLOGIES company (San Diego, USA). Cells were transfected with turbofect
(Fisher Scientific GmbH, Germany) and divided into three groups: (1) Blank control group,
only added turbofect reagent; (2) Negative control group, transfection with ASO Scramble;
(3) Knockdown group, transfection with ASO NEAT1. Different concentrations of 100 uM
ASO NEAT1 and cortresponding ASO Scramble were diluted with serum-free DMEM/F12
without antibiotics to find the highest efficiency to knock down NEAT1. The transfection
reagent (turbofect) was briefly vortexed, added to the diluted ASO NEAT1 and ASO
Scramble at the ratio of 1:2, and mixed thoroughly, then left for 20 min at RT. Finally, mixed
ASO NEATT1 and ASO Scramble were added to the cell culture plates before returning the
cells to the incubator. Within one day, cells were replaced with a new solution containing
FBS and antibiotics for subsequent experiment. The levels of NEAT1 and protein expression
following ASO transfection were determined using real-time PCR and western blot,

respectively.

2.8. Cell viability assay

The cells were seeded at a density of 20,000 in a 24-well plate. The growth of cells was
observed after 48 hours of culture. After OGD treatment, 100 pl of 5 mg/ml 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was given to each well
(containing 1ml of medium) of each group to achieve approximately a working concentration

of 0.5 mg/mL MTT. Then the 24-well plates were placed at 37 °C and incubated for 3 hours
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in a standard incubator containing 5% CO,. Subsequent observation under a light
microscope revealed the formation of black formazan crystals in the cell culture plates. By
shaking for 3 to 5 min at RT, the reaction was stopped after replacing the MTT solution with
1 ml of dimethyl sulfoxide (DMSO) to solubilize and dissolve the formazan crystals. Finally,
the supernatant was transferred to a 96-well plate and a microplate reader was utilized to

determine its absorbance at 565 nm.

2.9. RNA extraction and quantitative real-time PCR analysis

2.9.1 Total RNA extraction

Total RNA was isolated using TRIzol as directed by the manufacturer's instructions (Fisher
Scientific GmbH, Germany). In brief, the medium was removed from the well and the cells
were washed twice with 1x DPBS. Afterward, the DPBS was discarded, and 500 pl TRIzol
reagent was applied to each well of 6-well plates. The cells were scraped off the plate and
two wells of the TRIzol/cell lysate were transferred into a stetile 1.5 mL Eppendotf reaction
tube and left at RT for 10 min. Subsequently, each tube was added with 200 pl chloroform,
vigorously shaken, and incubated for 10 min at RT. Then the reaction tubes were centrifuged
for 15 min at 12000 x g at 4 °C. After this, each tube had three layers: the transparent top
layer containing RNA, the interphase with the white precipitated DNA, and the pink organic
bottom phase. The upper layer was carefully transferred into another new centrifuge tube
and 250 ul of 100% isopropanol were added for each tube. After thoroughly mixing, the
tubes were incubated at RT for 10 min. Then, they were centrifuged for 10 min at 12000 x g
at 4 °C and the isopropanol was carefully pipetted out in order to avoid RNA pellets were
lost. After washing, the pellet was immersed in 500 pl 75% ethanol, gently shaken, and
recentrifuged at 12000 x g for 5 min. The ethanol was poured off and the pellets were air
dried for 5 to 10 min. Finally, the pellets were resuspended in approximately 50-100 ul
RNase-free water. The NanoDrop ND1000 spectrophotometer (Fisher NanoDrop, USA)
was used to quantify total RNA concentration and quality. Afterward, the RNA samples were

preserved at -80 °C until further usage.

2.9.2 Removal of genomic DNA

The DNase I Kit (Sigma-Aldrich Chemie GmbH, Germany) was used to eradicate genomic
DNA from the extracted RNA of primary microglia cells. 1000 ng of total RNA was utilized,

and DNA removal was carried out according to the kit instructions (Table 6). Afterwards,
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samples were incubated for 30 min at 37 °C. 50 pL ethylenediaminetetraacetic acid (EDTA)
was added to the samples to halt the process and then incubated at 65 °C for an additional
10 min. Reverse transcription was undertaken using the purified RNA.

Table 6: A Pipetting strategy for removing genomic DNA

Component Volume
RNA 1 g
10X Reaction Buffer with MgCl, 1wl
DNase I, RNase-free 1wl
Water, nuclease-free to 10 ul

2.9.3 Reverse transcription

200ng of template RNA was transcribed in a total of 12 pl with RevertAid H Minus First
Strand ¢cDNA Synthesis Kit (Fisher Scientific GmbH, Germany) according to the
manufacturer's instructions (Table 7). All components were added to a sterile nuclease-free
tube, which was quickly centrifuged and incubated at 65 °C for 5 min. The following
components (Table 8) were then carefully added and then incubated at 42 °C for 60 min.
Table 7: First-strand cDNA synthesis

Component Volume

Template 200 ng
Olido (dT)s primer 1ul

Water, nuclease-free to 12 ul

Table 8: First-strand cDNA synthesis

Component Volume
5X Reaction Buffer 4 ul
RiboLock RNase Inhibitor (20 U/ul) 1ul
10 mM dNTP Mix 2ul
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RevertAid H Minus M-MuL V Reverse Transcriptase (200 U/ul) 1l

Total volume to 20 ul

2.9.4 Quantitative real-time PCR

The quantitative real-time PCR (qQRT-PCR) reaction was carried out in accordance with the
standard procedure (Table 9). In a total volume of 10 pl, the components were combined as
described in Table 10 of LightCycler® 480 SYBR Green I Master reaction mix with the
miRNA-specific forward primer and the universal reverse primer as stated in Table 11. The
expression of peptidylprolyl isomerase A (PPIA) and GAPDH as housekeeping genes were
quantified in 3 biological replicates for each experimental group and measured in 3 technical
replicates. Graphpad Prism 9 (GraphPad Software, USA) was used to display all of the
analysis for the comparable results according to the 27*“ method (Zhang L et al. 2021).
Table 9: Standard protocol for miRINA qRT-PCR reaction

Step Description Time and Temperature
1 Thermocycler protocol 5 min, 95 °C
2 10 sec, 95 °C
3 20 sec, 60 °C
4 10 sec, 40 °C
5 Melting curve evaluation 5 sec, 95 °C
6 1 min, 65 °C
7 continuous, 97 °C
Number of cycles 40

Table 10: Pipetting scheme for miRNA qRT-PCR

Component Volume
cDNA 2.5ul
Forward Primer 0.5 ul
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Reverse Primer 0.5 ul
LightCycler” 480 SYBR Green I Master 5ul

DEPC water, RNase-free 1.5u

Table 11: Sequence information of qRT-PCR primers

Gene name Sequence (5' - 3")
GAPDH Forward Sequence: TGGATTTGGACGCATTGGTC
Reverse Sequence: TTTGCACTGGTACGTGTTGAT
PPIA Forward Sequence: GAGCTGTTTGCAGACAAAGTTC
Reverse Sequence: CCCTGGCACATGAATCCTGG
NEAT1 Forward Sequence: GTAATTTTCGCTCGGCCTGG
Reverse Sequence: TACCCGAGACTACTTCCCCA
TREM2 Forward Sequence: CCCACCTGGCTGTTGTCCTT
Reverse Sequence: TCGCTACCGTGGAGGCTCTG
PLIN2 Forward Sequence: ACACCCTCCTGTCCAACATC
Reverse Sequence: AAGGGACCTACCAGCCAGTT
Atg3 Forward Sequence: ACACGGTGAAGGGAAAGGC
Reverse Sequence: TGGTGGACTAAGTGATCTCCAG
Atg5 Forward Sequence: TGTGCTTCGAGATGTGTGGTT
Reverse Sequence: ACCAACGTCAAATAGCTGACTC
Beclinl Forward Sequence: ATGGAGGGGTCTAAGGCGTC
Reverse Sequence: TGGGCTGTGGTAAGTAATGGA
STAT3 Forward Sequence: CTTGTCTACCTCTACCCCGACAT

Reverse Sequence: GATCCATGTCAAACGTGAGCG
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TNF-a Forward Sequence: AAGCCTGTAGCCCACGTCGTA
Reverse Sequence: GGCACCACTAGTTGGTTGTCTTTG
IL-18 Forward Sequence: GCAACTGTTCCTGAACTCAACT

Reverse Sequence: ATCTTTTGGGGTCCGTCCAACT

IL-4 Forward Sequence: GCCACCATGAGAAGGACACT
Reverse Sequence: ACTCTGGTTGGCTTCCTTCA
1L-10 Forward Sequence: AGAAAAGAGAGCTCCATCATGC

Reverse Sequence: TTATTGTCTTCCCGGCTGTACT

2.10. Immunofluorescence

Primary microglia were seeded on slides at 1.5 x 10* cells/well density. The cells were put on
ice after one day of culture and washed two times with ice-cold DPBS. Then, the cells were
fixed for 15 min at RT using 4% formaldehyde and washed two times with DPBS. Afterward,
a permeabilization step followed with 0.25% PBS-TritonX100 for 10 min and three
subsequent washes with DPBS for 5 min each. Afterward, 10% donkey serum with 1%
Bovine Serum Albumin (BSA) melted in DPBS was used for blocking and cultured for 1
hour at RT. The primary antibody was prepared and incubated overnight at 4 °C. The
following day, the cells were washed three times with phosphate-buffered saline-Tween
(PBST) for 5 min each wash to eliminate the unbound primary antibody. Then 250 pl of the
fluor-secondary antibody was added and incubated for 1 hour. Finally, DAPI was applied,
followed by one wash with PBST and two times with DPBS. The slides were mounted using
Shandon™ Immuno-Mount™ and sealed with nail polish and then polymerized at 4 °C
overnight for microscopy utilization. In particular, BODIPY-stained cells had to be washed
with PBS and did not need secondary antibodies. The specific antibody working dilutions
were given as follows: polyclonal rabbit anti-CD11b antibody (2 pg/ml; Abcam, UK),
monoclonal rat anti-CD68 antibody (2 pg/ml; BioRad, USA), polyclonal rabbit CX3CR1
antibody (2 pg/ml; Thermo Fisher Scientific, USA), polyclonal rabbit anti-Ibal antibody (2
ug/ml; Abcam, UK) and a stain for neutral lipids, BODIPY 493/503 (Thermo Fisher
Scientific, USA). Cy-3 labeled or Alexa Fluor 488 labeled secondary antibody (1:10,000,

Jackson Immuno, USA) was used to detect the primary antibody staining.
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2.11. Cellular samples preparation for protein analysis

Primary microglia were seeded at 2 x 10° cells/well density. Different groups had undergone
different treatments. Firstly, the cells were washed twice with ice-cold DPBS. Meanwhile, the
mixed working buffer was prepared according to 1x radioimmunoprecipitation assay (RIPA):
protease inhibitor cocktail (PIC): PhStop = 9.1: 0.4: 0.5. Then, each well was added with 85
ul of working buffer and placed on ice for 5 min. The cells were scraped off and pipetted up
and down in the buffer. After that, cell lysates were transferred to a 1.5 ml tube and sonicated
for 5 min in ice-cold water. Then the samples were centrifuged at 14000 x g for 10 min at 4
°C. Finally, the supernatant was gathered and kept at -80 °C for future experiments. Total
protein samples were quantified based on the Pierce BCA Protein Assay Kit' s instructions
(Thermo Fisher Scientific, USA). Afterwards, the final concentration of every sample was
calculated based on a standard curve (0 ng/pl, 100 ng/ul, 200 ng/ul, 500 ng/pl, 1000 ng/pl,
and 2000 ng/pl), and the corresponding absorbance. Then each sample was adjusted to the
same concentration by adding cell lysate based on the measured protein concentration. After
boiling for 10 min in a metal bath at 100 °C , the protein samples were placed on ice until

further SDS-polyacrylamide gel electrophoresis (SDS-PAGE).

2.12. Western blot
SDS-PAGE gels consist of a lower layer of separation gel and an upper layer of stacking gel,

with the separation gel being 10% or 15% depending on the molecular weight of the target
proteins. The SDS-PAGE gels were prepared in accordance with the manufacturer's
instructions. The protein samples were centrifuged and mixed in advance, and the samples
were added in the corresponding gel lanes in turn with a pipette, followed by a 2 pl protein
marker was added between the samples. The lid of the electrophoresis tank was placed on
the positive and negative electrodes. Furthermore, the initial voltage of 55V was set to start
electrophoresis. After the samples entered into the separating gel and the protein marker
separated, the voltage was adjusted to 120V to continue electrophoresis until the
bromophenol blue dye marker reached the bottom of the separating gel. After the
electrophoresis, proteins were transferred to a polyvinylidene fluoride or polyvinylidene
difluoride (PVDF) membrane using a semi-dry technique. First, the PVDF membrane were
put with filter papers in the transfer buffer after activating it for 10 seconds in methanol.
Afterwards, the infiltrated filter paper, the activated PVDF membrane, the gel, and the
infiltrated filter paper were place in order in a semi-dry tank. A roller was used to eliminate

air bubbles between the layers. Subsequently, after 1 hour of transfer at 400 mA, the
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membrane was blocked with 5% skim milk dissolved in deionized water for 1 hour at RT.
Then, the blocked PVDF membrane was washed in the membrane washing solution (Ttis-
buffered saline-Tween, TBST) three times on a shaker for 3 min each. Finally, the membrane
was treated with the respective primary antibody (1:1000 in BSA) overnight at 4 °C. On the
next day the primary antibody was recycled and stored in the -20 °C freezer. After washing
the membrane three times with TBST, it was incubated with the respective HRP coupled
secondary antibody (1:10000 in TBST solution) for 1 hour at RT. After that, the membrane
was washed several times. Finally, the rinsed membranes were immersed in ECL
chemiluminescence reagent before the blots were exposed to the imaging equipment
ChemiDoc station (Biorad, USA). Image Lab Software was used to evaluate the data further.
Table 12 lists the details of the used antibodies.

Table 12: Antibody information

Antibody Concentration Supplier Cat. No. Species
Anti-Tublin 1:1000 GeneTex, USA GTX628802 mouse
Anti-GAPDH 1:1000 GeneTex, USA GTX627408 mouse
Anti-TREM2 1:1000 ThermoFisher, USA PA5-87933 rabbit

Anti-PLIN2 1:1000 ProGen, Germany GP42 guinea pig

Anti-L.C3 1:1000 Abcam, UK ab128025 rabbit
Anti-p62 1:1000 Abcam, UK ab109012 rabbit
Anti-rabbit 1:10000 Abcam, UK ab97051 goat
Anti-mouse 1:10000 Abcam, UK ab97023 goat
Anti-guinea pig 1:10000 Abcam, UK ab6908 Goat

2.13. Co-culture of primary microglia and SH-SY5Y cells

Human neuroblastoma (SH-SY5Y) cells were seeded in 24-transwell inserts at 2 x 10°
cells/well density, and the primary microglia were seeded in another 24-well plate at 4 x 10
cells/well density. After transfection of ASO NEAT1 or ASO Scramble was petrformed with
primary microglia, the microglia were cultured in BSSO and subsequently transferred to a
hypoxic incubator, as mentioned before. Afterwards, microglia cells were co-cultured with

SH-SY5Y cells in transwell plates for 24 hours. The supernatant was taken for further
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analysis.

2.14. Statistical analysis

GraphPad Prism 9 software (GraphPad sofware, California, USA) was used for statistical
analysis and graphic production, whereas Excel was utilized for data collection. One-way
ANOVA followed by Tukey's post-hoc-test was explicitly chosen to compare multiple
groups. All data are given as mean ¥ standard deviation (SD), and p values less than 0.05 was

considered significant.
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3. Results

3.1. Purification, isolation, and characterization of primary microglia

Cell morphology was observed under bright-field microscopy to identify primary microglia,
and immunofluorescence was used against the markers of primary microglia. As presented

in Figure 1, the primary microglia showed a ramified morphology.

Figure 1: Morphology of primary microglia. a. Primary microglia cells were isolated from
cerebral cortices and hippocampi of newborn WT C57BL/6] mice. The cells have a small
soma bearing long and thin extensions. b. Primary microglia at higher magnification.

Four commonly-used microglia markers were analyzed by using fluorescence microscopes,

namely CD68, CD11b, CX3CR1, and Ibal (Figure 2).

29



Results

DAPI Merge

CD68

CD11b

CX3CR1

Iba1

25 pm 25 pm 25 pm

Figure 2: Identification of primary microglia. Immunofluorescence images labelled for
CD068 in red and CD11b, CX3CR1, and Ibal in green under normoxic conditions, while the
nuclei were counterstained with DAPI in blue (top to bottom).

3.2. Establishment of an OGD model in vitro and NEAT1 expression

in primary microglia under hypoxic conditions

Firstly, we discovered the expression of NEAT1 in the primary microglia under OGD
conditions. After 24 hours of reoxygenation, RNA was extracted, and NEAT1 expression
was measured. qRT-PCR findings revealed that the level of NEATT1 in the primary microglia
of the OGD group was considerably higher than the normoxia group, as shown in Figure
3a. In addition, NEAT1 expression peaked after 4 hours of OGD and 24 hours of
reoxygenation. The MTT assay was adopted to determine the cell viability at various time
points. As shown in Figure 3b, the cell viability was affected after 2 hours of OGD and then

gradually decreased around 50% compared to normoxia after 4 or 6 hours of OGD.
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Figure 3: Establishment of OGD model and NEAT1 expression in primary microglia
at different time points of OGD. a. NEAT1 expression was analyzed in primary microglia
after 2, 4, 6, and 8 hours of OGD with 24 hours of reoxygenation using qRT-PCR
normalized against PPIA. b. Effect of different time points of OGD with 24 hours
reoxygenation on cell viability. * p < 0.05, *** p < 0.0001 vs. corresponding control,
ANOVA.

In order to further verify the function of NEATT in primary microglia, the expression of
NEAT1 was measured by qRT-PCR between normoxia and 4 hours of OGD with 3, 6, 9,
12, 15,18, 21 and 24 hours of reoxygenation, respectively. Figure 4a showes that, compared
to the control, the expression of NEAT1 in microglia reached the top after 6 hours of
reoxygenation. The cell viability after different reoxygenation times is illustrated in Figure
4b. So the time point of 4 hours of OGD and 6 hours of reoxygenation was used in the

subsequent experiments.
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Figure 4: Relative NEAT1 expression in primary microglia at different time points
after reoxygenation and relative cell viability. a. RNA was extracted from primary
microglia cells after 4 hours of OGD with different times of reoxygenation, and NEAT1
expression was detected by qRT-PCR, normalized to PPIA. b. Effect of varied reoxygenation
time points with 4 hours of OGD on cell survival. ** p < 0.01, **** p < 0.0001 vs.
corresponding control, ANOVA.

3.3. The efficiency of NEAT1 knockdown and its effect on microglia
viability

The cells were transfected with ASO NEAT1 of different concentrations, and transfection

effectiveness was assessed by qRT-PCR (Figure 5). The results show that 80 nM were the

best dosage (Figure 5b). At the same time, the cell viability was measured by the MTT test.

Figure 5c displayed that the pre-treatment with ASO NEAT1 significantly increased the cell

viability of microglia. At the same time, there is no significant difference between the OGD,

blank control (Turbofect), and negative control (NC, ASO Scramble) groups.
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Figure 5: The transfection efficiency and cell viability of microglia treated with ASO
NEATI. a. Bright-field microscopy images of microglia cells transfected with ASO NEAT1
of different concentrations. b. The transfection efficiency of ASO NEAT1 was quantified
by qRT-PCR and normalized to PPIA. c. Cell viabilities of microglia treated with ASO
NEAT1 determined by MTT assay. Experiments were performed in five parallel groups. NS,
not significant, * p < 0.05, ¥ p < 0.001, **** p < 0.0001 vs. corresponding control,
ANOVA.
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3.4. Knockdown of NEAT]1 affects expression patterns of lipid

droplet in primary microglia exposed to OGD

We first investigated whether knockdown of NEAT1 could affect the expression patterns of
LDs in microglia under OGD conditions. According to the immunofluorescence results, a
significant upregulation of LDs was expressed in microglia under OGD compared to the
normoxic conditions (Figure 6). Subsequently, the cells were treated with ASO NEATT or
Scramble, respectively, and the result demonstrated that knockdown of NEAT1 significantly

inhibited the LDs expression in microglia.

| DAPI || BODIPY || CDI1b || Merge
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Figure 6: The effect of NEAT1 on lipid droplet accumulation in the primary
microglia. a. Immunofluorescence staining of neutral LDs (BODIPY, green) in microglia
cells (CD11b, red) cultured under normoxic and hypoxic conditions after interference with
ASO NEATT. b. Quantification of the fold change of LDs and statistical evaluation. NS,
not significant, ** p < 0.01, **** » < 0.0001 vs. corresponding control, ANOVA.
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After oxygen-glucose deprivation and reperfusion (OGD/R) treatment with the primary
microglia, Perilipin 2 (PLIN2) and triggering receptors expressed on myeloid cells 2
(TREM2) were enhanced. Moreover, the knockdown of NEAT1 significantly downregulated
PLIN2 and upregulated TREM2 expression, respectively, relative to the OGD group, while
there was no significant difference between the OGD and negative control groups (Figure
7.
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Figure 7: Relative expression of PLIN2 and TREM2 in primary microglia cells
transfected with ASO NEAT1 or ASO Scramble. Primary microglia cells were transfected
with ASO NEAT1 or Scramble for 24 hours to generate stable NEAT1 knockdown and
negative control groups. qRT-PCR analysis was utilized to detect LD-related genes (a) PLIN2
and (b) TREM2 expression levels, normalized to PPIA. NS, not significant, ** p < 0.01, ****
» < 0.0001 vs. corresponding control, ANOVA.

Inflammation has been hypothesized as both a cause and a consequence of LD formation.
In order to further confirm the effect of NEAT1 on LDs, we tested the expression of
inflammation-related genes via qRT-PCR after different treatments as mentioned before. As
indicated in Figure 8, inflammation-related genes were upregulated after exposure to OGD
as compared to the normoxic conditions. Knockdown of NEATI significantly
downregulated TNF-« and IL-18 while upregulated I1L.-4 and IL-10 expression compared to
the OGD group.
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Figure 8: Relative expression of inflammatory markers in primary microglia cells
transfected with ASO NEAT1 or ASO Scramble. Primary microglia cells were transfected
with ASO NEAT1 or Scramble for 24 hours to generate stable NEAT1 knockdown and
negative control groups. Detection of inflammation-related genes (a) TNF-a, (b) IL-183, (c)
IL-4, and (d) IL-10 levels were quantitated by qRT-PCR analysis, normalized to GAPDH.
NS, not significant, * p < 0.05, ** p < 0.01, ¥ p < 0.001, **** p < (0.0001 vs. corresponding
control, ANOVA.

To further confirm that knockdown of NEAT1 could repress the LD accumulation in
microglia cells exposed to OGD, we performed western blots to analyze the LDs-associated
proteins, PLIN2 and TREM2. As Figure 9 shows, the expression of PLIN2 and TREM2 was
significantly increased under OGD compared to normoxic conditions. Compared to the
negative control group, PLIN2 decreased, while TREM2 was significantly increased in the
ASO NEAT1 transfected cells.
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Figure 9: NEAT1 knockdown repressed PLIN2 but activated TREM2 expression.
Microglia cells were transfected for 24 hours with ASO NEAT1. Western blot analysis was
used to assess the expression of (a) PLIN2 and (b) TREM?2 in microglia cells in four parallel
groups (Normoxia, OGD, OGD + NC, and OGD + ASO NEAT1), and the relative
quantitative analysis was normalized against GAPDH or tublin, as indicated. NS, not
significant, * p < 0.05, ** p < 0.01, *** » < 0.001 vs. corresponding control, ANOVA.

3.5. Knockdown of NEAT1 affects signaling cascades related to

autophagy in primary microglia under ischemic conditions

To determine the impact of NEAT1 on the autophagy pathway, we treated microglia with
ASO NEATT1 or ASO Scramble at a concentration of 80 nM/well, respectively. The results
demonstrate that NEAT1 silencing significantly reduced mRNA levels of Atg3, Atgb,
Beclinl, STATS3, as well as protein level of LC3 while increasing the protein level of p62 in
microglia cells compared to the OGD group, as illustrated in Figures 10 and 11. These
findings show that the knockdown of NEAT1 impairs the autophagy process in primary

microglia under OGDconditions.

37



Results

25- NS ’ ek _—
c eww ° g 2o [ ] e
2 2.0+ . _:_ 2~ { _ﬁ_
7] [ [ ]
5 '&' 1. & .
g 1.5+ s o X 154 e °
ey Y E, o P
s ° < 1.0
< 109 § g 0
2 2
® 8
3 el 0.5+
g 0.5 &
0.0 T T T T 0.0 T T T T
) S < N
& L &L & L L
& ° o & & Q &
3 S ¥ & P
xv. Xv.
Q Q
& &
C 25 5 d 25+ s
g *hkk *k S hekkk P
® 2.0 ‘® 2.0
Tk ety
(] . 4 4
g ‘] ] . g oo
® 1.5 D ° -+ 3 1.57 ®
- 2 £ S
5 *o < O
2 104 g b o104 e
I (]
2 Z
T 0.5 S 0.5
K] &
o'c 1 1 1 1 o-c 1 T 1 1
R Q O AN 2 Q O &N
@o't-\ 00 x\\ @v. 6‘°+\ 00 x\\ @v.
& o 0‘\ & o 0\\
N o & A o 2
Xv. Xv.
Q Q
&~ &

Figure 10: Relative expression of autophagy-related genes in microglia transfected
with ASO NEAT1 or ASO Scramble. Primary microglia cells were transfected with ASO
NEAT1. Autophagy-related genes were determined by quantitative qRT-PCR. Analysis of
(a) Atg3, (b) Atgb, (c) Beclinl, and (d) STAT3 using qRT-PCR normalized to GAPDH. NS,
not significant, ** p < 0.01, *** P < 0.001, **** p < 0.0001 vs. corresponding control,
ANOVA.
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Figure 11: NEAT1 knockdown repressed LC3 but activated p62 expressions. Microglia
cells were transfected with ASO NEAT1. Western blot was utilized to analyze the expression
of (a) LC3 at a 17 kDa band and (b) p62 at a 47 kDa band in microglia cells in four parallel
groups (Normoxia, OGD, OGD + ASO NC, and OGD + ASO NEATT1), and the relative
quantitative analysis was normalized against GAPDH. NS, not significant, ** p < 0.01, *** p
< 0.001, *¥** p < 0.0001 vs. corresponding control, ANOVA.

3.6. Inhibition or activation of the autophagy pathway affects lipid

droplet formation in primary microglia

As stated earlier, NEAT1 and LD expression in microglia under OGD conditions were
elevated, and silencing NEAT1 restricted both expression patterns of LDs and signaling
cascades related to autophagy. In order to illustrate the interaction of autophagy and LDs
accumulation, we next used 3-methyladenin (3-MA) and RAPA to inhibit or activate the
autophagy pathway in microglia cells. 3-MA is a class III PI3K inhibitor that can specifically
disrupt the fusion of autophagic vesicles and lysosomes during autophagy, whereas RAPA
stimulates autophagy. Firstly, we stained the LDs accumulation in cells under normoxic
conditions. Figure 12 demonstrated that with the addition of RAPA, the expression of LDs
in the normoxia + RAPA group increased in comparison to the normoxia group, and the
difference was statistically significant. There was no variation among the normoxia and

normoxia + 3-MA or normoxia + DMSO groups.
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Figure 12: The staining of LDs in primary microglia after inhibition or activation of
the autophagy pathway under normoxic conditions. a. Microglia cells were treated with
3-MA or RAPA for 24 hours, followed by BODIPY staining. b. Quantification analysis of
the fold change of LDs. NS, not significant, *** » < 0.0001 vs. corresponding control,
ANOVA.

Next, we stained the LD accumulation in microglia cells under OGD conditions. The results
(Figure 13) show that after the treatment with 3-MA or RAPA, the proportion of green
fluorescence signal in the cells was significantly decreased or increased, respectively.
Furthermore, RAPA reversed the decreased LD accumulation induced by ASO NEAT1
upon OGD/R in microglia, whereas 3-MA had the opposite effect. In addition, there was
no statistical significance between the OGD + RAPA + ASO NEAT1 and OGD + DMSO
+ NC groups.
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Figure 13: The staining of LDs in primary microglia after inhibition or activation of
the autophagy pathway under OGD conditions. a. Microglia cells were treated with 3-
MA or RAPA for 24 hours, followed by BODIPY staining b. Quantitative analysis of the
fold change of LDs. NS, not significant, * p < 0.05, ** p < 0.01, **** p < 0.0001 vs.
corresponding control, ANOVA.
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To further demonstrate the interaction between autophagy and LD accumulation, the
mRNA and protein levels of PLIN2 in microglia cells treated with 3-MA or RAPA under
OGD conditions were analyzed. Similarly, the real-time PCR and western blot analyses

demonstrated the same result, as shown in Figures 14 and 15.
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Figure 14: Relative PLIN2 gene expression in microglia cells after inhibition or
activation of the autophagy pathway under OGD conditions. The expression level of
PLIN2 treated with (a) 3-MA or (b) RAPA in microglia, normalized to PPIA. NS, not
significant, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. corresponding control, ANOVA.
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Figure 15: Protein level of PLIN2 in microglia after inhibition or activation of the
autophagy pathway under OGD conditions. PLIN2 protein was recognized as a 48 kDa
band, and GAPDH (36 kDa) was used as a reference. NS, not significant, * p < 0.05, ** p <
0.01, ¥* p < 0.0001 vs. corresponding control, ANOVA.

3.7. Knockdown of NEAT1 protects SH-SY5Y cells from OGD-injury

24 hours after ASO NEAT1 transfection into microglia cells, the cell viability was determined
by MTT assay after cell co-culture (Figure 16a). The results show (Figure 16b) that the cell
survival rate of SH-SY5Y cells in a total of three groups (co-culture + microglia OGD, co-
culture + microglia NC, co-culture + microglia ASO NEATT) was significantly higher than
in the OGD group. Moreover, the cell survival in the co-cultured group of NEAT1
knockdown was improved as compared with the co-cultured group of OGD, and the
difference was statistically significant (P < 0.05). There was no significant difference between
the two groups "co-culture + microglia OGD" and "co-culture + microglia NC". These
results indicate that primary microglia cells have an impact on SH-SY5Y cell viability

amplified by the suppression of NEAT1 expression.
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Figure 16: The cell viability of SH-SY5Y cells co-cultured with different groups of

primary microglia. a. Schematic diagram of co-culture model. b. Cell viabilities of SH-SY5Y

cells under normoxia, OGD, or co-cultured with groups of microglia determined by MTT

assay. Experiments were performed in six parallel groups. NS, not significant. * p < 0.05, **
P < 0.01, #*F p < 0.001, ¥*+£ p < 0.0001 vs. corresponding control, ANOVA.
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4. Discussion

Stroke is a CNS disease with acute onset, long-term disability, and even death. At present,
the clinical treatment of stroke is still facing significant challenges. LncRNAs have been
recognized as central mediators in various biological processes and have emerged as essential
players in the control of ischemic diseases lately. This study looked at the involvement of

NEATT1 in ischemic stroke and its downstream molecular regulatory mechanisms.

4.1. Identification of primary microglia, and establishment of OGD

model in vitro

Cell culture in vitro is a method used to study the growth, proliferation, differentiation, and
other functions of living cells. It has become a standard primary method in scientific research
since the culture conditions can be easily controlled and are suitable for detection and
recording. The CNS is comprised of two different kinds of cells: neurons and glial cells. The
glial cells, mainly composed of microglia, astrocytes, and oligodendrocytes, account for more
than half of the total cells and are essential for neural development and physiological
functions (Huang H. et al. 2022). Astrocytes provide nutrition, support, and protection to
neurons (Lee et al. 2021). Oligodendrocytes form neuronal myelination that wraps around
neuronal axons, acting as an electric insulator to provide insulation and protection to neurons
(Stadelmann et al. 2019). As resident immune cells, microglia can immunize, repair and
maintain the homeostasis of the CNS, and play a vital role in mediating inflammatory

response (Huang H et al. 2022).

In this study, to investigate the corresponding response after cerebral ischemia, the aim was
to observe the physiological characteristics of microglia in vitro. The advantage of the in
vitro approach is that the effects of other factors on cells, as compared to animal models,
can be excluded, and the effect of a single factor on a single cell can be more easily observed
and detected. The mouse age used in this experiment is a crucial factor affecting cell survival
and purity (Woolf et al. 2021). The adhesion ability of the isolated cells becomes more robust
from the younger animals, and better target cells needed for the experiment can be separated.
Related studies have reported that cells isolated from newborn mice or fetal mice within one
day have a more vital survival ability. The cerebral cortex of mice was preserved as much as
possible since the microglia needed for the experiments are primarily located in the brain's
gray matter. The brainstem and cerebellum were removed to the maximum in the process of

isolation. Discarding the excess brainstem and cerebellum before cell isolation can avoid the
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interference of unrelated tissues and enable experiments to obtain the highest purity of target
cells possible (Lian H. et al. 2016). Secondly, the brain surface's meningeal tissue and related
blood vessels had to be removed during the separation process to minimize the influence of
vascular endothelial cells, leptomeningeal cells, and fiber cells on the target cells (Lian H. et
al. 2016). Microglial cells with good activity and high purity were obtained by this approach,
and the microglial cell-specific surface markers CD11b, CD68, CX3CR1, and Ibal were
confirmed by fluorescence microscope (Figure 2). Experiments showed that most cells were

microglia, which laid the foundation for the next experiment.

A steady supply of oxygen and glucose is essential for maintaining proper brain activity
(Watts et al. 2018). Recent research has demonstrated that the OGD/R treatment in vitro
can simulate the process of ischemic injury in animals, involving apoptosis, mitochondrial
dysfunction, oxidative stress, gene expression modulation, and other processes which can
trigger neuronal death and brain injury (Zhang H et al. 2020). An MTT assay was performed
to measure cell viability in order to further elucidate the influence of OGD/R on the sutvival
rate of microglia at different time points. The underlying principle is that MTT can be
reduced to a blue-purple formazan crystal under the action of succinate dehydrogenase in
the mitochondria of living cells that cannot be dissolved in water and accumulates in the cell.
However, dead cells cannot reduce MTT. Therefore, they cannot metabolize and degrade
the materials. After forming the formazan, it was dissolved by the use of DMSO. The viability
or number of living cells was then calculated by measuring the absorbance with a microplate
reader. MTT detection has been widely used in life science because of its convenience and
economy (Pribst et al. 2017). In this experiment, we found that after 2 hours of OGD, the
cell survival rate of microglia cells started to be affected. The cell survival rate gradually
decreased with the prolongation of OGD time. The results suggest that microglia are highly
sensitive to oxygen and glucose conditions. When the microenvironment is hypoxic, the

survival rate of microglia will decline sharply in a short period (Fumagalli et al. 2015).

4.2. NEAT]1 and lipid droplet are upregulated in microglia exposed to
OGD

Notably, the regulatory role of IncRNA-NEAT1 in cerebral ischemia has already been
reported (Jin F et al. 2021; Liu B et al. 2020; Shen S et al. 2020). In this study, to clarify the
NEAT1 expression under hypoxic conditions, OGD/R treatment with mouse-isolated

primary microglia cells in vitro studies was performed. The relevant gene levels in the
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OGD/R model was evaluated using qRT-PCR analysis. It was found that the expression of
NEAT1 got the highest level after 4 hours of OGD and 6 hours of reoxygenation. Studies
have reported that NEATT is upregulated in patients with acute ischemic stroke compared
to healthy volunteers, and its expression is also favorably associated with inflaimmatory
factors level (Li P et al. 2020). In addition, NEAT1 is a novel genetic phenotype of brain
diseases and can facilitate the progression and invasion of glioma cells (Liang et al. 2022).
Moreover, lentivirus transfection with NEAT1 overexpression exacerbated brain cell death
in MCAO rats and significantly aggravated the cerebral IRI-induced nervous system injury
on brain function after ischemic stroke (Shen S et al. 2020). Down-regulation of NEAT1
expression protected neurons against apoptosis caused by OGD/R in BV2 microglia cells,
which significantly inhibited the polarization of microglia to the M1 phenotype (Ni et al.
2020). Besides, NEAT1 has been shown to function as a miR sponge to modulate the
inflammatory response generated by OGD/R injury through miR-374a-5p/NFAT5
signaling pathway (Lian und Luo 2021). Consistent with this, the elevated level of NEAT1
in OGD/R-treated primary microglia cells found in this study indicates that NEAT1 plays a

crucial function in IRI.

Microglia are the first immune cells to respond to brain damage and are triggered by blood
components such as red blood cells, white blood cells, and plasma proteins (Kreutzberg
1996). Microglia act as the macrophages in the CNS by clearing denatured nervous tissue and
infectious substances, thereby promoting neurological function recovery and maintaining the
homeostasis of the CNS (Perry und Teeling 2013). However, in this process, activated
microglia can also release a number of harmful cytokines, including pro-inflammatory
cytokines, inflammatory mediators, reactive oxygen species (ROS), proteases, and nitric
oxide synthase, which can aggravate the neurological injury caused by ischemia (Xin et al.
2021). Some studies have observed that neurodegenerative changes accompany significant
accumulations of LDs in microglia under transmission electron microscopy (Shimabukuro
et al. 2010). Lin et al. found that the number of microglia containing LDs was increased after
glucose-oxygen-serum deprivation by Oil Red O-positive staining (Lin et al. 2019). Chemical
blocking and antagonist experiments further demonstrated that peroxisome proliferator-
activator receptor y partially promotes LDs formation. The upregulation of LDs was
accompanied by the increased production of inflammatory cytokines, tumor necrosis factor-
o (TNF-a), and interleukin-18 (IL-1B). Inhibition of LDs formation significantly reduced the
infarct size and improved the motor function deficit in rats with cerebral ischemia (Lin et al.

2019). One study using BODIPY staining found that the accumulation of LDs in microglia
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significantly increased with age (Marschallinger ] et al. 2020). RN A-sequencing differential
expression analysis and the functional study suggested that LDs in these microglia were
involved in the activation of ROS generation, which was related to the excessive release of
pro-inflammatory factors and impaired phagocytosis of microglia (Marschallinger ] et al.
2020). Similarly, in this study, performed immunofluorescence, qRT-PCR, and western blot
analysis of LDs-related markers of primary microglia cells after exposure to hypoxia was
performed and found that their expression is all elevated. Therefore, the LDs in microglia
under hypoxic conditions are upregulated, possibly through induced and released pro-
inflammatory factors or by lysosome and phagosome pathways. However, how LDs
accumulate in hypoxic microglia and how they affect stroke progression is still unclear and

needs further exploration.

4.3. NEATI1 affects the expression patterns of lipid droplet

Preliminary studies have revealed that the expression of NEAT1 and LDs is elevated in
hypoxic microglia cells. NEAT1 was shown to be an upstream regulator of has-miR-372-3p,
which involved RAPA-induced triglycerides (T'Gs) metabolism (Fan et al. 2021). NEAT1
also modulated adipose triglyceride lipase (ATGL) expression, and knockdown of it
attenuated human hepatocellular carcinoma cell growth through ATGL (Liu X et al. 2018).
TGs are the main contents of LDs, while ATGL is the primary enzyme contributing to TGs
breakdown in vitro, so the aim of this study was to investigate whether NEAT1 has a specific
effect on LDs metabolism. In this study, we inferred that the knockdown of NEAT1 could
reduce LDs deposition in microglia after exposure to hypoxia. This conclusion agrees with
some studies suggesting that NEAT1 may regulate lipid uptake in macrophages. For
example, Ning et al. used oxidized low-density lipoprotein to acquire lipid absorption in
macrophage THP-1 cells. The results indicated that the NEAT1 expression level was
significantly increased compared with the normoxia group and further confirmed that low-
level NEAT1-mediated paraspeckle formation suppressed lipid uptake (Huang-Fu et al.
2018). Silencing of NEAT1 expression by transfection with small interfering RNA can
significantly prevent total cholesterol (TC), total TGs levels, and THP-1 cell death (Wang L.
et al. 2019). Microglia are the only macrophage population in the CNS, and one can assume
that NEAT1 may affect expression patterns of LDs in primary microglia exposed to hypoxia.
In addition, in specific fatty liver cells, NEAT1 interaction with downstream markers to

adjust lipid metabolism has been demonstrated (Jin S et al. 2022).
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In inflammation, LDs have long been considered to respond to inflammatory activation.
Microglia show various forms of polarized activation during inflammation, one of which is
typical M1 activation, which is characterized by driving the inflammatory response and
possibly aggravating neuronal damage (Wendimu und Hooks 2022). M2 activation, on the
other hand, limits excessive immune reactions, stimulates neuronal regeneration, and repairs
damage (Guo et al. 2022). According to recent research, converting M1 to M2 might be a
possible treatment method for ischemic injury (Wang | et al. 2018). The dynamics of
microglial polarization reveal a novel mechanism for cerebral infarction. A rising number of
studies have shown that the excessive release of inflammatory cytokines in ischemia-
reperfusion and subsequent secondary inflammatory responses are the leading causes of
brain injury and the development of revascularization (Halladin 2015). TNF-«, 1L-18, and
IL-6 are inflaimmatory cytokines involved in the ischemia-reperfusion process, forming an
inflammatory cascade (Qin et al. 2019). NEAT1 has been previously linked to the
inflammatory response following cerebral ischemia-reperfusion. Ni et al. showed that
NEAT1 suppressed the microglial polarization towards the M1 phenotype but did not
promote the conversion to the M2 phenotype under hypoxia conditions (N1 et al. 2020). In
addition, earlier studies have demonstrated that NEAT1 can regulate the blood-brain barrier
damage induced by bacterial meningitis, and this process was mediated by miR-135a (Wang
C et al. 2021). NEAT1 has already been shown to be an essential regulator of inflammatory
processes in human tissues (Pan et al. 2021). Furthermore, NEAT1 is also emerging as a
promising target for stroke therapy and has become a key actor as a diagnostic biomarker in
the pathophysiology of cerebral infarction (Li P. et al. 2020). Silencing NEAT1 could
significantly reduce proinflammatory cytokine production and alleviate ischemic damage in
animal models (Jin F et al. 2021). These findings suggest that NEAT1 may reduce the
inflammation reaction and further inhibit LDs accumulation indirectly. Consistent with this,
in this study, changes in TNF-a, IL-18, IL-4, and IL-10 expression after hypoxia were
detected, and the results show that they were improved compared with the normoxia group.
Then, after the knockdown of NEAT1, TNF-« and IL-1§ were obviously down-regulated
while IL-4 and IL-10 were up-regulated compared to the OGD group, further indicating the

involvement of NEATT1 in inflammatory regulation.

4.4. NEAT]1 affects signaling cascades related to autophagy

Autophagy is a critical degradation system for energy and cellular homeostasis, primarily as

a defense mechanism that may prevent cell death in a stressful environment (Murrow und
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Debnath 2013). At the same time, autophagy promotes survival or death in brain IRI, which
is seen as a double-edged sword (Chen W et al. 2014). Wang et al. discovered that NEAT1
revealed decreased expression in the early phase of Alzheimer's disease and confirmed that
NEAT1 could regulate AB uptake and degradation mediated by neuroglial cells through
regulation of endocytosis-related gene expression (Wang Z et al. 2019). Further, they also
proved that NEAT1 could induce autophagy in neuroglia cells via regulating autophagy-
related gene expressions, such as Atg3, Atg5, and Beclinl (Wang Z et al. 2022). Moreover,
NEAT1 can stimulate autophagy in the progression of numerous diseases. For example,
NEAT1 promotes myocardial IRI in diabetic rats by promoting myocardial autophagy (Ma
et al. 2018). In the neurotoxin MPTP-induced Parkinson's disease model, NEAT1 aggravates
autophagy (Dong et al. 2021; Yan et al. 2018). LC3-I and LC3-1II bind together during
autophagosome formation. In addition, LC3-I is found in the cytoplasm, whereas LC3-1I is
found in the autophagosome membrane. LC3-1I is degraded with the autophagosome after
fusion with lysosomes. The complete form of LC3 is representative of autophagy flux

(Tanida et al. 2004).

In this study, autophagy was activated in OGD/R-treated microglia cells under OGD
conditions, accompanied by upregulation of LDs and decreased cell proliferation. The
increased expression of NEAT1 significantly promoted the transformation of LC3-I to LC3-
IT in microglia. Autophagy is a dynamic process, increased LC3-II/LC3-I ratio can only
indicate increased autophagosomes (Singh und Bhaskar 2019). However, the increase in
autophagosomes is not only due to the improvement of autophagy activity, but also may be
caused by the blocked binding of autophagosomes and lysosomes or the degradation of
autophagosomes. Therefore, we also detected the expression level of p62. The results show
that NEAT1 knockdown up-regulated p62 expression. As p62 is an adaptor protein, one end
of p62 connects explicitly to the LC3 protein on the autophagosome membrane, which acts
as a membrane receptor, mediating the selective "packaging” process of the autophagosome
membrane. The other end of p62 connects to the marked "cargo" through ubiquitin, and
finally, the adaptor protein and "cargo" are degraded together. Therefore, the p62 protein
level is negatively correlated with autophagy activity within a specific range, which is another
marker in the process of autophagy (Jiang und Mizushima 2015). The level of p62 protein
reflects the level of autophagosomes that are cleared. However, p62 accumulates when there
is too much autophagy or insufficient clearance of autophagosomes (Jiang und Mizushima
2015). By detecting the expression of the aforementioned two markers, the results indicated

that NEAT1 knockdown reduces autophagosome formation and inhibits autophagy activity.
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Therefore, this infers that inhibition of NEAT1 expression can reduce the autophagy
activation of microglia after exposure to hypoxia, reduce ischemia injury, and thus promote

neuroprotection.

4.5. Inhibition or activation of the autophagy pathway affects lipid

droplet formation in primary microglia

Mitochondria autophagy, ER autophagy, and peroxisome autophagy are found in cells (Xu
et al. 2020). The fact that LDs are part of the cytoplasm and contain acid lipase within
lysosomes suggests that the autophagy pathway can also degrade LDs. In chapter 3.4, we
demonstrated that the knockdown of NEAT1 alleviated LDs accumulation in primary
microglia exposed to hypoxia. In chapter 3.5, we found that silencing NEAT1 could repress
OGD/R-induced autophagy in microglia cells and demonstrated that Atg3, Atg5, and
Beclinl were involved in the process of NEAT1 restrained autophagy. Further, 3-MA and
RAPA wete used to inhibit/activate autophagy, in tutn to illustrate the interaction of
autophagy and LDs accumulation. In a normal physiological state, autophagy can
phagocytose and degrade excess lipids and participate in lipid metabolism called lipophagy
(macrolipophagy or microlipophagy) (Kloska et al. 2020). Under nutrient deficiency
conditions, the lipid is encapsulated in a double membrane autophagosome and transported
to lysosomes to be degraded into free fatty acids to provide energy for the body (Zhang S et
al. 2022). This process can select the recognition and degradation of lipids, then regulate lipid
metabolism in cells and maintain intracellular lipid homeostasis. Lipophagy is regulated by
genes, enzymes, transcriptional regulators, and other factors. It has been shown that
lipophagy and autophagy have synergistic or cross effects (Liu und Czaja 2013). For example,
lipase-induced LD degradation partially depends on the autophagy pathway (Xie et al. 2020).
Branched-chain amino acids have been shown to promote liver injury in obese/diabetic mice
by increasing adipocytes lipolysis and suppressing heptic autophagy (Zhang F. et al. 2010).
Since both cytoplasmic lipase (ATGL) and hormone-sensitive lipase can directly interact with
LC3, it is speculated that lipophagy in the liver has a synergistic effect with lipolysis, and the
activity of ATGL is related to lipophagy. Overexpression of ATGL will increase lipophagy
in the liver through SIRT1 (Sathyanarayan et al. 2017). One study used rat primary hepatic
cells cultured with oleic acid or methionine- and choline- deficient medium (MCDM) and
treated with 3-MA or Atg5 siRNA to inhibit autophagy (Singh R. et al. 2009). It was found
that the level of intracellular TGs increased, and the number and volume of LDs increased.

At the same time, fatty acid $-oxidation decreased. The co-localization of LDs and autophagy
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signaling protein LC3 showed that LDs could be observed in autophagy vesicles in cultured
hepatocytes and mouse liver tissues regardless of the state of basal or enhanced autophagy.
They also observed that hepatocytes cultured with oleic acid or MCDM contained more LDs
within autophagic vesicles than controls (Singh R et al. 2009). In addition, in the specific
Atg7 knockout mouse model, Oil red O staining showed that the LDs in the liver increased,
and the levels of TGs and LD-related proteins TIP47 and ADRP also increased (Dice 1990).
All these findings suggest that hepatic fat deposition increases after inhibiting autophagy,
whereas autophagy appears to have the opposite effect on fat than in hepatocytes (Zhang Y
et al. 2009). Normal wildtype mice fed with a high fat diet for several weeks gained weight,
and white fat tissue was significantly increased. However, there were no significant changes
in a targeted deletion of Atg7 in the adipose tissue of the mice both in body weight and fat
content compared to normal mice. The mutant mice fed with a regular diet had significantly
less white adipose tissue than wild-type mice. Thus, unlike promoting lipolysis in the liver,
autophagy promotes lipid storage in adipocytes (Zhang Y et al. 2009), which coincides with
the result of this study. Here, it is shown that the expression of LDs was reduced in hypoxic
microglia after blocking the autophagic pathway. This result was also consistent with one
study by Xu and colleagues. They knocked out the Atg7 gene in both primary microglia and
BV2 cells and reported that apolipoprotein E (ApoE), a significant cholesterol and lipid
transporter, was raised in these two kinds of cells. Intriguingly, higher levels of LDs were

revealed in BV2 cells compared with control groups (Xu et al. 2021).

4.6. Limitations

There are some limitations of this study that need to be mentioned. First, the experiments
did not explore the direct targets of NEAT1, although changes in downstream mRNA and
protein levels after NEAT1 knockdown were tested using qRT-PCR and western blot.
Furthermore, the results of the co-culture experiments with primary microglia and SH-SY5Y
cells suggest that the knockdown of NEAT1 in microglia protects SH-SY5Y cells from
OGD injury. Though, present results demonstrate that NEAT1 could regulate the
autophagy, inflammation, and LDs levels in primary microglia after exposure to hypoxia.
However, the exact mechanism of how NEAT1 improves SH-SY5Y cell survival rate
requires further exploration. One can assume that by reducing the inflaimmation in SH-SY5Y
cells or regulating LD metabolism NEAT1 could regulate the expression of TREM2.

Furthermore, future experiments should explore in more detail which components of the
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LDs are affected by NEAT1 (free fatty acids or cholesterol)? Finally, the effects of NEAT1

on LD formation and inflammation have to be verified in animal models of ischemic stroke.
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5.  Summary

In this project, it was investigated whether NEAT1, LDs, and autophagy-related genes were
changed under hypoxia conditions in primary microglia cells in vitro. Further, the
significance of NEAT1 knockdown on lipid metabolism, autophagy, and neurons in an
OGD cell culture model was evaluated. First, primary microglia were isolated from newborn
mice. The expression of NEAT1, LDs, and autophagy-related genes was shown to be
elevated after exposure to OGD. Secondly, ASO NEAT1 was used to silence NEAT1 in
primary microglia cells. After knockdown of NEAT1, the accumulation of LDs was inhibited
and the expression of autophagy-related genes was also decreased. The autophagy inducer
RAPA reversed the down-regulation of LD accumulation and PLIN2 expression patterns
induced by ASO NEAT1 under OGD/R condition in microglia, whereas the autophagy
inhibitor 3-MA promoted those effects. Finally, it was shown that the knockdown of NEAT1
protects SH-SY5Y cells from OGD injury. These findings support the hypothesis that

NEAT1 may serve as a promising target for the treatment of ischemic stroke.
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