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ABSTRACT 

 
INVESTIGATION OF THE EFFECTS OF ANTI-INFLAMMATORY IN 

THE TISSUES OF GM2 GANGLIOSIDOSIS MOUSE MODEL 

 
Tay- Sachs disease is an autosomal recessively inherited lysosomal storage 

disorder caused by mutations on the HEXA gene encoding α-subunit of β-

Hexosaminidase A enzyme. The enzyme catalyzes GM2 to GM3 conversion but when it 

is deficient the GM2 degradation is interrupted and GM2 ganglioside is progressively 

accumulated especially in neurons. Progressive accumulation of GM2 causes increasing 

death of neurons, disruption in mental and motor functions and eventually death at 2-4 

years of age. The Hexa-/- Tay-Sachs model was normal thanks to a bypass mechanism 

mediated by Neurominidase3. It was determined that Hexa-/-Neu3-/- mice mimicked the 

neuropathologic and clinical phenotype of the Tay-Sachs disease.  

Previously we showed GM2 accumulation in Hexa-/-Neu3-/- Tay Sachs disease 

mouse model triggers release of proinflammatory cytokines, microgliosis, astrogliosis 

consequently activation of inflammatory cascades as well as oxidative stress. These 

inflammatory events contribute to neurodegeneration observed in the disease pathology. 

In Sandhoff Disease mouse model it was shown that astrocytes express adenosine A2A 

receptors which induces ccl2 chemokine overexpression. A2A receptor antagonist 

istradefylline treatment reduces microglial activation and ccl2 expression in Sandhoff 

mice. 

 In this study; A2A receptor antagonist istradefylline treatment was applied to Tay 

Sachs disease mouse model and whether this treatment would alleviate the 

neuroinflammation and redox imbalance; and prolong the lifespan was investigated by 

molecular biological and behavioural analyses. Modulation of ccl2 expression by 

istradefylline was used as potential therapeutic target to slow down Tay Sachs disease 

mouse model.  
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ÖZET 

 
GM2 GANGLİOSİDOZ FARE MODELİNİN DOKULARINDA ANTİ-

İNFLAMATUAR TEDAVİSİNİN ETKİSİNİN ARAŞTIRILMASI 

 
Tay-Sachs hastalığı, β-Heksosaminidaz A enziminin α-alt birimini kodlayan 

HEXA genindeki mutasyonların neden olduğu otozomal resesif geçişli bir lizozomal depo 

bozukluğudur (LSD). Enzim normalde GM2'den GM3'e dönüşümü katalize eder ancak 

bu enzim bulunmadığında veya işlevsiz olduğunda GM2 bozunması kesintiye uğrar ve 

GM2 gangliositi özellikle nöronlarda zamana bağlı olarak giderek birikir. GM2'nin 

ilerleyici birikimi, nöronların ölümünün artmasına, zihinsel ve motor işlevlerde 

bozulmaya ve sonunda 2-4 yaşlarında ölüme neden olur. Tay-Sachs modeli olarak 

oluşturulan Hexa-/- fareler, Neu3 sialidazın aracılık ettiği bir baypass mekanizması 

sayesinde neredeyse normal bir fenotip göstermiştir. Tay-Sachs hastalığı patolojisinde 

Neu3 sialidazın gangliosit yıkımında yer aldığı ve Hexa-/-Neu3-/- farelerin hastalığın 

nöropatolojik ve klinik fenotipini taklit ettiği belirlenmiştir. 

Daha önce, Hexa-/-Neu3-/- Tay Sachs hastalığı fare modelinde GM2 birikiminin, 

proinflamatuar sitokinlerin salınımını, mikrogliosisi ve astrogliosisi tetiklediğini ve 

bunun sonucunda oksidatif stresin yanı sıra inflamatuar kaskadların aktivasyonunu 

tetiklediğini göstermiştik. Bu inflamatuar olaylar, hastalık patolojisinde gözlenen 

nörodejenerasyona katkıda bulunur. Sandhoff Hastalığı fare modelinde astrositlerin, ccl2 

kemokin aşırı ekspresyonunu indükleyen adenozin A2A reseptörlerini eksprese ettiği 

gösterilmiştir. A2A reseptör antagonisti olan istradefilin tedavisi, SD farelerin geç fazında 

mikroglial aktivasyonu ve ccl2 ekspresyonunu azalttığı gösterilmiştir. 

Bu çalışmada; Tay Sachs hastalığı olan fare modeline A2A reseptör antagonisti 

olan istradefilin tedavisi uygulanmış ve bu tedavinin nöroinflamasyon ve redoks 

dengesizliği patolojisini hafifletip hafifletmeyeceği; ve ömrü uzatıp uzatmayacağı 

moleküler biyolojik ve davranışsal analizlerle araştırılmıştır. Ccl2 ekspresyonunun 

istradefylline ile modülasyonu, fare modelinde Tay Sachs hastalığını yavaşlatmak için 

potansiyel terapötik hedef olarak kullanılmıştır. 
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CHAPTER 1 

 

INTRODUCTION 

 
1.1.  Lysosomal Storage Disorders  

 
Lysosomal storage disorders (LSDs) are a group of inborn errors of metabolism 

characterized by lysosomal dysfunction leading to disturbance in lysosomal homeostasis 

(Platt et al., 2012). LSDs are rare genetic disorders mostly inherited in an autosomal 

recessively except for 3 that are X-linked.  Mutations in genes encoding not only 

lysosomal enzymes or other proteins like acid hydrolases, activator of the hydrolases or 

transporters but also non-lysosomal proteins involving in lysosome activity lead to LSD 

pathology (Parenti et al., 2015). Loss of function of specific proteins or molecules causes 

dysregulation in degradation process in lysosomes which leads to accumulation of 

specific storage molecules within lysosomes.  

The incidence of LSDs is proven to be roughly 1:5000 live births however the 

incidence level is probably greater when undiagnosed cases are taken into account as well 

(Fuller et al., 2014). The build-up of monomers or macromolecules carried by secretory 

vesicles and in the organelles associated with the endosomal-autophagic pathway is a 

feature shared by all LSDs. The biochemical analysis of these accumulating compounds 

allows for identifying defective proteins or molecules causing the disease (Platt et al., 

2012).  

The LSDs are classified based on either the structure of accumulating substance 

like sphingolipids or glycosaminoglycans; or the nature of the molecular defect like 

hydrolytic enzyme deficiency, cofactor/activator deficiency, etc. (Marques & Saftig, 

2019; Sun, 2018). Lysosomal accumulation leads to a wide range of clinical symptoms 

depending on the residual activity of the mutant protein, the storage molecule, or its 

location. These conditions are typically progressive; however, the pace of advancement 

varies depending on the disease of interest and the age of onset of the disease (Sun, 2018).  

While certain signs are detected from birth, other indications may arise in early toddler 

years or childhood. Although the majority of LSDs emerge in infancy and are known as 
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pediatric neurodegenerative diseases, some can be diagnosed in maturity (late-infantile, 

juvenile, and adult types) (Parenti et al., 2015).  

Failure to develop, muscle weakness, vision problems, morphologic defects, 

organomegaly, seizures, and neuromotor regression are all common signs of LSDs. In 

most cases, these neuropathological and motor problems increase morbidity and reduce 

the patient’s life quality, ultimately leading to death(Pará et al., 2020).  

Neuronal dysfunction and neurodegeneration can arise when lysosomal function is 

disrupted. Accordingly, genetic and biochemical analyses for many LSDs revealed that 

CNS is involved in over two-thirds of LSDs (Schultz et al., 2011). 

 

1.2.  Sphingolipidosis 
 

Sphingolipids (SLs) are one of the key components of plasma membrane structure 

and also play important roles in cellular homeostasis, adhesion, signaling cascades, 

senescence, development, and apoptosis (Abou-Ghali & Stiban, 2015; Lahiri & 

Futerman, 2007). Previously it was reported that SLs are also linked to the 

pathophysiology of a number of immunological and neurological disorders (Albeituni & 

Stiban, 2019). SLs can be synthesized from the fusion of serine and palmitoyl-CoA in the 

endoplasmic reticulum (ER) via a chain of reactions that produce Ceramide, which serves 

as the parent SL in the formation of other SLs (Abou-Ghali & Stiban, 2015). 

Sphingolipids are categorized as phosphosphingolipids and glycosphingolipids (GSLs) 

based on the head groups attached to ceramide. GSLs have one or more sugar on the 

ceramide chain creating diverse structures classified into 4 subgroups: cerebrosides, 

sulfatides, globosides, and gangliosides (Abed Rabbo et al., 2021).  Lysosomal hydrolysis 

of GSLs is necessary as the end products are reutilized in recycling cascades (Sandhoff 

& Harzer, 2013). Abnormalities in this systematic lysosomal hydrolysis of SLs causes a 

collection of diseases called sphingolipidoses (Puri et al., 1999). Deficiency and 

dysfunctionality of the enzymes involving in synthesis and degradation pathways of SLs 

leads to several sphingolipidoses (Figure1.1).  Sphingolipidoses are reported to induce 

severe membrane damage, affecting the longevity and proliferation of most cells, 

particularly affecting CNS. Thus, neurodegeneration and other visceral problems are 

common features of many sphingolipidoses (Staretz-Chacham et al., 2009; G. Wang & 

Bieberich, 2018). 
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Figure 1.1. The connection between the degradation of sphingolipids (SL) within lysosomes and 

the deficiencies in enzymes leading to storage diseases (Rabbo et al., 2021) 

 

1.2.1. Gangliosides 

 
Along with a diverse number of cell surface glycans, gangliosides are also 

produced within Golgi Apparatus, and their heterogenous ceramide backbones are 

generated in the ER (Varki, 2011). Salvage of sialic acids, sugars, fatty acids, and 

sphingoid bases through recycling mechanism enables de novo synthesis of gangliosides 

(Tettamanti, 2003).  

Gangliosides are acidic glyco-sphingolipids containing sialic acid groups and they 

are structural components of cell membranes widely distributed throughout the body 

(Sonnino et al., 2007). Gangliosides are known to be mostly present in nerve cells, 

particularly in the plasma membrane comprising up 10-12% of neuronal membranes, 

therefore they are approximately 5-fold higher in the grey matter than in the white matter 

of the brain (Palmano et al., 2015). Gangliosides infiltrate the extracellular space via the 

glycosyl group and become connected to the plasma membrane through the ceramide 

backbone. They are thought to segregate into membrane domains called lipid rafts with 
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high concentrations of cholesterol and sphingolipids rather than being distributed 

uniformly on the cell surface. These lipid raft structures mediate signaling cascades 

depending on the specific GPI-anchored protein and lipid composition in the raft (Kolter, 

2012).  

In the brain, gangliosides make up the majority (around 75%) of the sialic acid 

linked to other molecules. They are essential for creating the carbohydrate structures on 

the surface of neural cells (Schnaar et al. 2014). Ganglioside production in the brain is 

linked to neurogenesis, synapse formation, synaptic transmission, and cell 

propagation(Palmano et al., 2015; Sipione et al., 2020). Besides developing and 

maintaining the nervous system; gangliosides are important for many cellular functions, 

including cell-to-cell communication, cell recognition, signal transduction, regulating 

immune responses, transporting molecules, and formation of myelin sheaths around nerve 

cells (Lopez & Schnaar, 2009; Sipione et al., 2020). Gangliosides in the brain are 

expressed at different levels and with varying patterns during the process of development 

(Yu et al., 2011). The quantity of gangliosides and their degree of sialylation tend to 

increase as brain development proceeds. These complex molecules are mainly found in 

the neural cell membrane and are crucial for functions such as axon-myelin interaction, 

maintaining calcium levels, and facilitating signaling pathways (Y. Ohmi et al., 2012; 

Schnaar, 2010). 

 

1.2.2. GM2 Gangliosidosis 

 
GM2 gangliosidosis is a rare and debilitating autosomal recessive lysosomal 

storage disease caused by the deficiency of beta-hexosaminidaseA enzyme. GM2 

gangliosidosis is categorized into three types depending on the severity of the disease and 

the time when symptoms first appear: Tay-Sachs disease, Sandhoff disease, and AB 

variant which results from the mutations in different genes (HEXA, HEXB, and GM2AP, 

respectively) (Leal et al., 2020). HEXA and HEXB genes produce two (α and β) subunits 

of an enzyme called β-N-acetylhexosaminidase and GM2A gene encodes for the GM2 

activator protein that enhances the degradation of GM2 ganglioside by β-N-

acetylhexosaminidase A.   The enzyme typically converts GM2 into GM3 by elimination 

of N-acetylgalactosamine, but if one or more of these components is missing or not 

working properly, the breakdown process is interrupted and the undegraded GM2 
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ganglioside starts to accumulate in lysosomes (Gravel et al., 2014). GM2 is an important 

molecule in the formation of complex brain gangliosides, which are mainly found in 

neurons. Consequently, GM2 gangliosidosis primarily impacts the central nervous system 

of affected individuals and can lead to progressive neurodegeneration. The three types 

are clinically similar and characterized by a progressive dissipation of motor and 

cognitive function, seizures, and blindness, leading to premature death in early childhood 

for TSD and SD, and in late adolescence or adulthood for AB variant. 

The diagnosis of GM2 gangliosidosis is based on clinical presentation, genetic 

testing, and the measurement of enzymatic activity in leukocytes or fibroblasts. Prenatal 

diagnosis through chorionic villus sampling or amniocentesis is also possible. There is 

currently no cure for GM2 gangliosidosis, and treatment options are limited to 

symptomatic and supportive care. (Toro et al., 2021) 

 

1.2.2.1. Tay-Sachs Disease 
 

As mentioned above; TSD is caused by the deficiency in the beta-

hexosaminidaseA enzyme leading to abnormal GM2 accumulation primarily in the 

nervous system (Americo et al., 2010). The disease is classified into three forms based on 

the age of onset: infantile, juvenile, and chronic. The most common form is the infantile 

type, which is characterized by a rapid and devastating decline in neurological function. 

It is particularly predominant among the Ashkenazi Jewish population, with an 

occurrence rate of 1 in 3,500 births. In other populations, the incidence rate is much lower, 

at around 1 in 360,000 births (M. Kaback et al., 1994). The seriousness and timing of 

onset in Tay-Sachs disease are influenced by the extent of remaining HEXA enzyme 

activity (Mahuran, 1998). The adverse impacts of the disease commence during early 

pregnancy, but the affected baby remains in good health until approximately 6 months of 

age. Subsequently, the baby's developmental progress halts, and by the age of 2, the child 

begins to experience recurring seizures, cognitive impairment, and a decline in motor 

skills. With the progression of the disease, the child eventually loses their vision, 

experiences severe cognitive dysfunction, and becomes paralyzed. The disease usually 

leads to the child's passing by the age of 4 due to the severely affected nervous system 

(M. M. Kaback, 2001). 
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Research shows that Tay-Sachs disease is the most frequently occurring 

sphingolipidosis type(M. M. Kaback & O’Brien, 1973). Advances in genetic testing have 

made it possible to identify carriers of the disease, which can lead to informed 

reproductive decision-making for at-risk individuals and families (Mahuran, 1998). 

Additionally, various therapeutic approaches, such as enzyme replacement therapy, gene 

therapy, and substrate reduction therapy, are currently being investigated as potential 

treatments for Tay-Sachs disease (Maegawa et al., 2009; Picache et al., 2022). 

Tay-Sachs disease currently has no cure, and patients can only receive palliative 

care. Enzyme replacement therapy and bone marrow transplantation have not fully 

prevented the neuropathology in infants with Tay-Sachs disease (Jacobs et al., 2005). 

Animal models, such as mice, are being utilized to develop new therapies, including stem 

cell transplantation. Nevertheless, overcoming the challenge of breaching the blood-brain 

barrier remains a barrier for treatment of the disease. 

Substrate deprivation therapy, which has been reported to be efficient in treating 

Gaucher disease, is have been trialed for late onset Tay-Sachs disease (Aerts et al., 2006; 

Lachmann, 2009). Pharmacological chaperones that can help refold and correct the 

transport of mutated proteins could potentially offer advantages in managing long-term 

Tay-Sachs disease. (Clarke et al., 2011; Osher et al., 2011). 

It is most probably that combining different treatment strategies would provide 

most effective therapy for Tay-Sachs disease. 

 

1.3.  Murine Model of Tay-Sachs Disease 
 

To create mouse models for GM2 gangliosidoses, researchers targeted the Hexa 

and Hexb genes(Phaneuf et al., 1996; Yamanaka et al., 1994). HEXB knockout mice 

exhibited a neuropathological phenotype similar to Sandhoff Disease pathology, but 

deficiency of HEXA did not lead to the severe phenotype of the early-onset pathology of 

Tay-Sachs disease due to a metabolic bypass pathway suggested in ganglioside 

biosynthesis and degradation pathway in mice. It was suggested that in this bypass 

pathway sialidases in mice can catalyze removal of sialic acid residue from GM2 

ganglioside and transform it into GA2 ganglioside which in turn is transformed into 

ceramide by HexB enzyme (Sango et al., 1995; Yuziuk et al., 1998). As GM2 is degraded 

via GA2 instead of GM3 routed degradation through this bypass mechanism in the 
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deficiency of Hexa; Hexa-/- mouse model didn’t exhibit abnormal GM2 accumulation or 

other neuropathology as in patients. Rather than that, the Hexa−/− mice display symptoms 

observed in late-onset TSD with inclusion bodies in lysosomes and mild GA2 

accumulation which is asialyted form of GM2. Mice with a Hexa gene deficiency 

exhibited the buildup of GM2 in their neurons. Examination of brain and liver tissues 

revealed that this accumulation remained below a critical threshold and did not result in 

lethality (Igdoura et al., 1999; Phaneuf et al., 1996; Yamanaka et al., 1994).  

Sialidases are a group of enzymes that are involved in the removal of sialic acid 

from glycoconjugates such as glycoproteins, glycolipids, and gangliosides. There are four 

types of mammalian sialidases: NEU1, NEU2, NEU3, and NEU4 (Monti et al., 2010). 

NEU1 is found in lysosomes and is responsible for the catabolism of sialylated 

glycoconjugates (D’Azzo & Bonten, 2010). NEU2 is found in the cytosol and is involved 

in the regulation of cell growth and differentiation. NEU3 is found on the cell surface and 

is involved in the regulation of cell adhesion, migration, and signaling (Miyagi & 

Yamaguchi, 2012; Smutova et al., 2014). NEU4 is also found in lysosomes and is 

involved in the degradation of sialylated glycoconjugates (Okun et al., 2023). 

Dysregulation of sialidase activity has been linked to various diseases including cancer, 

neurodegenerative disorders, and lysosomal storage disorders (Miyagi & Yamaguchi, 

2012). 

In order to determine the main sialidase responsible for the metabolic bypass 

pathway, Hexa-/-Neu4-/- mice were created. However, the resulting phenotype was 

relatively mild, and it was determined that NEU4 acted as a modifier gene rather than the 

main sialidase (Seyrantepe et al., 2010). 

When we generated Hexa-/-Neu3-/- mice to further investigate the role of Neu3 

sialidase in this pathway we observed that Neu3 sialidase is the primary enzyme involved 

in the bypass mechanism in mouse pathology of Tay-Sachs disease (Seyrantepe, Demir, 

Timur, Gerichten, et al., 2018). As a result, Hexa-/-Neu3-/- mice have been identified as 

a suitable mouse model for early-onset Tay-Sachs disease. Figure 1.2 illustrates the role 

of Neu3 sialidase in the metabolic bypass pathway of Tay-Sachs disease in mice. 
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Figure 1.2.  A diagram representing a segment of the glycosphingolipid breakdown pathway 

which highlights Neurominidase3 as the predominant enzyme in charge of the 

metabolic bypass pathway in the Hexa-/- model. (Seyrantepe, Demir, Timur, Von 

Gerichten, et al., 2018).  

The inactivation of both Hexa and Neu3 genes led to the termination of the GM2 

ganglioside degradation and previously reported thin layer chromatography data 

demonstrated a severe buildup of GM2 ganglioside in the CNS tissue of Hexa-/-Neu3-/- 

mice (Figure 1.3).  The examination of neuronal lysosomes in Hexa-/-Neu3-/- mice 

through electron microscopy indicated that there was an unusual escalation in the amount 

of lysosomes and the presence of ring-like structures, which resembled the phenotype 

observed in humans with Tay-Sachs disease. Pathological indications observed in Hexa-

/-Neu3-/- mice closely resembled those seen in humans suffering from TSD, including 

tremors, ataxia, and weakened hind limbs. Additionally, these mice displayed growth 

impairment when compared to their littermates, which is another characteristic commonly 

observed in Tay-Sachs patients (Seyrantepe, Demir, Timur, Gerichten, et al., 2018).  

The Hexa-/-Neu3-/- mice exhibited a significant incidence of sudden death 

attributed to advancing neuropathology and neurodegeneration, which was similar to the 

phenotype observed in Sandhoff (Hexb-/-) mice(Seyrantepe, Demir, Timur, Gerichten, et 

al., 2018). 
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Figure 1.3. GM2 accumulation in the brain of Hexa-/-Neu3-/- mice. (a) GA2, and (b) GM3 

appears in the brains of Hexa-/-Neu3-/- mice. (c) GM2 accumulation in the brains of 
Hexa−/− (mild) and Hexa-/-Neu3-/- (strong) mice (Seyrantepe, Demir, Timur, Von 
Gerichten, et al., 2018). 

. 

1.4. Neuroinflammation 

 
Neuroinflammation is a multifaceted process that arises in the nervous system in 

response to various injuries, infections, and diseases. It involves the stimulation of 

immune cells and the release of various pro-inflammatory molecules, such as cytokines, 

chemokines, and reactive oxygen species (ROS), which can cause damage to the 

surrounding tissues. These mediators and secondary messengers are generated by glial 

cells in the CNS (microglia and astrocytes), endothelia, and peripherally derived immune 

cells (DiSabato et al., 2016a). While neuroinflammation is initially a protective response 

to prevent further damage, it can also contribute to the pathogenesis of several 

neurodegenerative and lysosomal storage disorders (Figure 1.4.). 

 



 10 
 

 
Figure 1.4. Schematic illustration of positive and negative aspects of neuroinflammation 

on nervous tissue.(DiSabato et al., 2016b) 

 

Neuroinflammation involves various cells, including microglia, astrocytes, and 

infiltrating immune cells, such as T cells and macrophages (Carson et al., 2006). 

Microglia have a close connection with neurons and play significant functions in the 

maintenance of normal CNS function and development by providing essential growth 

factors to support brain health (Raivich, 2005). Microglia as the primary immune cells 

involved in neuroinflammation within the central nervous system tissue and they have a 

constant role in the detection of stress signals (like DAMPs) and cleaning up cellular 

waste by phagocytosis (Rock et al., 2004). The activation of microglia is triggered by 

damage-associated molecular patterns (DAMPs) released from dying or damaged 

neurons (Thundyil & Lim, 2015). This process is mediated through various receptors, 

including Toll-like receptors and other pattern-recognition receptors(Lyman et al., 2014). 

Microglia activation is marked by changes in their shape, increased cell division, elevated 

expression of surface receptors, and the release of cytokines and chemokines (Wendimu 

& Hooks, 2022). Microglia, upon activation, change their morphology and produce 

inflammatory mediators like chemokines and cytokines that help in recruiting and 

activating immune cells from peripheral tissues to the affected site, thus contributing to 
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the inflammatory response (Amor et al., 2014; Arroyo et al., 2014). Resting microglia can 

be activated into M1 or M2 phenotypes creating heterogeneous microglia with different 

functions. The M1 phenotype is characterized by its proinflammatory properties, whereas 

the M2 phenotype is associated with neuroprotection, immunosuppression, anti-

inflammatory actions, and tissue healing processes (Orihuela et al., 2016). In the vicinity 

of the damage, M1 are more prevalent than M2 microglia. Researchers have explored the 

M1/M2 pattern in the context of neurodegenerative diseases to gain insights into the 

functions of microglia in both protection and degeneration of neurons. M1 microglia 

releases proinflammatory mediators while M2 microglia produces anti-inflammatory 

cytokines. The balance between activation of M1 and M2 microglia is shown to be 

disrupted in neurodegenerative diseases, and consequently, shifting between M1 and M2 

states could enhance therapeutic outcomes in these conditions (Tang & Le, 2016). 

The function of microglia is not limited to inflammatory or immune responses in 

the brain, but they can sense and quickly react to changes in the environment (Carson et 

al., 2007). The idea that all activated microglia are harmful and lead to degeneration is 

not always accurate since microglia can change their morphology and behaviour based 

on their specific function. Thus, they may have a positive role in the recovery process of 

CNS injuries by monitoring and regulating the extracellular environment and eliminating 

cells that are dead, damaged, or not functioning properly(Harry & Kraft, 2008). Microglia 

overexpress a variety of surface receptors and produce multiple secreted factors, which 

can be either pro- or anti-inflammatory, and also have a role in the apoptosis and 

phagocytosis of infiltrating T cells resulting in the downregulation of microglial immune 

response(Magnus et al., 2002). Therefore, microglia reactivity is dichotomous and can 

either promote neuronal survival or degeneration.  

Astrocytes are another type of glial cells that can be activated by various stimuli, 

including inflammation. and constitute approximately 35% of the total CNS cell 

population. Similar to microglia; astrocytes are localized throughout the CNS, involved 

in neuroinflammation and their reaction can either aid or harm tissue repair, based on the 

nature of the stimuli they receive from the inflamed environment.  

Astrocytes are involved in various important functions, including regulation of blood 

flow, preservation of the blood-brain barrier, supplying of energy metabolites to neurons, 

modulation of synaptic activity, mediating neurotrophin secretion, removal of dead cells, 

regulation of extracellular ion and fluid homeostasis, neurotransmitter recycling and 

formation of scar tissue (Colombo & Farina, 2016). The seriousness of astrogliosis, a 
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characteristic feature of central nervous system (CNS) disorders can be determined by 

determining differences in the gene expression patterns and morphology of astrocytes 

using astrocyte-specific glial fibrillary acidic protein (GFAP) (Sofroniew, 2009).  

Overall, neuroinflammation is a strictly regulated complex process that can have 

both beneficial and detrimental effects on the nervous system. Although it is initially a 

neuroprotective response, chronic and excessive neuroinflammation has been shown to 

contribute to the pathogenesis of several lysosomal storage and neurological disorders 

(Bosch & Kielian, 2015a; Wyss-Coray & Mucke, 2002). Therefore, understanding the 

underlying mechanisms of neuroinflammation is crucial for the development of effective 

therapeutic interventions for these disorders. 

 

1.4.1. Neuroinflammatory Messengers 
 

Neuroinflammatory responses are caused by the action of numerous vital pro-

inflammatory cytokines, such as IL-1β, IL-6, and TNFα, as well as chemokines like 

CCL2, CCL5, and CXCL10. In addition to these, secondary messengers like nitric oxide 

and prostaglandins, and reactive oxygen species (ROS) are also involved in mediating the 

response. Stimulated inhabitant CNS cells, particularly microglia, and astrocytes, are 

responsible for producing many of these mediators. The release of pro- and/or anti-

inflammatory mediators by active microglia and astrocytes regulate downstream 

pathways leading to either exacerbated inflammation and neurodegeneration or 

neuroprotection (Singh, 2022). IL-1β (Interleukin 1 beta) is a major proinflammatory 

cytokine that is released by both microglia and astrocytes in pro-form (pro-IL-1β) which 

is then activated through cleavage by inflammasome-activated caspase-1 (Lamkanfi & 

Dixit, 2012; W. Y. Wang et al., 2015). Under neuronal injury conditions; microgliosis 

causes the transcription of pro-IL-1β, which accumulates in the cell until apoptosis 

occurs, and then released into the extracellular space. Once extracellular, pro-IL-1β can 

be cleaved into its active form, IL-1β, by the protease caspase-1, and released after 

neurodegeneration by apoptosis, necrosis, or shedding from secretory lysosomes or 

microvesicles(P. Wang et al., 2008). When IL-1β binds to its receptor on a cell, it triggers 

a series of signals inside the cell that lead to the production of both NF-κB and IL-6 (Allan 

et al., 2005; Tsakiri et al., 2008). It was suggested that the IL-1β/IL-6 pathway and NF-

κB are participating in neuroinflammation and have a significant role in the response to 
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neuronal injury (Bouma et al., 2009). In addition, IL-1β is known to be released by 

activated microglia and can bind to the IL1 receptor on astrocytes, leading to the 

activation of downstream signaling pathways.  

When activated by a lipopolysaccharide like IFN-γ or TNF-α, microglia are 

described as in 'classically activated' M1 form (Boche et al., 2013). These microglia 

produce proinflammatory cytokines like IL-1β, TNF-α, STAT3, IL-6, IL-12, IL-23 and 

ROS to fight against pathogens and cancer. However, this form of activation is also linked 

to neurodegeneration (W. Y. Wang et al., 2015). 

Astrogliosis involves several signaling pathways such as NF-κB, JAK/STAT, 

MAPK, and PI3K pathways, which can result in the production of various substances like 

inflammatory mediators, growth factors, and ROS. These substances can further 

influence the duration and extent of astrogliosis in the brain (Giovannoni & Quintana, 

2020). One important signaling pathway involved in astrogliosis is the nuclear factor-

kappa B (NFκB) pathway. NFκB is a protein that controls the activity of many genes 

involved in immune responses, inflammation, and cell survival. It gets activated in 

response to different stimuli, such as proinflammatory cytokines, reactive oxygen species 

(ROS), and pathogen-associated molecular patterns (PAMPs), and transfers to the nucleus 

to regulate the expression of specific target genes (T. Liu et al., 2017). In astrocytes, the 

activation of NFκB leads to the production of molecules such as proinflammatory 

cytokines, chemokines, and adhesion molecules, as well as the upregulation of iNOS, 

COX-2, and MMPs (Shih et al., 2015). These molecules are known to contribute to 

inflammation and tissue damage in the CNS. Consequently, the NFκB pathway is a key 

player in astrogliosis and the development of various neurological disorders. 

Basal level of cytokines and chemokines for example TNF-α and chemokine (C-

C motif) ligand 2 (CCL2) release is required for standard physiology of the body 

(O’Connor et al., 2015). When microglia become active, they release certain chemokines, 

including CCL2 and CXCL1. In addition to these chemokines, they also release 

proinflammatory cytokines like IL-12 and TNF-α, as well as anti-inflammatory cytokines 

like IL-10 and TGF-β. 

Pro-inflammatory cytokines released by astrocytes include tumor necrosis.factor-

α (TNF-α), and interleukin-6 (IL-6). These cytokines can induce inflammation and tissue 

damage in the CNS by increasing the expression of adhesion molecules, chemokines, and 

other inflammatory players. Conversely, astrocytes can also release anti-inflammatory 

cytokines like interleukin-10 (IL-10) and TGF-β. These cytokines can repress microglial 
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activation and restrict the production of pro-inflammatory cytokines, thus stimulating the 

resolution of inflammation and tissue repair in the CNS. (Linnerbauer et al., 2020; Norden 

et al., 2014) 

Astrocytes can be triggered by cytokines like TNF-α and IL-1β, which are 

released by microglia. This astroglial activation cause the initiation of reactive oxygen 

and nitrogen species production. In a co-culture model, it has been demonstrated that 

astrocytes boost inflammatory reactions of microglia via an NF-κB-related process 

(Singh, 2022; Tjalkens et al., 2017). 

 

1.4.2. Neuroinflammation and Oxidative Stress 
 

Reactive oxygen species at basal levels are necessary for maintaining cellular 

homeostasis, and excessive amounts are eliminated through antioxidant defense 

mechanisms. Oxidative stress occurs when the balance between the production of ROS 

within cells and antioxidant defense mechanisms is disrupted (Bardaweel et al., 2018; 

Ghosh et al., 2017). It has been shown that ROS causing imbalance in redox equilibrium 

lead to alterations in intercellular signaling pathways, resulting in a loss of signal 

transduction (Rhee et al., 2003). These changes in signaling pathways eventually activate 

damage-related molecular pathways, leading to the synthesis of proinflammatory 

molecules. Microglia serve a vital function in the central nervous system by acting as the 

primary producers of reactive oxygen species (ROS). This occurs through intracellular 

peroxidases, oxidative processes within mitochondria, and NADPH oxidase activities 

located on the cell surface (Block & Hong, 2007). 

Oxidative stress is a critical factor in the regulation of the body's inflammatory 

response. In a state of stability within the redox system, inflammation serves as a 

protective mechanism, responding to threats, promoting tissue repair, and ultimately self-

regulating to prevent excessive damage. This well-controlled, self-regulating 

inflammatory response is vital for the body's defense against infections, injuries, and 

various stressors. However, in cases of continuing redox imbalance, as often observed in 

CNS-related diseases like Alzheimer's or Parkinson's disease, the intricate pathways that 

normally modulate the immune system become disrupted (Goldsteins et al., 2022). This 

disruption can lead to a dysregulation of the immune response. The immune system, 

which typically maintains a balanced equilibrium between pro-inflammatory and anti-
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inflammatory processes, begins to shift towards a pro-inflammatory predominance. This 

pro-inflammatory dominance can contribute to the chronic, progressive, and destructive 

nature of neurodegenerative diseases. In these conditions, the body's immune response 

may become excessive and sustained, which can result in the chronic activation of 

inflammatory pathways and the production of harmful substances, ultimately causing 

damage to nervous tissue and exacerbating the disease process(Cappellano et al., 2013). 

As mentioned in cases of persistent redox imbalance, these reactive species like ROS and 

RNS can turn harmful by oxidizing proteins and lipids and potentially causing DNA 

damage (Pizzino et al., 2017).Therefore, understanding and addressing the role of 

oxidative stress in this context is crucial for developing effective therapies to manage 

neurodegenerative diseases and restore the delicate balance of the immune response (De 

la Fuente, 2019; Morris et al., 2022).  

Reactive species can also initiate signaling processes that enable microgliosis and 

astrogliosis (Forrester et al., 2018). Furthermore, when they exist at elevated levels within 

various cell types, ROS can stimulate signaling pathways that perpetuate the excessive 

release of proinflammatory modulators. The pro-inflammatory modulators like IL-6, IL-

1β, TNF, and IFNs, have been shown to have the ability to induce ROS generation in 

specific cell types (Yang et al., 2007). 

 

1.4.3. Neuroinflammation in Lysosomal storage disorders 
 

Chronic neuroinflammation is associated with the pathogenesis of several 

neurological disorders, including Alzheimer's disease and Parkinson's disease (Kempuraj 

et al., 2016). In Alzheimer's disease, amyloid beta plaques activate microglia, which 

release pro-inflammatory cytokines and chemokines that exacerbate inflammation and 

contribute to the degeneration of neurons (W. Y. Wang et al., 2015). Similarly, in 

Parkinson's disease, alpha-synuclein aggregates can activate microglia and astrocytes, 

leading to the production of pro-inflammatory cytokines and chemokines that exacerbate 

inflammation and contribute to the degeneration of dopaminergic neurons (Isik et al., 

2023; Q. Wang et al., 2015). 

The buildup and incorrect positioning of substrates in lysosomal storage disorders 

(LSDs) can affect signaling pathways (Scerra et al., 2022). For example, fragments of 

glycosaminoglycans attached to proteoglycans can interfere with signaling pathways in 



 16 
 

Mucopolysaccharidoses (Couchman & Pataki, 2012). Similarly, gangliosides, 

sphingolipids, and cholesterol accumulating in Lipidoses can form specialized cell 

surface domains that participate in signaling pathways (Quinville et al., 2021). When 

these pathways are altered, it can lead to changes in autophagy and mitophagy, causing 

neuroinflammation and storage of lysosomal substrates, contributing to the phenotypes 

observed in individuals with LSDs. 

As mentioned above; LSDs are a group of inherited metabolic disorders with the 

accumulation of undigested materials in the lysosomes of various tissues including the 

brain. Among the various pathological mechanisms contributing to the neurodegeneration 

observed in LSDs, neuroinflammation has been proposed to play a critical role (Bosch & 

Kielian, 2015b). In LSDs, the accumulation of undigested materials in the lysosomes of 

glial cells triggers the activation of these cells and the release of pro-inflammatory 

cytokines and chemokines. This leads to the recruitment of more immune cells to the CNS 

and the activation of microglia and astrocytes, resulting in chronic neuroinflammation 

(Kreher et al., 2021). 

Neuroinflammation in LSDs has been implicated in the pathogenesis of various 

neurological symptoms including seizures, cognitive impairment, and motor dysfunction 

(Bosch & Kielian, 2015b; Gorji, 2022). In addition, neuroinflammation is thought to 

contribute to the progression of the disease and exacerbate the neurodegeneration 

observed in LSDs. The mechanisms underlying the interaction between 

neuroinflammation and LSDs are complex and multifaceted, involving various signaling 

pathways and cellular mechanisms (Batista et al., 2019; Kinney et al., 2018; Kwon & 

Koh, 2020) 

Recent studies have identified potential therapeutic strategies for targeting 

neuroinflammation in LSDs, including the use of anti-inflammatory agents and 

immunomodulatory drugs. However, the effectiveness of these therapies remains to be 

fully evaluated in clinical trials. In conclusion, neuroinflammation plays a critical role in 

the pathogenesis of neurodegeneration in LSDs and represents a promising target for the 

development of novel therapeutic strategies for these devastating disorders.(P. Liu et al., 

2022; Moore & O’Banion, 2002) 
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1.5. Neuroinflammation in GM2 Gangliosidosis mouse models 
 

Mouse models of GM2 gangliosidoses have been extensively studied to 

understand the mechanisms underlying the neuroinflammatory response in these 

disorders. Hexa-/- mice, which lack the Hexa gene encoding hexosaminidase A, show 

evidence of neuroinflammation, including activation of microglia and astrocytes, and 

increased expression of cytokines and chemokines in the brain. Neuropathological 

changes, such as neuronal loss and astrogliosis, are also observed in these mice.(Lawson 

& Martin, 2016; Leal et al., 2020) 

Similar to Hexa-/- mice, Hexb-/- mice, which lack the Hexb gene encoding 

hexosaminidase B, also show evidence of neuroinflammation. Microglial activation and 

increased levels of cytokines and chemokines have been reported in the brain of Hexb-/- 

mice. Furthermore, infiltration of T cells into the CNS has been observed in these mice, 

suggesting a role for adaptive immunity in the neuroinflammatory response (Kyrkanides 

et al., 2008, 2012). 

Recent studies have focused on investigating the contribution of different cell 

types to the neuroinflammatory response in GM2 gangliosidoses. For example, it has been 

shown that microglia are the primary cell type responsible for cytokine production and 

astrocytes in Hexa-/-Neu3-/- mice show a reactive phenotype, characterized by increased 

expression of GFAP and other markers of astrogliosis (Demir et al., 2020). Additionally, 

In Hexa-/-Neu3-/- TSD mouse model, decreased oligodendrocyte level, elevated 

proinflammatory cytokine release were observed in cortex cerebellum thalamus and 

hippocampus region and microgliosis was also demonstrated in this model (Demir et al., 

2020). In summary, neuroinflammation is a prominent feature of GM2 gangliosidoses in 

mouse models. Microglial and astrocyte activation, cytokine production, and infiltration 

of immune cells into the CNS are some of the hallmarks of the neuroinflammatory 

response in these disorders. Understanding the mechanisms underlying 

neuroinflammation in GM2 gangliosidoses may provide new insights into the 

pathogenesis of these disorders and identify potential targets for therapeutic intervention. 
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1.6. Therapeutic Approaches for Neuroinflammation 

 
Neuroinflammation is an intricate procedure characterized by the stimulation of 

immune cells within the central nervous system (CNS) and the discharge of molecules 

that promote inflammation. This process holds significant importance in the context of 

neurodegenerative conditions like Alzheimer's, Parkinson's disease, multiple sclerosis 

and lysosomal storage disorders. Therapeutic approaches for neuroinflammation in these 

disorders aim to reduce inflammation and prevent further damage to neurons.(Zhang et 

al., 2023) 

One approach to treating neuroinflammation involves the usage of non-steroidal 

anti-inflammatory drugs (NSAIDs) such as ibuprofen, aspirin, and naproxen. These drugs 

can reduce inflammation by inhibiting the activity of enzymes that produce pro-

inflammatory molecules such as cytokines and prostaglandins (Krause & Müller, 2010). 

Nevertheless, the extended utilization of NSAIDs has been linked to adverse effects, 

including the potential for gastrointestinal bleeding and an elevated risk of heart disease 

(Meek et al., 2010). 

Another approach is to target specific components of the inflammatory pathway. 

For example, monoclonal antibodies that target pro-inflammatory cytokines such as 

tumor necrosis factor-alpha (TNF-α) have been developed for the treatment of multiple 

sclerosis and rheumatoid arthritis(Jang et al., 2021; Sedger & McDermott, 2014). Other 

strategies include the use of small molecule inhibitors of inflammatory enzymes and the 

modulation of signaling pathways involved in inflammation (Dinarello, 2010). 

Recently, there has been interest in using immunomodulatory therapies to treat 

neuroinflammation in neurodegenerative disorders. This involves the use of drugs that 

target immune cells in the CNS, such as microglia and astrocytes (Kopp et al., 2023; 

Mortada et al., 2021). These cells play a crucial role in neuroinflammation by releasing 

pro-inflammatory molecules and engulfing damaged neurons. Immunomodulatory 

therapies aim to either suppress the activity of these cells or promote their anti-

inflammatory properties (Strzelec et al., 2023). 

Another promising therapeutic approach for neuroinflammation is the use of stem 

cells. Stem cells can undergo differentiation into a range of cell types, including neurons 

and immune cells (Cecerska-Heryć et al., 2023; Joshi et al., 2021). Transplantation of 

stem cells has been shown to reduce inflammation and promote neural regeneration in 
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animal models of neurodegenerative disorders (De Gioia et al., 2020; Sivandzade & 

Cucullo, 2021). 

In conclusion, neuroinflammation is a complex process that plays a crucial role in 

neurodegenerative disorders. Therapeutic approaches for neuroinflammation aim to 

reduce inflammation and prevent further damage to neurons. While current treatments are 

limited, ongoing research into immunomodulatory therapies and stem cell transplantation 

holds promise for the development of more effective treatments for neuroinflammation 

in the future. 

 

1.7. A2A Receptor 

 
The purine nucleoside adenosine serves as a modulating compound with a wide 

range of functions in various organs and tissues. One of its most notable roles is in 

regulating the functions of the central nervous system (CNS) under both normal and 

abnormal conditions. Adenosine interacts with four distinct receptors known as A1, A2A, 

A2B, and A3 receptors. Despite its typically low concentrations in the extracellular 

environment, situations involving metabolic stress substantially elevate the levels of 

adenosine in the extracellular space (Haskó et al., 2005). 

The adenosine A2A receptor is a G protein-coupled receptor that is widely 

distributed in the brain, particularly in the striatum, where it is highly expressed in 

medium spiny neurons. It plays an important role in modulating dopaminergic 

transmission and has been associated with a variety of neurological and psychiatric 

disorders, including Parkinson's disease, Huntington's disease, schizophrenia, and 

addiction (Pinna et al., 2020). 

When the A2A receptor is activated, it triggers adenylate cyclase, resulting in the 

generation of cyclic AMP (cAMP). This, in turn, activates protein kinase A (PKA) and 

various other signaling pathways downstream. Additionally, A2A receptor activation can 

influence ion channels and the release of neurotransmitters like dopamine, glutamate, and 

GABA (Ibrisimovic et al., 2012). 

The A2A receptor has become an attractive target for drug development due to its 

involvement in various neurological and psychiatric disorders. In Parkinson's disease, 

A2A receptor antagonists have been shown to improve motor function and reduce 

dyskinesias when used in combination with L-DOPA (Jenner, 2014; Mori et al., 2022). 
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In Huntington's disease, A2A receptor antagonists have been shown to improve motor 

and cognitive function in animal models, although clinical trials have been less successful 

(Franco & Navarro, 2018). 

Overall, the adenosine A2A receptor is a complex signaling molecule that plays 

an important role in the modulation of dopaminergic transmission and neurotransmitter 

release in the brain. Targeting the A2A receptor has the potential to provide therapeutic 

benefits for a wide range of neurological and psychiatric disorders.(Haynes et al., 2019; 

Wydra et al., 2020) 

In a study conducted on the Hexb-/- mouse model, another GM2 gangliosidosis 

model similar to Sandhoff disease, a strong increase in astrocytic A2A receptor 

expression was observed in Hexb-/- mice. Furthermore, this study demonstrated that this 

increase in A2A receptors triggered ccl2 expression in the Sandhoff mouse model, 

leading to increased microglial activation. To reverse these effects observed in the 

Sandhoff mouse model, a drug called istradefylline, an A2A receptor antagonist, was 

used. This resulted in a reduction in ccl2 chemokine expression, decreased microglial 

activation, and improvement in motor functions (Ogawa et al., 2018). Moreover, 

adenosine receptors have been reported to exhibit cytoprotective effects against hypoxia 

and ischemia (Kobayashi & Millhorn, 1999; von Lubitz, 1999). This protective effect is 

believed to be achieved through the regulation of oxidative stress by modulating 

antioxidant defense mechanisms (Huang, 2003). Many studies have explained the 

involvement of oxidative stress triggered by reactive oxygen species (ROS) and 

mitochondrial dysfunction in the etiology of neurodegenerative disorders and lysosomal 

storage diseases (X. Chen et al., 2012; Stepien et al., 2020).  

 

1.7.1. Istradefylline & Parkinson Disease 
 

Glial cells of the central nervous system like monocytes, macrophage, 

oligodendrocytes microglia and astrocytes are types of immune cells that express wide 

range of chemokine receptors, one of which is CCR2 (CC-chemokine receptor 

2)(Baaklini et al., 2019; Charo & Ransohoff, 2006). It has been found that CCR2 have a 

role in the infiltration of peripheral blood mononuclear cells into the brain (Cui et al., 

2020; Izikson et al., 2000). Additionally, research demonstrated that mice with deficiency 

of CCR2 was resistant to experimental autoimmune encephalitis (Fife et al., 2000; Gaupp 
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et al., 2003). Furthermore, in Alzheimer's disease brains, the CCL2, which is the primary 

ligand for CCR2, is found to be upregulated. This provides more evidence that CCR2 

have a crucial role in facilitating the trafficking of microglial precursor cells into the brain 

affected by Alzheimer's disease (Azizi et al., 2014). These findings have implications for 

our understanding of neurological conditions and may offer insights into potential 

therapeutic strategies targeting CCR2-CCL2 axis to modulate the immune response in the 

brain. In this thesis study, we aimed to target CCR2 receptor to reduce neuroinflammation 

in Hexa-/-Neu3-/- mouse model. Previously, researchers have shown that astrocytes of 

Hexb-/- mice model overexpresses adenosine A2A receptor which in turn increases ccl2 

expression in astrocytes (Ogawa et al., 2018). A2A receptors are key modulators in 

adenosine signaling in brain and increased activity of them led to neurodegenerative 

effects (Stockwell et al., 2017). It has been implicated in several neurodegenerative 

disorders and antagonism against this receptor have been studied in clinical research 

(Kondo & Mizuno, 2015; Yuzlenko & Kiec-Kononowicz, 2006). Istradefylline is an FDA 

approved nondopaminergic drug which works as an antagonist of A2A receptor and 

widely used for Parkinson disease along with L-DOPA to reduce “off” episodes observed 

in patients (Cummins & Cates, 2022). 

Parkinson's disease is a neurodegenerative condition marked by the depletion of 

neurons that produce dopamine in the substantia nigra area of the brain. Adenosine A2A 

receptor antagonists like istradefylline have been shown to have a beneficial effect on the 

symptoms of Parkinson's disease by increasing the release of dopamine in the striatum, a 

region of the brain involved in the control of movement. 

Istradefylline works by blocking the adenosine A2A receptor, which is a G 

protein-coupled receptor that is widely distributed in the brain. Adenosine is a 

neuromodulator that can have both inhibitory and excitatory effects on neuronal activity, 

depending on the receptor subtype and the region of the brain involved. In Parkinson's 

disease, the A2A receptor is overexpressed in the striatum, where it can inhibit the release 

of dopamine and exacerbate the symptoms of the disease. 

Several clinical trials have shown that istradefylline can improve motor function 

and reduce "off" time (periods of decreased mobility and increased symptoms) in patients 

with Parkinson's disease who are already receiving standard therapy with levodopa and 

other medications. The drug is generally well-tolerated, with the most common side 

effects being dyskinesias (abnormal involuntary movements), hallucinations, and 

dizziness. 
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Overall, istradefylline represents a promising new approach to the treatment of 

Parkinson's disease that targets the adenosine A2A receptor, a novel mechanism of action 

that has the potential to improve the quality of life for millions of patients suffering from 

this debilitating condition. 

 

1.8. Aim of the Study 

 
Neuroinflammation and neurobehavioral pathology have been previously 

observed in Hexa-/-Neu3-/- TSD model. In this thesis study, it was aimed to reduce 

neuroinflammation and accordingly neuropathology by istradefylline administration in 

TSD mouse model with three different administration strategies. The purpose was to 

determine whether anti-inflammatory therapy is effective to reduce neuroinflammation 

and which strategy of istradefylline administration is the most effective to reverse the 

pathology in brain tissue of Hexa-/-Neu3-/- mice. 
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CHAPTER 2 

 

MATERIALS AND METHODS 
 

2.1. Mouse Genotyping  
 

DNA was extracted from fresh tail tissue using 250 μL of lysis buffer (10% Tris-

HCl pH:7.6, 2.5% 0.2M EDTA, 20% SDS, 4% 5M NaCl) and 6 ul proteinase K (25 μg/μl, 

Sigma) and incubated overnight in shaking incubator at 55oC / 70rpm. Homogenized 

samples were centrifuged at 14000 rpm for 10 minutes. and same volume of isopropanol 

(100%) were added on supernatant. After precipitating the DNA by isopropanol; DNA 

was collected and put into 70% ethanol. 1 min centrifugation at 14000 rpm was performed 

in order to precipitate DNA and remove ethanol. Remaining ethanol was air dried and 

DNA samples were dissolved in ultrapure water.  

PCRs for Hexa and Neu3 gene amplification were performed by using 100ng 

genomic DNA in 25ul reaction mixture: (25μl reaction mix containing 50pmol of each 

primer (Table2.1), 10mM of dNTP mix, 1.5 units Taq polymerase (GeneAid), 1.5mM 

MgCl2, 10mM Tris-HCl and 50mM KCl buffer containing 10% DMSO. Conditions for 

PCR are; 1 cycle 30 seconds at 95˚C; 30 cycles 30 seconds at 95˚C, 45 seconds at 60˚C, 

45 seconds at 72˚C; and 1 cycle 5 minutes at 72˚C).       

 

Table 2.1. Primer sequences used for genotyping of Hexa and Neu3 alleles 

Gene Primer Primer Sequence 

 

Neu3 

Neu3 Forward 5’-CTCTTCTTCATTGCCGTGCT-3’ 

Neo Forward 5’-GCCGAATATCATGGTGGAAA-3’ 

Neu3 Reverse 5’-GACAAGGAGAGCCTCTGGTG-3’ 

 

HexA 

HexA Forward 5’-GGCCAGATACAATCATACAG-3’ 

PKG Forward 5’-CACCAAAGAAGGGAGCCGGT-3’ 

HexA Reverse 5’-CTGTCCACATACTCTCCCCACAT-3’ 
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2.2. Drug Treatment  

 
In order to reduce neuroinflammation and reverse neuropathology istradefylline 

was selected as neuroinflammatory drug for the study and 3 different strategies were used 

for its administration (Figure 2.1). In the 1st strategy, which is also called early-stage 

treatment, Hexa-/-Neu3-/- mice were intraperitoneally injected by 3mg/kg istradefylline 

daily for 21 days starting from 10week to 13week and sacrificed at the end of injection 

time. To determine the effects of late-stage treatment 2nd strategy in which the Hexa-/-

Neu3-/- mice were intraperitoneally injected by 3mg/kg istradefylline daily for 21 days 

starting from 16week to 19week was employed and sacrificed at the end of injection time. 

For the last strategy, continued treatment strategy with a wash out phase was applied. In 

the 3rd strategy intraperitoneal istradefylline was administered from 10th to the 13th week; 

after 3 weeks of no drug treatment the injection was continued from the 16th to the 19th 

week and mice were sacrificed at the end of second injection.   

 

Figure 2.1. The schematic illustration of istradefylline administration strategies in Hexa-

/-Neu3-/- mice as early-stage (10w-13w), late-stage(16w-19w) and two stage 

treatment (10w-13w & 16w-19w) group with 3mg/kg intraperitoneal 

istradefylline injections.  
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2.3. Tissue Handling 

 
Untreated WT, Hexa-/- and Hexa-/-Neu3-/- were used as control samples. For 

early stage 13W-old; for late and two-stage treatments 19W-old age-matched mice were 

used as controls. Brain samples of control and treatment groups were collected by either 

dissection or fixation. 

 

2.3.1. Brain Dissection 

 
Age matched control and treatment groups of WT, Hexa-/- and Hexa-/-Neu3-/- 

were sacrificed by using CO2 cabinet. The brains were dissected into two halves of cortex 

and cerebellum by using dissector blade. All tissue samples were quick frozen in liquid 

nitrogen and stored in -80oC until required. 

 

2.3.2. Fixation 

 
In order to be able to perform immunohistochemical analysis, the brains required 

to be fixated by applying trans cardiac perfusion. Ksilazin and ketamine were used to 

anesthetize the mice by intraperitoneal injection. An incision was made through abdomen 

and thoracic cavity was opened by cutting through rib cage. When the heart is exposed 

the needle was inserted to the left ventricle in a secure position and right atrium was cut 

by a sharp scissors and ~10ml 0.9% NaCl solution (pH 7.4) was flowed through 

circulation system. After the mice drained from blood, circulation of NaCl was switched 

to freshly prepared 4% paraformaldehayde in 1XPBS and circulated until all of the organs 

were fixed (~10ml). Excised brains were incubated in 4%paraformaldehyde solution at 

+4oC overnight. Then the samples were put through sucrose gradient in which they were 

incubated 2 hours in each of 10%, 20% and 30% sucrose in 1X PBS solution (pH 7.6) at 

+4oC. In 30% sucrose, samples were incubated overnight. After that incubation, the brains 

were embedded in OCT (optimal cutting temperature) containing cryomolds and they 

were slowly frozen in dry ice containing buckets. Tissues were stored at -80oC. By using 

Leica Cryostat, 10μm coronal sections of each brain were sectioned and collected on 
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adhesive-coated slides. These slides were also stored at -80oC for further 

immunohistochemical analysis (Risher et al., 2014; Schneider Gasser et al., 2006).  
 

2.4. Real Time PCR 
 

Real time PCR protocol is comprised of mainly three steps as:  RNA isolation, 

cDNA synthesis, and RT-PCR procedures. 

 

2.4.1. RNA Isolation 

 
50 mg of each brain region (cortex and cerebellum) of both control and treatment 

groups were measured and homogenized in 500μl GeneZol (GeneAid) with sterilized 

RNase free teflon beads by using tissue homogenizator (Retsch MM100). After that, 

samples were incubated at room temperature for 5 minutes and transferred into 1.5 ml 

tubes. 100μL chloroform was added on each sample and the tubes were shaken vigorously 

for 10 seconds. In order to provide phase separation, the samples were centrifuged at 

15000g for 15 minutes at +4oC. After the successful phase separation occurred colorless 

aqueous upper level containing RNA were transferred into new 1.5 ml Eppendorf tube 

and one volume of isopropanol (~200-300μl) was added on each sample. The tube was 

inverted several times, incubated for 10 minutes at room temperature and then centrifuged 

for 10 minutes at 15000g at +4oC to provide tight RNA pellet formation. Supernatants 

were carefully discarded and 1ml 70% ethanol was added on each sample to wash the 

RNA and they were centrifuged again for 5 minutes at 15000xg at +4oC. Supernatants 

were carefully removed and the RNA pellets were air-dried at 55oC for 5 minutes. RNA 

pellets were resuspended in 20-50μl RNase free water and they were incubated in water 

bath at 50oC for 10 minutes to provide dissolving of RNA pellet in water. Finally, 

concentrations of RNAs were measured by using NanoDrop Spectrophotometer (ND-

1000).    

 

2.4.2. cDNA Synthesis 

 
Isolated RNA’s were converted into cDNAs by using EvoScript Universal cDNA 

Master (Roche). 50ng/ul cDNA producing reaction mix was prepared according to 
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manufacturer’s instruction. Initially, the concentration of RNAs were measured by 

NanoDrop. The reaction mix was composed of 1 X RT buffer, 4 mM dNTP mix, 1X RT 

Random primers, 50 units MultiScribe Reverse Transcriptase were mixed with calculated 

volume of water and RNA depending on the RNA concentration level of each sample. 

Total volume of the mixture was arranged to be 20 ul. The reaction was conducted with 

the conditions: 1 cycle 10 minutes at 25˚C; 1 cycles 120 minutes at 37˚C, 1 cycle 5 

minutes at 85˚C.  

  

 
2.4.3. RT-PCR 

 
The relative gene expression levels of the genes listed in Table-x were analyzed 

by RT-PCR for cortex and cerebellum region of control and treatment groups. Primer 

sequences of genes of interest are presented on the Table 2.1 and expression levels were 

measured by using Roche LightCycler® 96 System with Roche LightCycler 480 SYBR 

Green I Master Mix. The reaction mixture was optimized as 20μl reaction mix containing 

0.4 uM each primer (Table 2.2) and 1X Roche LightCycler 480 SYBR Green I Master 

Mix and 75ng cDNA. The reaction was performed under conditions: 1 cycle 10 minutes 

at 95˚C; 45 cycles 20 seconds at 95˚C, 15 seconds at 60˚C, 22 seconds at 72˚C.  For each 

sample triplicate technique replicas were prepared and average of the three results were 

used as gene expression level of sample of interest. The gene expression levels were 

normalized to GAPDH as internal control and gene expression ratio was calculated by 

∆Ct method. One-way ANOVA was used for statistical analysis through Graphpad Prism 

Software.   
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Table 2.2. Primer sequences and RT-PCR product length of the genes to be analyzed 

Gene Primer Sequences PCR Product 

CCL2 
F: 5’-ATGCAGTTAATGCCCCACTC-3’ 

R: 5’-TTCCTTATTGGGGTCAGCAC-3’ 
167 bp 

CCL3 
F: 5’-TCTGTACCATGACACTCTGC- 3’ 

R: 5’- AATTGGCGTGGAATCTTCCG-3’ 
103 bp 

CXCL10 
F: 5’- GACGGTCCGCTGCAACTG-3’ 

R: 5’-CTTCCCTATGGCCCTCATTCT -3’ 
64 bp 

CCL5 
F:5’-AGTGCTCCAATCTTGCAGTC-3’ 

R:5’-AGCTCATCTCCAAATAGTTG-3’ 
108 bp 

GFAP 
F: 5’-AGTAACATGCAAGAGACAGAG-3’ 

R: 5’- TAGTCGTTAGCTTCGTGCTTG-3’ 
113 bp 

IL-1β 
F:5’-TGAGTCACAGAGGATGGGCTC-3’ 

R:5’-CCTTCCAGGATGAGGACATGA-3’ 
71 bp 

IL-6 
F:5’-AAGTGCATCATCGTTGTTCATACA-3’ 

R:5’-GAGGATACCACTCCCAACAGACC-3’ 
141 bp 

SOD2 
F:5’- GTGTCTGTGGGAGTCCAAGG -3’ 

R:5’- CCCCAGTCATAGTGCTGCAA -3’ 
339 bp 

Catalase 
F:5’- TTCGTCCCGAGTCTCTCCAT -3’ 

R:5’- GAGGCCAAACCTTGGTCAGA -3’ 
351 bp 

Ttase1 
F:5’- CTGCAAGATCCAGTCTGGGAA -3’ 

R:5’- CTCTGCCTGCCACCCCTTTTAT -3’ 
322 bp 

HexB 
F: 5’- AGTGCGAGTCCTTCCCTAGT -3’ 

R: 5’- ATCCGGACATCGTTTGGTGT -3’ 
412 bp 

GM2AP 
F: 5’- CCTCACGATCCAACCTGACC -3’ 

R: 5’- CTTCCCACCACTGCTCAAGA -3’ 
388 bp 

GAPDH 
F:5’- CCCCTTCATTGACCTCAACTAC-3’ 

R:5’- ATGCATTGCTGACAATCTTGAG-3’ 
347 bp 

 

2.5. Immunohistochemistry 

 
The fixated brain samples for both control and treatment groups were sectioned 

into 10um cryosections on HistoBond slide by using Leica Cryostat (CM1850-UV). 
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Firstly, the slides were incubated on ice for 30 minutes and then they were washed with 

1X PBS for 10 minutes. To enable permeabilization of plasma membranes; incubation in 

100% acetone for 10 minutes was applied and then they were washed twice with 1X PBS 

for 5 minutes. To avoid nonspecific binding; the slides were incubated in blocking 

solution (10% goat-serum, 4%BSA, 0.3M Glycine in 1X PBS) for 1 hour at room 

temperature. After that, primary antibodies (GFAP, MOMA-2, LAMP1, CNPase, ) 

dissolved in blocking solution were added on each brain sample on the slides and 

incubated overnight (16 hours) at +4oC. Following day; the slides were washed three 

times with 1XPBS and incubated in humidity chamber for 1 hour at room temperature 

with secondary antibody solution which includes 1/500 of antibody of interest (ab175476, 

Alexa Fluor®-568 and ab150077 Alexa Fluor®-488) in blocking solution. After that the 

slides were washed three times with 1XPBS- and they were mounted on slides with 

Fluoroshield mounting medium DAPI (abcam). Images were obtained by using 

fluorescent microscope (Olympus BX53). Co-localization analysis of red and green 

fluorescence was applied by using ImageJ.     

 

2.6. Thin Layer Chromatography 
 

In order to measure GM2 ganglioside accumulation level, thin layer 

chromatography protocol comprising of Ganglioside isolation, TLC and orcinol staining 

of plates by using cortex and cerebellum regions of control and treatment groups.  

  

2.6.1. Ganglioside Isolation  
 

The isolation of acidic gangliosides and their visualization were generated by 

using brains of both control and treatment groups according to the previously optimized 

protocol in our laboratory.  

 

2.6.1.1. Neutral and Acidic Ganglioside Isolation 
 

In order to isolate ganglioside molecules, ~50mg of brain tissues -cortex and 

cerebellum- from both control and treatment groups (9 samples totally) were 

homogenized in the borosilicate tubes with 2ml of dH2O via the ultra turax homogenizer 
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(IKA T10, Sigma, Darmstadt, Germany) at 6000rpm for 30 seconds. Then, sonication 

was performed to homogenized samples by using sonicator (Bandelin-sonopuls, Berlin, 

Germany) for 4 cycles of 1.5minutes after. Next, the H2O in the samples were evaporated 

by using a nitrogen flow in the Reacti-Therm Heating module (Thermo, Massachusetts, 

USA). After evaporation of entire water, 3ml of 100% acetone were added the pellet and 

the tubes were vortexed and centrifuged at 2000rpm for 5 minutes. This process was 

repeated on two occasions to ensure the thorough removal of phospholipids and other 

lipid components from the membrane. Then the pellets were washed twice by 1.5ml of 

chloroform: methanol: water (10:10:1) solution and centrifuged each time at 2000 rpm 

for 5 minutes. During this washing steps; each supernatant was collected into new neutral 

glass tubes by using Pasteur pipettes and first step of ganglioside isolation was started by 

this way. After that, 2ml of a chloroform: methanol: water (30:60:8) solution was added 

to pellets twice and the samples were centrifuged each time again at 2000rpm for 5 

minutes. Supernatant from each step were put over the previously collected supernatants 

and the collected solution at the end contained both acidic and neutral gangliosides which 

were separated by using the DEAE Sephadex A-25 ion exchange columns. For this 

purpose, we freshly prepared the DEAE Sephadex columns. 1 gr of DEAE Sephadex A-

25 resin (GE Health Care, Little Chalfont, United Kingdom) were incubated in 10 ml of 

chloroform: methanol: 0.8M sodium acetate (30:60:8) solution for 5 minutes.  After the 

incubation, the solution including resin particles were centrifuged at 2000rpm for 1 

minute and the supernatant was removed. Resins were washed with the same solution 

twice and left for overnight incubation in 10 ml of chloroform: methanol: sodium acetate 

(0.8M) (30:60:8). Following day, the resins were washed twice again with the same 

solution as described above and the DEAE Sephadex A-25 resin were ready to use at the 

end. In order to prepare the glass separation colons; tips of glass Pasteur pipettes closed 

with glass woolen and freshly prepared resin was loaded on top of glass woolen up to 

2cm height. The columns were washed twice with 1ml of chloroform: methanol: water 

(10:10:1) solution, and 1ml of chloroform: methanol: water (30:60:8) solution 

respectively, and new neutral glass tubes were placed under the columns. Then the total 

ganglioside samples were loaded onto the column. After the total ganglioside solution 

was passed through the column, 4ml of 100% methanol were used to wash the column. 

The resulting solution in the neutral tubes under the columns were collected as neutral 

gangliosides and these were subjected to evaporation by a nitrogen flow in the Reacti-

Therm Heating module (Thermo, Massachusetts, USA) and stored at +4°C until the TLC 
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analyses. In order to elute acidic gangliosides from columns, 5ml of 500mM potassium 

acetate in methanol were passed through the columns and collected in new neutral tubes. 

Then desalting procedure with the Supelclean LC-18 column (Supelco, Sigma, 

Darmstadt, Germany) were performed by locating specific columns called LC-18 

columns in the Chromabond Vacuum manifold (Macherey-Nagel, Düren, Germany) 

fixed to 5Hg. Firstly, the columns were equilibrated by washing with 2ml of methanol, 

and with 2ml of 500mM potassium acetate in methanol solution. Then, collected acidic 

ganglioside samples were added onto the columns and the column bound samples were 

washed with 10ml of dH2O. Desalted acidic gangliosides were eluted by 4ml of methanol 

and 4ml of chloroform: methanol (1:1) under low vacuum into new tubes. Lastly, the 

water in the eluted samples were evaporated by nitrogen flow in the Reacti-Therm 

Heating module (Thermo, Massachusetts, USA) and the pellets were stored at +4°C. 

 

2.6.2. Thin Layer Chromatography  
 

The Thin Layer Chromatography (TLC) is process to separate and determine 

gangliosides according to their specific weights and structures. Firstly, to remove the 

humidity, 20cm x 20cm silica TLC plates (Merck, New Jersey, USA) were incubated at 

100°C for 30minutes. Then, TLC running solution containing Chloroform: methanol: 

0.2% CaCl2 (30:65:8) were prepared and poured into the TLC tank (Camag, Muttenz, 

Switzerland). The tank with solution were incubated for 2hours at RT. Acidic and neutral 

ganglioside samples stored at +4°C in N2-dried forms were resuspended in 100μl of 

chloroform: methanol: water (10:10:1) solution and were loaded onto the previously 

heated silica plates with the Linomat 5 (Camag, Muttenz, Switzerland) machine 

automatically. After loading was completed, the plates were placed onto the solution in 

pre-incubated tanks to run until the endpoint of approximately 10 cm at room temperature. 

 

2.6.3. Orcinol Staining of Plates 

 

After running of the gangliosides on TLC plates were completed, the visualization 

of gangliosides was obtained by using freshly prepared Orcinol (Sigma, Darmstadt, 

Germany) stain. The orcinol is prepared with 0.06g of orcinol, 3.75ml of sulphuric acid 

and 11.25ml of dH2O in sprayer and used at room temperature. The solution were sprayed 
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on TLC plates and the plates were incubated on TLC plate heater (Camag, Muttenz, 

Switzerland) at 120°C until the ganglioside bands becomes visible. Lastly, the plates with 

visible ganglioside bands were scanned and the band intensities were measured by NIH 

ImageJ program. 

 

2.7. Western Blot  

 
Western blot protocol comprised of 3 sub steps as protein isolation, Bradford 

assay and SDS-PAGE gel electrophoresis.  

 

2.7.1. Protein Isolation 

 
In order to obtain protein lysates of cortex and cerebellum regions of both control 

and treatment groups were homogenized with mini manual homogenizator in 500ul 

protein lysis buffer (1% TritonX100, 50mMHepes, 150mM NaCl, 10%Glycerol, 50mM 

Tris-Base, 1%PMSF, 1% protease inhibitor). Once the tissues were homogenized 

thoroughly, the samples were incubated on ice for 1 hour and during that they vortexed 

every 10 minutes. Then the samples were centrifuged for 15 minutes at 0oC 14000rpm. 

Supernatants with isolated proteins were collected into fresh tubes.      

  

2.7.2. Bradford Assay 

 
In order to create a standard curve to be able to calculate protein concentrations 

of the samples, BSA solutions with different concentrations (100,80,40,20...ug/ml) were 

prepared by serial dilution. Isolated proteins were diluted 1:20 ratio (2ul protein+38ul 

dh2o) and 5ul diluted protein samples and each of the BSA solutions for curve were added 

to the 96well plate and 200ul Bradford Reagent (Sigma) was added onto each sample on 

96 well plate. After 10 minutes incubation in dark at RT, the absorbance levels of the 

samples were measured at 595nm by using microplate reader (BioRad). By using the 

absorbance level of serially diluted BSA solutions; standard curve graph was plotted and 

curve equation was calculated. By using this equation, concentrations of each sample 

were calculated and 20ug of each protein were prepared with 4:1 loading buffer (40% 
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Glycerol, 240mM Tris-HCl pH 6.8, 8%SDS, 0.04%Bromophenol Blue, 5% β-

mercaptoethanol. Boiling the protein samples in loading dye including β-mercaptoethanol 

enables disruption of 3D structures of proteins by breaking the disulphide bonds.  

 

2.7.3. SDS-PAGE Gel Electrophoresis 
 

Resolving gel and stacking gel were prepared with the ingredients listed in the 

Table 2.3 and two gels were poured up over each other after the first one dried with a 

comb inserted in stacking gel.   

 
Table 2.3. Ingredients for resolving and stacking gel preparation of SDS-PAGE gel 

Resolving Gel(10%) Stacking Gel (5%) 

3 ml Lower buffer (1.5 M Tris-HCl) 1.5 ml Upper Buffer (1M Tris-HCl) 

4 ml Acrylamide (30%) 1 ml Acrylamide (30%) 

5 ml Water 3.5 ml Water 

60μl SDS (10%) 60μl SDS (10%) 

60μl APS (10%) 60μl APS (10%) 

6 μl TEMED 6 μl TEMED 

 
After the gels were polymerized and the comb was removed; the glass was taken 

out from casting frames and set into the cell buffer dam. Running buffer (0.25M Tris-

Base, 1.92M Glycine, 1%SDS) was poured into the inner chamber and overflowed to 

outer chamber. After Bradford assay prepared protein samples were loaded into the wells 

upon boiling. The proteins were separated by SDS-PAGE gel electrophoresis at 80V until 

the proteins passed the stacking gel then the volt is increased to 120V. Then the proteins 

were transferred onto the nitrocellulose membrane (BioRad) by transfer buffer (48mM 

Tris-Base, 39mM Glycine, 20%Methanol, pH 9.2) and running at 250mA for 1hour. After 

that, to avoid nonspecific bindings blocking was performed by incubation in 5%milk in 

PBS-T for 1hour with shaking at room temperature. After rinsing and washing the milk, 

the blots were incubated overnight at +4oC in primary antibodies of NFκB(1:1000, abcam, 

ab137708), IκB(1:1000, abcam, ab137708), APE1/Ref-1 (1:1000, abcam, ab137708), β-

actin (1:1000, cell signalling, 4970) in red solution (5%BSA, 0.02% NaAzide, Phenol 

Red, in PBS-T pH 7.5). The blots were washed three times with PBS-T solution for 10 
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minutes followed by incubation with HRP-conjugated secondary antibody (Jackson 

ImmunoResearch Lab) for 1 hour at room temperature. Then the blots were washed three 

times again and the proteins were visualized by using LuminataTM Forte Western HRP 

Substrate (Millipore) on a digital imaging system (Fusion SL, Vilber).  

 

2.8. Behavioral Analysis 
 

In order to determine whether three different strategies of istradefylline treatment 

affects locomotory functions or anxiety of the mice control and treatment groups were 

analyzed by Rotarod and Open Field test. 

 

2.8.1. Rotarod Analysis 
 

Rotarod Test have been used to examine the loss of motor coordination by 

measuring the ability of mice to maintain itself on a rod that turns at accelerating speeds. 

Mice from control and treatment groups (n= 5-8) were initially trained at 4rpm spped on 

a 5-line Rotarod unit (Pan-Lab Harvard Apparatus, Barcelona, Spain). After the mice 

learns to maintain itself on the rod; they were examined in the increasing acceleration 

mode from 4 to 40rpm within the 5minute period of time. Each mouse were put on the 

rod three times with 15 minutes of rest time in between the trials. The time each mouse 

spent on the rod was recorded and analyzed using the One-Way ANOVA method with 

GraphPad. 

 

2.8.2. Open Field Analysis 
 

The open field test is an experimental evaluation employed to measure overall 

locomotor activity, anxiety levels, and the inclination to explore in animals, typically 

rodents (Walsh & Cummins, 1976). The equipment used for this assessment comprised a 

40×40 cm surface area enclosed on all sides by a 40 cm transparent barrier with a digital 

camera installed directly above the setup. Mice were positioned in one of the corners of 

the open field and permitted to explore without interruption for a duration of 5 minutes. 

Variations in locomotory functions and anxiety levels were assessed using the Panlab 

SMART Video Tracking System v0.3 (Harvard Apparatus, USA). The testing area is 
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separated into two zones as center and periphery, and this tracking devices enables 

measurement of times spent in each zone and the total distance of locomotion. The data 

were analyzed by One-way ANOVA with GraphPad Prism (Thompson and Kim 1996). 
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CHAPTER 3 

 

RESULTS 
 

3.1. Mouse Genotyping  

 
The mice were genotyped based on the WT and mutant alleles of Hexa and Neu3 

genes by individual PCRs for each gene.  Illustrated band sizes for wt and mutant alleles 

for the genes Hexa (Figure 3.1.A) and Neu3 (Figure 3.1.B) were detected and based on 

the amplified bands the mice were labelled as +/+, +/- or -/- . 

 

 
Figure 3.1. Gel images of PCR analysis of tail genomic DNA. for Hexa (A) and Neu3(B) genes. 

210 bp and 420 bp fragments represent mutant allele and wild type allele of Hexa, 
respectively(A). 1.6 kb and 2.1 kb fragments represent mutant allele and wild type 
allele of Neu3, respectively(B).  

 

3.2. Behavioral Analysis 

 
Control and treatment groups of WT, Hexa-/-, and Hexa-/-Neu3-/- mice were 

subjected to rotarod test to measure motor coordination and open field test to measure 

anxiety and locomotor activity. Also, the body weight of the mice were measured twice 

for a week. 
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3.2.1. Body Weight Measurement 
 

Gross body weights of untreated WT, Hexa-/-, Hexa-/-Neu3-/- and treated Hexa-

/-Neu3-/- mice with 3 different strategies were measured weekly from 10 weeks to ~20 

weeks of male mice of each group. Untreated Hexa-/-Neu3-/- mice significantly increased 

weight loss when compared to age matched WT and Hexa-/- (Figure 3.2).  Early-stage 

and two-stage treatment groups showed decreased weight loss pattern when compared to 

untreated Hexa-/-Neu3-/- (Figure 3.2 A). However, in the late stage treated mice group, 

there was no significant change in weight loss rate (Figure 3.2 B).  

 

 

 
Figure 3.2. Body weight measurements of WT, Hexa-/-, untreated Hexa-/-Neu3-/- and 

istradefylline treated Hexa-/-Neu3-/- mice. Body weight measurements of early-
stage and two-stage treatment group mice were illustrated together (A) and late 
stage treatment group measurements were represented separately (B).   

 
3.2.2. Rotarod Analysis 
 

The Rotarod Test was employed to assess motor coordination deterioration by 

gauging the mice's capacity to stay on a rotating rod with gradually increasing speed. It 

was observed that treated or untreated Hexa-/-Neu3-/- mice for all strategies showed 

significantly decreased durability on the rod when compared to WT and Hexa-/- controls 

(Figure 3.3). Early-stage treatment in Hexa-/-Neu3-/- mice led to a slight increase in time 

on rod period compared to untreated Hexa-/-Neu3-/- (Figure 3.3A). In addition, 

significantly increased durability on the rod was shown in two-stage treatment group mice 
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when compared to untreated Hexa-/-Neu3-/-and there was no change for late stage 

treatment group (Figure 3.3 B).   

 

 
Figure 3.3. Rotarod analyses of WT, Hexa-/- and Hexa-/-Neu3-/- mice on an accelerating rod (4 

rpm to 40 rpm within 5 minutes). Motor function and motor learning of Hexa−/− 

Neu3−/− mice in early-stage (A), Late-stage (B) and two stage group (B) was 

compared with its age matched untreated counterparts. Data is representative of mean 

± SEM of measurements. Significant levels in the data were presented by using the 

ONE-way ANOVA. 

 

3.2.3. Open Field Test 
 

The anxiety levels and locomotor activity of control and treatment groups were 

measured by 5-min open field test. Time spend in the center zone and total traveled 

distance were evaluated for untreated WT, Hexa-/- and Hexa-/-Neu3-/- and early, late, and 

two-stage istradefylline treated Hexa-/-Neu3-/- mice. While early-stage treated Hexa-/-

Neu3-/- mice spent significantly decreased time in the center (Figure 3.4A); late and two-

stage treatment groups showed no difference when compared to age-matched untreated 

counterparts (Figure 3.4C).  When we look at the total distance traveled by mice in each 

group, it was shown that treated or untreated Hexa-/-Neu3-/- mice traveled significantly 

less distance in the 5-minute period of time when compared to untreated WT and Hexa-/- 

counterparts. However, the treatments did not change the total distance traveled by Hexa-

/-Neu3-/- mice applied with early (Figure 3.4B), late-stage, and two-stage (Figure 3.4D) 

treatment strategies compared to untreated Hexa-/-Neu3-/- mice.  
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Figure  3.4. Open field analyses of WT, Hexa-/- and Hexa-/-Neu3-/- were represented. Time spent 

in center zone of the open field box for 5minutes of controls and early-stage (10w-
13w) (A), late-stage(16w-19w) and two stage treatment groups (10w-13w & 16w-
19w) (B) were indicated. Total distance traveled in the open field box for 5minutes 
by mice from control and early-stage (10w-13w) (A), late-stage(16w-19w) and two 
stage treatment groups (10w-13w & 16w-19w) (B) were demonstrated. Data is 
representative of mean ± SEM of measurements. Significant levels in the data were 
presented by using the one-way ANOVA (*p<0.05, **p<0.01,***p<0.001 and 
****p<0.0001).  

 
3.3. Neuroinflammation Analysis 
 

Neuroinflammatory markers were analyzed in cortex and cerebellum of control 

and treatment groups by RT-PCR, immunohistochemistry and western blot analyses. 

 

3.3.1. Real Time PCR 

 

RT-PCR analysis was performed to observe the possible changes in gene 

expression levels of neuroinflammation-related markers after anti-inflammatory therapy.  

Gene expression levels of proinflammatory chemokines in cortex and cerebellum regions 

of untreated WT, Hexa-/- , Hexa-/-Neu3-/- control groups and early-stage (10w-13w), late-

stage (16w-19w) and two stage treatment groups (10w-13w & 16w-19w) were measured. 
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CCL2, CCL3, CCL5 and CXCL10 gene expression levels were significantly increased in 

cortex region of untreated Hexa-/-Neu3-/- mice compared to untreated age-matched WT 

and Hexa-/- counterparts (Figure 3.5). The levels of CCL2 expression Hexa-/-Neu3-/- 

mice were significantly reduced with early-stage (Figure 3.5A), late-stage and two-stage 

treatment (Figure 3.5B) of istradefylline in cortex region of Hexa-/-Neu3-/- mice 

compared to untreated ones. In addition, gene expression levels of CCL3 (Figure 3.5C, 

D), CCL5(Figure 3.5 E,F), and CXCL10 (Figure 3.5 G,H) in cortex showed a significant 

increase with early-stage treatment, while they significantly decreased with late-stage and 

two-stage treatment strategies.  

 

 
Figure 3.5. The expression levels of proinflammatory chemokines in cortex region of WT, Hexa-

/- and Hexa-/-Neu3-/- were represented. The expression levels of CCL2 (A,B), 
CCL3 (C,D), CCL5 (E,F) and CXCL10(G,H) in age-matched controls and early-
stage (10w-13w), late-stage and two stage treatment groups (10w-13w & 16w-19w) 
were indicated respectively. Expression ratio calculations were performed by ΔCT 
method and data was normalized to expression levels of age-matched WT mice. 
Significant levels in the data were presented by using the one-way ANOVA 
(*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001).  
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Figure 3.6. The expression levels of astrocyte-related marker and proinflammatory interleukins 

in cortex region of WT, Hexa-/- and Hexa-/-Neu3-/- were represented. The 
expression levels of GFAP (A,B), IL-1β (C,D) and IL-6 (E,F) in age-matched 
controls and early-stage (10w-13w), late-stage and two stage treatment groups 
(10w-13w & 16w-19w) were indicated respectively. Expression ratio calculations 
were performed by ΔCT method and data was normalized to expression levels of 
age-matched WT mice. Significant levels in the data were presented by using the 
one-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001). 

 

When we look at the GFAP gene expression levels in the cortex region, 

significantly increased expression levels of GFAP were observed in untreated Hexa-/-

Neu3-/- mice compared to untreated age-matched WT and Hexa-/- mice (Figure 3.6 A, 

B). Early-stage treatment led to a significant increase in GFAP expression (Figure 3.6 A), 

however with late and two-stage treatment GFAP expression was significantly reduced 

in the cortex of Hexa-/-Neu3-/- mice compared to age-matched untreated Hexa-/-Neu3-/- 

(Figure 3.6 B). At the early stage (13W-old) IL-1β expression in the cortex of untreated 

Hexa-/-Neu3-/- did not show significant change when compared to age-matched WT and 

Hexa-/- counterparts however early-stage treatment significantly increased IL-1β 

expression in treated Hexa-/-Neu3-/- compared to untreated one (Figure 3.6 C). On the 

other hand, IL-1β expression was significantly increased in the cortex of untreated Hexa-
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/-Neu3-/- compared to age-matched WT and Hexa-/- counterparts, and late-stage and two-

stage treatments slightly reduced IL-1β expression in the same region compared to 

untreated condition (Figure 3.6 D). When we look at the expression levels of IL-6 

interleukin, it was observed that there was not a significant change in cortex region of 

untreated WT, Hexa-/- and Hexa-/-Neu3-/- or treated Hexa-/-Neu3-/- mice (Figure 3.6 

E,F).  

 
Figure 3.7. Gene expression levels of neuroinflammatory markers in cortex region of untreated 

and treated Hexa-/-Neu3-/-  were represented as normalized to age-matched WT and 
compared to based on untreated, early-stage late-stage and two-stage treatment 
conditions for CCL2 (A), CCL3(B), CCL5 (C), CXCL10 (D), GFAP (E), IL-1β (F) 
and IL-6 (G).  



 43 
 

The effect of three different strategies on gene expression levels of 

neuroinflammatory markers were normalized to age-matched WT and compared with 

each other and untreated conditions for CCL2 (Figure 3.7 A), CCL3(Figure 3.7 B), CCL5 

(Figure 3.7 C), CXCL10 (Figure 3.7 D), GFAP (Figure 3.7 E), IL-1β (Figure 3.7 F) and 

IL-6 (Figure 3.7 G). Except for IL-1β and IL-6, all markers were significantly increased 

in cortex of 19W-old untreated Hexa-/-Neu3-/- mice compared to 13W-olds. In addition, 

except for increasing expression of GFAP and IL-6 in early stage treatment, all markers 

showed a decreasing pattern in expression levels of other markers in the anti-

inflammatory treatment condition (Figure 3.7).  

 

 
Figure 3.8. The expression levels of proinflammatory chemokines in cerebellum region of WT, 

Hexa-/- and Hexa-/-Neu3-/- were represented. The expression levels of CCL2 
(A,B), CCL3 (C,D), CCL5 (E,F) and CXCL10(G,H) in age-matched controls and 
early-stage (10w-13w), late-stage and two stage treatment groups (10w-13w & 16w-
19w) were indicated respectively. Expression ratio calculations were performed by 
ΔCT method and data was normalized to expression levels of age-matched WT 
mice. Significant levels in the data were presented by using the one-way ANOVA 
(*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001).  
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The gene expression levels of proinflammatory chemokines in cerebellum regions 

of untreated WT, Hexa-/-, Hexa-/-Neu3-/- control groups and early-stage (10w-13w), late-

stage (16w-19w) and two-stage treatment groups (10w-13w & 16w-19w) were measured 

as well. Except for CXCL10 at 13W-old stage; CCL2, CCL3, CCL5 and CXCL10 gene 

expression levels were significantly increased in cerebellum region of untreated Hexa-/-

Neu3-/- mice compared to untreated age-matched WT and Hexa-/- counterparts (Figure 

3.8). The levels of CCL2 expression Hexa-/-Neu3-/- mice were significantly reduced with 

early-stage (Figure 3.8A), late-stage and two-stage istradefylline treatment (Figure 3.8B) 

in the cerebellum region of Hexa-/-Neu3-/- mice compared to untreated ones. In early 

stage treatment strategy, the expression levels of CCL3 and CCL5 were significantly 

decreased compared to age-matched untreated Hexa-/-Neu3-/- (Figure 3.8C, E) however 

late-stage and two-stage strategies did not significantly affect CCL3 and CCL5 

expression in cerebellum region (Figure 3.8 D, F). On the other hand, expression levels 

of CXCL10 were increased by early-stage treatment (Figure 3.8 G) but late and two-stage 

treatments did not affect CXCL10 expression level in cerebellum region of 19W-old 

Hexa-/-Neu3-/- mice compared to age-matched untreated Hexa-/-Neu3-/- mice (Figure 

3.8H).   

 

Figure 3.9. The expression levels of astrocyte-related marker and proinflammatory interleukins 
in cerebellum region of WT, Hexa-/- and Hexa-/-Neu3-/- were represented. The 
expression levels of GFAP (A,B), IL-1β (C,D) and IL-6 (E,F) in age-matched 
controls and early-stage (10w-13w), late-stage and two stage treatment groups 
(10w-13w & 16w-19w) were indicated respectively. Expression ratio calculations 
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were performed by ΔCT method and data was normalized to expression levels of 
age-matched WT mice. Significant levels in the data were presented by using the 
one-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001). 

 

Besides proinflammatory chemokines; GFAP, IL-1β and IL-6 gene expression 

levels in the cerebellum region were also analyzed, and significantly increased expression 

levels of GFAP were observed in untreated Hexa-/-Neu3-/- mice compared to untreated 

age-matched WT and Hexa-/- mice (Figure 3.9). Early-stage and late-stage treatment led 

to a significant increase in GFAP expression (Figure 3.9 A, B), however, with two-stage 

treatment GFAP expression was significantly reduced in the cerebellum of Hexa-/-Neu3-

/- mice compared to age-matched untreated Hexa-/-Neu3-/- (Figure 3.9 B). IL-1β and IL-

6 gene expression levels were significantly increased in the cerebellum region of 

untreated Hexa-/-Neu3-/- mice compared to untreated age-matched WT and Hexa-/- 

counterparts (Figure 3.9 C, D,E and F). On the other hand, their expression levels were 

significantly reduced with early-stage (Figure 3.9 C and E), late-stage and two-stage 

istradefylline treatment (Figure 3.9 D and F) in the cerebellum region of Hexa-/-Neu3-/- 

mice compared to untreated ones. 

The effect of three different strategies on gene expression levels of 

neuroinflammatory markers in cerebellum region was also normalized to age-matched 

WT and compared with each other and untreated conditions for CCL2 (Figure 3.10. A), 

CCL3(Figure 3.10. B), CCL5 (Figure 3.10. C), CXCL10 (Figure 3.10. D), GFAP (Figure 

3.10. E), IL-1β (Figure 3.10. F) and IL-6 (Figure 3.10. G). The gene expression levels of 

CCL3 (Figure 3.10. B), CXCL10 (Figure 3.10. D), and GFAP (Figure 3.10.E) were 

significantly increased in the cerebellum region of 19W-old untreated Hexa-/-Neu3-/- 

mice compared to 13W-old untreated Hexa-/-Neu3-/- mice. All three strategies for 

istradefylline administration reduced the expression levels of CCL2 (Figure 3.10 A), IL-

1β (Figure 3.10 F), and IL-6 (Figure 3.10 G) in the cerebellum of Hexa-/-Neu3-/- mice 

compared to age-matched untreated Hexa-/-Neu3-/-.  
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Figure 3.10. Gene expression levels of neuroinflammatory markers in cerebellum region of 

untreated and treated Hexa-/-Neu3-/-  were represented as normalized to age-
matched WT and compared to untreated, early-stage late-stage and two-stage 
treatment conditions for CCL2 (A), CCL3(B), CCL5 (C), CXCL10 (D), GFAP (E), 
IL-1β (F) and IL-6 (G).  
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3.3.2. Western Blot  
 

NFκB and IκB protein expression were analyzed by Western Blot in cortex and 

cerebellum region of untreated WT, Hexa-/-, Hexa-/-Neu3-/- control groups and early-

stage (10w-13w), late-stage (16w-19w) and two-stage (10w-13w & 16w-19w) treated 

Hexa-/-Neu3-/-. In the cortex region, NFκB protein level did not change in 13W-old 

untreated WT, Hexa-/-, Hexa-/-Neu3-/- and early-stage treated Hexa-/-Neu3-/- mice 

(Figure 3.11 A,B) however when we look at the 19W-old group, late-stage treatment 

slightly, two-stage treatment significantly reduced NFκB expression in cortex region of 

Hexa-/-Neu3-/- compared to untreated condition (Figure 3.11 C,D). In addition, IκB 

expression did not displayed any difference in cortex region untreated control groups and 

treatment groups (Figure 3.12).  
 

 
Figure 3.11. Western-blot analysis for NFκB protein in cortex region of WT, Hexa-/- and Hexa-

/-Neu3-/- were represented. Western blot images and histographic representation 

were indicated for early-stage(10w-13w) (A,B), Late-stage (16w-19w) (C,D) and 

two-stage treatment (10w-13w & 16w-19w)(C,D,)  groups were indicated 

respectively.  
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Figure 3.12. Western-blot analysis for IκB protein in cortex region of WT, Hexa-/- and Hexa-/-

Neu3-/- were represented. Western blot images and histographic representation 

were indicated for early-stage(10w-13w) (A,B), Late-stage (16w-19w) (C,D) and 

two-stage treatment (10w-13w & 16w-19w)(C,D,)  groups were indicated 

respectively.  

 

When we look at the cerebellum region NFκB expression did not significantly 

change between untreated WT, Hexa-/-, Hexa-/-Neu3-/- control groups and early-stage 

(10w-13w) treated Hexa-/-Neu3-/- in the 13W-old group (Figure 3.13 A,B). On the other 

hand, in the 19W-old group, it is shown that late-stage and two-stage treatment in Hexa-

/-Neu3-/- significantly reduce NFκB protein expression in the cerebellum region 

compared to untreated WT, Hexa-/- and Hexa-/-Neu3-/- (Figure 3.13 C,D). Similar to 

cortex region there was no change in IκB expression between the cerebellum region of 

untreated control groups and treatment groups, as well (Figure 3.14).  
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Figure 3.13. Western-blot analysis for NFκB protein in cerebellum region of WT, Hexa-/- and 

Hexa-/-Neu3-/- were represented. Western blot images and histographic 

representation were indicated for early-stage(10w-13w) (A,B), Late-stage (16w-

19w) (C,D) and two-stage treatment (10w-13w & 16w-19w)(C,D,)  groups were 

indicated respectively.  

 
Figure 3.14. Western-blot analysis for IκB protein in cerebellum region of WT, Hexa-/- and Hexa-

/-Neu3-/- were represented. Western blot images and histographic representation 

were indicated for early-stage(10w-13w) (A,B), Late-stage (16w-19w) (C,D) and 

two-stage treatment (10w-13w & 16w-19w)(C,D,)  groups were indicated 

respectively.  



 50 
 

3.3.3. Immunohistochemical Analysis 

 

The expression and localization of GFAP, MOMA-2/LAMP1, CNPase and IL-6 

immunohistochemistry analyses were performed by using fixated brain slides of control 

and treatment groups.  

 

3.3.3.1. GFAP Staining 
 

Cortex, cerebellum, hippocampus and thalamus regions of untreated WT, Hexa-/-

, Hexa-/-Neu3-/- control groups and early-stage (10w-13w), late-stage (16w-19w) and 

two-stage (10w-13w & 16w-19w) treated Hexa-/-Neu3-/- were stained with GFAP to 

analyze astrocyte localization.  

 
Figure 3.15. Anti-GFAP staining in cortex region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented. The 20 m coronal sections were stained in red by anti-GFAP antibody 

(astrocyte marker) and in blue by DAPI (nucleus). Images for 13W-old controls 

and early-stage treated Hexa-/-Neu3-/- mice (A) and 19W-old controls, late-stage 

and two-stage treated Hexa-/-Neu3-/- mice (B) were represented. GFAP intensity 

analyses performed by NIH Image J program and histographic representation for 

13W-old (C) and 19W-old groups (D) were shown. Scale bar indicates 50 m of 

cortex. Data is representative of mean ± SEM of measurements. one-way ANOVA 

was used for statistical analysis (*p<0.05 and **p<0.025) 
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In the cortex region, significantly increased GFAP level was observed in untreated 

Hexa-/-Neu3-/- mice compared to untreated age-matched WT and Hexa-/- mice (Figure 

3.15 C, D). Early-stage treatment did not affect GFAP level (Figure 3.15 C) however in 

late and two stage treatment led to a significant decrease in GFAP level (Figure 3.15 D).  

 

 
Figure 3.16. Anti-GFAP staining in cerebellum region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented. The 20 m coronal sections were stained in red by anti-GFAP antibody 

(astrocyte marker) and in blue by DAPI (nucleus). Images for 13W-old controls and 

early-stage treated Hexa-/-Neu3-/- mice (A) and 19W-old controls, late-stage and 

two-stage treated Hexa-/-Neu3-/- mice (B) were represented. GFAP intensity 

analyses performed by NIH Image J program and histographic representation for 

13W-old (C) and 19W-old groups (D) were shown. Scale bar indicates 50 m of 

cortex. Data is representative of mean ± SEM of measurements. one-way ANOVA 

was used for statistical analysis (*p<0.05 and **p<0.025) 

 

In cerebellum region, GFAP level was significantly increased in both 13W-old 

and 19W-old untreated Hexa-/-Neu3-/- when compared to age matched WT and Hexa-/- 

controls (Figure 3.16 C,D). When we look at the istradefylline treatment group; it was 

observed that early-stage (Figure 3.16C) and late stage treatment (Figure 3.16D) did not 

significantly change GFAP level but two stage treatment (Figure 3.16D) significantly 
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reduced GFAP level in cerebellum of Hexa-/-Neu3-/- when compared to untreated 

condition.  

 

 
Figure 3.17. Anti-GFAP staining in thalamus region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented. The 20 m coronal sections were stained in red by anti-GFAP antibody 

(astrocyte marker) and in blue by DAPI (nucleus). Images for 13W-old controls and 

early-stage treated Hexa-/-Neu3-/- mice (A) and 19W-old controls, late-stage and 

two-stage treated Hexa-/-Neu3-/- mice (B) were represented. GFAP intensity 

analyses performed by NIH Image J program and histographic representation for 

13W-old (C) and 19W-old groups (D) were shown. Scale bar indicates 50 m of 

cortex. Data is representative of mean ± SEM of measurements. one-way ANOVA 

was used for statistical analysis (*p<0.05 and **p<0.025) 

 

As in cortex and cerebellum, GFAP level was also significantly increased in 

thalamus region of untreated Hexa-/-Neu3-/- when compared to age matched WT and 

Hexa-/- mice. All three different istradefylline treatment strategies did not affect GFAP 

level in thalamus region of Hexa-/-Neu3-/- mice (Figure 3.17 C,D).  
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Figure 3.18. Anti-GFAP staining in hippocampus region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented. The 20 m coronal sections were stained in red by anti-GFAP antibody 

(astrocyte marker) and in blue by DAPI (nucleus). Images for 13W-old controls and 

early-stage treated Hexa-/-Neu3-/- mice (A) and 19W-old controls, late-stage and 

two-stage treated Hexa-/-Neu3-/- mice (B) were represented. GFAP intensity 

analyses performed by NIH Image J program and histographic representation for 

13W-old (C) and 19W-old groups (D) were shown. Scale bar indicates 50 m of 

cortex. Data is representative of mean ± SEM of measurements. one-way ANOVA 

was used for statistical analysis (*p<0.05 and **p<0.025) 

 

Similar to cortex, cerebellum and thalamus region; GFAP level was significantly 

increased in hippocampus region of both 13W-old and 19W-old untreated Hexa-/-Neu3-

/- when compared to age matched WT and Hexa-/- mice, as well (Figure 3.18 C, D). While 

early stage treatment significantly reduced GFAP level (Figure 3.18C); late- and two-

stage treatment did not affect GFAP level in thalamus region of Hexa-/-Neu3-/- mice 

when compared to untreated condition (Figure 3.18 C, D).  
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3.3.3.2. MOMA-2 / LAMP1 Staining 
 

In order to detect microglial activation; cortex, cerebellum, hippocampus and 

thalamus regions of untreated WT, Hexa-/-, Hexa-/-Neu3-/- control groups and early-stage 

(10w-13w), late-stage (16w-19w) and two-stage (10w-13w & 16w-19w) treatment 

groups of Hexa-/-Neu3-/- were stained with macrophage marker MOMA-2 and lysosomal 

marker LAMP1 by colocalization analysis.  

 

 
Figure 3.19. MOMA-2 / LAMP1 staining in cortex region of WT, Hexa-/- and Hexa-/-Neu3-/- 

were represented. The 20 m coronal sections were stained in red by anti-MOMA-

2 antibody (macrophage marker), in green by anti-LAMP1(lysosomal marker) 

antibody and in blue by DAPI (nucleus). Images for 13W-old controls and early-

stage treated Hexa-/-Neu3-/- mice (A) and 19W-old controls, late-stage and two-

stage treated Hexa-/-Neu3-/- mice (B) were represented. MOMA-2 / LAMP1 

intensity analyses performed by NIH Image J program and histographic 

representation for 13W-old (C) and 19W-old groups (D) were shown. Scale bar 

indicates 50 m of cortex. Data is representative of mean ± SEM of measurements. 

one-way ANOVA was used for statistical analysis (*p<0.05 and **p<0.025) 
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MOMA-2 level was significantly increased in all of the regions of both 13W-old 

and 19W-old untreated Hexa-/-Neu3-/- mice when compared to age matched WT and 

Hexa-/- mice (Figure 3.19, 20, 21 and 22). Istradefylline administration at early stage did 

not change MOMA-2 level in cortex of early-stage treated Hexa-/-Neu3-/- when 

compared to age matched untreated Hexa-/-Neu3-/- (Figure 3.19C). On the other hand, 

late- and two-stage treatment of istradefylline significantly reduced MOMA-2 level in the 

cortex of Hexa-/-Neu3-/- mice when compared to untreated Hexa-/-Neu3-/- (Figure 

3.19D). In addition, two-stage treatment was more effective in reduction of MOMA-2 in 

cortex.  

 

 
Figure 3.20. MOMA-2 / LAMP1 staining in cerebellum region of WT, Hexa-/- and Hexa-/-Neu3-

/- were represented. The 20 m coronal sections were stained in red by anti-MOMA-

2 antibody (macrophage marker), in green by anti-LAMP1(lysosomal marker) 

antibody and in blue by DAPI (nucleus). Images for 13W-old controls and early-

stage treated Hexa-/-Neu3-/- mice (A) and 19W-old controls, late-stage and two-

stage treated Hexa-/-Neu3-/- mice (B) were represented. MOMA-2 / LAMP1 

intensity analyses performed by NIH Image J program and histographic 

representation for 13W-old (C) and 19W-old groups (D) were shown. Scale bar 

indicates 50 m of cortex. Data is representative of mean ± SEM of measurements. 

one-way ANOVA was used for statistical analysis (*p<0.05 and **p<0.025) 
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When we look at the MOMA-2 level in cerebellum region, it can be observed that 

early-stage and two-stage treatment was able to significantly reduce increased MOMA-2 

in untreated Hexa-/-Neu3-/- (Figure 3.20 C, D). Late-stage treatment of istradefylline also 

slightly reduced the MOMA-2 level in cerebellum of Hexa-/-Neu3-/- however it was not 

statistically significant (Figure 3.20D).  

 

 
Figure 3.21. MOMA-2 / LAMP1 staining in thalamus region of WT, Hexa-/- and Hexa-/-Neu3-

/- were represented. The 20 m coronal sections were stained in red by anti-MOMA-

2 antibody (macrophage marker), in green by anti-LAMP1(lysosomal marker) 

antibody and in blue by DAPI (nucleus). Images for 13W-old controls and early-

stage treated Hexa-/-Neu3-/- mice (A) and 19W-old controls, late-stage and two-

stage treated Hexa-/-Neu3-/- mice (B) were represented. MOMA-2 / LAMP1 

intensity analyses performed by NIH Image J program and histographic 

representation for 13W-old (C) and 19W-old groups (D) were shown. Scale bar 

indicates 50 m of cortex. Data is representative of mean ± SEM of measurements. 

one-way ANOVA was used for statistical analysis (*p<0.05 and **p<0.025) 

 

In thalamus region, MOMA-2 level was significantly reduced by all three 

different strategies of istradefylline administration in treated Hexa-/-Neu3-/- mice when 

compared to age matched untreated Hexa-/-Neu3-/- mice (Figure 3.21). When we 

compare all three strategies with each other, it can be observed that two-stage treatment 
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was the most effective in reducing MOMA-2 in thalamus among other administration 

strategies.  

Similar to the thalamus region, MOMA-2 level was also significantly reduced in 

the hippocampus region by all three different strategies in treated Hexa-/-Neu3-/- mice 

compared to untreated conditions with two stage treatment being the most effective 

strategy (Figure 3.22).  

 

 
Figure 3.22. MOMA-2 / LAMP1 staining in hippocampus region of WT, Hexa-/- and Hexa-/-

Neu3-/- were represented. The 20 m coronal sections were stained in red by anti-

MOMA-2 antibody (macrophage marker), in green by anti-LAMP1(lysosomal 

marker) antibody and in blue by DAPI (nucleus). Images for 13W-old controls and 

early-stage treated Hexa-/-Neu3-/- mice (A) and 19W-old controls, late-stage and 

two-stage treated Hexa-/-Neu3-/- mice (B) were represented. GFAP intensity 

analyses performed by NIH Image J program and histographic representation for 

13W-old (C) and 19W-old groups (D) were shown. Scale bar indicates 50 m of 

cortex. Data is representative of mean ± SEM of measurements. one-way ANOVA 

was used for statistical analysis (*p<0.05 and **p<0.025) 
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3.3.3.3. CNPase Staining 
 

In order to detect oligodendrocyte level; cortex and cerebellum regions of 

untreated WT, Hexa-/-, Hexa-/-Neu3-/- control groups and early-stage (10w-13w), late-

stage (16w-19w) and two-stage (10w-13w & 16w-19w) treatment groups of Hexa-/-

Neu3-/- were stained with anti-CNPase antibody which is an oligodendrocyte marker.  

 

 
Figure 3.23. CNPase staining in cortex region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented. The 20 m coronal sections were stained in green by anti-CNPase 

antibody (oligodendriocyte marker) and in blue by DAPI (nucleus). Images for 

13W-old controls and early-stage treated Hexa-/-Neu3-/- mice (A) and 19W-old 

controls, late-stage and two-stage treated Hexa-/-Neu3-/- mice (B) were 

represented. GFAP intensity analyses performed by NIH Image J program and 

histographic representation for 13W-old (C) and 19W-old groups (D) were shown. 

Scale bar indicates 50 m of cortex. Data is representative of mean ± SEM of 

measurements. one-way ANOVA was used for statistical analysis (*p<0.05 and 

**p<0.025) 

When we analyzed the CNPase level; it can be observed that untreated Hexa-/-

Neu3-/- mice displayed significantly reduced CNPase levels in both cortex and 

cerebellum region when compared to age-matched WT and Hexa-/- mice (Figure 3.23 and 
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24). This reduction was significantly reversed in cortex region of Hexa-/-Neu3-/- by two-

stage treatment strategy (Figure 3.23D) compared to age-matched untreated condition. 

Early and late-stage treatment strategies did not significantly change CNPase level in the 

cortex of Hexa-/-Neu3-/- mice. On the other hand, CNPase level were significantly 

increased in the cerebellum region of Hexa-/-Neu3-/- by all three different istradefylline 

administration strategies when compared to age-matched untreated Hexa-/-Neu3-/- mice 

(Figure 3.24 C, D).  

 

 
Figure 3.24. CNPase staining in cerebellum region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented. The 20 m coronal sections were stained in green by anti-CNPase 

antibody (oligodendriocyte marker) and in blue by DAPI (nucleus). Images for 

13W-old controls and early-stage treated Hexa-/-Neu3-/- mice (A) and 19W-old 

controls, late-stage and two-stage treated Hexa-/-Neu3-/- mice (B) were 

represented. GFAP intensity analyses performed by NIH Image J program and 

histographic representation for 13W-old (C) and 19W-old groups (D) were shown. 

Scale bar indicates 50 m of cortex. Data is representative of mean ± SEM of 

measurements. one-way ANOVA was used for statistical analysis (*p<0.05 and 

**p<0.025) 
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3.3.3.4. IL-6 Staining 

 
Interleukin-6 level was also measured in cortex, cerebellum, thalamus and 

hippocampus regions of untreated WT, Hexa-/-, Hexa-/-Neu3-/- control groups and early-

stage (10w-13w), late-stage (16w-19w) and two-stage (10w-13w & 16w-19w) treatment 

groups of Hexa-/-Neu3-/- by anti-IL-6 antibody staining.  

 

 
Figure 3.25. IL-6 staining in cortex region of WT, Hexa-/- and Hexa-/-Neu3-/- were represented. 

The 20 m coronal sections were stained in red by anti-IL-6 antibody (interleukin-6 

marker) and in blue by DAPI (nucleus). Images for 13W-old controls and early-

stage treated Hexa-/-Neu3-/- mice (A) and 19W-old controls, late-stage and two-

stage treated Hexa-/-Neu3-/- mice (B) were represented. GFAP intensity analyses 

performed by NIH Image J program and histographic representation for 13W-old 

(C) and 19W-old groups (D) were shown. Scale bar indicates 50 m of cortex. Data 

is representative of mean ± SEM of measurements. one-way ANOVA was used for 

statistical analysis (*p<0.05 and **p<0.025) 

 

Interleukin-6 level was significantly increased in all of the brain regions (cortex, 

cerebellum, thalamus and hippocampus) of untreated Hexa-/-Neu3-/- mice compared to 

age-matched WT and Hexa-/- controls.  In cortex region this increased IL-6 level in Hexa-
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/-Neu3-/- mice was significantly reduced by two-stage treatment of istradefylline when 

compared to untreated conditions (Figure 3.25). Early and late-stage treatment did not 

affect IL-6 level in cortex even if late stage treatment enabled slight decrease (Figure 

3.25D).  

 
Figure 3.26. IL-6 staining in cerebellum region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented. The 20 m coronal sections were stained in red by anti-IL-6 antibody 

(interleukin-6 marker) and in blue by DAPI (nucleus). Images for 13W-old controls 

and early-stage treated Hexa-/-Neu3-/- mice (A) and 19W-old controls, late-stage 

and two-stage treated Hexa-/-Neu3-/- mice (B) were represented. GFAP intensity 

analyses performed by NIH Image J program and histographic representation for 

13W-old (C) and 19W-old groups (D) were shown. The scale bar indicates 50 m 

of cortex. Data is representative of mean ± SEM of measurements. one-way 

ANOVA was used for statistical analysis (*p<0.05 and **p<0.025) 

 

In cerebellum region, IL-6 level in 13W-old Hexa-/-Neu3-/- was significantly 

decreased by early-stage treatment of istradefylline (Figure 3.26C). In the 19W-old 

group; two-stage treatment significantly reduced IL-6 level in cerebellum of Hexa-/-

Neu3-/- when compared to untreated condition. In addition, late stage treatment led to 

slight decrease in IL-6 level as well but it was not statistically significant (Figure 3.26D).  
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Figure 3.27. IL-6 staining in thalamus region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented. The 20 m coronal sections were stained in red by anti-IL-6 antibody 

(interleukin-6 marker) and in blue by DAPI (nucleus). Images for 13W-old controls 

and early-stage treated Hexa-/-Neu3-/- mice (A) and 19W-old controls, late-stage 

and two-stage treated Hexa-/-Neu3-/- mice (B) were represented. GFAP intensity 

analyses performed by NIH Image J program and histographic representation for 

13W-old (C) and 19W-old groups (D) were shown. Scale bar indicates 50 m of 

cortex. Data is representative of mean ± SEM of measurements. one-way ANOVA 

was used for statistical analysis (*p<0.05 and **p<0.025) 

 

Similar to cortex region, IL-6 level was significantly decreased in thalamus region 

of Hexa-/-Neu3-/- mice by two-stage treatment of istradefylline when compared to 

untreated condition (Figure 3.27D). When we look at the other strategies (early and late), 

there was not any significant change in IL-6 levels in thalamus except for a slight decrease 

in late stage treatment group (Figure 3.27C, D).  
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Figure 3.28. IL-6 staining in hippocampus region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented.   The 20 m coronal sections were stained in red by anti-IL-6 antibody 

(interleukin-6 marker) and in blue by DAPI (nucleus). Images for 13W-old controls 

and early-stage treated Hexa-/-Neu3-/- mice (A) and 19W-old controls, late-stage 

and two-stage treated Hexa-/-Neu3-/- mice (B) were represented. GFAP intensity 

analyses performed by NIH Image J program and histographic representation for 

13W-old (C) and 19W-old groups (D) were shown. Scale bar indicates 50 m of 

cortex. Data is representative of mean ± SEM of measurements. one-way ANOVA 

was used for statistical analysis (*p<0.05 and **p<0.025) 

 

Finally, in hippocampus region IL-6 level did not significantly changed by early 

stage treatment (Figure 3.28C) however late and two-stage treatment of istradefylline 

were led to significant decrease in IL-6 level in Hexa-/-Neu3-/- mice when compared to 

untreated condition (Figure 3.28D).  

 

3.4. Oxidative Stress Analysis 

 
Oxidative stress markers were analyzed by RTPCR and western blot by the support of 

TUBİTAK-123Z180 project.  
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3.4.1. Real-Time PCR 
 

The effects of anti-inflammatory therapy on redox homeostasis were analyzed in 

cortex and cerebellum region by RTPCR analysis for markers involving in antioxidant 

defense mechanism: SOD2, TTase1, and Catalase. In the cortex region, the gene 

expression level of SOD2 was significantly higher in 13W-old and 19W-old Hexa-/-

Neu3-/- compared to age-matched WT and Hexa-/- mice. Istradefylline administration 

reduced the SOD2 gene expression level in the cortex of Hexa-/-Neu3-/- slightly by early-

stage treatment (Figure 3.29A) and significantly by late and two-stage treatment strategies 

compared to untreated condition (Figure 3.29B). Catalase expression level did not change 

in the 13W-old group (Figure 3.29C) however it was significantly increased in 19W-old 

untreated Hexa-/-Neu3-/- compared to age-matched Hexa-/- and significantly decreased 

by two-stage treatment (Figure 3.29D). In addition, significant overexpression of the 

TTase-1 gene was observed in 13W-old and 19W-old Hexa-/-Neu3-/- compared to age-

matched controls (Figure 3.29E,F) and early-stage (Figure 3.29E) and two-stage 

treatment (Figure 3.29F) significantly reduced the TTase-1 expression in the cortex of 

Hexa-/-Neu3-/- compared to untreated condition. Late-stage treatment also slightly 

reduced the expression level of TTase-1 in cortex of Hexa-/-Neu3-/- but it was not 

statistically significant (Figure 3.29F).  

The effect of three different strategies on gene expression levels of oxidative stress 

markers in the cortex region was also normalized to age-matched WT and compared with 

each other and untreated conditions for SOD2 (Figure 3.29G), Catalase (Figure 3.29H) 

and TTase-1 (Figure 3.29I). The gene expression levels of SOD2 were significantly 

decreased in the cortex region of 19W-old untreated Hexa-/-Neu3-/- mice compared to 

13W-old untreated Hexa-/-Neu3-/- mice (Figure 3.29G). Two-stage treatment was the 

most effective strategy of istradefylline administration to reduce the expression levels of 

SOD2 (Figure 3.29G), Catalase (Figure 3.29H) and TTase-1 (Figure 3.29I).   
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Figure 3.29. The expression levels of SOD2, Catalase and TTase-1 in cortex region of WT, Hexa-

/- and Hexa-/-Neu3-/- were represented. The expression levels of SOD2 (A,B), 
Catalase (C,D) and TTase-1(E,F) in age-matched controls and early-stage (10w-
13w), late-stage and two stage treatment groups (10w-13w & 16w-19w) were 
indicated respectively. SOD2 (G), Catalse (H) and TTase-1 (I) gene expression 
levels in cortex region of untreated and treated Hexa-/-Neu3-/-  were represented as 
normalized to age-matched WT that are compared based on untreated, early-stage 
late-stage and two-stage treatment conditions Expression ratio calculations were 
performed by ΔCT method and data was normalized to expression levels of age-
matched WT mice. Significant levels in the data were presented by using the one-
way ANOVA (*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001).  
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When we look at the expression levels of oxidative stress markers in the 

cerebellum region; SOD2, Catalase, and TTase-1 gene expression levels were 

significantly increased in the cerebellum region of both 13W-old and 19W-old untreated 

Hexa-/-Neu3-/- mice compared to untreated WT and Hexa-/- counterparts except for 

catalase expression at 13W-old stage (Figure 3.30).  

Istradefylline administration significantly reduced the SOD2 gene expression 

level in the cerebellum of Hexa-/-Neu3-/- by early-stage (Figure 3.30A) late-stage and 

two-stage treatment strategies compared to untreated condition (Figure 3.30B). Catalase 

expression level did not change by early-stage and late stage treatment (Figure 3.30C, D) 

however it was significantly decreased by two-stage treatment in the cerebellum of Hexa-

/-Neu3-/- compared to untreated condition (Figure 3.30D). Additionally, the TTase-1 

gene expression level was reduced slightly by early (Figure 3.30E) and late-stage 

treatment and significantly by two-stage treatment in the Hexa-/-Neu3-/- cerebellum 

compared to untreated condition (Figure 3.30F). The effect of three different strategies 

on gene expression levels of oxidative stress markers in cerebellum region was also 

normalized to age-matched WT and compared with each other and untreated conditions 

for SOD2 (Figure 3.30G), Catalase (Figure 3.30H) and TTase-1 (Figure 3.30I). The gene 

expression levels of Catalase were significantly increased in the cortex region of 19W-

old untreated Hexa-/-Neu3-/- mice compared to 13W-old untreated Hexa-/-Neu3-/- mice 

(Figure 3.30H). SOD2 (Figure 3.30G) and TTase-1 (Figure 3.30I) expression did not 

change in cerebellum of HexaNeu3 mice in an age dependent way. Similar to cortex 

region, two-stage treatment was the most effective strategy of istradefylline 

administration to reduce the expression levels of SOD2 (Figure 3.30G), Catalase (Figure 

3.30H) and TTase-1 (Figure 3.30I) in cerebellum region.   
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Figure  3.30. The expression levels of SOD2, Catalase and TTase-1 in cerebellum region of WT, 

Hexa-/- and Hexa-/-Neu3-/- were represented. The expression levels of SOD2 
(A,B), Catalase (C,D) and TTase-1(E,F) in age-matched controls and early-stage 
(10w-13w), late-stage and two stage treatment groups (10w-13w & 16w-19w) were 
indicated respectively. SOD2 (G), Catalse (H) and TTase-1 (I) gene expression 
levels in cerebellum region of untreated and treated Hexa-/-Neu3-/-  were 
represented as normalized to age-matched WT that are compared based on 
untreated, early-stage late-stage and two-stage treatment conditions Expression 
ratio calculations were performed by ΔCT method and data was normalized to 
expression levels of age-matched WT mice. Significant levels in the data were 
presented by using the one-way ANOVA (*p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001).  
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3.4.2. Western Blot 

 

APE1 protein expression were analyzed by Western Blot in cortex and cerebellum 

region of untreated WT, Hexa-/-, Hexa-/-Neu3-/- control groups and early-stage (10w-

13w), late-stage (16w-19w) and two-stage (10w-13w & 16w-19w) treated Hexa-/-Neu3-

/-. In the cortex region, APE1 protein level did not change in 13W-old untreated WT, 

Hexa-/- and Hexa-/-Neu3-/- however early-stage treatment increased the APE1 protein 

expression in Hexa-/-Neu3-/- mice compared to untreated condition (Figure 3.31A, B). 

In 19W-old group there was no significant change in untreated conditions however two-

stage treatment significantly increased APE1 protein expression in cortex region of Hexa-

/-Neu3-/- compared to untreated condition (Figure 3.31C, D).  

 

 
Figure 3.31. Western-blot analysis for APE1 protein in cortex region of WT, Hexa-/- and Hexa-

/-Neu3-/- were represented. Western blot images and histographic representation 

were indicated for early-stage(10w-13w) (A, B), Late-stage (16w-19w) (C,D) and 

two-stage treatment (10w-13w & 16w-19w)(C,D,)  groups were indicated 

respectively.  
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Figure 3.32. Western-blot analysis for APE1 protein in cerebellum region of WT, Hexa-/- and 

Hexa-/-Neu3-/- were represented. Western blot images and histographic 

representation were indicated for early-stage(10w-13w) (A,B), Late-stage (16w-

19w) (C,D) and two-stage treatment (10w-13w & 16w-19w)(C,D,)  groups were 

indicated respectively.  

 

Moreover, APE1 protein expression did not significantly change in cerebellum 

region depending on the genotypes, age-group or any of istradefylline administration 

strategies (Figure3.32).  

 
3.5. Disease Pathology Analysis 
 

The markers related with the Tay-Sachs Disease pathology was analyzed by RT-

PCR, thin layer chromatography and NeuN staing for cortex and cerebellum regions of 

control and treatment groups.   
 

3.5.1. RT-PCR Analysis 
 

To determine the effect of istradefylline administration on gene expression levels 

of enzymes involving in ganglioside synthesis and degradation pathway in cortex and 
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cerebellum regions of untreated WT, Hexa-/- , Hexa-/-Neu3-/- control groups and early-

stage (10w-13w), late-stage (16w-19w) and two stage treatment groups (10w-13w & 

16w-19w). In cortex region HexB gene expression levels of HexB were significantly 

increased in untreated Hexa-/-Neu3-/- mice compared to untreated age-matched WT and 

Hexa-/- counterparts. In addition, early and two-stage treatment led to significant increase 

in HexB gene expression level in Hexa-/-Neu3-/- mice compared to untreated 

counterparts (Figure 3.33 A, B). The effect of three different strategies on gene expression 

level of HexB was normalized to age-matched WT and compared with each other and 

untreated conditions. Accordingly, two-stage administration strategy was most 

prominently increased HexB gene expression level in cortex of Hexa-/-Neu3-/- mice 

when compared to age matched controls, early- and late-stage treatment groups (Figure 

3.33 C).  When we look at the GM2AP expression level in cortex region, we did not 

observe any significant change in expression level of GM2AP between control groups or 

upon treatments (Figure 3.33 D, E, and F). 

 
Figure 3.33. The expression levels of HexB and GM2AP in cortex region of WT, Hexa-/- and 

Hexa-/-Neu3-/- were represented. The expression levels of HexB (A,B) and 
GM2AP (D,E) in age-matched controls and early-stage (10w-13w), late-stage and 
two stage treatment groups (10w-13w & 16w-19w) were indicated respectively. 
HExB (C) and GM2AP (F) gene expression levels in cortex region of untreated and 
treated Hexa-/-Neu3-/-  were represented as normalized to age-matched WT that are 
compared based on untreated, early-stage late-stage and two-stage treatment 
conditions Expression ratio calculations were performed by ΔCT method and data 
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was normalized to expression levels of age-matched WT mice. Significant levels in 
the data were presented by using the one-way ANOVA (*p<0.05, **p<0.01, 
***p<0.001, and ****p<0.0001).  

 

 

 
Figure 3.34. The expression levels of HexB and GM2AP in cerebellum region of WT, Hexa-/- 

and Hexa-/-Neu3-/- were represented. The expression levels of HexB (A, B) and 
GM2AP (D,E) in age-matched controls and early-stage (10w-13w), late-stage(16w-
19w) and two stage treatment groups (10w-13w & 16w-19w) were indicated 
respectively. HExB (C) and GM2AP (F) gene expression levels in cerebellum 
region of untreated and treated Hexa-/-Neu3-/-  were represented as normalized to 
age-matched WT that are compared based on untreated, early-stage late-stage and 
two-stage treatment conditions Expression ratio calculations were performed by 
ΔCT method and data was normalized to expression levels of age-matched WT 
mice. Significant levels in the data were presented by using the one-way ANOVA 
(*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001).  

 

HexB gene expression level was significantly increased in cerebellum region of 

untreated Hexa-/-Neu3-/- mice compared to age-matched WT and Hexa-/- controls. The 

increased HexB expression level was reduced in cerebellum of Hexa-/-Neu3-/- mice by 

all early, late and two-stage treatment strategies (Figure 3.34 A, B). When we compare 
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the effectiveness of the 3 different strategies, it can be said that late and two-stage 

treatment reduced HexB expression more evidently (Figure 3.34 C). GM2AP expression 

in cerebellum of 13W-old Hexa-/-Neu3-/- was significantly higher than age matched 

Hexa-/- (Figure 3.34 D) and significant increase in GM2AP expression was also observed 

in cerebellum of 19W-old Hexa-/- compared to age matched WT and Hexa-/-Neu3-/- 

(Figure 3.34 E).Additionally, istradefylline administration by three different strategies 

did not affect GM2AP expression in cerebellum of Hexa-/-Neu3-/- (Figure 3.34F).   

 

3.5.2. Thin Layer Chromatography 

 
Figure 3.35. TLC plate images and histograps of GM2 intensity in cortex of early-stage (A), late-

stage and two-stage treatment (B) groups were represented for acidic GSLs. The 
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levels of GM2 ganglioside normalized to GD1a level in the cerebellum region were 

indicated in histographs. Data is representative of mean ± SEM of measurements. 

Significant levels in the data were presented by using the one-way ANOVA 

(*p<0.05, ***p<0.001 and ****p<0.0001).  

 

To determine the effect of istradefylline administration on GM2 accumulation, 

which is a hallmark of TSD pathology, thin layer chromatography analysis was performed 

for cortex and cerebellum regions of untreated WT, Hexa-/- , Hexa-/-Neu3-/- control 

groups and early-stage (10w-13w), late-stage (16w-19w) and two stage treatment groups 

(10w-13w & 16w-19w). TLC analyses on cortex and cerebellum regions were generated 

by optimized TLC procedure in our lab to isolate and separate acidic gangliosides. The 

GM2 ganglioside band intensity was normalized to GD1a intensity.  

 
Figure 3.36. TLC plate images and histograps of GM2 intensity in cerebellum of early-stage (A), 

late-stage and two-stage treatment (B) groups were represented for acidic GSLs. 
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The levels of GM2 ganglioside normalized to GD1a level in the cerebellum region 

were indicated in histographs. Data is representative of mean ± SEM of 

measurements. Significant levels in the data were presented by using the one-way 

ANOVA (*p<0.05, ***p<0.001 and ****p<0.0001).  

 

In both cortex and cerebellum region, severe GM2 ganglioside accumulation was 

observed in untreated Hexa-/-Neu3-/- mice compared to age-matched WT and Hexa-/- 

(Figure 3.35 and 36). Early stage treatment slightly increased but two stage treatment of 

istradefylline slightly reduced the accumulation level of GM2 ganglioside in cortex of 

Hexa-/-Neu3-/- mice compared to untreated condition (Figure 3.35). On the other hand, 

istradefylline administration did not affect GM2 accumulation level in cerebellum of 

Hexa-/-Neu3-/- mice independent of the strategy of the administration (Figure 3.36).  

 

3.5.3. Immunohistochemical Analysis 

 
Neurodegeneration degree of control and treatment groups were analyzed by 

staining cortex and cerebellum regions by anti-NeuN which is a neuronal marker. 

 

3.5.3.1. NeuN Staining 

 
To determine the effect of istradefylline administration on neuronal density, 

cortex, cerebellum, hippocampus and thalamus regions of untreated WT, Hexa-/-, Hexa-

/-Neu3-/- control groups and early-stage (10w-13w), late-stage (16w-19w) and two-stage 

(10w-13w & 16w-19w) treatment groups of Hexa-/-Neu3-/- were stained with anti-NeuN 

which is a neuronal marker. Hexa-/-Neu3-/- mice displayed significantly decreased NeuN 

density in cortex, cerebellum, thalamus and hippocampus region in untreated condition 

compared to age-matched WT and Hexa-/- mice (Figure 3.37, 38, 39 and 40).    

 

 



 75 
 

 
Figure 3.37. Anti-NeuN staining in cortex region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented. The 20 m coronal sections were stained in red by anti-NeuN antibody 

(neuron marker). Images for 13W-old controls and early-stage treated Hexa-/-

Neu3-/- mice (A) and 19W-old controls, late-stage and two-stage treated Hexa-/-

Neu3-/- mice (B) were represented. NeuN intensity analyses performed by NIH 

Image J program and histographic representation for 13W-old (C) and 19W-old 

groups (D) were shown. Scale bar indicates 50 m of cortex. Data is representative 

of mean ± SEM of measurements. one-way ANOVA was used for statistical 

analysis (*p<0.05 and **p<0.025) 

 
Istradefylline administration did not significantly affect NeuN density in cortex 

(Figure3.37), cerebellum (Figure3.38), thalamus (Figure3.39) and hippocampus 

(Figure3.40) of Hexa-/-Neu3-/- mice compared to untreated condition. Nevertheless, in 

cerebellum, thalamus and hippocampus region the NeuN intensity was slightly increased 

by late and two-stage treatment of istradefylline.  
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Figure 3.38. Anti-NeuN staining in cerebellum region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented. The 20 m coronal sections were stained in red by anti-NeuN antibody 

(neuron marker). Images for 13W-old controls and early-stage treated Hexa-/-Neu3-

/- mice (A) and 19W-old controls, late-stage and two-stage treated Hexa-/-Neu3-/- 

mice (B) were represented. NeuN intensity analyses performed by NIH Image J 

program and histographic representation for 13W-old (C) and 19W-old groups (D) 

were shown. Scale bar indicates 50 m of cortex. Data is representative of mean ± 

SEM of measurements. one-way ANOVA was used for statistical analysis (*p<0.05 

and **p<0.025) 

 

 



 77 
 

 
Figure 3.39. Anti-NeuN staining in thalamus region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented. The 20 m coronal sections were stained in red by anti-NeuN antibody 

(neuron marker). Images for 13W-old controls and early-stage treated Hexa-/-Neu3-

/- mice (A) and 19W-old controls, late-stage and two-stage treated Hexa-/-Neu3-/- 

mice (B) were represented. NeuN intensity analyses performed by NIH Image J 

program and histographic representation for 13W-old (C) and 19W-old groups (D) 

were shown. Scale bar indicates 50 m of cortex. Data is representative of mean ± 

SEM of measurements. one-way ANOVA was used for statistical analysis (*p<0.05 

and **p<0.025) 
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Figure 3.40. Anti-NeuN staining in hippocampus region of WT, Hexa-/- and Hexa-/-Neu3-/- were 

represented. The 20 m coronal sections were stained in red by anti-NeuN antibody 

(neuron marker). Images for 13W-old controls and early-stage treated Hexa-/-Neu3-

/- mice (A) and 19W-old controls, late-stage and two-stage treated Hexa-/-Neu3-/- 

mice (B) were represented. NeuN intensity analyses performed by NIH Image J 

program and histographic representation for 13W-old (C) and 19W-old groups (D) 

were shown. Scale bar indicates 50 m of cortex. Data is representative of mean ± 

SEM of measurements. one-way ANOVA was used for statistical analysis (*p<0.05 

and **p<0.025) 
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CHAPTER 4 

 

DISCUSSION 

 
Tay-Sachs disease is a severe genetic disorder that affects the central nervous 

system due to mutations in the HEXA gene, leading to the accumulation of GM2 

ganglioside in neurons and progressive neurodegeneration. Babies with this disease 

appear healthy at birth but typically die at a young age without a cure. Researchers have 

developed a mouse model called Hexa-/- to study the disease and recent findings 

suggested the involvement of the Neu3 sialidase enzyme in ganglioside degradation, 

leading to the creation of the Hexa-/-Neu3-/- mouse model, which closely mimics the 

disease's symptoms for research purposes.(Seyrantepe, Demir, Timur, Gerichten, et al., 

2018) 

Neuroinflammation is generally observed in lysosomal storage disorders mainly 

affecting central nervous system(Bosch & Kielian, 2015b). Previously we showed that 

abnormal GM2 accumulation in Hexa-/-Neu3-/- TSD mouse model triggered the 

activation of the microglial and macrophage systems within the brain. This activation, in 

turn, caused a notable shift in the pattern of expression of various cytokines and 

chemokines in both the cortex and cerebellum regions. Specifically, it was demonstrated 

that in the cortex and cerebellum regions of the brain, there was a significant increase in 

the expression of pro-inflammatory cytokines and chemokines such as Ccl2, Ccl3, Ccl4, 

and Cxcl10. Pro-inflammatory cytokines and chemokines are typically associated with 

promoting inflammation and immune responses, which are essential for combating 

infections and injuries. On the flip side, there was a marked decrease in the expression of 

anti-inflammatory cytokines and chemokines, including IL10, IL13, IL11, and IL24. 

Anti-inflammatory cytokines and chemokines are generally responsible for dampening or 

resolving inflammatory responses and maintaining tissue homeostasis. In essence, this 

research suggests that the accumulation of GM2 ganglioside in the brain of 

Hexa−/−Neu3−/− mice had a profound effect on the immune and inflammatory balance 

within the brain. The activation of the microglial/macrophage system led to an imbalance 

favoring pro-inflammatory responses while reducing the presence of molecules that 

typically mitigate inflammation. (Demir et al., 2020; Ramesh et al., 2013) 
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Research has shown that increase in the proinflammatory cytokines like Ccl2, 

Ccl3, and Ccl5 levels in the brains of mice correlated with the development of epileptic 

seizures (Arisi et al., 2015). Previously we suggested that the elevation in these cytokines 

is connected to the occurrence of neuroinflammation and seizures seen in the Hexa-/-

Neu3-/- TSD mouse model(Demir et al., 2020). Importantly, these cytokines also have a 

role in attracting, mobilizing, and activating various immune cells like monocytes, 

lymphocytes, and neutrophils within the central nervous system (Duque & Descoteaux, 

2014). An infiltration of peripheral blood mononuclear cells (PBMC) in response to these 

heightened cytokine levels was observed in Hexa-/-Neu3-/- model as in Hexb-/- mice 

(Kyrkanides et al., 2008).  

Glial cells of the central nervous system like monocytes, macrophage, 

oligodendrocytes microglia and astrocytes are types of immune cells that express wide 

range of chemokine receptors, one of which is CCR2 (CC-chemokine receptor 

2)(Baaklini et al., 2019; Charo & Ransohoff, 2006). It has been found that CCR2 have a 

role in the infiltration of peripheral blood mononuclear cells into the brain (Cui et al., 

2020; Izikson et al., 2000). Additionally, research demonstrated that mice with deficiency 

of CCR2 was resistant to experimental autoimmune encephalitis (Fife et al., 2000; Gaupp 

et al., 2003). Furthermore, in Alzheimer's disease brains, the CCL2, which is the primary 

ligand for CCR2, is found to be upregulated. This provides more evidence that CCR2 

have a crucial role in facilitating the trafficking of microglial precursor cells into the brain 

affected by Alzheimer's disease (Azizi et al., 2014). These findings have implications for 

our understanding of neurological conditions and may offer insights into potential 

therapeutic strategies targeting CCR2-CCL2 axis to modulate the immune response in the 

brain. In this thesis study, we aimed to target CCR2 receptor to reduce neuroinflammation 

in Hexa-/-Neu3-/- mouse model. Previously, researchers have shown that astrocytes of 

Hexb-/- mice model overexpresses adenosine A2A receptor which in turn increases ccl2 

expression in astrocytes (Ogawa et al., 2018). A2A receptors are key modulators in 

adenosine signaling in brain and increased activity of them led to neurodegenerative 

effects (Stockwell et al., 2017). It has been implicated in several neurodegenerative 

disorders and antagonism against this receptor have been studied in clinical 

research(Kondo & Mizuno, 2015; Yuzlenko & Kiec-Kononowicz, 2006). Istradefylline 

is an FDA approved nondopaminergic drug which works as an antagonist of A2A receptor 

and widely used for Parkinson disease along with L-DOPA to reduce “off” episodes 

observed in patients(Cummins & Cates, 2022). Accordingly, in this study, the aim was to 
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reduce neuroinflammation pathology and neurodegenerative effects of A2A receptors in 

Hexa-/-Neu3-/- mouse model by istradefylline administration. For this purpose three 

different strategies were applied as early-stage (10w-13w), late-stage(16w-19w) and two 

stage treatment (10w-13w & 16w-19w). Firstly, the effect of istradefylline on motor 

coordination was analyzed by rotarod analysis and open field analysis; early-stage and 

two-stage treatment strategies increased the motor function of Hexa-/-Neu3-/- mice with 

increased activity on rod and total distance traveled in open field analysis. When we look 

at the time spent in the center of open field, increased anxiety level is observed in 

istradefylline treatment groups and this situation may be related with the daily 

intraperitoneal injection of the drug. After sacrification of mice at the end point of interest 

(13W-old for earl-stage group, 19W-old for late and two-stage group), to analyze the 

expression levels of neuroinflammatory markers in cortex and cerebellum region RT-

PCR was performed. In cortex neuroinflammatory markers, like chemokines CCL2, 

CCL3 and also interleukins like IL-1β, displayed decreased expression pattern mostly in 

two-stage treatment strategy and contrarily early stage and late stage treatment strategies 

were not as effective; even early stage treatment led to increased expression of some of 

neuroinflammatory markers like GFAP and CXCL10. A2A receptors are highly 

expressed in astrocytes and treatment at 10W of age interestingly led to increased 

astrogliosis in cortex region. In cerebellum, expectedly and similar to cortex; two stage 

treatment strategy was the most effective one reducing the neuroinflammatory response 

in Hexa-/-Neu3 mice. As direct target of istradefylline is CCR2; CCL2 expression was 

significantly reduced in both cortex and cerebellum region of Hexa-/-Neu3-/- by all three 

different administration strategies of istradefylline. The chemokines studied in this thesis 

project are all pro-inflammatory chemokines and anti-inflammatory therapy by 

istradefylline was able to reduce the gene expression levels of these chemokines in brain 

tissue of Tay-Sachs disease mouse model.  

NFκB and IκB protein expression levels were also analyzed after istradefylline 

administration in cortex and cerebellum regions of Hexa-/-Neu3-/- mice and control 

groups. IκB expression did not display any difference between genotypes or in Hexa-/-

Neu3-/- mice after istradefylline administration. Contrarily, NFκB protein expression was 

drastically reduced in both cortex and cerebellum of Hexa-/-Neu3-/- mice after two-stage 

treatment of istradefylline. Early-stage treatment does not affect the NFκB expression and 

late stage treatment also reduced NFκB level in both cortex and cerebellum. It has been 

demonstrated that adenosine signaling through A2aR inhibits NFκB pathways in T-cells 
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(Bradley & Bradley, 2001). On the other hand, A2A receptors have been shown to involve 

in the activation of MAPK/ NFκB pathway which have role as neuromodulator. It is also 

known that NFκB is triggered by wide range of factors including cytokine release and 

cellular stress and the activation of NFκB promotes the expression of neuroinflammatory 

factors (Ko et al., 2021; J. N. Wang et al., 2023). Based on this information; A2AR 

antagonism by istradefylline led to inhibition of NFκB signaling in brain tissue of TSD 

model and this inhibition may have an additive role in anti-inflammatory effect of 

istradefylline. IκB is the inhibitor of NFκB as it is bound to NFκB preventing its binding 

to DNA and activation of NFκB requires degradation of IκB. While we understand how 

external stimuli trigger NF-κB signaling, the processes governing IκB degradation 

without stimulation are less clear. Early studies had conflicting findings regarding the 

role of specific serine sites, the C-terminal PEST domain, and poly-ubiquitination in basal 

IκB turnover. Recent research found that bound IκB lasts much longer in unstimulated 

cells compared to free IκB. However, despite this, free IκB is not a strong substrate for 

IKK, even though it's commonly used in experiments to measure IKK activity. (O’Dea et 

al., 2007) The reason behind constant level of IκB despite the decreasing level of NFκB 

may be related with the basal IκB turnover.  

After that, the neuroinflammatory markers were analyzed by 

immunohistochemical analysis to localize the neuroinflammatory modulators. GFAP 

localization in early-stage (10w-13w), late-stage(16w-19w) and two stage treatment 

(10w-13w & 16w-19w) group displayed decreased intensity in cortex region of Hexa-/-

Neu3-/- when treated with all three different strategies of istradefylline administration. In 

cerebellum region only two stage treatment was effective to reduce GFAP. Additionally, 

in hippocampus and thalamus region GFAP expression did not change when compared 

to untreated Hexa-/-Neu3-/-. These results can be correlated with the increased mRNA 

expression of GFAP in RT-PCR results by which we can deduce that istradefylline 

administration does not significantly affect astrogliosis condition Hexa-/-Neu3-/- mice 

brain.  

In order to analyze the activation of microglia samples were stained by MOMA-

2 and LAMP1 colocalization. Untreated Hexa-/-Neu3-/- mice displayed strong 

microgliosis compared to healthy controls when we look at the immunohistochemistry 

results. MOMA-2 positive cells were colocalized with lysosomal associated membrane 

protein displaying correlation between lysosomal accumulation and microgliosis. 

Moreover, in MPS mouse model, it has been previously demonstrated that an unidentified 
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antigen associated with MOMA-2 is likely a protein located within the lysosomes(K. 

Ohmi et al., 2003). In the present study, it has been demonstrated that istradefylline 

administration enabled significant reduction in strong microglial activation in cortex 

cerebellum, thalamus and hippocampus region of Hexa-/-Neu3-/- mice. All three different 

strategies reduced microgliosis but two-stage treatment was the most effective 

istradefylline administration strategy to reverse microglial activation. This result is 

correlated with the previous results in which istradefylline decreases microgliosis in 

Hexb-/- mice model (Ogawa et al., 2018), in retinal ischemia model (Boia et al., 2017), 

experimental glaucoma (X. Liu et al., 2016) and neurodegenerative disorders like 

Parkinson’s disease (Berger et al., 2020; P. Z. Chen et al., 2018).  

By CNPase staining, oligodendriocyte level was measured and in untreated Hexa-

/-Neu3-/- mice model oligodendriocyte level was strongly reduced in cortex and 

cerebellum regions. In cortex region of Hexa-/-Neu3-/- mice, only two-stage treatment of 

istradefylline provide increase in oligodendrocyte level however all three different 

strategies for istradefylline administration enabled elevation in oligodendrocytes in Hexa-

/-Neu3-/- TSD model. It has been previously demonstrated that oligodendrocyte 

progenitor cells negatively regulated by adenosine signaling (Coppi et al., 2015)and 

inhibition of OPC maturation through A2A receptor activation is linked to the activation 

of this specific receptor subtype hindering the deposition of myelin (Coppi et al., 2013). 

Thus, increasing oligodendrocyte level in brain of Hexa-/-Neu3-/- mice by istradefylline 

administration may be associated with the interrelation between OPC maturation and 

adenosine signaling.  

Interleukin-6 level was measured by immunohistochemistry as well as RT-PCR. 

As mentioned, IL-6 is a pro-inflammatory cytokine and the gene expression level was 

reduced in cortex and cerebellum region of Hexa-/-Neu3-/- mice by two-stage treatment 

of istradefylline. Accordingly, IHC results demonstrated that IL-6 release was reduced in 

cortex, cerebellum, thalamus and hippocampus regions of Hexa-/-Neu3-/- mice after two-

stage treatment. Growing evidence indicates that adenosine signaling contributes to the 

control of inflammatory cytokine and chemokine network processes (Haskó et al., 2008). 

Adenosine has been shown to enhance the secretion of proinflammatory cytokines 

including IL-6 in various cell types (Rees et al., 2003; Schwaninger et al., 1997).  

 After analyzing neuroinflammatory markers by RT-PCR, Western Blot and 

immunohistochemistry, oxidative stress markers were analyzed in order to investigate the 

effect of anti-inflammatory therapy on oxidative stress condition in Hexa-/-Neu3-/- mice. 
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The gene expression levels of the players involving in antioxidant defense mechanism 

like SOD2, Catalase and TTase1 were analyzed by RT-PCR and overexpression of these 

genes was observed in untreated Hexa-/-Neu3-/- mice suggesting increased oxidative 

stress condition in these mice. Oxidative stress condition has been reported in certain 

LSDs. Decreased SOD2 protein expression in NPC human fibroblasts (Wos̈ et al., 2016) 

and Hexb-/- GM2 gangliosidosis mouse brains (Suzuki et al., 2016), which is a 

mitochondrial antioxidant enzyme. Additionally, catalase which is responsible for 

breaking down hydrogen peroxide, displayed increased activity in blood samples of GD 

patients (Mello et al., 2015) but decreased activity in NCL human fibroblasts (Vidal-

Donet et al., 2013). In addition, Thioltransferase-1 (Ttase1), a member of the glutaredoxin 

family, was upregulated in fibroblasts from various LSDs like GM1 gangliosidosis, GD 

patients and Tay-Sachs; indicating its role in antioxidant defense (Wei et al., 2008). In 

the present study; istradefylline treatment reduced the expression levels of these oxidative 

stress markers in both cortex and cerebellum region of Hexa-/-Neu3-/- mice, most 

effectively by two-stage treatment strategy. It has been previously reported that adenosine 

receptors have a cytoprotective effect against hypoxia and ischemia (Kobayashi & 

Millhorn, 1999; von Lubitz, 1999), and the protective effect of these adenosine receptors 

is provided by the regulation of oxidative stress through the antioxidant defense 

mechanism (Huang, 2003).  It was reported that adenosine reduces oxidative stress in 

neural stem cells under induced oxidative stress conditions (Gholinejad et al., 2018). 

Thus, the decrease of oxidative stress markers by two-stage anti-inflammatory therapy 

may be related with the regulation of oxidative stress by adenosine signaling. Oxidative 

stress is harmful for macromolecules like lipids, proteins or DNA. APE1 protein is a DNA 

repair enzyme involving in repairment in oxidative DNA damages and controlling redox-

dependent mechanism for regulation of target gene expression (McNeill et al., 2020). 

APE1 protein expression was analyzed by western blot after istradefylline treatment. In 

cortex region early stage and two-stage treatment of istradefylline caused increase in 

APE1 protein level and in cerebellum region there was no difference in the level of APE1. 

Therefore, we can suggest that istradefylline administration starting from early stage 

enables increased defense against oxidative DNA damages. 

As final question of the thesis study, the effect of istradefylline on hallmarks of 

Tay-Sachs disease pathology was analyzed. HexB and GM2AP gene expression levels 

were analyzed by RT-PCR. GM2AP is the activator protein involving in the synthesis 

and degradation pathway catalyzing recruitment of GM2 ganglioside to β- 
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hexosaminidase-A enzyme (Wendeler et al., 2006). The expression level of GM2AP was 

not affected in neither cortex nor cerebellum region of Hexa-/-Neu3-/- mice by 

istradefylline administration. On the other hand, HexB gene expression level was strongly 

decreased after istradefylline administration independent of the administration strategy. 

The previous research demonstrated that HEXB is highly expressed in microglia 

compared to other brain cell types thus hexb is associated with microgliosis (Bennett et 

al., 2018; Butovsky et al., 2014). Since microglia are known for their strong phagocytic 

activity, the functioning of lysosomes is crucial for breaking down materials they ingest, 

and HEXB likely plays a significant role in microglial function as well (Kuil et al., 2019). 

As mentioned above, MOMA-2 / LAMP1 immunohistochemistry analysis demonstrated 

decreased microgliosis in all brain regions of Hexa-/-Neu3-/- mice and accordingly HexB 

expression, which is one of the signature genes of microglia, was also strongly reduced 

by istradefylline treatment in both cortex and cerebellum region. The level of GM2 

accumulation was measured in cortex and cerebellum region by thin layer 

chromatography analysis after istradefylline treatment. The anti-inflammatory therapy 

did not significantly affect the GM2 accumulation in neither cortex nor cerebellum region 

however in cortex region two stage treatment enabled slight decrease in GM2 

accumulation in Hexa-/-Neu3-/- mice compared to untreated condition. Based on these 

results anti-inflammatory therapy by istradefylline provide deceleration in progressive 

accumulation of GM2.  

Neurodegeneration is another hallmark of Tay-Sachs disease pathology and in the 

study the effect of anti-inflammatory therapy on neurodegeneration was analyzed by anti-

NeuN staining. Untreated Hexa-/-Neu3-/- mice displayed strong neurodegeneration with 

significantly decreased NeuN density in cortex and cerebellum region compared to age 

matched WT and Hexa-/- mice. Early stage treatment of istradefylline did not affect the 

neurodegeneration pathology however late and two stage treatment slightly elevate 

neuronal density in cerebellum, thalamus and hippocampus region of Hexa-/-Neu3-/- 

mouse model. Therefore, it can be said that istradefylline treatment did not affect 

neurodegeneration pathology in TSD mouse model.  

 

 

 

 

4.  
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4.1. Conclusion 

 
In the present thesis study, it was aimed to reduce neuroinflammation pathology 

in Hexa-/-Neu3-/- Tay-Sachs disease mouse model by using istradefylline as an anti-

inflammatory drug. For anti-inflammatory therapy three different strategies of 

istradefylline administration as early, late and two stage treatment. The purpose of the 

three different strategies was to determine the effect of the drug treatment in early or late 

stage of the disease and whether treatment starting from early stage followed by late stage 

as well would make a difference in pathology. Istradefylline indirectly targets CCR2- 

CCL2 pathway and all three different strategies enabled reduction in CCL2 gene 

expression level in cortex and cerebellum region besides other pro-inflammatory 

cytokines. Western Blot and immunohistochemistry against neuroinflammatory markers 

demonstrated that two-stage treatment of istradefylline were the most effective strategy 

in reducing the neuroinflammation pathology in TSD mouse model. Besides 

neuroinflammation, the effect of istradefylline on oxidative stress was also analyzed and 

the treatment reduced expression levels of oxidative stress markers in cortex and 

cerebellum region of TSD mouse model, with two stage treatment being the most 

effective strategy of administration. The reason behind why the two-stage treatment is the 

most effective strategy may be starting from early stage and continuing in the late stage 

as well. Tay-sachs disease is a progressive disease and two stage treatment may slow 

down the progression of the neuroinflammation pathology. On the other hand, 

istradefylline did not affect the GM2 accumulation level and neurodegeneration 

significantly. Therefore, anti-inflammatory therapy may provide an additive treatment 

strategy along with more influential therapeutical approaches like gene therapy.  
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