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ABSTRACT

UNDERSTANDING THE BIOLOGICAL ROLE OF SIALIDASE NEU3
IN TAY-SACHS DISEASE MOUSE MODEL

Tay-Sachs disease is a severe lysosomal storage disorder characterized by
mutations in the lysosomal B-Hexosaminidase A (HEXA) enzyme which converts GM2
to GM3 ganglioside. The GM2 ganglioside accumulation is observed predominantly in
the neurons. The infants appear normal in their inborn time, but the progressive
accumulation of undegraded GM?2 results with death. Hexa-/- mice were created.
However, they have a normal lifespan with no obvious neurological impairment until one
year. It was thought that stored GM2 catabolized to GA2 using sialidase(s), which is
further processed by HEXB. To determine the contribution of sialidase NEU3 to
degradation of GM2, a mouse with combined deficiencies of Hexa and Neu3 genes was
generated. The Hexa-/-Neu3-/- mice were healthy at birth, but they died between 1.5 and
5 months of age. Thin-layer chromatography and mass spectrometric analysis of the
brains of Hexa-/-Neu3-/- mice revealed the abnormal accumulation of GM2. The
progressive GM2 accumulation was also verified on testes, liver, and kidney of Hexa-/-
Neu3-/- mice. GM2 accumulation in the brain leads to increased lysosomes with
membranous cytoplasmic bodies, Purkinje cell depletion, cytoplasmic vacuolization,
astrogliosis, and age-dependent lessening in neurons and oligodendrocytes. These mice
have prominent disorders such as growth impairment, skeletal bones abnormalities, slow
movement, tremors, anxiety and age-dependent loss in both memory and muscle strength.
Consequently, the Hexa-/-Neu3-/- mice mimic the pathological, biochemical and clinical
abnormalities of the Tay-Sachs patients, and useful model for the future understanding of
cellular pathologies that drive the progression of the disease. They are a suitable model

for the future pre-clinical testing of possible treatments



OZET

SIALIDAZ NEU3’UN TAY-SACHS HASTALIGI FARE
MODELINDEKI BIYOLOJIK ROLUNUN ANLASILMASI

Tay-Sachs hastaligi, GM2'yi GM3 gangliosidine doniistiiren lizozomal f-
Heksosaminidaz A (HEXA) enzimindeki mutasyonlarla karakterize eldilen siddetli
lizozomal depo hastaligidir. GM2 gangliosit birikimi agirlikli olarak néronlarda gozlenir.
Hastalar dogduklarinda normal goriiniir, ancak ilerlemeyen parcalanmamis GM2 birikimi
Olimle sonuglanir. Hexa-/- fareler olusturuldu. Ancak, bu fareler bir yila kadar gozle
gOriiniir bir nérolojik bozulma olmadan normal yasam siirdiirdiiler. GM2'nin, sialidaz(lar)
kullanilarak GA2'ye yikildigt HEXB tarafindan daha fazla islendigi diistiniilmiistiir.
Sialidaz NEU3'iin GM2'nin bozulmasina katkisini belirlemek i¢in, Hexa ve Neu3
genlerinin birlesik eksikliklerine sahip bir fare iiretildi. Hexa-/-Neu3-/- fareleri dogumda
saglikliydi, ancak 1.5 ile 5 ay arasinda oldiiler. ince tabaka kromatografisi ve kiitle
spektrometrik analizi Hexa-/-Neu3-/- farelerinin beyinlerininde GM2'nin anormal
birikimini ortaya koydu. Artan GM2 birikimi ayrica Hexa-/-Neu3-/- farelerinin testis,
karaciger ve bobreklerinde de dogrulandi. Beyindeki GM2 birikimi, membrandz
sitoplazmik cisimler igeren artan lizozom, Purkinje hiicre bozulmasi, sitoplazmik
vakuolizasyon, astroglioziz ve ndron ve oligodendrositlerde yasa bagli azalmaya yol agar.
Bu fareler, hastalara benzer sekilde biiylime bozuklugu, iskelet kemiklerinde
anormalliklere, harekette yavaslama, titreme, anksiyete ve yasa bagli hem hafiza hem de
kas giiclinde kayip gibi belirgin bozukluklara sahiptir. Bu sonuglar gostermektedir ki,
Hexa-/-Neu3-/- fareler, erken baslangicli Tay-Sachs hastalik fare modeli olarak
kullanilabilir ve gelecekteki olasi tedavilerin klinik 6ncesi testleri i¢in uygun bir model

sunar.
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CHAPTER 1

INTRODUCTION

1.1. Gangliosides

Ceramide forms the backbone of more complex sphingolipids. Attachment of
saccharides to the hydroxyl group of ceramide produces glycosphingolipids (GSLs) in
the Golgi apparatus. Ceramide and glycosphingolipids content in brain changes
throughout life, during aging, and neurodegenerative diseases. Mammals are rich in
glycosphingolipids in their nervous system. Gangliosides are sialic acid-containing
glycosphingolipids. They are major components of neural membranes which are up to
10—-12% of the total lipid content (Posse de Chaves and Sipione 2010).

Gangliosides are located at the outer surface of most cell membranes. Their
function in neuritic growth, cell recognition, and neural transmission were detected. They
are catabolized in the lysosome. Glycohydrolases are responsible for the degradation of
them by sequential removal of terminal sugars to a ceramide core. Deficiency in the
hydrolytic enzymes causes lysosomal storage diseases by the accumulation of glycolipid
intermediates in the lysosome (Phaneuf et al. 1996).

Ceramide is formed in the endoplasmic reticulum (ER). It is glycosylated at the
Golgi and trans-Golgi network (TGN). Glucosylceramide (GlcCer) is formed at the
cytosolic surface of Golgi membranes. GlcCer flips to the luminal surface of Golgi
membranes where it is converted to lactosylceramide (LacCer). LacCer is sialylated to
form small precursor gangliosides (GM3, GD3, and GT3). Then, they are converted to
complex ganglioside structures by membrane-bound glycosyltransferases. The vesicular
transport of the secretory pathway helps the complex gangliosides to transport cellular
surfaces (Sandhoff and Harzer 2013). There are different ganglioside series such as 0-, a-

, b-, and c-series. The 0-series gangliosides carry no sialic acids, the a-series gangliosides

1



carry one, the b-series gangliosides carry two, and the c-series gangliosides carry three

sialic acid residues on the galactose in position II (Figure 1.1) (Kolter 2012).
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Figure 1.1. Lysosomal ganglioside degradation pathway for as 0-, a-, b-, and c-series
gangliosides

The degradation of gangliosides takes place in endosomes and lysosomes.
After the endocytosis of the plasma membrane, lysosomal ganglioside degradation takes

place at intra-endosomal and intra-lysosomal membranes. Glycosidases (GSL



hydrolases) are soluble enzymes in the lumen of endosomes and lysosomes. Ganglioside
degradation begins when glycosidases cleave off monosaccharide units from the non-
reducing end of the ganglioside glycan chains. This removal happens sequentially. When
the cleavage sites are close to the intra-lysosomal membrane surface, the activity of
glycosidases is not sufficient. In addition to glycosidases, activator proteins and
appropriate membrane-lipid composition of the ganglioside-containing membrane are
required for degradation. For example, saposins (A-B-C-D), small, water-soluble
lysosomal lipid-binding and -transfer proteins, helps the degradation of GSLs (Kolter
2012). The detailed ganglioside degradation pathway is shown in Figure 1. Individual
defects in glycosidase cause excessive accumulation of specific GSLs in lysosomes

leading to the different lysosomal storage diseases (LSDs) (Xu et al. 2010).

1.2. Lysosomal Storage Diseases

Lysosomes, membrane-enclosed cytoplasmic organelles, include different kinds
of active hydrolytic enzymes such as glycosidases, sulfatases, phosphatases, lipases,
phospholipases, proteases, and nucleases in an acidic pH. Genetic deficiency in the
activity of the lysosomal enzyme leads to the accumulation of undegraded material. This
is known as lysosomal storage diseases (LSDs) (Ferreira and Gahl 2017).

The storage material is glycogen in the Pompe disease, glycosaminoglycans in the
mucopolysaccharidoses, glycoproteins in the oligosaccharides, and sphingolipids in the
Tay-Sachs disease, Sandhoff disease, GM1 gangliosidosis, Niemann-Pick disease types
A and B, Gaucher disease, Fabry disease, and Krabbe disease. The deficiency of an
activator protein also leads to lysosomal storage as in the AB variant of GM2

gangliosidosis (Sun 2018).



1.2.1. GM2 Gangliosidoses

The GM2 gangliosidoses are a group of lysosomal storage disorders resulted from
are resulted from impaired degradation of GM2 ganglioside and related substances by the
mutations in any of three different genes: HEXA, HEXB, and GM2AP. Mutation in the
HEXA, HEXB, and GM2AP genes resulted in Tay-Sachs diseases, Sandhoff diseases,
and GM2AP variants, respectively (Yamanaka et al. 1994; Sango et al. 1995). The HEXA
encodes the a-subunit and HEXB encodes the B-subunits of the B-hexosaminidase A
(HEXA) enzyme. This enzyme forms a Michaelis—Menten complex with GM2AP to
hydrolyze GM2 and GA2 ganglioside by removing N-acetylgalactosamine (Sandhoff and
Harzer 2013; Lawson and Martin 2016). B-Hexosaminidase B (HEXB) includes a
homodimer of two B subunits. There is also a minor form of the enzyme (Hexosaminidase
S) which has two o subunits (Yamanaka et al. 1994; Sango et al. 1995).

Tay—Sachs disease patients have a loss of HEXA (0,B) and S (a,a) activities.
Alternatively, Sandhoff disease patients have the loss of HEXA (a,) and HEXB (j3,p)
activities (Sandhoff and Harzer 2013; Lawson and Martin 2016). Tay-Sachs disease,
Sandhoff disease, and GM2A deficiency are clinically similar (Solovyeva et al. 2018).

The GM2 gangliosidoses disease types and their related genes, proteins,
isoenzyme subunits, and accumulated substrates are described in Figure 1.2.

GM2 ganglioside is one of the glycosphingolipids which is located as an
intermediate compound in biosynthesis and degradation of complex brain ganglioside
(mainly GM1a, GDla, GDI1b, and GT1b) (Sandhoff and Kolter 1998) Complex brain
gangliosides are most abundant in the cell membranes of neurons. They have a role in
brain development and function by affecting neurotransmission, neurogenesis,
synaptogenesis, modulating synaptic transmission, cell proliferation, and neuronal
differentiation. Selective knock-out of ganglioside synthase and degradation genes lead
to a range of structural and functional defects such as altered neural development,
neuronal degeneration, loss of sensory and motor functions, demyelination, axonal
deterioration, behavioral abnormalities and learning and memory loss (Palmano et al.
2015). Therefore, the central nervous system is the most affected tissue in GM2

gangliosidosis patients (Sandhoff 2016).
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Figure 1.2. Hex isozymes with their associated substrates for GM2 gangliosidosis

diseases (Source: Lawson and Martin 2016)

1.2.2. Tay-Sachs Disease

Tay-Sachs disease, a fatal neurodegenerative disorder, is inherited in an autosomal
recessive mode of inheritance. (Yamanaka et al. 1994). It is resulted by mutations in the
HEXA gene causing the absence of the lysosomal enzyme B-Hexosaminidase A. The
disease frequency is one in 100,000 live births. Tay-Sachs disease, Sandhoff disease, and
GM2A deficiency are clinically similar. More than 130 different mutations in the HEXA
gene are described. These mutations are partial deletion, splicing mutations, nonsense
mutations, missense mutations. Mutations disrupt transcription, translation, folding,
dimerization of monomers and catalytic dysfunction of HEXA protein (Figure 1.3)
(Solovyeva et al. 2018).

In the absence of B-Hexosaminidase A, GM2 ganglioside accumulates in neurons
at the beginning of fetal life. GM2 ganglioside is stored in membranous cytoplasmic
bodies (MCBs), appear as concentric ring-like structures. At the terminal stage of Tay-

Sachs disease, patients have balloon-shaped MCBs filling their cytoplasm in most



neurons. This lead to distortion in the cellular architecture (Yamanaka et al. 1994). 10—
15% of HEXA activity is enough to prevent the accumulation of GM2 ganglioside
(Solovyeva et al. 2018).
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Figure 1.3. Tay-Sachs disease pathology (Source: Solovyeva et al. 2018)

There are three forms of Tay-Sachs disease; infantile, juvenile and later-onset
form. The infantile form is the most severe one with mental and motor developmental
delay. It is observed by onset around 6 months of age with very low HEXA activity levels
(£0.5%). Infants are unable to sit or hold their head without the support and has eye
movement abnormalities, dysphagia, spasms, hypomyelination. Finally, it results in death
a maximum of 4 years of age. In the juvenile form, the symptoms appear at the age of 3-
10 years as ataxia, dysarthria, dysphagia development, hypotension, and spasm
progression. Most of the patients are dead maximum the 15 years of age. Late-onset form
is the rarest one which is observed in adulthood or 20-30 years old. It is characterized by

small mutations and higher residual HEXA activity as 5-20%. All in all, Tay-Sachs



patients have muscle weakness, ataxia, speech, and mental disorders (Solovyeva et al.

2018).

1.2.3. Tay-Sachs Disease Mouse Model

Hexa-/- mouse was created by three different research groups. All of these mice
had a complete absence in the activity of B-Hexosaminidase A. (Yamanaka et al. 1994;
Cohen-Tannoudji et al. 1995; Phaneuf et al. 1996). However, unlike Tay-Sachs disease
patients, there was limited ganglioside storage in certain regions of the nervous system in
the Hexa-/- mice. No neuronal storage was detected in the cerebellum, the anterior horn
of the spinal cord, or the spinal ganglia. Only minor storage was observed in the posterior
horn of the spinal cord. It was thought that there can be differences in the metabolic
pathway of GM2 ganglioside in humans and mice (Yamanaka et al. 1994). Electron
microscopic examinations of the ballooned neurons showed membranous cytoplasmic
bodies in an age-dependent manner. It was thought that in contrast to the human, murine
HEXB is functional to hydrolyze GM2-ganglioside (Cohen-Tannoudji et al. 1995).

Two different GM2 gangliosidosis mouse models; Hexa-/- mice lacking HEXA
activity and Hexb-/- mice lacking both HEXA and HEXB activity were analyzed at the
same time. Unlike the human disease situation, Hexa-/- mice have no behavioral
phenotype, while Hexb-/- mice express a rapidly progressive, fatal neurodegenerative
disease (Phaneuf et al. 1996).

Two different alternative pathways were hypothesized for the catabolism of GM2
in Hexa-/- mice (Figure 1.4). Model 1 was the hydrolysis of N-acetylgalactose amine
from GM2 by functional HEXB to yield GM3. Model 2 was for the hydrolysis of sialic
acid from GM2 by sialidase to yield GA2, which is followed by hydrolysis of the N-
acetylgalactose amine by HEXB to yield LacCer (Phaneuf et al. 1996).
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Figure 1.4. Alternative pathways for the catabolism of GM2 in Tay-Sachs patients and
Hexa—/— mice (Adapted from: Phaneuf et al. 1996)

1.3. Sialidases

Sialidases (Neuraminidases), belongs to a family of exoglycosidases, are
responsible for catalyzation of hydrolytic cleavage of nonreducing sialic acid residues
from glycoconjugates such as glycoproteins and glycolipids (Monti et al. 2002; Fanzani
et al. 2004). These enzymes cleave terminal 0223, a2—>6 and a2->8 sialyl linkages
(Fanzani et al. 2004). They are widely distributed in nature from viruses and
microorganisms to avian and mammalian species (Monti et al. 2002).

In mammals, four different sialidases have been purified, cloned and characterized
so far. They all classified based on their subcellular localization; lysosomal sialidase
(NEU1), cytoplasmic sialidase (NEU2), membrane-bound sialidase (NEU3), lysosomal/-
mitochondrial/-intracellular membranes sialidase (NEU4). Their expression level in
different cell and tissue, substrate specificities and optimum pH levels are also different.

Optimum pH level for NEU1, NEU2, NEU3, and NEU4 is 4.4-4.6, 6.0-6.5, 4.6-4.8 and



3.2-4.8, respectively. These enzymes have involved in different cellular events such as
gangliosides and glycoproteins metabolism, cell proliferation, differentiation, clearance
of plasma proteins, cell adhesion control, receptor modification, immunocyte function,
and modeling of myelin (Monti et al. 2010). The involvement of sialidase in these
biological networks could be either direct or secondary to the desialylation of the various

substrate(s) (Monti et al. 2002).

1.3.1. Sialidases and Ganglioside Metabolism

Sialidase enzyme removes sialic acid from GM?2 ganglioside and converts to GA2
which is further degraded to LacCer by HEXB in the mouse neurons (Phaneufet al. 1996).
Later, it was found that Neuraminidase 4 (NEU4) may function on the ganglioside
metabolism in Hexa-/- mice (Seyrantepe et al. 2008). Cloning of NEU4 showed that
NEU4 is active against all types of sialylated glycoconjugates such as oligosaccharides,
glycoproteins, and gangliosides (Seyrantepe et al. 2004). It was shown that the Neu4-/-
mouse model had lysosomal storage bodies in macrophages of the lung, macrophages,
and lymphocytes of the spleen. Moreover, there are increased levels of gangliosides,
ceramide, cholesterol and fatty acids in the brain, liver, lungs, and spleen of Neu4-/- mice.
When neuroglia cells of a Tay-Sachs patient were transfected with a Neu4 expressing
plasmid, it was restored normal morphological phenotype of the cells and corrected the
impaired metabolism of GM2 ganglioside by glycolipid GA2. NEU4 is active in the
desialylation of GM2 ganglioside in the presence of detergents or lysosomal activator
proteins (Seyrantepe et al. 2008).

Double deficient mouse model of Neu4 and Hexa was generated by Seyrantepe at
all in 2010. Neu4-/-Hexa-/- mice had severe disease phenotype compared to Neu4-/- mice
and Hexa-/- mice. Neu4-/-Hexa-/- mice were healthy at birth but 40% of them developed
seizure-like epileptic events after 3 months of age. Neu4-/- mice and Hexa-/- mice had no
seizures until at least one year of age. Immunochemical analysis of Neu4-/-Hexa-/- mice
brain tissues using anti-GM2antibodies showed that there was accumulation in GM2
mostly in the ventral cortex and hippocampus of the adult brain. Double-knockout mice

with epileptic seizures had an increased number of GM2-positive cells. Moreover, the
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affected neurons were analyzed with electron microscopy and observed that there were
large irregular lysosomes with characteristic membranous whorls similar to the
histopathological findings in human Tay-Sachs patients (Seyrantepe, Lema, et al. 2010).

It was understood that NEU4 was not the only sialidase contributing to the bypass
of the HEXA defect in Hexa-/- mice because it was not matching the severe disease
phenotype of Hexb-/- mice (Seyrantepe, Lema, et al. 2010). Hexb-/- mice lack not only
HEXA enzyme and HEXB enzyme so both arms of the GM2 degradation pathway are
blocked. In these mice tremors, muscle weakness, stiffening of the hind limbs and an
ataxic gait were observed at the 2-3 months of age. The disease rapidly progresses tremor,
myoclonus, and death by six weeks after onset (Sango et al. 1995; Phaneuf et al. 1996).
In adult Neu4-/-Hexa-/- mice milder disease phenotype observed. This should result from
the contribution of the other sialidases the bypass (Seyrantepe, Lema, et al. 2010).

NEUI interacts with protective protein/cathepsin A (PPCA) and B-galactosidase
and forms a lysosomal multienzyme complex. It was showed that NEU1 mostly active
toward sialyloligosaccharides and sialylglycoproteins but it can also hydrolyze some
ganglioside such as GM3 and GDla and has weak activity toward GM2. Analyzing of
skin fibroblast from sialidosis and galactosialidosis showed that GM3 ganglioside
metabolism was impaired. What is more, visceral tissues of sialidosis patients have
GM3and GD3 ganglioside storage (Seyrantepe, Lema, et al. 2010).

NEU3, the plasma-membrane-associated form of sialidases, shows high substrate
specificity towards gangliosides. It modulates cell-surface biological events and has a role
in different cellular processes such as cell adhesion, recognition, and differentiation. It
localized at the outer leaflet plasma membrane and inner leaflet of the endosomal
compartment. In this way, NEU3 can degrade gangliosides inserted into the plasma
membrane of adjacent cells (Zanchetti et al. 2007). It is expressed mostly in the heart but
also in the brain, spleen, lung, kidney, and testis. In situ hybridization analysis of the brain
showed that it is present in the cerebral cortex and the granule cell layer, Purkinje cells,
and deep cerebellar nucleus of the cerebellum (Hasegawa et al. 2000).

Interestingly, it was found that the mouse NEU3, but not NEU2, can hydrolyze
the sialic acid from GM1 and GM2 in the presence of GM2 activator protein. These
results provide evidence for the conversion of GM2 into GA2 by NEU3 and support the
presence of the GA2 pathway for the catabolism of GM2 in the mouse. The interaction
of GM1 and GM2 with GM2AP might induce the conformational change and so N-
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acetylgalactose amine and sialic acid residues can be hydrolyzed by HEXA and sialidase,
respectively (Li et al. 2001)

The administration of the radiolabeled GDla ganglioside to murine Neu3-
transfected cells causes a significant decrease of GD1a and GM3 and an increase of GM1
in comparison with mock-transfected cells. The modification of the ganglioside pattern
was reversible and strictly dependent on transient NEU3 expression. These results were
important to show NEU3 can hydrolyze ganglioside substrates in intact living cells at a
neutral pH, with the involvement of cell-to-cell interactions (Papini et al. 2004)

Human fibroblast was administered with radioactive GM3. Radioactive LacCer,
Cer, and SM production were observed. Radioactive SM can be formed only when GM3
reaches lysosomes. To be sure that which part of the catabolic process occurred also at
the cell surface, lysosomal activity and endocytosis of the cell were blocked. Radioactive
lactosylceramide and SM was not observed, while ceramide was produced. This proved
that GM3 disappears and turns to LacCer, GlcCer, and Cer, respectively. Overexpression
of NEU3 resulted in a higher production of ceramide in the plasma membrane (Valaperta
et al. 2006).

NEUS3 has a role in many biological processes such as neuronal differentiation, T-
cell activation, monocyte differentiation, cell adhesion, and motility. Besides, it is
upregulated in many human cancers, including colon, renal, prostate, and ovarian cancers.
To analyze the role of NEU3 in tumor development, Neu3 deficient mice were generated.
Their susceptibility to tumorigenesis in carcinogen-induced models of sporadic and
colitis-associated colon cancer was analyzed and it was determined that Neu3 deficiency

lowered the incidence of colitis-associated colon carcinogenesis (Yamaguchi et al. 2012).

1.4. Effect of Lysosomal Storage to Central Nervous System

Lysosomal storage disorders, affect the central nervous system, cause activation
of neuroinflammatory responses. The central nervous system consists of main neurons,
microglial cells, and macroglial cells. Macroglial cells are astrocytes and
oligodendrocytes (Rasband 2016). Under normal conditions, microglial cells stay in the

inactive stage but the accumulated macromolecules activate microglial cells causing an

11



increased inflammatory response via the production of inflammatory cytokines and
chemokines. This is known as microgliosis (Vitner et al. 2010). Cytokines are small
secreted proteins that have a specific effect on the interactions and communications
between cells (Zhang and An 2007). Chemokines are a superfamily of secreted small
molecules involved in immunoregulatory and inflammatory processes. Increased levels
of chemokines and their respective receptors have been found in numerous pathological
conditions (Reichel et al. 2009). Alterations in the gene expression of inflammatory
cytokine and chemokine gene expressions were shown directly related to
neuroinflammation in lysosomal storage disorders (Bosch and Kielian 2015).
Microgliosis cause increased inflammatory response which has a major
contribution to disease pathology (Vitner et al. 2010). They work to recruit and activate
peripheral immune cells at affected sites. It can act to activate neighboring microglia,

astrocytes, neurons, or oligodendrocytes (Bosch and Kielian 2015).

1.4.1. Astrocytes

Astrocytes, are the most abundant cell type in the CNS, have a function in cellular
support during CNS development, ion homeostasis, uptake of neurotransmitters,
contribution to the CNS immune system and neuromodulation. Another role is the
preservation of the host tissue integrity following injury. Injury cause activation of
astrocytes, called astrogliosis (Figure 1.5) (Ridet et al. 1997).

They contribute to neuroinflammation by their secretion of various chemokines.

Once activation, astrocytes undergo a morphological change as increase intermediate
filament expression (i.e., glial fibrillary acidic protein (GFAP) and vimentin) and
reactive astrocytes have been involved in the pathogenesis of various neurodegenerative
diseases (Bosch and Kielian 2015).

Studies revealed that ganglioside accumulation causes neuroinflammation in
several lysosomal storage disorders. It was demonstrated that the storage of GM1 and
GM2 ganglioside in the CNS led to inflammation characterized as microgliosis and
astrogliosis which are correlated with the amount of stored ganglioside. Inflammation and

inflammatory cytokines (TNFa, IL1B, and TGFB1) were absent in Tay-Sachs mice
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(Hexa-/-) but were most widespread in Sandhoff (Hexb-/-), GM1 gangliosidosis mice
(Jeyakumar et al. 2003) and GM2-gangliosidosis patients (Wada et al. 2000). Activation
of microglia and astrocytes resulted in inflammatory mediators production (Myerowitz et
al. 2002). Significantly increased levels of TNF-a pro-inflammatory cytokine was
showed in the TSD patient cerebrospinal fluid (Hayase et al. 2010). Five inflammation
biomarkers, ENA-78, MCP-1, MIP-1a, MIP-1p, TNFR2 were also distinguished in the
cerebrospinal fluid of patients with infantile and juvenile gangliosidosis (Utz et al. 2015).
Different lysosomal storage disorders including Niemann—Pick type C disease (Baudry et
al. 2003), Gaucher disease (Farfel-Becker et al. 2011), mucopolysaccharidosis type I, IIIA
and IIT (Wilkinson et al. 2012) and neuronal ceroid lipofuscinoses (Kollmann et al. 2013)
also display prominent microglial and astrocyte activation. At times of inflammation, up-
regulation of cytokines and their receptors within the CNS was observed, with

concomitant effects on brain function (Jeyakumar et al. 2003)
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Figure 1.5. The neuroinflammatory process. Damage or injury causes activation of
astrocytes and microglia, leading to morphological changes and secretion of
pro-inflammatory elements such as cytokines. These process eventually
trigger neuronal death (Source: Morales et al. 2014)
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Activated astrocytes were known as mediate inflammatory responses in the CNS.
They became activated when sensing neuronal damage. They express inflammatory
proteins, including cytokines, proteases and complement proteins. Samples of cerebral
cortex from a 2-year-old male suffering from Sandhoff disease, from 32-month-old male
suffering from Tay-Sachs and from a normal 9-month-old male who died in an accident
were analyzed to show how neurodegeneration cause neuroinflammation with loss of
neurons in individuals with these disorders. Immunostaining for glial fibrillary acidic
protein (GFAP) was shown that the number of astrocytes was increased in the patients’

sections with the characteristic of an activated state (Myerowitz et al. 2002).

1.4.2. Neurons

Accumulation of undegraded molecules in lysosomes eventually leads to swelling
of cells, deterioration of cell functions and cell death (Tardy et al. 2004). Endoplasmic
reticulum and oxidative stress are known to facilitate apoptosis in LSD patients. It has
been observed that ER stress marker genes (ATF6, Calnexin, Grp78, and XBP1) and
oxidative stress marker genes (superoxide dismutase-2 (SOD2), catalase and
thioltransferase-1 (TTasel)) are increased when fibroblast cells from Tay-Sachs and other
LSD patients are examined. The increase in expression levels of these genes is an
apoptosis indicator in the cells (Wei et al. 2008).

Many signaling events occur in the plasma membrane. The structure of the cavea
and lipid rafts in the plasma membrane varies depending on the type and amount of
gangliosides (D’Azzo et al. 2006). Gangliosides are important in the structure and
organization of cell membranes. Although they are usually located in the outer membrane
of the cell, 10% of them are also found in mitochondria and endoplasmic reticulum.
Gangliosides are key signaling molecules that play a role in cellular recognition, binding,
receptor signal transduction, growth regulation, and differentiation. Besides, due to
increased ganglioside levels, cellular stress conditions occur and the apoptotic program
is triggered (D’ Azzo et al. 2006).

Accumulation of gangliosides and related glycolipids was thought to trigger

programmed cell death. When autopsy samples from Tay-Sachs and Sandhoff patients
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were examined using the in situ DNA end-labeling technique, apoptosis was observed in
the cerebral cortex, brain stem, cerebellum and spinal cord in both of the patient samples.
Besides, when Hexa-/- and Hexb-/- (Sandhoff mice) mouse models have been observed
using the DNA laddering technique, it was determined that there was apoptosis-associated
DNA fragmentation in the cerebral cortex, brain stem, cerebellum and spinal cord of

Hexb-/- mice (Huang et al. 1997).

1.4.3. Oligodendrocytes

Oligodendrocytes, a type of glial cells, have a function in the formation of myelin
to provide support and insulation to axons (Rasband 2016). The oligodendrocyte provides
multiple axons with myelin sheaths and can renew its myelin sheaths three times within
a day. Myelination is a necessary step for optimal signal transduction in the CNS
(Peferoen et al. 2014).

Activated microglia produces various pro-inflammatory mediators, chemokines,
and cytokines. In such environments, oligodendrocytes which are particularly susceptible
to these microglia-derived factors resulted in producing poor-quality myelin and

oligodendrocyte death (Peferoen et al. 2014).

1.5. The Mouse Brain

The mouse brain is composed of various regions, including the cerebral cortex,
hippocampus, thalamus, cerebellum. pons, etc The cerebral cortex has functions on the
perception of sensory information, control of voluntary movements, memory, personality
traits, and intelligence. The retrosplenial cortex and secondary motor cortex are functional
in memory, spatial cognition and navigation to sensorimotor networks involving the
control of movement (Yamawaki et al. 2016). The primary motor and somatosensory

cortex were reported to be the most efficient region for pain control. The pain signal is
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transmitted from the thalamus to the primary motor cortex via the somatosensory cortex
(Lee et al. 2017).

The hippocampus has diverse functions on memory, navigation, and exploration
(Rubin et al. 2014). The entorhinal cortex provides input to the hippocampus through two
pathways; one via the DG and CA3 fields and the other via CA1 and the subiculum (Wible
2013). Output signals are from CA3 and CA1 to subcortical areas and the entorhinal
cortex, respectively. Due to the independent inputs and outputs CA3 and CAl, these areas
make separate contributions to spatial or temporal processing of memory (Eichenbaum
2017).

The main function of the thalamus is primary sensory processing by reciprocally
communicating and relaying signals between the cerebellar regions and the cortex. It is
the central sensory and motor relay station of the brain. It contributes to motor functions
by transmitting information from the cerebellum to motor areas of the cerebral cortex. It
has also function in the regulation of consciousness, sleep, and alertness (Medsker et al.
2015).

The cerebellum has a function on motor coordination, spatial navigation, and
working memory. Purkinje cells in the cerebellum are especially responsible for spatial
navigation (Lee et al. 2018).

Pons relays information from the cerebrum to the cerebellum and regulates our
sleep/wake cycle, level of consciousness and alertness. It has also a role in stimulating

breathing (Vermehren-Schmaedick et al. 2012)

1.6. Behavioral Analysis

Behavioral analysis in animal models has been used to get knowledge about brain
function and the neural mechanisms of human diseases. Commonly used laboratory
rodents, such as mice and rats, provide a useful tool for studying the behaviors and
mechanisms like locomotor ability (Shiotsuki et al. 2010; Goémez-Grau et al. 2017),
learning, memory (Nampoothiri et al. 2017), anxiety-related behaviors (Seibenhener and

Wooten 2015), etc.
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1.6.1. Rotarod Analysis

A rotarod performance test is used to determine motor coordination, balance and
motor learning for evaluation of cerebellar deficits in rodents (Shiotsuki et al. 2010).
Animals are trained to walk on a rod rotating at the constant speed. Once the animals have
learned, the motor performance evaluated. The animals with defective motor coordination
fall when the rotation speed exceeds their motor coordination capacity (Nampoothiri et
al. 2017). It is also used to measure motor performance in different lysosomal storage
disorders such as Sandhoff disease (Gulinello et al. 2008), Mucopolysaccharidosis I11B
(Heldermon et al. 2010), Pompe disease (Sidman et al. 2008), Niemann-Pick type C
(Schlegel et al. 2016; Gomez-Grau et al. 2017) and a-Mannosidosis (D’Hooge et al.
2005).

1.6.2. Footprint Analysis

The footprint test is used to assess the gait and identify any abnormal movements
in mice. The hind paws of the mice were coated with non-toxic black paint. Then, the
animals are allowed to walk along a runway 50 cm long and 10 cm wide (with 10-cm-
high walls) in an enclosed box. The test is also used in lysosomal storage disorder like

Niemann-Pick type C (Gomez-Grau et al. 2017).

1.6.3. Grip Strength Analysis

Grip strength is generally used tests to determine the effect of lesions, drugs and
other toxins on motor functions. During the experiment, the tail of the animal is pulled
gently in rear direction, it grasps the bar and pulls with either fore- or hindlimb as long as

it can, after which it leaves the bar (Nampoothiri et al. 2017). It is also used in lysosomal
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storage disorders such as Niemann-Pick type C (Gémez-Grau et al. 2017), a-

Mannosidosis (D’Hooge et al. 2005) and Pompe disease (Foley et al. 2010).

1.6.4. Passive Avoidance Analysis

Passive avoidance test is used to evaluate the fear motivated cognitive memory
relating to hippocampal, cortical and striatal connections. There are two chambers. One
chamber is well-lit while the other is dark a shock cage. The experiment continues for
three days. The first day is the training period. The animal is put into the well-lit chambers
and allowed to adapt for about 30 s. Then, the door separating the chambers is opened
and the animal moves readily into the dark chamber. The second day, the same procedure
is followed and when the animal enters the dark chamber with all four paws in, the door
is shut and the animal gets a mild electric foot shock through the floor. The final day, to
measure the learning ability, the same protocol is followed without the electrical shock.
The latency or uncertainty of the animal to enter the dark chamber is measured

(Nampoothiri et al. 2017).

1.6.5. Morris Water Maze Analysis

Morris water maze analysis is used to detect spatial learning and memory deficits.
The test is especially sensitive in the determination of the effect of hippocampal lesions.
However, deficiencies in the striatum, neocortical areas, basal forebrain, and cerebellum
can also be examined. First of all, the animal is trained in the presence of a visible
platform and cues on the wall. The animal learns to climb onto the platform to escape
from the water and to avoid the necessity to swim. The other days, it is tested to find an
invisible platform by using cues on the wall. (Nampoothiri et al. 2017). The memory and
learning ability was analyzed with Morris water maze test in different lysosomal storage

disorders such as Mucopolysaccharidosis type IIIA (Fu et al. 2016), Fabry disease
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(Hofmann et al. 2017), a-Mannosidosis (D’Hooge et al. 2005) and Niemann Pick Type C
disease (Schlegel et al. 2016).

1.6.6. Open Field Analysis

An open field maze includes a wall-enclosed area with sufficient height to prevent
the mice from escaping. The maze shape is generally square with an area large enough to
prompt a feeling of openness in the center of the maze. A simple analysis of general
locomotor ability and anxiety-related emotional behaviors are determined via open field
test The technique also provides to the investigation of different pharmacological
compounds for anxiolytic or anxiogenic effects (Seibenhener and Wooten 2015). Open
Field Analysis was also used to detect anxiety-related behaviors in different lysosomal
storage disorders such as Sandhoff disease (Gulinello et al. 2008) Niemann Pick Type C
disease (Schlegel et al. 2016). a-Mannosidosis (D’Hooge et al. 2005) and Fabry disease
(Hofmann et al. 2017).

1.7. Aim of the Study

NEU3 is the plasma-membrane-associated form of the sialidases. It's biological
function towards gangliosides has been revealed in various in vitro studies. The project
aimed to understand the contribution of NEU3 to metabolic bypass on the Tay-Sachs
mouse model (Hexa-/-) by generating the double deficient mouse model. The newly
created Hexa-/-Neu3-/- mice had both complete absences in the activity of the [-
Hexosaminidase A and NEU3 enzyme. In this study, it was planned to analyze the
biological role of NEU3 on the ganglioside degradation pathway by performing

molecular biologic, biochemical, pathological and behavioral analysis.

19



CHAPTER 2

MATERIALS AND METHODS

2.1. Animals

Hexa-/- deficient mice were obtained from backcrossing of Neu4-/-Hexa-/-Neul-
/- triple mice with wild type mice strain C57/Black6 (Timur et al. 2015). In these crossings
mostly brothers and sisters were mated with each other to have mice in the same genetic
background. Neu3-/- deficient mice were created by deletion of part of exon3 of Neu3
(Yamaguchi et al. 2012) and donated by Prof. Taeko Miyagi (Division of Cancer
Glycosylation Research, Institute of Molecular Biomembrane and Glycobiology, Tohoku
Pharmaceutical University, Sendai, Japan) to generate Hexa-/-Neu3-/- double deficient
mouse model.

Hexa-/- deficient mice were crossed with Neu3-/- deficient mice to obtain
heterozygous females and males. Then, heterozygous brothers and sisters were mated
with each other to create wild type (Hexa+/+Neu3+/+), Hexa-/- (Hexa-/-Neu3+/+), Neu3-
/- (Hexa+/+Neu3-/-) and Hexa-/-Neu3-/- deficient mice models with the same
background (Table 2.1).

All mice have been mated and maintained in the Turkish Council on Animal Care
(TCAC) accredited animal facility of Izmir Institute of Technology according to the
TCAC guidelines. Mice have been housed under constant temperature and humidity on a
12 h light: dark cycle. The animal care and the use in the experiments were granted by

the Animal Care and Use Committee of Izmir Institute of Technology, Izmir, Turkey.
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Table 2.1. Crossing of Hexa-/- and Neu3-/- mice

Breeding pairs

Expected genotypes in the F1

generation

F1 generation

Hexa-/- @ X Neu3-/- &

OR

Neu3-/-Q X Hexa-/- &

Hexa+/-Neu3+/-

Breeding pairs

Expected genotypes in the F2

generation
F2 generation [Hexa+/-Neu3+/- @ X Hexa+/-Neu3+/- Hexa+/+Neu3+/+ (1/16)
3 Hexa+/-Neu3+/+ (2/16)

Hexa-/-Neu3+/+ (1/16)

Hexa-/-Neu3+/- (2/16)

Hexa+/+Neu3+/- (2/16)

Hexa+/-Neu3+/- (4/16)

Hexa+/-Neu3-/- (2/16)

Hexa+/+Neu3-/- (1/16)

HexA-/-Neu3-/- (1/16)

2.2. Genotyping of Mice

To determine the genotypes of WT, Hexa-/- and Neu3-/- and Hexa-/-Neu3-/-

mice, genomic DNA isolation and PCR reactions were applied.
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2.2.1. Genomic DNA Isolation

The genotypes of mice were determined after the genomic DNA isolation from
the tail of the mice. Tail taken from mouse was put in an eppendorf tube and 500ul lysis
buffer (10% IM Tris pH 7.6, 2.5% 0.2M EDTA, 20% SDS, 4% 5M NacCl) with 12ul
Proteinase K (from 25ug/ul solution) was added. Samples, incubated overnight in an
incubator shaker at 55°C at 70 rpm, were centrifuged at 14.000 rpm for 10 min. The
supernatant was transferred into the new tube and the same volume 100% isopropanol
was added on the sample. DNA was collected and transferred into a new tube containing
70% ethanol. After 1 min centrifugation at 14.000 rpm, the supernatant was removed and
the remaining ethanol was air-dried for 10 min. Then, DNA was dissolved in 200 pl
distilled water and incubated at 55°C for 1 hour. Finally, the concentration of DNA was

measured with a Nanodrop spectrophotometer (Thermo Scientific, USA).

2.2.2. PCR Reaction

The PCR for Hexa was performed with 100ng genomic DNA in the 25ul reaction
mix including 1X PCR buffer (Invitrogen), 3mM MgCl2, 0.4 mM of dNTPs, 0.4 pmol of
forward primers (HexaF and PGK), 0.8 pmol of reverse primer (HexaR), 4% DMSO and
1.75 units Taq polymerase (Invitrogen, USA). Conditions for PCR were; 1 cycle 3 min at
94°C; 30 cycles 45 sec at 94°C, 45 sec at 60°C, 45 sec at 72°C; and 1 cycle 10 min at
72°C. Allele-specific primers for wild type and mutant allele of the Hexa gene was shown
in Table 2.2.

Neu3 PCR reaction was carried out with 100 ng DNA in 50ul reaction mix
including 1X PCR buffer (Invitrogen, USA), 3mM MgCl2, 0.4 mM of dNTPs, 0.6 pmol
of forward primer (551F), 0.3 pmol of reverse primers (552R and 553R) and 2.5 units
Taq polymerase (Invitrogen, USA). Conditions for PCR were 1 cycle 3 min at 94°C; 30
cycles 45 sec at 94°C, 30 sec at 56°C, 3 min at 72°C; and 1 cycle 10 min at 72°C. Allele-

specific primers for wild type and mutant allele of Neu3 gene were shown in Table 2.2.
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After PCR was completed, all PCR samples were run on 1% agarose gel.

Table 2.2. Sequences of used primers in genotyping

Gene | Primer Binding Primer Sequence
Location
Hexa | HexaF WT allele | GGCCAGATACAATCATACAG

HexaR WT-KO CTGTCCACATACTCTCCCCACAT

allele
PGK KO allele CACCAAAGAAGGGAGCCGGT
Neu3 | Neu3F WT-KO AAGCAGAGAACATTCTTGAGAGAGCACAGC

allele
552R KO allele TCGTGCTTTACGGTATCGCCGCTCCCGATT
553R WT allele GTGAGTTCAAGAGCCATGTTGCTGATGGTG

2.3. Body Weight Measurement

Weight of WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice was recorded per week

starting from 8 weeks up to 20 weeks.

2.4. Gross Appearance and X-Ray Analysis of Mice

4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were anesthetized
and put on the white paper. Their gross appearance was obtained with a photograph

machine.
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4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were anesthetized.
When they were under anesthesia, their X-Ray images were obtained at EMOT hospital

Kahramanlar/ {zmir.

2.5. Thin-Layer Chromatography Analysis

2.5.1. Lipid Isolation

Acidic and neutral glycosphingolipids should be separated from each other
(Sandhoff et al. 2002). Brain, liver, kidney, and testis of 2.5 and 4.5-month-old WT,
Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice was be obtained with liquid nitrogen and
stored at -800C until used in the experiment.

Starting tissue amount for brain, liver, kidney, and testis was optimized. 25 mg
brain and 50 mg liver, kidney and testis tissues were homogenized on ice in 1.5 ml of
distilled water with Ultra Turrax Homogenizer (IKA, Germany) (Table 2.3). The sample
was sonicated for 3 min with Sonicator (Bandelin, Germany). After the evaporation with
a gentle nitrogen stream, the sample was extracted 2 times with 3 ml of acetone by
removing the supernatant. Then, the residual pellet was extracted twice with 1.5 ml
chloroform/ methanol/ distilled water (10/10/1) and 2 ml of chloroform/ methanol/
distilled water (30/60/8) with 2000 rpm 5 min centrifugation. All supernatant including
acidic and neutral glycosphingolipids was collected in the neutral glass tube.

Neutral and acidic glycosphingolipids obtained from chloroform/ methanol/
distilled water extracts were separated on DEAE A-25 columns (bed volume: 300 pl).
DEAE A-25 columns were washed three times with chloroform/ methanol/ distilled water
(30/60/8) and once with chloroform/ methanol/ distilled water (10/10/1). Then, the
extracts were load on the column and wash with 4 ml methanol. The flow-through and
wash were taken as neutral glycosphingolipids. Later, acidic glycosphingolipids were
eluted with 4 ml of 500 mM methanolic potassium acetate (potassium acetate in

methanol).
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Acidic glycosphingolipids were desalted Supelclean™ LC-18 SPE column

(Sigma-Aldrich, USA). Columns were placed on the Chromabond Vacuum manifold

(MachereyNagel) and the vacuum was fixed to 3-4Hg. Supelclean™ LC-18 SPE was

washed 2 times with 2 ml methanol and 2 ml 500 mM methanolic potassium acetate.

Acidic glycosphingolipids extract was loaded on the column. Then, the column was

washed with 10 ml of distilled water. The sample was eluted with 4 ml methanol and 4

ml methanol/chloroform (1/1) in a low vacuum (<2Hg). The eluted sample was

evaporated with a gentle nitrogen stream before loading the TLC place with silica gel

(CAMAG, Switzerland).

2.5.2. Thin-Layer Chromatography

The equilibrium time of the tank to form a vaporous environment by the

evaporation of solutions was 2 hours 15 min. Acidic and neutral glycosphingolipids were

separated with the running solvent chloroform/ methanol/ 0.2% aqueous CaCl2 (60/35/8).

Table 2.3. The isolated and sprayed amount of neutral and acidic glycosphingolipid for

TLC analysis of brain, liver, kidney, testis

Tissue Weight of Sprayed Amount of Sprayed Amount of
Tissue for Acidic Neutral
Isolation Glycosphingolipids Glycosphingolipids
Brain 25 mg 7.5 mg 7.5 mg
Liver 50 mg 25 mg 7.5 mg
Kidney 50 mg 25 mg 7.5 mg
Testis 50 mg 25 g 15 mg
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The neutral and acidic glycosphingolipids fractions were solved in chloroform/
methanol/ distilled water (10/10/1) and were sprayed onto the silica covered TLC plates
(Merck, USA) with a Linomat V (CAMAG, Switzerland). The amount of neutral and
acidic glycosphingolipid loaded onto the plate was optimized in different experiment sets.
The optimized amount of sprayed acidic and neutral glycosphingolipids were indicated
in Table 2.3. The plate was put into the tank and the samples were run. The migration

amount of lipids was optimized as 11 cm.

2.5.3. DEAE Sephadex A2S5 Ion Exchange Column Preparation

DEAE Sephadex A25 (GE Healthcare) Ion Exchange column was prepared to
distinguish acidic and neutral glycosphingolipids (Yu and Ledeen 1972). The DEAE-
Sephadex A25 was prepared by washing 1 g of the resin three times with 10 ml methanol/
chloroform/ 0.8 M sodium acetate (60/30/8) solution. Then, the resin was incubated
overnight in the same solvent for equilibration. This treatment converted the resin from
the chloride to the acetate form. Following day, the resin was washed three times with 10
ml of methanol/ chloroform/ water (60/30/8) solution and incubated in methanol/
chloroform/ water (60/30/8) solution in glass bottle until usage.

Glass wool (Sigma-Aldrich, USA) was washed with methanol/ chloroform/ water
(60/30/8) solution and put into a 225 mm glass Pasteur pipette. Then, the resin was put

into the Pasteur pipette. During the experiment, resin didn’t completely dry off.

2.5.4. Staining with Orcinol and Visualization

0.04 g orcinol was solved in 10 ml 25% sulfuric acid (2.5 ml H2SO4 and 7.5 ml
d H20) in 50ml glass TLC sprayer (Sigma-Aldrich, USA). Orcinol (Sigma-Aldrich,
USA) formed a colorless solution and was stabilized in 5 min. After the completion of

the run, the plate was completely dried by airflow. Dye was sprayed on the plates. Then,
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the plates were put onto the TLC heater (CAMAG, Switzerland) at 120 °C until the
glycosphingolipids bands appear. After the staining, lipids were identified by comparing
with brain ganglioside standards (Avanti Polar Lipids). Images of the plate were taken

with the HP Scanner.

2.6. Mass Spectrometer Analysis

The brains of 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were
obtained with liquid nitrogen. 300 mg brain tissue was homogenized in 3 ml methanol
with Ultra Turrax Homogenizer (IKA). 3 ml chloroform was added to the suspension and
incubated 15 min at 37 °C in an ultrasound bath as 3 times for 3 min for 15 min incubation
period.

The tissue pellet was spin down at 2000 rpm for 5 min. The supernatant was taken
into a fresh glass vial. Extraction was repeated for tissue pellet once with 2 ml
chloroform/methanol/ water (10/10/1) and once with chloroform/methanol/water
(30/60/8). Combined supernatants were evaporated with a gentle nitrogen stream.

Total lipids were sent to the mass spectrometry laboratory of Prof. Dr. Roger
Sandhoff (Lipid Pathobiochemistry Group, German Cancer Research Center, Heidelberg,
Germany) with dry ice. The amount of LacCer, GM3, GM2, GM1, GA2, and GA1 in the

total brain was quantified by mass spectrometric analysis.

2.7. Anti GM2/Lamp1 Staining

4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were anesthetized
and fixed with 0.9% NaCl and 4% paraformaldehyde by cardiac perfusion. The brains
were incubated in 4% Paraformaldehyde for 16 hours. After that, the brains were
incubated in 10% and 20% for 2 hours and 30% sucrose for 16 hours solution at +4 °C.

The brains were embedded in OCT (Sigma-Aldrich, USA).
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To detect presence of GM2 on lysosomes, 10 um coronal brain sections obtained
by Cryostat (Leica Biosystems, United States, CM1850-UV) was stained by anti-GM2
antibody (KM966) and anti-Lamp1 antibody (Abcam- Cambridge, UK) primary antibody
and goat anti-human Dylight 488 Fluorescent antibody (Thermo Scientific, USA) and
Goat anti-rabbit Alexa Flour 568 (Abcam, Cambridge, UK) secondary antibody.

Slides were put on the ice to provide tissue defrosting slowly. Sections were
washed with 1X PBS for 10 min. Then, sections were treated with ice-cold acetone for
10 min to get permeabilization. After washing 2 times with 1X PBS for 5 min, tissues
were blocked with blocking buffer (4% BSA, 10% goat serum and 0.3M glycine in
1XPBS) 1 hour at room temperature. Anti-GM2 (1:500) and Anti-Lamp1 (1:500) primary
antibody was diluted in the blocking buffer. 30 pl the diluted primary antibody was
applied to tissue sections on the slide. It was incubated overnight at +40C in a humidified
chamber. The slides were washed three times in PBS, 5 min each time. Goat anti-human
Dylight 488 fluorescent antibody and Goat anti-rabbit Alexa Flour 568 secondary
antibody was diluted in the blocking buffer. 30 pl the diluted secondary antibody was
applied to tissue sections on the slide. It was incubated one hour at room temperature in
a humidified chamber. Finally, slides were washed 4 times with 1X PBS, 5 min each time.
Finally, slides were mounted with fluoroshield mounting medium with DAPI (Abcam,
Cambridge, UK) and glass coverslip will be put on the slides. The images will be obtained

with Fluorescent Microscopy (Olympus, Germany).

2.8. Transmission Electron Microscopy

Transmission electron microscopy analysis of the cerebral cortex of 4.5-month-
old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice was performed in the laboratory of
Prof. Dr. Esra Erdemli, which is located in Departments of Histology and Embryology,
Ankara University, Ankara, Turkey. Transmission electron microscopy analysis of
cerebellar and cerebral cortex neurons, testis, and kidney tissues from 4.5-month-old
Hexa-/-Neu3-/- mice was performed in the laboratory of Prof. Dr. Emin Oztas from

Departments of Histology and Embryology, GATA Medical School, Ankara, Turkey.
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Brain, testis, and kidney were dissected from mice. The tissue pieces were fixed
in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), post-fixed in 1% osmium
tetroxide in dH20, dehydrated using a graded acetone series, and embedded in Araldite
CY-212.

Semi-thin sections (1 pm thick) were stained with toluidine blue and then
observed under a light microscope. Then, the areas for histological evaluation of the
tissues were selected. Ultrathin sections (40—60 nm thick) were prepared on copper grids
(200 mesh). They were double-stained with uranyl acetate and led citrate. Images were
obtained using a Zeiss Libra 120 electron microscope (Carl Zeiss Microscopy GmbH,

Germany).

2.9. May-Grunwald Giemsa Staining

Total blood was obtained from 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-
Neu3-/- mice tail to detect the presence of lysosomes on lymphocytes and monocytes
cells. May Grunwald (Merck) dye was diluted 1:1 ratio and Giemsa (Merck) dye was
diluted 1:9 ratio with water.

3 ul blood, including 0.1M EDTA, was separated on the slide. Then, it was fixed
with methanol 30 sec at room temperature and dried completely. Slides were stained with
May-Grunwald 5 min at room temperature and washed with water 5 times for 3 min.
Later, slides were stained with Giemsa 30 min at room temperature and washed with
water 5 times for 3 min. Finally, the slides were dried and mounted with cytoseal

mounting medium and cover glass.

2.10. Enzyme Activity Assay

The specific activity of Sialidase, P-Hexosaminidase, [-Galactosidase, f-

Glucosidase, and a-L-Iduronidase enzymes was measured from brain tissues of 2.5- and
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4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- to see the effect of NEU3 on
Tay Sachs mouse model.

A standard curve with 4-Methylumbelliferyl (4-MU) was prepared. Substrates
were fluorescently tagged with 4-MU. Each enzyme digested the specific substrate and
4-MU was released. Enzymes and their specific substrates were shown in Table 2.4. The
released concentration of each 4-MU was calculated depending on the standard curve by
Fluorescence Spectrophotometer (Shimadzu) in emission wavelength of 365 nm and
excision wavelength of 445 nm. The protocol was optimized to measure the specific
activity of Sialidase (Table 2.5), B-Galactosidase (Table 2.6), B-Glucosidase (Table 2.7),
a-L-Iduronidase (Table 2.8) and B-Hexosaminidase (Table 2.9) enzymes.

Table 2.4. Substrates used for enzyme activity assay

Enzyme Substrate

Sialidase 2'-(4-Methylumbelliferyl)-a-D-N-acetylneuraminic acid

o 4-Methylumbelliferyl-2-asetamido-4,6-0-benziliden-2-deoksi-B-D-
B-Hexosaminidase .
glucopyranoside

B-Galactosidase ~ 4-Methylumbelliferyl B-D-galactopyranoside

B-Glucosidase 4-Methylumbelliferyl p-D-glucopyranoside

o-L-Iduronidase  |4-Methilumbelliferyl a-L-iduronide

25 mg brain tissue was homogenized in 200 pl distilled water with Ultra Turrax
Homogenizer (IKA) and sonicated at 60 V for 10 sec with Sonicator (Bandelin). To
measure the activity of Sialidase, B-Galactosidase, B-Glucosidase, and a-L-iduronidase,
40 pl of the homogenate was diluted in 0.5 M sodium acetate at pH 4.5 with 1/5 ratio.

The homogenate was ready to set up a reaction.
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Table 2.5. Sialidase enzyme activity assays

Blank

Sample

50ul substrate

50ul substrate

40ul 0.5M sodium acetate buffer (pH4.5)

40ul 0.5M sodium acetate buffer (pH4.5)

10ul dH20

10ul sample

30 min incubation at 37°C

3.9 ml 0.2M glycine buffer (pH 10.8) to stop reaction

Table 2.6. B-Galactosidase enzyme activity assays

Blank

Sample

25ul substrate

25ul substrate

50ul 0.1M NacCl

50p1 0.1M NaCl

25ul dH20

25ul sample

10 min incubation at 37°C

3.9ml 0.2M glycine buffer (pH10.8) to stop reaction

Table 2.7. B-Glucosidase enzyme activity assays

Blank

Sample

50ul substrate

50ul substrate

40ul 0.5M sodium acetate buffer (pH4.5)

40ul 0.5M sodium acetate buffer (pH4.5)

10pl dH20

10ul sample

30 min incubation at 37°C

3.9ml 0.2M glycine buffer (pH10.8) to stop reaction
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Table 2.8. a-L-Iduronidase enzyme activity assays

Blank Sample

50ul substrate 50ul substrate

40ul 0.5M sodium acetate buffer (pH4.5) 40ul 0.5M sodium acetate buffer (pH4.5)
10ul dH20 10ul sample

30 min incubation at 37°C

3.9ml 0.2M glycine buffer (pH10.8) to stop reaction

Table 2.9. B-Hexosaminidase enzyme activity assay

Blank Sample
75ul substrate 75ul substrate
25ul dH20 25ul sample

30 min incubation at 37°C

3.9ml 0.2M glycine buffer (pH10.8) to stop reaction

For B-Hexosaminidase enzyme activity, 20 ul of the homogenate was diluted in
0.1 M sodium citrate at pH 4.3 with 1/5 ratio. To measure only B-Hexosaminidase enzyme
activity diluted homogenates were incubated at 55°C for three hours before setting
reaction. The reactions were prepared on ice as shown in Table 2.9.

The protein concentration of the samples was measured by Bradford Reagent
(Sigma-Aldrich, USA). For this purpose, Sul of diluted homogenates were diluted in their
specific buffer with 1/4 ratio. Syl of sample and 250ul Bradford reagent was incubated
for 10 min at room temperature in dark and absorbance of each was measured in a
spectrometer (Bio-Rad) at 595 nm. Protein concentration was determined depending on
the BSA standard curve. To calculate specific enzyme activity following calculation will
be used for each sample.

Enzyme Activity (nmol/hour/ml) = Concentration of 4-MU x (Final reaction

volume/Sample volume) x (1/time in hour)
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Specific Enzyme Activity (nmol/mg protein/hour) = Enzyme activity / protein

concentration

2.11. Effects of GM2 Accumulation to CNS

2.11.1. Sample Preparation

WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were anesthetized and fixed with
0.9% NacCl and 4% paraformaldehyde with cardiac perfusion. The brains were incubated
in 4% paraformaldehyde for 16 hours. After that, the brains were incubated in 10% and
20% for 2 hours and 30% sucrose for 16 hours solution at +4 °C. The brains were
embedded in OCT (Sigma-Aldrich, USA). The coronal brain sections obtained by
Cryostat (Leica Biosystems, United States, CM1850-UV).

2.11.2. Hematoxylin—Eosin Staining

Cortex and cerebellum of 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/-
mice were stained with Hematoxylin—Eosin to detect tissue morphology.

The 10 um coronal brain sections from the mice at the indicated ages were stained
with Gill's hematoxylin (Merck, Germany) for 3 min, followed by differentiation in 70%
ethanol:1 N HCI (99:1, v/v), washing under running tap water and staining with eosin Y
solution 0.5% alcoholic (Merck, Germany) for 1 min. Finally, they were dehydrated 2
times respectively with 95% ethanol, 100% ethanol, and xylene for 2 min each and

mounted with mounting medium.
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2.11.3. TUNEL Staining

Terminal dUTP nick end-labeling (TUNEL) analysis was performed using the
ApopTag Fluoresceinin Situ Apoptosis Detection Kit (Millipore, USA) according to the
manufacturer's specifications. Briefly, the brain sections from each group (n=4) were
fixed with 1% paraformaldehyde in PBS for 10 minutes at room temperature and post-
fixed in precooled ethanol: acetic acid solution (2:1) for 5 minutes at -20°C. The sections
were incubated with terminal deoxynucleotidyl transferase at 37°C for 1 hour and
followed by incubation with an anti-digoxygenin conjugate for 30 minutes at room
temperature. Propidium iodide (0.5pug/mL) was added as a nuclear counterstain. The
slides were mounted with mounting medium including antifade. Images were obtained

using a fluorescence microscope under 488 nm fluorescence light (Olympus, Germany).

2.114. Anti-NeuN Staining

To detect the presence of neurons on the mice brain (n=3), 10 pm coronal brain
sections were stained with Anti-NeuN (Cell Signaling Technology, The Netherlands) and
Goat anti-rabbit Alexa Flour 568 (Abcam, Cambridge, UK) secondary antibody.

The slides were put on the ice to provide tissue defrosting slowly. The sections
were washed with 1X PBS for 10 min. Then, they were also blocked in a humidified
chamber with 5% goat serum and 0.3% Triton X-100 in PBS. Anti-NeuN was diluted in
the blocking buffer at 1:50. They were applied overnight at 4 °C in a humidified chamber.
The binding of NeuN was visualized using goat anti-rabbit Alexa Fluor 568 antibody
(1:500) in blocking buffer. It was incubated one hour at room temperature in a humidified
chamber. Finally, slides were washed 4 times with 1X PBS, 5 min each time and mounted
with Fluoroshield mounting medium with DAPI (Abcam, Cambridge, UK) and images

were obtained using fluorescence microscopy (Olympus, Germany).
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2.11.5. Anti-GFAP Staining

To detect the presence of glial fibrillary acidic protein on the mice brain (n=3), 10
um coronal brain sections were stained with Anti-GFAP (Sigma-Aldrich, USA) primary
antibody and Goat anti-mouse Alexa Flour 568 (Abcam, Cambridge, UK) secondary
antibody.

The slides were put on the ice to provide tissue defrosting slowly. The sections
were washed with 1X PBS for 10 min. Then, they were also blocked in a humidified
chamber with 5% goat serum and 0.3% Triton X-100 in PBS. Anti-GFAP was diluted to
1:200 in blocking buffer and applied overnight at 4 °C in a humidified chamber. The
slides were washed three times in PBS, 5 min each time The binding of GFAP was
visualized using goat anti-mouse Alexa Fluor 568 antibody (1:500) in blocking buffer. It
was incubated one hour at room temperature in a humidified chamber. Finally, slides were
washed 4 times with 1X PBS, 5 min each time and mounted with Fluoroshield mounting
medium with DAPI (Abcam, Cambridge, UK) and images were obtained using

fluorescence microscopy (Olympus, Germany).

2.11.6. Anti-CNPase Staining

To detect the presence of oligodendrocytes on the mice brain (n=3), 10 um coronal
brain sections were stained with anti-CNPase primary antibody (Cell Signaling
Technology, The Netherlands) and anti-rabbit Alexa Fluor 488 (Abcam, Cambridge, UK)
secondary antibody.

The slides were put on the ice to provide tissue defrosting slowly. The sections
were covered with 4% paraformaldehyde in 1X PBS for 15 min at room temperature.
Then, they were rinsed three times in 1X PBS form 5 min each. They were incubated with
ice-cold 100% methanol for 10 min at —20°C and rinsed in 1X PBS for 5 min. Lastly,
they were also blocked in a humidified chamber with 5% goat serum and 0.3% Triton X-

100 in PBS. Anti-CNPase (1:100) was diluted in the blocking buffer. They were applied
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overnight at 4 °C in a humidified chamber. The slides were washed three times in PBS, 5
min each time. The binding of CNPase was visualized using goat anti-rabbit Alexa Fluor
488 antibody (1:500) in blocking buffer. It was incubated one hour at room temperature
in a humidified chamber. Finally, slides were washed 4 times with 1X PBS, 5 min each
time and mounted with Fluoroshield mounting medium with DAPI (Abcam, Cambridge,

UK) and images were obtained using fluorescence microscopy (Olympus, Germany).

2.12. Behavioral Analysis

2.12.1. Rotarod Test

WT (n=8), Hexa-/- (n=7), Neu3-/- (n=10), and Hexa-/-Neu3-/- (n=11) mice at 2.5-
months-old of age, WT (n=7), Hexa-/- (n=6), Neu3-/- (n=5), and Hexa-/-Neu3-/- (n=2)
mice at 3.5-month-old of age and WT (n=19), Hexa-/- (n=14), Neu3-/- (n=17), and Hexa-
/-Neu3-/- (n=16) mice at 4.5-month-old of age were subjected to the rotarod test. All mice
were first trained to walk on the rotarod at constant rotation speeds in 5 min. Then, the
session was performed with the rotarod rotating at an incremental speed starting at 4 rpm
and accelerating over a 5 min period up to 40 rpm. The time on the rod will be recorded
with Sedacomv2.0 (Harvard Apparatus, USA). Obtaining the required amount of animals
at the same time is difficult. Therefore, this experiment was done on different experiment

sets and results were put together.

2.12.2. Footprint Test

WT (n=3), Hexa-/- (n=3), Neu3-/- (n=3), and Hexa-/-Neu3-/- (n=4) mice at 4.5-
month-old of age were subjected to the footprint test. The fore and hind paws of WT,

Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were painted with non-toxic ink. Then, the
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mice will be walking on the white paper. Their walking pattern was obtained with the HP
Scanner. In this test, to avoid possible confounding effects in gait abilities due to practice

in other behavioral tasks, a separate set of animals was used.

2.12.3. Grip Strength Measurement Test

2.5-month-old WT (n=5), Hexa-/- (n=5), Neu3-/- (n=4), and Hexa-/-Neu3-/- (n=4)
mice; and 4.5-month-old WT (n=4), Hexa-/- (n=4), Neu3-/- (n=4), and Hexa-/-Neu3-/-
(n=4) mice were subjected to forelimb grip strength test with a Grip Strength Meter (IITC
Life Science, USA). The gauge was reset to 0 g after stabilization, and a mouse was led
to spontaneously grab a T-shaped bar. The connection of the bar to a digital force
transducer allowed quantification of strength as a pull force in grams. The order of mice

tested was randomized, and the inspector was blinded to genotypes of mice.

2.124. Passive Avoidance Test

WT (n=4), Hexa-/- (n=6), Neu3-/- (n=5), and Hexa-/-Neu3-/- (n=6) mice at 2.5-
month-old of age and WT (n=10), Hexa-/- (n=6), Neu3-/- (n=10), and Hexa-/-Neu3-/-
(n=6) mice at 4.5-month-old of age were subjected to the passive avoidance test. The test
was conducted as previously described. The apparatus consisted of a two-compartment
box, a light compartment connected to a dark compartment by a guillotine door. When
the animal stepped into the dark compartment with all four paws, the door was closed and
a 0.2 mA foot shock was delivered for 1s. The latency times for entering the dark
compartment were measured in the training test and the retention test 24 h later. The
maximum entry latency allowed in the retention session was 300s. A Shut Avoid Vol.

1.8 (Harvard Apparatus, USA was used for the experiment.
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2.12.5. Morris Water Maze Test

2.5-month-old WT (n=4), Hexa-/- (n=8), Neu3-/- (n=3), and Hexa-/-Neu3-/-
(n=3) mice; and 4.5-month-old WT (n=6), Hexa-/- (n=3), Neu3-/- (n=3), and Hexa-/-
Neu3-/- (n=3) mice were subjected to Morris Water Maze Test to examine their spatial
memory and hippocampal damage. The test was conducted as previously
described(Calhan and Seyrantepe 2017). The first three days were for acquisition training
with a visible platform (1 cm above the platform) located in a circular pool (diameter,
140 cm; depth, 45 cm) filled with dry milk in water (220C). Each mouse had 60 secs to
reach the platform. Each day, the location of cues and platform were changed and the
mice were released into the water at 3 different locations. Days 4-8 were for reversal
training with an invisible platform (1 below the platform). Each day, platform location
was stable and mice were put into water from 3 different locations and given 90 s to find
the platform. If they exceeded the given time, they were guided and allowed to stay on
the platform for 5 s on the first day. Measurements were acquired with a Sony camera
(SSC-G18) centrally positioned above the water tank. Behavioral differences were
analyzed using the Panlab SMART Video Tracking System v0.3 (Harvard Apparatus,
USA). Animals were allowed to dry under a heat lamp after each trial to avoid

hypothermia, and all experiments were started at the same time each day.

2.12.6. Open Field Test

2.5-month-old WT (n=8), Hexa-/- (n=8), Neu3-/- (n=9), and Hexa-/-Neu3-/-
(n=13) mice; and 4.5-month-old WT (n=15), Hexa-/- (n=10), Neu3-/- (n=15), and Hexa-
/-Neu3-/- (n=17) mice were subjected to open field test. The apparatus for this assay
consisted of a 40x40 cm in surface area and was surrounded from all sides by a 40 cm
transparent wall. A digital camera was mounted directly above the apparatus. Mice were

placed in one of the corners of the open field and allowed to explore undisturbed for 5
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min. Behavioral differences were analyzed using the Panlab SMART Video Tracking
System v0.3 (Harvard Apparatus, USA).

2.13. Statistical Analysis

GraphPad QuickCalcs (GraphPad Software, La Jolla, CA, USA) statistical
software was used for the statistical analysis. All values are expressed as the mean = SEM.
The differences were tested using one-way-ANOVA for behavioral analysis and
immunofluorescence analysis. A p-value of less than 0.05 was considered statistically

significant.

39



CHAPTER 3

RESULTS

3.1. Genotyping of Knockout Mice

The genotypes of WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/-mice were
determined by the PCR with Hexa and Neu3 allele-specific primers (Table 2.2).

Hexa PCR reaction had been carried out with primers HexaF, HexaR, and PGK.
HexaF and HexaR generated a DNA fragment of 420 bp derived from the WT allele while
primers PGK and HexaR generated a DNA fragment of 210 bp derived from the KO allele
(Figure 3.1)

Neu3 PCR reaction had been carried out with primers Neu3F, 552R and 553R.
Neu3F and 553R generated a DNA fragment of 1022 bp derived from WT allele, whereas
551F and 552R generated a DNA fragment of 601 bp derived from the KO allele (Figure
3.1)

Hexa PCR Neuwld PCR

+-  +H+ A +/. +E+ -

001 JLCILL |||'|* = 1022 I-..l-.
S04 bp - 420 bp -

400 bp - 750 bp

30 bp - 210 bp = Gl bp
200 bp - S0 bp

104 bp ~

250 bp-

Figure 3.1. Gel images of Hexa (A) and Neu3 (B) PCR products
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WT, Hexa-/-, Neu3-/- mice strain were produced offsprings. However, it was
realized that Hexa-/-Neu3-/- double deficient mice were mostly infertile. To get Hexa-/-
Neu3-/- mice with high probability, Hexa+/-Neu3-/- female mice were crossed with
Hexa+/-Neu3-/- male mice or Hexa-/-Neu3+/- female mice were crossed with Hexa-/-

Neu3+/- male mice.

3.2. Body Weight Measurement

Body Weight of WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- male and female mice
were recorded per week from 8 weeks to 20 weeks. It was observed that Hexa-/-Neu3-/-
female mice started to lose weight after 17 weeks and continued to lose weight until its
death at the age of nearly 20 weeks (Figure 3.2 A). The body weight ratio of 20-week-
old Hexa-/-Neu3-/- male mice was significantly decreased as 0.70 fold compared to its
age-matched WT male mice (p<<0.0001) (Figure 3.2 B). Similarly, it was determined that
Hexa-/-Neu3-/- male mice started to lose weight after the 15 weeks and continue losing
weight until its death at the age of nearly 20 weeks (p<0.0001) (Figure 3.2 C). The body
weight ratio of 20-week-old Hexa-/-Neu3-/- male mice was decreased as 0.72 fold
compared to its age-matched WT male mice (Figure 3.2 D).

Gross appearance 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice
was obtained (Figure 4E). The difference between the bodies of the mice can be detected
by the eye. The length of Hexa-/-Neu3-/- mice was much smaller than age-matched WT,
Hexa-/-and Neu3-/- mice (Figure 3.2 E).

X-Ray images of 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice
were obtained at EMOT hospital Kahramanlar/ Izmir when they were under anesthesia
(Figure 4H). It was observed that there was a hump on the back of the neck only in the
Hexa-/-Neu3-/-. This means that there were skeletal deformations in the body of Hexa-/-

Neu3-/- (Figure 3.2 F).
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Figure 3.2. Weight measurements of WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- female
(A) and male (C) mice starting from 8 weeks up to 20 weeks. The weight ratio
of 20 weeks old female (B) and male (D) mice according to WT mice. Gross
appearance of 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- male
mouse (E). X-ray images of 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-
/-Neu3-/- male mouse (F) Data show mean = SEM of measurements.
Significant levels of data were determined using the one-way ANOVA.
(*p<0.05, **p<0.025, ***p<0.001 and ****p<0.0001)

42



100 -2 Hexa-/-
- - Hexa-/~Neud-/~
B
F 2]
=
o
= S04
[-F
-
& 254
0 T

0 0 40 o0 B0 100 120 140
Days

Figure 3.3. Survival graph of Hexa-/- and Hexa-/-Neu3-/- mice

It was realized that disease progression was different from mice to mice. Hexa-/-
Neu3-/- double deficient mice have tremors, muscle weakness and an ataxic gait in 5
months of age. Hexa-/-Neu3-/- mice live a maximum of 5 months. Sudden deaths and the
disease symptoms are observed at different times until 5 months of age (Figure 3.3). To
see the progressive effect of GM2 accumulation, mice were analyzed at specific periods.
Tay-Sachs disease phenotypes were tested at 2.5- and 4.5-month-old Hexa-/-Neu3-/-

double deficient mice.

3.3. Thin-Layer Chromatography Analysis

It was known from previous works that there is GM2 accumulation in Hexa-/-
mice brain (Sango et al. 1995; Seyrantepe, Lema, et al. 2010) and SM2a
(gangliotriaosylceramide sulfate) accumulation in Hexa-/- kidney (Sandhoff et al. 2002).
The TLC from liver and testes of Hexa-/- mice has not been carried out. Thin-layer
chromatography analyses were optimized for our laboratory conditions with DEAE
Sephadex A25 Ion Exchange Column. Brain, liver, kidney, and testis of 2.5 and 4.5-

month-old WT, Hexa-/-, Neu3-/-, and Hexa-/-Neu3-/- mice were analyzed.
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Acidic and neutral glycosphingolipids from the brain (Figure 3.4 A), testes (Figure
3.5 A), liver (Figure 3.6 A) and kidney (Figure 3.7 A) of 2.5-and 4.5-month-old WT,
Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were analyzed. 7.5 mg acidic and neutral GSLs
from the brain, 25 mg acidic and 15 mg neutral GSLs from testes and 25 mg acidic and
7.5 mg neutral GSLs from liver and kidney were applied on the TLC plate.

Our results showed that there are differences in both acidic and neutral GSL in the
brain (Figure 3.4), testes (Figure 3.5), liver (Figure 3.6) and kidney (Figure 3.7).

TLC analysis from the brain showed that GM2 and GA2 ganglioside levels
increased in 2.5 and 4.5-month-old Hexa-/- and Hexa-/-Neu3-/- mice compared to WT
and Neu3-/- mice. However, the most affected one was Hexa-/-Neu3-/- mice. Stored GM2
levels in Hexa-/-Neu3-/- mice compared to Hexa-/- mice significantly increased 10 fold
and 13 fold in 2.5 and 4.5-month-old mice, respectively. Hexa-/-Neu3-/- mice also had a
notable increase in accumulated GA2 levels compared to Hexa-/- mice as 1.7 fold and 3.5
fold in 2.5 and 4.5-month-old mice, respectively. All of the results were shown that there
was a progressive increase in the GM2 and GA2 level of 2.5-month-old Hexa-/-Neu3-/-
mice (Figure 3.4 B and C, respectively) and 4.5-month-old Hexa-/-Neu3-/- mice (Figure
3.4 D and E, respectively)

2 different GM2 isoforms were observed only in testes of Hexa-/-Neu3-/- mice.
Age-dependent accumulations of GM2 were observed in Hexa-/-Neu3-/- mice as 2 fold
(Figure 3.5 B and C). GM2 wasn’t detected in WT, Hexa-/- and Neu3-/- mice.

GM2 was detected WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice liver. GM2
level significantly increased in 2.5 and 4.5-month-old Hexa-/-Neu3-/- mice compared to
WT mice as 4.6 fold and 17 fold, respectively. Age-dependent accumulation in the
amount of GM2 was observed in the liver of Hexa-/-Neu3-/- mice. (Figure 3.6 B and C).

Age-dependent accumulation in the amount of GM2 was also observed in the
kidney Hexa-/-Neu3-/- mice (Figure 3.7 B and C).

Thin-layer chromatography analyses of Hexa-/-Neu3-/- mice demonstrated that

GM2 accumulation found in the brain, testis, liver, and kidney of these mice.
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Figure 3.4. TLC images of orcinol-stained acidic and neutral glycosphingolipids from the
brain of 2.5-and 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/-
mice (A). 7.5 mg acidic and neutral GSL from the brain were applied on the
TLC plate. GM2 and GA2 levels were shown in the brain of 2.5- (B and C,
respectively) and 4.5- (D and E, respectively) month-old WT, Hexa-/-, Neu3-
/- and Hexa-/-Neu3-/- mice. Data show mean + SEM of measurements.
Significant levels of data were determined using the one-way ANOVA
(*p<0.05, ***p<0.001 and ****p<0.0001). Arrows indicate the positions of
the ganglioside standards. (n=6 for 4.5-month-old mice and n=4 for 2.5-
month-old mice)
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Figure 3.5. TLC images of orcinol-stained acidic and neutral glycosphingolipids from
testes of 2.5-and 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/-
mice (A). 25 mg acidic and 15 mg neutral GSL from testes were applied on
the TLC plate. GM2 levels were shown in the testes of 2.5- (B) and 4.5- (C)
month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice. Significant levels
of data were determined using the one-way ANOV A ****p<(.0001). Arrows
indicate the positions of the ganglioside standards. (n=3 for 4.5-month-old
mice and n=3 for 2.5-month-old mice)

46



A Liver

Acidic GSL Newbral GSL
LacCor —
LM —
— GME
o=
Ghla —*
GIFlE —
LTI
- o+ £l o - ¥ k 4
= - = = - =
i F 7 i F 3
H :
& =z
1.5 Months
Acidic GEL Nemtral GRL

M

il

Glva
G
GTih

a— LM2

W
ey,
Veus
Newg
W
.,
Neus _,

A3 Munths

Figure 3.6. TLC images of orcinol-stained acidic and neutral glycosphingolipids from the
liver of 2.5-and 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/-
mice (A). 25 mg acidic and 7.5 mg neutral GSL from the liver were applied
on the TLC plate. GM2 level was shown in the liver of 2.5- (B) and 4.5- (C)
month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice. Data show mean
+ SEM of measurements. Significant levels of data were determined using the
one-way ANOVA (*p<0.05, **p<0.025, ***p<0.001 and ****p<(0.0001).
Arrows indicate the positions of the ganglioside standards. (n=3 for 4.5-
month-old mice and n=2 for 2.5-month-old mice)
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Figure 3.7. TLC images of orcinol-stained acidic and neutral glycosphingolipids from the
kidney of 2.5-and 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/-
mice (A). 25 mg acidic and 7.5 mg neutral GSL from the kidney was applied
on the TLC plate. GM2 level was shown in the kidney of 2.5-(B) and 4.5- (C)
month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice. Arrows indicate
the positions of the ganglioside standards. Data show mean = SEM of
measurements. Significant levels of data were determined using the one-way
ANOVA (*¥***p<(.0001). (n=2 for 4.5-month-old mice and n=2 for 2.5-
month-old mice)
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3.4. Mass Spectrometer Analysis

The brains of 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice
obtained with liquid nitrogen and total ganglioside isolation were performed. The isolated
lipids were sent to the mass spectrometry laboratory of Prof. Dr. Roger Sandhoff (Lipid
Pathobiochemistry Group, German Cancer Research Center, Heidelberg, Germany) with
dry ice. Amount of LacCer, GM3, GM2, GM1, GA2 aThe brains of 4.5-month-old WT,
Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice obtained with liquid nitrogen and total
ganglioside isolation were performed. The isolated lipids were sent to the mass
spectrometry laboratory of Prof. Dr. Roger Sandhoff (Lipid Pathobiochemistry Group,
German Cancer Research Center, Heidelberg, Germany) with dry ice. Amount of LacCer,
GM3, GM2, GM1, GA2, and GA1 in the total brain was quantified by mass spectrometric
analysis (Figure 3.8)

According to mass spectrometry analysis of LacCer, GM3, GM2, GM1, GA2,
GAI1 gangliosides, there was an increase in the LacCer, GM3, GM2, GA2 level in 4.5-
month-old Hexa-/-Neu3-/- mice brain compared to age-matched counterparts. Amount of
GM2 (Figure 3.8 A), GA2 (Figure 3.8 B), LacCer (Figure 3.8 C) and GM3 (Figure 3.8
D), significantly increased 49.40, 36.61, 3.19 and 2.43, fold, respectively, in Hexa-/-
Neu3-/- mice brain compared to WT mice brain (Figure 3.8; Table 3.1). There was an
insignificant decrease in the amount of GM1 and GA1 ganglioside as 36% and 16 %,
respectively, in Hexa-/-Neu3-/- mice brain compared to WT mice brain (Figure 3.8 E and
F). The place of gangliosides which is increased or decreased in 4.5-month-old Hexa-/-
Neu3-/- mice brain was shown on the pathway (Figure 3.8 G).

GM2 ganglioside level 11.86 fold increased in Hexa-/- mice and 49.40 fold
increased in the Hexa-/-Neu3-/- mice compared to WT mice. GA2 ganglioside level 9.59
fold increased in Hexa-/- mice and 36.61 fold increased in the Hexa-/-Neu3-/- mice
compared to WT mice. These results showed that sialidase NEU3 had a function on
metabolic bypass by the degradation of GM2 to yield GA2 followed by hydrolysis of the
GalNAc moiety by Hex B to yield LacCer. Therefore, in Hexa-/-Neu3-/- mouse GM2
level increase, nearly a 5-fold increase compared to Hexa-/- mouse. The reason for the

increase in the GA2 level should result from the activity of other sialidases on the GM2
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ganglioside such as Neu4 and Neul.nd GAI in the total brain was quantified by mass

spectrometric analysis (Figure 3.8).
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Figure 3.8. Mass spectrometric analysis of GM2 (A), GA2 (B), LacCer (C), GM3 (D),
GMI1(E) and GA1 (F) in the brain of 4.5-month-old WT, Hexa-/-, Neu3-/- and
Hexa-/-Neu3-/- mice. The place of gangliosides which is increased or
decreased in 4.5-month-old Hexa-/-Neu3-/- mice brain. Data show mean +

SEM of measurements. Significant levels of data were determined using the
one-way ANOVA (*p<0.05, ***p<0.001 and ****p<0.0001)
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3.5. GM2 and Lysosome Staining

To detect the presence of GM2 on lysosomes, 10 um coronal brain sections from
2.5-month-old mice WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were stained by anti-
GM2 antibody and anti-lamp1 antibody. Green signals indicated the presence of GM2,
red signals indicated the presence of lysosomes. Lampl is lysosome-associated
membrane proteins 1. LAMPs are transmembrane proteins with glycosylated luminal
domain and a short cytosolic tail and have a function in the maintenance of the structural
integrity of the lysosomal membrane (Huynh et al. 2007). Yellow signals indicated the
presence of GM2 on lysosomes.

The number of GM2 accumulated neuron cells was significantly increased in

Hexa-/-Neu3-/- mice brain regions, including the hippocampus, cortex, thalamus,
cerebellum, and pons compared to Hexa-/- mice. No GM2 was detected in WT and Neu3-
/- mice.
Abnormal GM2 accumulation was detected in the CA3, CA2 and CA1 hippocampal
region of Hexa-/-Neu3-/- (Figure 3.9 A) compared to Hexa-/- mice. There was an
approximately 7 fold increase in pyramidal cells of the hippocampal region of Hexa-/-
Neu3-/- compared to Hexa-/- mice (Figure 3.9 B).

Approximately 7 fold increase was detected in the primary motor and
somatosensory area of the cerebral cortex of Hexa-/-Neu3-/- mice compared to Hexa-/-
(Figure 3.10 A, B) mice. GM2 accumulation was also observed in the retrosplenial and
secondary motor cortex (data not shown).

Approximately 7.5 fold increase was detected in the thalamus of Hexa-/-Neu3-/-
mice compared to Hexa-/- mice (Figure 3.11 A, B).
Abnormal GM2 accumulation was detected in the Purkinje layer and granular layer of
Hexa-/-Neu3-/- mice compared to readily detectable levels in the granular layer of Hexa-
/- mice. GM2 amount was increased approximately 18 fold in the cerebellum of Hexa-/-
Neu3-/- compared to Hexa-/- mice (Figure 3.12 A, B).

Approximately 7.5 fold increase was detected in the pons of Hexa-/-Neu3-/- mice

compared to Hexa-/- mice (Figure 3.13 A, B).
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Figure 3.9. Immunohistochemistry to detect the lysosomal storage of GM2 ganglioside

in the hippocampus of 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-
Neu3-/- mice. The sections were dual-labeled with anti-GM2
antibody(Green) and anti-LAMP1(Red) antibody. DAPI (Blue) was used to
show the position of the nucleus. Yellow signals indicated the presence of
GM2 on lysosomes. 10x microscopic images were obtained with the Olympus
fluorescence microscope. Histograms show the GM2 (B) and lysosome (C)
level. Data show mean = SEM of measurements. Significant levels of data
were determined using the one-way ANOVA (*¥*p<0.025, ***p<0.001 and
*HX%p<0.0001)
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Figure 3.10. Immunohistochemistry to detect the lysosomal storage of GM2 ganglioside
in the cortex of 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/-
mice. The sections were dual-labeled with anti-GM2 antibody (Green) and
anti-LAMP1(Red) antibody. DAPI (Blue) was used to show the position of
the nucleus. Yellow signals indicated the presence of GM2 on lysosomes.
10x microscopic images were obtained with the Olympus fluorescence
microscope. Histograms show the GM2 (B) and lysosome (C) level. Data
show mean = SEM of measurements. Significant levels of data were
determined using the one-way ANOVA (**p<0.025, ***p<(0.001 and
*H%%p<0.0001)
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Figure 3.11. Immunohistochemistry to detect the lysosomal storage of GM2 ganglioside
in the thalamus of 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/-
mice. The sections were dual-labeled with anti-GM2 antibody (Green) and
anti-LAMP1(Red) antibody. DAPI (Blue) was used to show the position of
the nucleus. Yellow signals indicated the presence of GM2 on lysosomes.
10x microscopic images were obtained with the Olympus fluorescence
microscope. Histograms show the GM2 (B) and lysosome (C) level. Data
show mean £ SEM of measurements. Significant levels of data were
determined using the one-way ANOVA (**p<0.025, ***p<0.001 and
*H%%p<0.0001)
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Figure 3.12. Immunohistochemistry to detect the lysosomal storage of GM2 ganglioside
in the cerebellum of 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-
/- mice. The sections were dual-labeled with anti-GM2 antibody (Green)
and anti-LAMP1(Red) antibody. DAPI (Blue) was used to show the position
of the nucleus. Yellow signals indicated the presence of GM2 on lysosomes.
10x microscopic images were obtained with the Olympus fluorescence
microscope. Histograms show the GM2 (B) and lysosome (C) level. Data
show mean £ SEM of measurements. Significant levels of data were
determined using the one-way ANOVA (**p<0.025, ***p<0.001 and
*H%%p<0.0001)
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Figure 3.13. Immunohistochemistry to detect the lysosomal storage of GM2 ganglioside
in the pons of 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/-
mice. The sections were dual-labeled with anti-GM2 antibody (Green) and
anti-LAMP1(Red) antibody. DAPI (Blue) was used to show the position of
the nucleus. Yellow signals indicated the presence of GM2 on lysosomes.
10x microscopic images were obtained with the Olympus fluorescence
microscope. Histograms show the GM2 (B) and lysosome (C) level. Data
show mean = SEM of measurements. Significant levels of data were
determined using the one-way ANOVA (**p<0.025, ***p<(0.001 and
*H%%p<0.0001)
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The number of lysosomes accumulated neuronal cells were also significantly
increased in Hexa-/-Neu3-/- mice brain regions, including the hippocampus, cortex,
thalamus, cerebellum, and pons compared to WT and single-gene knockout aged-matched
counterparts. According to intensity analysis by Imagel] software, the presence of
lysosomes was much more than the amount of GM2 in the hippocampus (Figure 3.9 C),
cortex (Figure 3.9 C), thalamus (Figure 3.9 C), cerebellum (Figure 3.9 C) and pons
(Figure 3.9 C). Lysosomal accumulation was detected in both Hexa-/- and Hexa-/-Neu3-
/- mice. However, the most severe phenotype was detected in the Hexa-/-Neu3-/- mice
brain. The presence of lysosomes was increased as 68 fold in the hippocampus (Figure
3.9 C), 42 fold in the cortex (Figure 3.9 C), 110 fold in the thalamus (Figure 3.9 C), 33
fold in the cerebellum (Figure 3.9 C) and 23 fold in the pons (Figure 3.9 C) of Hexa-/-

Neu3-/- mice compared to age-matched Hexa-/- mice.

3.6. Transmission Electron Microscopy

In GM2 gangliosidosis patients and animal models, GM2 ganglioside stored in
neurons in the form of concentrically arranged lamellae known as membranous
cytoplasmic bodies (MCBs) (Yamanaka et al. 1994; Lawson and Martin 2016).

Electron microscopic analysis of 4.5-month-old Hexa-/-Neu3-/- mice
demonstrated an abnormal increase in lysosomes, which is a noticeable morphological
marker of neurons that are associated with LSDs. Compared to the WT and single-gene
knockout aged-matched counterparts, Hexa-/-Neu3-/- mice had numerous membranous
cytoplasmic bodies with concentric ring-like structures similar to those reported in GM2

gangliosidosis patients (Figure 3.14).
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Figure 3.14. Transmission electron micrograph of membranous cytoplasmic bodies in
the cortex of WT (A), Hexa-/- (B), Neu3-/- (C) and Hexa-/-Neu3-/- (D)
mice. N: nucleus; L: lysosomes; nu: nucleolus

Membranous cytoplasmic bodies in the neuronal lysosomes were observed in the
Purkinje cells (Figure 3.15 A), granular cell (Figure 3.15 B) and cerebral neuron (Figure
3.15 C, D), similar to those reported in human Tay-Sachs patients (Figure 3.15 A, D).
The inclusions of many small vesicles and complex lamellar structures were also

observed in the kidney and testis samples in Hexa-/-Neu3-/- mice (Figure 3.15 E, F).
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Figure 3.15. Transmission electron micrographs of lysosomal inclusions in cerebellar and

cerebral cortex neurons, testis, and kidney tissues from 4.5-month-old Hexa-
/-Neu3-/- mice. Representative cerebellar tissue micrographs (A, B).
Purkinje cells exhibit numerous cytoplasmic inclusions (A). At high
magnification, a granular cell shows cytoplasmic inclusions with lamellar
membrane structure (B). Representative cerebral tissue micrographs (C, D).
Neurons exhibit numerous cytoplasmic inclusions (C). A possible
degenerating neuron shows cytoplasmic inclusions (D). Representative
testis tissue micrograph. Cytoplasmic inclusions were observed in the
Sertoli cell (E). Representative renal tissue micrograph. A renal tubule cell
near the lumen (L) shows numerous cytoplasmic inclusions (F). These data
are representative of two samples. Cytoplasmic inclusions were indicated
with an arrow. N, nucleus of the Purkinje cell or neuron. S, Sertoli cell
nucleus. L, Lumen of renal tissues. Scale bars: A, 5 um; B, 500 nm; C, 2
pm; D, 2 uym; E, 5 pm; F, 2 um
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3.7. May-Grunwald Giemsa Staining

Total blood was obtained from 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-
Neu3-/- mice tail to detect the presence of lysosomes on lymphocytes and monocytes
cells (Tamura et al. 2010). The vacuolated monocytes were also observed in the peripheral
blood of 4.5-month-old Hexa-/-Neu3-/- mice as GM2 gangliosidosis patients (Figure 3.16
D).

A

Hexa-/-Neu3-/-

Figure 3.16. Blood smear analysis of 4.5-month-old mice to detect lysosomal
accumulation on monocytes. 100x microscopic images were obtained from
WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice blood with the Olympus
light microscope



3.8. Enzyme Activity Assay

The specific activity of Neuraminidase 1, f-Hexosaminidase B, B-Galactosidase,
B-Glucosidase, and a-L-Iduronidase enzymes was measured in the brain of 2.5 and 4.5-
month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- to see the effect of Neu3 deficiency
on Tay-Sachs mouse model.

B-Galactosidase catalyzes the hydrolysis of B-galactosides into monosaccharides
by the breaking of a glycosidic bond that removes galactose from ganglioside GA1, GM1,
lactosylceramides (Kolter 2012). There was genotype depended on an increase in the
activity of B-Galactosidases. The f-Galactosidases activity was decreased in 4.5-month-
old mice compared to 2.5-month-old mice as WT (0,6 fold), Hexa-/- (0.9 fold). It was
increased in 4.5-month-old mice compared to 2.5-month-old mice as Neu3-/- (1.2 fold)
and Hexa-/-Neu3-/- (1,7 fold) (Figure 3.17 A).

B PB-Glucosidase catalyzes the hydrolysis of the glycosidic bonds from
glycoconjugates with the release of glucose. In the ganglioside degradation pathway, it
has function on the cleavage of glucose from glucosylceramide to produce ceramide
(Kolter 2012). B-Glucosidase level increase 1.5 fold only in the 4.5-month-old Hexa-/-
Neu3-/- mice compared to 2.5-month-old Hexa-/-Neu3-/- mice. (Figure 3.17 B).

B-Hexosaminidase B (BP) predominantly cleaves uncharged substrates such as
GA2 and oligosaccharides with terminal N-acetyl-hexosamine (N-acetyl-galactose
amine) residues (Kolter 2012). There was both age and genotype depended increase in
the activity of f-Hexosaminidase B. Enzymatic activity increased in 4.5-month-old mice
compared to 2.5-month-old mice as WT (1.3 fold), Hexa-/- (1.9 fold), Neu3-/- (1.9 fold)
and Hexa-/-Neu3-/- (3 fold) (Figure 3.17 C).

Neuraminidase 1 forms a lysosomal multienzyme complex with protective
protein/cathepsin A (PPCA) and B-galactosidase. It was showed that Neul mostly active
toward sialyloligosaccharides and sialylglycoproteins but it can also hydrolyze some
ganglioside such as GM3 and GD1a and has weak activity toward GM2. Moreover, GM3
and GD3 ganglioside storage were recognized in the visceral tissues of sialidosis
patients (Seyrantepe, lannello, et al. 2010). There was both age- and genotype-depended

increase in the activity of Neuraminidase 1. Enzymatic activity increased in 4.5-month-
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old mice compared to 2.5-month-old mice as WT (1.5 fold), Hexa-/- (1.2 fold), Neu3-/-
(2.4 fold) and Hexa-/-Neu3-/- (4.6 fold) (Figure 3.17 D).
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Figure 3.17. The levels of B-Galactosidase (A), B-Glucosidase (B), f-Hexosaminidase B
(C), Neuraminidase 1 (D) and Iduronidase (E) in the brain of 2.5 and 4.5-
month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice. Data show mean
+ SEM of measurements in three mice. Significant levels of data were
determined using the two-way ANOVA (*p<0.05, **p<0.025, ***p<0.001
and ****p<0.0001)
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a-L-iduronidase has a function in the degradation pathway of glycosaminoglycans
(GAGs), especially two particular GAGs, heparan, and dermatan sulfate.
Mucopolysaccharidosis type I (MPS I), an autosomal recessive disease classified as
lysosomal storage disorder, is caused by the total or partial deficiency of a lysosomal
hydrolase, a-L-iduronidase (IDUA). The absence or the reduced amount of this enzyme
leads to the storage of these GAGs in the cell (Kreutz et al. 2013). Although a-L-
iduronidase does not have a function on the ganglioside degradation pathway, the a-L-
iduronidase level increased genotype depended on the 4.5-month-old mice. Compared to
WT mice, the o-L-iduronidase level increased 1.4 fold in Hexa-/- mice, 2 fold Neu3-/-

mice and 2.8 fold Hexa-/-Neu3-/- mice brain (Figure 3.17 E).

3.9. Effects of GM2 Accumulation to CNS

3.9.1. Hematoxylin and Eosin Staining

10 um coronal brain sections from the cerebral cortex and cerebellum of 4.5-
month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were stained with
Hematoxylin—Eosin to detect tissue morphology (Wada et al. 2000).

Histological evaluation of the Hexa-/-Neu3-/- mice brain revealed that GM2
storage leads to striking vacuolization found in the cerebral cortex (Figure 3.18 D). The
40X microscopic images straightforwardly emphasized this situation. Vacuolization was

not detected WT, Hexa-/-, Neu3-/-mice brain (Figure 3.18).
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Neuld-/- Hexa-/-Neu3-/-

Figure 3.18. Neuropathology in the cortex of 4.5-month-old Hexa-/-Neu3-/- mice
compared with WT, Hexa-/- and Neu3-/- mice with Hematoxylin—Eosin
staining. 20x and 40X microscopic images were obtained with the Olympus
light microscope

Purkinje cells in the cerebellum were significantly affected in the Hexa-/-Neu3-/-
mice compared to the WT and single-gene knockout aged-matched counterparts. The
40X microscopic images have specified this situation. While 4.5-month-old WT, Hexa-/-
and Neu3-/- mice had the normal Purkinje cell layer, Hexa-/-Neu3-/- mice had defected

Purkinje layer (Figure 3.19).
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Neud-/- Hexa-/-Neu3-/-

Figure 3.19. Neuropathology in the cerebellum of 4.5-month-old Hexa-/-Neu3-/- mice
compared with WT, Hexa-/- and Neu3-/- mice with Hematoxylin—Eosin
staining. 10x and 40X microscopic images were obtained with the Olympus
light microscope

3.9.2. Neuronal Death

To detect how the mechanism of apoptosis was affected by the increase in GM2
gangliosides and neuroinflammation in Hexa-/-Neu3-/- mice brain region. Terminal
deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) assays (Millipore
- ApopTag® Fluorescein In Situ Apoptosis Detection Kit) was used to detect apoptosis.
According to the manufacturer of the ApopTag® Fluorescein In Situ Apoptosis Detection
Kit, via the kit, the DNA strand breaks are detected by enzymatically labeling the free 3°-
OH termini with modified nucleotides. Due to the DNA fragmentation, new DNA ends

that are generated in morphologically identifiable nuclei and apoptotic bodies. However,
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normal or proliferative nuclei, which have relatively insignificant numbers of DNA 3'-
OH ends, usually do not stain during the experiment. Both single-stranded and double-
stranded breaks associated with apoptosis are detected.

It was shown that there were elevated levels of cell death in the hippocampus of
Hexa-/-Neu3-/- mice compared to the WT, Hexa-/-, Neu3-/- mice. Green signals were the
indicator of apoptosis. Nuclei were stained with Propidium iodide. It stains the nucleus
red. Green signals come from the nucleus of the apoptotic cells. TUNEL positive neurons
were observed as yellow. It was shown that there were elevated levels of cell death in the
hippocampus and cerebellum of Hexa-/-Neu3-/- mice compared to the WT, Hexa-/-,
Neu3-/- mice (Figure 3.20). It was 9.1 fold in the hippocampus (Figure 3.20 B) and 2.7
fold in the cerebellum (Figure 3.20 C) of Hexa-/-Neu3-/- mice compared to the age-
matched WT mice.

To characterize the number of neuron cells, 10 um coronal brain sections from
2.5- and 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were
immunostained with the anti-NeuN antibody, which recognizes neurons.

There was no significant change in the neuron number of 2.5-month-old Hexa-/-
Neu3-/- mice compared to age-matched control groups in different regions of the central
nervous system. Loss of NeuN immunoreactivity could be explained by neuronal death
in the damaged area of the brain (Gusel’nikova and Korzhevskiy 2015). Although there
was neuroinflammation in the 2.5-month-old Hexa-/-Neu3-/- mice, there was no loss in
neurons (Figure 3.21).

4.5-month-old Hexa-/-Neu3-/- mice showed a loss in neuronal density compared
to age-matched control groups in different regions of the central nervous system. It was
demonstrated that the number of NeuN-positive neurons was significantly reduced in the
cortex as approximately 50% (Figure 3.22 R), in the thalamus as approximately 40%
(Figure 3.22 S), and pons as approximately 50% (Figure 3.22 U) in Hexa-/-Neu3-/- mice
compared to WT mice. In the granular layer of the cerebellum, there was no significant
change in terms of neuronal density (Figure 3.22 T). Thus, the decrease in NeuN

immunostaining is correlated with the increase in the number of apoptotic cells.
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Figure 3.20. The TUNEL assay for 4.5-month-old mice. The sections from the
hippocampus (A, B, C, and D, respectively) and cerebellum (E, F, G, and
H, respectively) of WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were
stained with Terminal deoxynucleotidyl transferase (TdT) as green. Nuclei
are counterstained with Propidium iodide (PI) in red. TUNEL positive
neurons were observed as yellow. Quantification of apoptosis was
determined with colog2 on image for the hippocampus (I), cerebellum (J).
The data are represented as the mean £ SEM. One-way ANOVA was used
for statistical analysis. (*p<0.05, ***p<0.01 and ****p<0.001)
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Figure 3.21. The neuron number of 2.5-month-old mice. The sections from cortex (A, B,
C, and D, respectively), thalamus (E, F, G, and H, respectively), cerebellum
(I, J, K, and L, respectively) and pons (M, N, O and P, respectively) of WT,
Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were stained with anti-NeuN
antibody (red; neuronal marker). Histograms show the quantification of
neuronal density for cortex (R), thalamus (S), cerebellum (T) pons (U).
Scale bar 50 um for cortex and thalamus. Scale bar 100 pm for cerebellum
and pons. The data are represented as the mean = SEM. One-way ANOVA
was used for statistical analysis
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Figure 3.22. The neuron number of 4.5-month-old mice. The sections from cortex (A,
B, C, and D, respectively), thalamus (E, F, G, and H, respectively),
cerebellum (I, J, K, and L, respectively) and pons (M, N, O and P,
respectively) of WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were
stained with anti-NeuN antibody (red; neuronal marker). Histograms show
the quantification of neuronal density for cortex (R), thalamus (S),
cerebellum (T) pons (U). Scale bar 50 um for cortex and thalamus. Scale
bar 100 pm for cerebellum and pons. The data are represented as the mean
+ SEM. One-way ANOVA was used for statistical analysis. (*p<0.05,
*#p<0.025, ***p<0.01 and ****p<0.001)
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3.9.3. Astrocyte Analysis

Activated astrocytes undergo a morphological change as an increase in
intermediate filament expressions like glial fibrillary acidic protein (GFAP) and vimentin.
To visualize the location of astrocytes and presence of astrogliosis, 10 pm brain sections
from WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were labeled with the anti-GFAP
antibody.

Glial fibrillary acidic protein (GFAP) immunohistochemistry revealed strong
astrogliosis in the hippocampus, cortex, and cerebellum of both 2.5 and 4.5-month-old
Hexa-/-Neu3-/- mice compared to age-matched counterparts similar to Tay-Sachs and

Sandhoff patients (Figure 3.23 and 3.24).

3.9.4. Oligodendrocyte Analysis

To characterize how neuroinflammation affected oligodendrocytes, 10 um
coronal brain sections from 2.5- and 4.5-month-old WT, Hexa-/, Neu3-/- and Hexa-/-
Neu3-/- mice at were immunostained with the CNPase antibody, which recognizes
oligodendrocytes.

There was no significant change in the oligodendrocytes cell number of 2.5-
month-old Hexa-/-Neu3-/- mice compared to age-matched control groups (Figure 3.25).

4.5-month-old Hexa-/-Neu3-/- mice showed a loss in the number of CNPase
positive cells compared to age-matched WT, Hexa-/- and Neu3-/- mice. The
oligodendrocytes cell number was significantly reduced in cortex as approximately 45%,
in thalamus and cerebellum as approximately 55%, and pons as approximately 35% in
Hexa-/-Neu3-/- mice (Figure 3.26 D, H, L, and P, respectively) compared to WT mice
(Figure 3.26 A, E, I and M, respectively). The oligodendrocyte cell number was
approximately 30% loss in the cortex of Hexa-/- mice compared to WT mice. In the

thalamus, cerebellum, and pons there were no significant changes in the oligodendrocytes
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cell number of Hexa-/- (Figure 3.26 F, J, and N, respectively) and Neu3-/- (Figure 3.26
G, K, and O, respectively) mice compared the WT mice.

Hippocampus Cortex Cerebellum

DAPI DAPI

Neu3-/- Hexa-/- WT

Hexa-/-Neu3-/-

Figure 3.23. Detection of astrocytes in 2.5-month-old mice. The sections from
hippocampus, cortex, and cerebellum of WT, Hexa-/-, Neu3-/- and Hexa-/-
Neu3-/- mice were stained with anti-GFAP antibody (red) and DAPI (blue;
nucleus)

71



Hippocampus Cortex Cerebellum
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Hexa-/-Neu3-/-

Figure 3.24. Detection of astrocytes in 4.5-month-old mice. The sections from
hippocampus, cortex, and cerebellum of WT, Hexa-/-, Neu3-/- and Hexa-/-
Neu3-/- mice were stained with anti-GFAP antibody (red) and DAPI (blue;
nucleus)
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Figure 3.25. Detection of oligodendrocytes number in 2.5-month-old mice. The sections
from cortex (A, B, C, and D, respectively), thalamus (E, F, G, and H,
respectively), cerebellum (I, J, K, and L, respectively) and pons (M, N, O
and P, respectively) of WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were
stained with anti-CNPase antibody (green; oligodendrocyte marker) and
DAPI (blue; nucleus). Quantification of oligodendrocytes in the
hippocampus (V), cortex (W), thalamus (X), cerebellum(Y) and pons(Z).
Scale bar 50 um for cortex and thalamus. Scale bar 100 pm for cerebellum
and pons. The data are represented as the mean + SEM. One-way ANOVA
was used for statistical analysis
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Figure 3.26. Detection of oligodendrocytes number in 4.5-month-old mice. The sections

from cortex (A, B, C, and D, respectively), thalamus (E, F, G, and H,
respectively), cerebellum (I, J, K, and L, respectively) and pons (M, N, O
and P, respectively) of WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice were
stained with anti-CNPase antibody (green; oligodendrocyte marker) and
DAPI (blue; nucleus). Quantification of oligodendrocytes in the
hippocampus (V), cortex (W), thalamus (X), cerebellum(Y) and pons(Z).
Scale bar 50 um for cortex and thalamus. Scale bar 100 pm for cerebellum
and pons. The data are represented as the mean = SEM. One-way ANOVA
was used for statistical analysis. (*p<0.05, **p<0.025 and ****p<0.001)
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3.10. Behavioral Analysis

3.10.1. Rotarod Test

Rotarod test was used to test used to analyze motor coordination and balance. The
time on the rod was detected. The test was done 2.5, 3.5 and 4.5-month-old WT, Hexa-/-
, Neu3-/- and Hexa-/-Neu3-/- mice.

There was no observable change in the 2.5-month-old mice (Figure 3.27 A). There
was an insignificant decrease in the falling time from the rod in the 3.5-month-old mice
(Figure 3.27 B). The most remarkable decrease was detected in 4.5-month-old mice,
which was correlated with the amount of stored ganglioside. 4.5-month-old Hexa-/-Neu3-
/- mice exhibited a significant decrease in time on rod compared to WT mice as 70%
(p<0.0001) and Neu3-/- mice as 61% (p<0.0001) mice (Figure 3.27 C). What is more,
4.5-month-old Hexa-/- mice also displayed a considerably decrease in time on the rod as
45% compared to WT (p<0.001). All in all, motor coordination and balance was

significantly decrease while Hexa-/-Neu3-/- mice were aging (Figure 3.27).

3.10.2. Footprint Test

Footprint analysis was used to test the motor coordination and balance of the mice.
This analysis evaluated walking pattern (Figure 3.28 A), stride length (Figure 3.28 B),
sway length (Figure 3.28 C) and stance length (Figure 3.28 D) of 4.5-month-old WT,
Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice. When we examined the walking pattern, we
observed that Hexa-/-Neu3-/- mice didn’t step on separately. Stride length, sway length
and stance length significantly decreased as 12% (p<0.025), 36% (p<0.0001) and 20%
(p<0.0001) in Hexa-/-Neu3-/- mice compared to age-matched WT mice.
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Figure 3.27. Rotarod test of 2.5- (A), 3.5- (B) and 4.5- (C) month-old WT, Hexa-/-,
Neu3-/- and Hexa-/-Neu3-/- mice by accelerating speed starting at 4 rpm up
to 40 rpm over a 5 min period. Data show mean £ SEM of measurements.
The number of mice was shown in the parenthesis. Significant levels of data
were determined using the one-way ANOVA (***p<0.001 and
*H%xp<0.0001)
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Figure 3.28. Footprints analysis of 4.5-month-old mice. Walking pattern (A), stride
length (B), sway length (C) and stance length (D) were evaluated for WT,
Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice. Histograms represent
differences in sway length, stride length, and stance length. Data show mean
+ SEM of measurements. Significant levels of data were determined using
the one-way ANOVA (**p<0.025, ***p<0.001 and ****p<0.0001)

3.10.3. Grip Strength Measurement Test

For a more specific measure of muscle strength, grip strength tests were performed
(D’Hooge et al. 2005; Foley et al. 2010). When the forelimbs grip strength measurements
were performed at the 2.5-month-old mice, a little and insignificant difference was

observed in strength between WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice (Figure
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3.29 A). Compared to WT mice, Hexa-/- and Hexa-/-Neu3-/- mice significantly impaired
at 4.5-month-old (87 £4.7 in WT, 56.2 + 6.1 in Hexa-/-, 82 = 11.2 in Neu3-/- and 26.5 +
10.5 in Hexa-/-Neu3-/-). The most dramatic impaired one was the Hexa-/-Neu3-/- mice.
4.5-month-old Hexa-/-Neu3-/- mice showed a 70% decrease in muscle strength compared
to age-matched WT mice (p< 0.025). (Figure 3.29 B). Analysis of Hexa-/-Neu3-/- mice
revealed that Hexa-/-Neu3-/- mice had impaired neuromuscular strength and lack of

coordinated motor control compared with control groups.
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Figure 3.29. Forelimb grip strength of 2.5- (A) and 4.5- (B) month-old mice. Hexa-/-
Neu3-/- mice were compared with age-matched WT and single knockouts
littermates. The data were presented as the mean + SEM. Significant levels
of data were determined using the one-way ANOVA ((*p<0.05, **p<0.025)

3.10.4. Passive Avoidance Test

A passive avoidance test was used to test fear-aggravated learning and memory
on 2.5 and 4.5-month-old WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice. The apparatus

has one light and the other dark, separated by a vertical sliding door. The experiment was
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carried out in three days. On the first day, the mouse was placed in the light compartment
for 30 s. The second day, when the mouse entered the dark compartment, the door was
closed and the mouse was given a 0.2 mA electric shock for 2 s. On the third day, the
mouse was placed again in the lighted section with the door opened to allow the mouse
to move into the dark section. The latency time for stepping through the door was scored.
If there was no damage in the memory of the mice, mice recognize there was an electric

shock in the dark compartment and not enter the dark cage.
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Figure 3.30. Passive avoidance test of 2.5 and 4.5-month-old mice. Hexa-/-Neu3-/- mice
were compared with age-matched WT and single knockouts littermates.
Latencies to enter the dark compartment on the test day were shown. If mice
did not enter the dark compartment within 300 s, the latency time of 300 s
was recorded. Data show mean + SEM of measurements. Significant levels
of data were determined using the one-way ANOVA (****p<0.0001)

Both 2.5-month-old and 4.5-month-old Hexa-/-, Neu3-/- and Hexa-/-Neu3-/- mice
memory was effected compared to WT mice (Figure 3.30). After having previously
received the electric shock through the feet, 2.5-month-old WT, Hexa-/-, Neu3-/- and
Hexa-/-Neu3-/- mice re-entered the dark compartment at the average times: 219 £41.3 s,
203 £ 31.8 s, 132 £ 21.8 s, and 118 = 60 s, respectively. There were no significant

changes.at the average time. These results may show that the younger age group could
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not tolerate light and choose the dark compartment regardless of the 0.2 mA electric
shock, for 2 s (Figure 3.30 A).

The significant difference was observed in the memory of 4.5-month-old WT and
Hexa-/-Neu3-/- mice. Nearly, all the 4.5-month-old WT mice (292.1 + 7.9 s) avoided
entrance into the dark compartment during the 300 s observation period, whereas the
Hexa-/-Neu3-/- mice (19 +33.5 s) re-entered the chamber at an average time of (p<<0.001).
Besides, Hexa-/- and Neu3-/- mice re-entered the chamber in slightly less time than WT
mice (Fig. Figure 3.30 B). These results showed that Hexa-/-Neu3-/- mice display a

significant deterioration in memory function compared with that in other groups.

3.10.5. Morris Water Maze Test

Morris water maze task was used to detect spatial learning and memory deficits.
Both 2.5 and 4.5-month-old Hexa-/-Neu3-/- mice displayed deficits in spatial learning
and memory. We used a two-way ANOVA to analyze the data.
WT (p<0.001), Hexa-/- (p<0.025) and Neu3-/- (p<0.05) mice learned to use the visual
clues to quickly reach the visible platform in the first 3 days, whereas Hexa-/-Neu3-/-
mice took a longer time to swim toward the platform (Figure 3.31 A). All groups initially
had difficulty finding the exact location of the hidden platform on day 4. While WT,
Hexa-/- and Neu3-/- mice groups quickly improved in their ability to find the platform,
both 2.5- and 4.5- month-old Hexa-/-Neu3-/- mice couldn’t be able to learn the location
of the hidden platform (p<0.01 for 2.5-month-old mice; p<0.025 4.5-month-old mice).
2.5-month-old WT, Hexa-/- and Neu3-/- mice and 4.5-month-old WT and Neu3-/- mice
spent continuously decreased time from day one to five until finding the hidden platform
(Figure 3.31 B, D). Latency to target measurements showed that WT, Hexa-/- and Neu3-

/- mice used distal clues more efficiently than Hexa-/-Neu3-/- mice (Figure 3.31 A, B).
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Figure 3.31. Morris water maze test of 2.5- and 4.5-month-old mice. Learning and
memory of mice were tested for WT, Hexa-/-, Neu3-/- and Hexa-/-Neu3-/-
mice. Latency to the visible platform (A-C, respectively) and hidden
platform (B-D, respectively), swim speed (E-F, respectively) and distance
to the target (G-H, respectively) were analyzed at 2.5 and 4.5-month-old
mice. Typical swim patterns of 2.5 and 4.5-month-old mice on Day 8 were
shown (I-J, respectively). Data are presented as means + SEM
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Swimming speeds recorded in the Morris water maze were significantly lower at
2.5-month-old Hexa-/-Neu3-/- (7.8 £ 0.8) mice compared to age-matched WT (18.6 £
1.3, p <0.0001), Hexa-/- (12.7 £ 0.9, p <0.0001) and Neu3-/- mice (10.8 + 1.2, p < 0.05)
(Figure 3.31 E). The swimming speeds were also significantly lower at 4.5-month-old
Hexa-/-Neu3-/- (8.7 £ 0.6) mice compared to age-matched WT (16.8 = 1, p< 0.0001),
Hexa-/- (12 = 0.9, p< 0.001) and Neu3-/- mice (20.2 + 1.3, p = ns) (Figure 3.31 F).
However, the average distance spent to find the target platform was similar in WT, Hexa-
/-, Neu3-/- and Hexa-/-Neu3-/- mice in both 2.5 and 4.5-month-old mice groups (Figure
3.31 G, H).

Typical swim patterns at the final day of the test revealed that both 2.5 and 4.5-
month-old WT, Hexa-/- and Neu3-/- mice used distal clues to find the platform, whereas
both 2.5 and 4.5-month-old Hexa-/-Neu3-/- mice couldn’t able to find the platform. 4.5-
month-old Hexa-/-Neu3-/- mice showed more anxiety-related behaviors compared to the

other mice (Figure 3.31 1, J).

3.10.6. Open Field Test

The 5 min open-field test was performed to measure the level of anxiety for 2.5
and 4.5-month-old mice (13). There was a significant difference between the genotype
without age, with the main significant effect detected between WT and Hexa-/-Neu3-/-
mice. Both 2.5 and 4.5-month-old Hexa-/-Neu3-/- mice showed more anxiety-related
behaviors compared to the other genotypes according to the walking patterns (Figure 3.32
C, D) and the amount of time spent in the periphery (Figure 3.32 A) and the center (Figure
3.32 B) of the open field. Hexa-/-Neu3-/- mice spent most of the time in the periphery of
the open field. Both 2.5 and 4.5-month-old Hexa-/-Neu3-/- mice showed increased in the
spent time in the periphery as 1.2 fold and 1.1 fold, respectively. Additionally, both 2.5
and 4.5-month-old Hexa-/-Neu3-/- mice showed decreased in the spent time in the center

as 80% and 65%, respectively.
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Figure 3.32. Open field test of 2.5- and 4.5-month-old mice. Anxiety was tested for
Hexa-/-Neu3-/- mice compared with age-matched WT and single knockouts
littermates. Time spent in the periphery (A) and the center (B) of the open
field arena in five min were analyzed. The data were presented as the mean
+ SEM. Schematic drawings of the zones and representative traces of 2.5-
(C) and 4.5-(D) month-old mouse movement during the test. Two-way
ANOVA was used for statistical analysis. (*p<0.05, **p<0.025, ***p<0.01
and ****p<(.001)
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CHAPTER 4

DISCUSSION

Tay-Sachs disease, a fatal neurodegenerative disorder, is resulted from are
resulted from impaired degradation of GM2 ganglioside and related substances.
Mutations in the HEXA gene lead to the absence of the lysosomal enzyme [-
Hexosaminidase A enzyme. Hexa-/- mouse was created with complete absence in the
activity of B-Hexosaminidase. However, unlike Tay-Sachs disease patients, there was
limited ganglioside storage in certain regions of the nervous system in the Hexa-/- mice
(Yamanaka et al. 1994; Cohen-Tannoudji et al. 1995; Phaneuf et al. 1996). It was thought
that in these mice there can be a bypass mechanism where accumulated GM2 ganglioside
is hydrolyzed using sialidase(s). Sialidase(s) remove sialic acid from GM2 to form the
glycolipid GA2 which is further processed by B-Hexosaminidase B to produce LacCer
(Phaneuf et al. 1996). To determine if the sialidase NEU3 contributes to GM2 ganglioside
degradation, the double deficient mouse model Hexa-/-Neu3-/- was generated first time
by crossing Hexa-/- and Neu3-/- mice.

Similar to Tay-Sachs patients, Hexa-/-Neu3-/- mice have growth impairment
(Figure 3.2). They are smaller than their littermates throughout their lifespan. This feature
is not present in the Hexa-/- mice (Yamanaka et al. 1994; Cohen-Tannoudji et al. 1995;
Phaneuf et al. 1996). Furthermore, radiographs revealed abnormalities in the skeletal
bones of the Hexa-/-Neu3-/- mice (Figure 3.2 F). Tay-Sachs patients are normal at birth,
but the progressive accumulation of GM2 on the neurons leads to muscle weakness,
skeletal deformations, ataxia, speech, mental disorders and it results in death maximum 4
years of age (Solovyeva et al. 2018). Similarly, Hexa-/-Neu3-/- mice have a high
incidence of sudden death (Figure 3.3) and they live a maximum of 5 months. Therefore,
to see the progressive effects of GM2 accumulation we have planned to do our

experiments at 2.5- and 4.5-month-old mice.
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Hexa-/-Neu3-/- mice were analyzed to see the contribution of sialidase NEU3 to
metabolic bypass on the Tay-Sachs mouse model (Hexa-/-). To understand the biological
role of sialidase NEU3 on glycolipid metabolism thin-layer chromatography analysis was
done on the brain (Figure 3.4 A), testes (Figure 3.5 A), liver (Figure 3.6 A) and kidney
(Figure 3.7 A) of the 2.5- and 4.5-month-old Hexa-/-Neu3-/- mice with its age-matched
counterparts. It was understood that glycolipid metabolism was effected in Hexa-/-Neu3-
/- mice compared to its age-matched counterparts. GM2 and related glycolipids such as
GA2 were progressively accumulated in Hexa-/-Neu3-/- mice brain, liver, kidney, and
testes.

According to mass spectrometry analysis of LacCer, GM3, GM2, GM1, GA2,
GAL gangliosides, there was a significant increase in the LacCer, GM3, GM2, GA2 level
in 4.5-month-old Hexa-/-Neu3-/- mice brain compared to age-matched counterparts
(Figure 3.8). GM2 ganglioside level increased 11.86 fold in Hexa-/- mice and 49.40 fold
in the Hexa-/-Neu3-/- mice compared to WT mice. GA2 ganglioside level increased 9.59
fold in Hexa-/- mice and 36.61 fold in the Hexa-/-Neu3-/- mice compared to WT mice.
The minor accumulation of the GA2 level could result from the activity of other
functional sialidases (s) (Neu4 or Neul) on the GM2 ganglioside. It is also important that
lactosylceramide and GM3 were also accumulated in the brains of 4.5-month-old Hexa-
/-Neu3-/- mice. This could result from a lack of NEU3, which has a role in GM3
degradation (Valaperta et al. 2006). Thin-layer chromatography and mass spectrometry
analysis revealed that sialidase NEU3 is functional on the metabolic bypass of GM2
ganglioside.

The location of enhanced GM2 and lysosomal accumulation was detected in the
hippocampus (Figure 3.9), cortex (Figure 3.10), thalamus (Figure 3.11), cerebellum
(Figure 3.12), and pons (Figure 3.13) by anti-GM2 and anti-lamp1 staining. It was shown
that GM2 was accumulated on lysosomes. There was an increased GM2 amount in the
hippocampus, cortex, thalamus, cerebellum, and pons of Hexa-/- and Hexa-/-Neu3-/-
mice. The most severe phenotype was observed in the Hexa-/-Neu3-/- mice brain.
However, there was no GM2 accumulation on the brain of WT and Neu3-/- mice.

The inclusions of many small vesicles and complex lamellar structures observed
in the kidney and testis samples could be the cause of urinary retention and infertility in

Hexa-/-Neu3-/- mice (Figure 3.15 E, F).

85



Enzyme activity of Neuraminidase 1, B-Hexosaminidase B, f-Galactosidase, -
Glucosidase, and a-L-Iduronidase was analyzed in the mouse brain (Figure 3.17). It was
observed that the activity of all of the enzymes increased compared to its age-matched
counterparts. These could result from the higher accumulation of glycolipids such as
LacCer, GM3, GM2, and GA2 in the brain of Hexa-/-Neu3-/- mouse (Figure 3.8). To
reduce accumulated of glycolipids (LacCer, GM3, GM2, GA2), the enzymatic activity of
Neuraminidase 1, B-Hexosaminidase B, B-Galactosidase, B-Glucosidase which have a
function on the degradation of gangliosides could increase (Figure 3.17 A).

Hematoxylin—Eosin staining of Hexa-/-Neu3-/- mice brain revealed the presence
of remarkable vacuolization in the cortex (Figure 3.18) and Purkinje layer distortion in
the cerebellum (Figure 3.19) due to the GM2 accumulation.

Lysosomal storage disorders cause activation of neuroinflammatory responses in
the CNS (Bosch and Kielian 2015). Studies on GM1 and GM2 gangliosidosis patients
and animal models revealed that ganglioside accumulation results with
neuroinflammation (Wada et al. 2000; Jeyakumar et al. 2003; Vitner et al. 2010). The
response of astrocytes to injury and inflammation is called astrogliosis (Rasband 2016).
In this study, GFAP staining revealed the existence of strong astrogliosis in the
hippocampus, cortex, and cerebellum of 2.5- and 4.5- month-old Hexa-/-Neu3-/- mice
similar to Tay-Sachs and Sandhoff patient (Figure 3.23 and 3.24, respectively).

Activation of astrocytes produces various pro-inflammatory mediators,
chemokines, and cytokines which affect the neurons and oligodendrocytes in the
environments (Peferoen et al. 2014). Here, we showed that 4.5-month-old Hexa-/-Neu3-
/- mice exhibited a significant loss in neuronal density (Figure 3.22) and oligodendrocytes
(Figure 3.26). These results are correlated with TUNEL assay results (Figure 3.20).
However, there was no significant change in the number of neuron and oligodendrocyte
in the 2.5-month-old mice (Figure 3.21 and 3.23).

According to the gene expression profile studies in the cerebral cortex of normal
and GM2 gangliosidosis (Tay-Sachs and Sandhoff) patients, the myelin basic protein
gene, expressed by oligodendrocytes was also significantly depressed (Myerowitz et al.
2002). Sialiated gangliosides, especially GDla and GT1b, are present on the axonal
membrane and interact with the MAG on the periaxonal surface of the myelin membrane

to promoting myelin sheath stability (Jackman et al. 2009). GM2 is also sialic acid-
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containing ganglioside so the accumulation of GM2 could lead to instability of myelin
sheath.

Motor coordination and balance were tested on Hexa-/-Neu3-/- mice with its age-
matched counterparts by the Rotarod test (Figure 3.27) and footprint analysis (Figure
3.28). It was realized that the motor coordination and balance system defected in Hexa-/-
Neu3-/- mice. Motor coordination and balance were decreasing while mice were aging.
This could result from the affected thalamus and cerebellum. Cerebellum has function on
motor control
(Lee et al. 2018). Thalamus has a function in relaying sensory and motor signals from the
cerebellum to the cerebral cortex (Medsker et al. 2015).

Hexa-/-Neu3-/- mice displayed deficits in both spatial and cognitive learning and
memory. It was analyzed by a passive avoidance test (Figure 3.30) and Morris water maze
(Figure 3.31) and. This might be related to abnormal GM2 accumulation in the CA1, CA2
and CA3 hippocampal region (Figure 3.9) and cortex (Figure 3.10), presence of
astrogliosis (Figure 3.23 and 3.24) and loss in significant loss in neuronal density (Figure
3.22) and oligodendrocytes (Figure 3.26). CA1 and CA3 regions make contributions to
spatial or temporal processing of memory (Eichenbaum 2017). Purkinje cells are
especially responsible for spatial navigation (Lee et al. 2018). There was Purkinje cell
depletion in the cerebellum of Hexa-/-Neu3-/- mice (Figure 3.19). Oligodendrocytes are
necessary for myelination and optimal signal transduction in the CNS (Peferoen et al.
2014; Rasband 2016). Consequently, the signal transduction system and memory were
seriously affected in the Hexa-/-Neu3-/- mice.

A passive avoidance test was used to test fear-aggravated learning and memory.
It was observed that both 2.5- and 4.5-month-old Hexa-/-, Neu3-/- and Hexa-/-Neu3-/-
mice memory was stimulated compared to WT mice. However, the most affected one was
4.5-month-old Hexa-/-Neu3-/- mice (Figure 3.30 B). Purkinje cells (PCs) are the only
output neurons of the cerebellar cortex and play pivotal roles in coordination, control, and
learning of movements (Lee et al. 2018). The results obtained from hematoxylin and eosin
staining support the result of behavioral analysis (Figure 3.19).

According to the forelimbs grip strength measurements, there were little and
insignificant differences in the strength of the 2.5-month-old mice WT, Hexa-/-, Neu3-/-
and Hexa-/-Neu3-/- mice (Figure 3.29 A). However, the swimming speed of 2.5-month-

old Hexa-/-Neu3-/- mice was lower than the age-matched control group. For that reason,
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the decrease in the swimming speed should be related to GM2 accumulation on the
cerebellum and pons of Hexa-/-Neu3-/- mice.

The swimming speed was lower in both 2.5- and 4.5-month-old Hexa-/-Neu3-/-
mice compared to age-matched control groups (Figure 3.31 E and F), whereas they move
equal amounts of distance to find the target platform (Figure 3.31 G and H). For that
reason, Hexa-/-Neu3-/- mice couldn’t be able to learn the location of the hidden platform
related to the impairment in the memory (Figure 3.31 B and D).

The presence of anxiety-related behaviors was determined by the open field test.
There was an age-independent significant difference between the genotype. The main
significant effect was detected between WT and Hexa-/-Neu3-/- mice. Both 2.5- and 4.5-
month-old Hexa-/-Neu3-/- mice showed more anxiety-related behaviors compared to the
other genotypes according to the walking patterns and the amount of time spent in the
center and the periphery of the open field (Figure 3.32).

All in all, similar to Tay-Sachs patients, the Hexa-/-Neu3-/- mice have growth
impairment, progressive neurodegeneration, and neurobehavioral abnormalities. A high
incidence of sudden death was also common among the Hexa-/-Neu3-/- mice. In this
study, we verified that the combined disruption of the genes encoding Hexa and Neu3
blocked the degradation of gangliosides and resulted in abnormal accumulation of GM2.
These results are consistent with the existence of a metabolic bypass pathway in mice as

was predicted previously (Phaneuf et al. 1996).
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CHAPTER 5

CONCLUSION

Tay-Sachs disease is a severe lysosomal storage disorder. Mutations in the HEXA
gene lead to a deficiency in the lysosomal enzyme B-Hexosaminidase A enzyme which
converts GM2 to GM3 ganglioside. The progressive GM2 ganglioside accumulation is
observed predominantly in the brain of patients. They appear normal in their inborn time,
but the accumulation of GM2 in the neurons causes unable to sit alone, eye movement
abnormalities, dysphagia, spasms, hypomyelination, and death a maximum of 4 years of
age. Hexa-/- mice were created. However, they have a normal lifespan with no obvious
neurological deficiency. It was hypothesized that there might be bypass mechanism where
stored GM2 ganglioside is degraded to the glycolipid GA2 using sialidase(s), which is
further processed by functional B-Hexosaminidase B. In this study, the double deficient
mouse model Hexa-/-Neu3-/- was generated the first time to explore the contribution of
sialidase NEU3 to metabolic bypass mechanism in the ganglioside degradation pathway.
The Hexa-/-Neu3-/- mice were healthy at birth. However, progressive GM2 accumulation
resulted in a progressive loss in the weight and they lived a maximum of 5 months of age.
In contrast to the mild disease phenotype of the Hexa-/- mouse model (Yamanaka et al.
1994; Cohen-Tannoudji et al. 1995; Phaneuf et al. 1996), the Hexa-/-Neu3-/- mice
demonstrated a lethal early-onset phenotype similar to Tay-Sachs patients.

Thin-layer chromatography and mass spectrometric analysis demonstrated that
there was a huge age depended on GM2 accumulation in the brain. The undegraded GM2
on the lysosomes was detected widespread brain regions including the hippocampus,
cortex, thalamus, cerebellum, and pons. The progressive GM2 accumulation was also
verified on testes, liver, and kidney of Hexa-/-Neu3-/- mice. These results were supported
by the presence of membranous cytoplasmic bodies in the lysosome of the Purkinje cells,
granular cell, cerebral neuron, kidney, and testis similar to those reported in human Tay-

Sachs patients
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The Hexa-/-Neu3-/- mice exhibited progressive neurodegeneration. GM?2

accumulation resulted in cytoplasmic vacuolization in the neuronal cell, Purkinje cell

depletion in the cerebellum and axonal degenerations. Neuroinflammation was also

triggered by a signaling cascade that activates astrocytes, which cause to the age-

dependent loss in oligodendrocytes and neurons in Hexa-/-Neu3-/- mice.

Radiographs revealed the skeletal bone abnormalities were present in Hexa-/-

Neu3-/- mice. Growth impairment, slow movement, tremors, anxiety and age-dependent

weakening in memory and neuromuscular strength were the detectable neurological

abnormalities observed in these mice.

Hexa-/-Neu3-/- mice showed enormous GM2 accumulation, clinical (Table 5.1),

pathological, and biochemical abnormalities similar to Tay-Sachs patients.

Table 5.1. Clinical symptoms in Tay-Sachs patients, Hexa-/- mouse Hexa-/-Neu3-/-

mouse. (Source: Solovyeva et al. 2018; Yamanaka et al. 1994)

Organism

Tay-Sachs patients

Hexa-/- mouse

Hexa-/-Neu3-/- mouse

Symptoms

* Healthy at birth

* Motor weakness

* Epileptic crisis

* Slow body growth

* Muscle weakness

* Delayed mental and
social skills

» Feeding difficulties

* Mental and motor

deterioration

* A fatal outcome by age

2-4 years

* Healthy
* No apparent motor or

behavioral disorders

* Healthy at birth

* Progressive loss in the
weight

* Feeding difficulties

* Skeletal bone
abnormalities

* Growth impairment

* Slow movement

* Tremors

* Anxiety

* Lived maximum of 5

months of age

Tay-Sachs is a rare childhood disease and a limited number of brain autopsy

samples are available. Therefore, the onset and age-dependent morphological changes in

the central nervous system are mainly unknown. The similarity of the Hexa-/-Neu3-/-
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mouse model to Tay-Sachs patients provides an enormous possibility to explore the
pathogenesis and the progressive events resulted from lysosomal dysfunction and
neurodegeneration. The evaluation of molecular therapeutic effects on the central nervous
system would be easily manageable. Various therapeutic options including substrate
deprivation and gene therapy could be investigated with this model.

All of these results showed us, deficiency of sialidase Neu3 in mouse blocks the
biological bypass in the Hexa-/- mouse. Therefore, sialidase Neu3 would have the
therapeutic potential for Tay-Sachs patients. Therefore, overexpression of human
sialidase Neu3 in the Tay-Sachs patient’s fibroblast or neuroglia cells may restore the
disease phenotype (GM2 accumulation). The therapeutic potential of human sialidase
Neu3 would be investigated in the Hexa-/-Neu3-/- mice by generating transgenic mice
which is a double knockout for both Hexa and Neu3 gene and overexpress human
sialidase Neu3.

Different therapeutic options could be tested by targeting sialidase Neu3. For
example, specific drugs could be designed to increase the level of sialidase Neu3 in Tay-
Sachs patients to cure the disease phenotype. Then, the Crispr-Cas9 gene-editing
approach could be used to target the promoter region of hNeu3 and overexpress it in the
patient. Finally, specific drugs could be designed to increase the functionality of human
sialidase Neu3 towards to GM2.

All in all, Hexa-/-Neu3-/- mice were generated the first time to explore the
contribution of sialidase NEU3 to the metabolic bypass mechanism in the ganglioside
degradation pathway. Our results indicated that Hexa-/-Neu3-/- mice could be a suitable

model for early-onset Tay-Sachs disease.
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