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ABSTRACT

INVESTIGATION OF THE BIOLOGICAL ROLE OF MOUSE
ACYLNEURAMINYL HYDROLASE ENZYMES IN THE
REGULATION OF NEUROINFLAMMATION

Sialidosis is a lysosomal storage disorder, and it is inherited by autosomal
recessive mutations in the Neuraminidase 1 (NEU1) gene. Neuraminidases or sialidases
are catalytic enzymes that carry out the desialylation of glycoconjugates. Deficiencies
of neuraminidases lead to the accumulation of sialoglycoconjugates in membranes of
cells. Neuroinflammation and neurodegeneration are present in some lysosomal storage
diseases such as Tay-Sachs. However, in the sialidosis mouse model,
neuroinflammation was never studied. In this study, we investigated the effect of
neuraminidase 1, neuraminidase 3, and their combined deficiency on
neuroinflammation by using Neul”, Neu3” knockout, and Neul”~ Neu3”- double
knockout mouse models. Neul”~ Neu3” knockout mouse model was smaller in
comparison to its littermates and showed muscle weakness, tremoring, and 2-3 weeks
of a lifetime. Some of the Neul”" Neu3” mice died prematurely. To unravel the
pathology immunohistochemical, biological, and chromatographic techniques were
used. The expression of inflammatory cytokines was altered in the Neul”", Neu3”, and
Neul”~ Neu3” mice with respect to the brain section. Neul”~ Neu3” mice showed
generally the highest expression of cytokines in the cerebellum compared to the cortex.
Neuronal loss was observed in the Neul” Neu3” mice in the cortex, thalamus, and
cerebellum. The most remarkable change was in the ganglioside expression pattern in
the Neul”" Neu3” mice cortex. GD3 expression was present in the cortex of Neul”
Neu3” mice where expression of this ganglioside is related to neuroinflammation,

neurodegenerative stimuli, autophagosome remodeling and programmed cell death.

Keywords: Neuroinflammation, Sialidosis, Neuraminidase, Sialidase, Disease

Pathology, NEU1, NEU3, Double Knockout, Transgenic Mouse Models
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OZET

FARE ASILNORAMINIL HIDROLAZ ENZIMLERININ
NOROINFLAMASYONUN DUZENLENMESINDEKI BIYOLOJIK
ROLUNUN ARASTIRILMASI

Sialidoz bir lizozomal depo bozuklugudur ve kalitim1 Neuraminidase 1 (NEU1)
genindeki otozomal resesif mutasyonlarla saglanir. Noraminidazlar veya sialidazlar,
glikokonjugatlarin desialilasyonunu gerceklestiren katalitik enzimlerdir.
Noraminidazlarin eksiklikleri, hiicre zarlarinda sialoglikokonjugatlarin birikmesine yol
acar. Literatiirde Tay-Sachs gibi bazi lizozomal depo hastaliklarinda néroinflamasyon ve
norodejenerasyon goriildiigline dair ¢alismalar vardir. Fakat, siyalidoz fare modelinde,
noroinflamasyon higbir zaman c¢alisilmamistir. Bu ¢alismada, Neul”", Neu3” nakavt, ve
Neul”- Neu3” ¢iftnakavt fare modelleri kullanilarak néraminidaz 1, néraminidaz 3 ve bu
enzimlerin kombine eksikliginin noroinflamasyon iizerindeki etkisini arastirtlmigtir.
Neul”" Neu3” knockout fare modeli, kafesteki kardeslerine kiyasla daha kiigiik bir dis
goriiniis ve kas zayifligi, titreme ve 2-3 haftalik bir yasam siiresi gostermistir. Neul”
Neu3 ¢ift nakavt farelerinden bazilarinda erken 6liim gozlemlenmistir. Bu ¢alismada,
patolojiyi arastirmak i¢in immiinohistokimyasal, biyolojik ve kromatografik teknikler
kullanildi. Enflamatuvar sitokinlerin ekspresyonu, Neul”, Neu3” ve Neul’ Neu3”
farelerinde beyin anatomisine gore farkliliklar gostermistir. Neul”~ Neu3” farelerinin,
kortekse kiyasla genellikle beyincikte en yiiksek sitokin ekspresyonunu gosterdigi
gozlemlenmistir. Ek olarak, Neul”~ Neu3” farelerinde korteks, talamus ve beyincikte
noron kaybi tespit edilmistir. En dikkat ¢ekici degisiklik, Neul”~ Neu3” fare
korteksindeki ~ gangliosid  ekspresyonunda  goriilmiistiir. ~ Noroinflamasyon,
ndrodejeneratif uyaranlar, otofagozom modellenmesi ve programlanmis hiicre dliimii ile
iligkilendirilmis GD3 gangliositinin ekspresyonu, Neul”~ Neu3” farelerinin korteksinde

tespit edilmistir.

Anahtar Kelimeler: Noroinflamasyon, Sialidoz, Noéraminidaz, Sialidaz, Hastalik

Patolojisi, NEU1, NEU3, Cift Nakavt, Transgenik Fare Modelleri
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CHAPTER 1

INTRODUCTION

1.1. Glycans

There are complex carbohydrates that are mostly located in the plasma
membrane. The complex carbohydrates are more recently known as “glycans” (Schnaar,
Gerardy-Schahn, and Hildebrandt 2014; Brandley and Schnaar 1986; Reily et al. 2019).
The building block of glycans is modified monosaccharides. Acetylation, methylation,
sialylation, and sulfation of the monosaccharides lead to the formation of diverse
structures and characteristics of glycans (Bhavanandan and Gowda 2014).

The addition of monosaccharides to proteins or lipids is called “glycosylation”
(Reily et al. 2019). Glycosylation of the proteins gives rise to the two glycan
subcategories: N-glycans and O- glycans. O-glycans are formed by a glycosidic bond
between hydroxyl groups of monosaccharides and hydroxyl groups of a protein’s serine
or threonine residues (Bhavanandan and Gowda 2014). N-glycans are complex
carbohydrates that have a pentasaccharide structure involving 3 mannose and 2 N-acetyl-
D-glucosamine (GlcNAc) residues attached to proteins by asparagine (Asn) residues

(Bhavanandan and Gowda 2014).

1.1.1. Sialic Acids (Neuraminic Acids)

The specific function of a glycan is determined by the monosaccharide that the
glycan terminated with (Schnaar, Gerardy-Schahn, and Hildebrandt 2014). Sialic acids
are one of the most common monosaccharides that are attached to the end of the glycan
chains of N-glycans, O-glycans, and glycosphingolipids (Figure 1.2) (Varki and Schauer
2009; Schnaar, Gerardy-Schahn, and Hildebrandt 2014). The acetylation of the 5-amino-
3,5-dideoxy-D-nonulosonic acid which is a monosaccharide of 9 carbons leads to the
formation of N-acetylneuraminic acid (NANA, NeuAc) where glycolylation of the

monosaccharide acid leads to the formation of N-glycolylneuraminic acid (NeuGc)

1



(Bhavanandan and Gowda 2014). Modification (e.g., acetylation) of these resulting acids
NeuAc and NeuGc give rise to the sialic acid family where more than 50 members are
known (Bhavanandan and Gowda 2014; Varki and Schauer 2009). Humans do not utilize
NeuGce due to a mutation in the Cytidine-5'-monophospho-N-acetylneuraminic acid
(CMP-NeuAc) hydroxylase gene and other mammals that are able to synthesize NeuGec,
suppress the expression of NeuGe in their nervous tissue (Suzuki 2006).

The binding of sialic acids to their acceptor glycoconjugate is carried out by the
enzymes called sialyltransferases (STs) (Schnaar, Gerardy-Schahn, and Hildebrandt
2014). More than 20 sialyltransferases are known and they are subdivided into four
categories according to their glycosidic bond formation type: ST3Gal, ST6Gal,
ST6GalNAc, and ST8Sia where they form a2-3, a2-6, or a2-8 bonds between sialic
acids and glycoconjugates (Schnaar, Gerardy-Schahn, and Hildebrandt 2014). The

removal of sialic acid residues is catalyzed by the sialidase (neuraminidase) family.

1.2.  Glycoconjugates in Eukaryotes

Glycosylation leads to the formation of glycoconjugates. Glycoconjugates are
known as proteins or lipids that are covalently linked to complex glycans. Various
glycoconjugates are located at the cell surface in eukaryotes and they can be further
divided into three categories: glycoproteins, glycolipids, and proteoglycans (Schnaar,
Gerardy-Schahn, and Hildebrandt 2014). Figure 1.1. illustrates the glycoconjugates
residing in the extracellular space.

The glycoconjugates at the extracellular space of a cell form a coat that is known
as glycocalyx (Figure 1.2.) where the coat encompasses the cell membrane of all cells
(Mockl 2020). The glycocalyx is a fundamental structure that has vital roles in cell-cell
interactions, embryogenesis, modulating the permeability of the blood-brain barrier, and
adhesion of the adaptive immune system cells and nerve cells (Puchwein-Schwepcke,
Genzel-Boroviczény, and Nussbaum 2021; Jin et al. 2021; Crocker, Paulson, and Varki

2007; Brandley and Schnaar 1986).
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Figure 1. 1. Glycan moieties at the extracellular space
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Figure 1. 2. The glycocalyx.
Source: (Schnaar, Gerardy-Schahn, and Hildebrandt 2014)

Phospholipids at the cell membrane allow the maximum number of hydrophobic

interactions where negatively charged ions provide space for maximum hydrophilic

interactions by attracting water molecules (Singer and Nicolson 1972). Therefore, glycans

are selected by evolution to be located predominantly at the glycocalyx due to their

negatively charged and unique structure that is sensitive to the slightest change and

hydrophilic nature that allows them to expand into the extracellular space (Schnaar,

Gerardy-Schahn, and Hildebrandt 2014).



1.2.1. Glycosphingolipids

Glycolipids are formed by the addition of glycans to lipids and are mostly
comprised of a glycolipid subclass called glycosphingolipids (Schnaar and Kinoshita
2015). Glycosphingolipids are abundantly encountered in cell membranes as a lipid raft
constituent from simple organisms to much more complex organisms such as humans
(Kopitz 2017; Schnaar and Kinoshita 2015). They take part in the initiation of signal
transduction and cell adhesion (Kopitz 2017). The backbone of glycosphingolipids is
either lipid moieties sphingosine or ceramide which is attached to a glycan (Yu et al.
2011). The glycan residues determine the function of the glycosphingolipid (Kopitz
2017). Their simplest structure is based on a linkage between ceramide and a
monosaccharide galactose (Schnaar and Kinoshita 2015).

Glycosphingolipids are characterized by their core carbohydrate structure as;
globoside, isogloboside, ganglioside, isoganglioside, lactoside, neolactoside,
lactoganglioside, mucoside, galaside, neogalaside, molluside, arthroside, schistoside, and
spirometoside (Yu et al. 2011). Common core structures of glycosphingolipids are

depicted in Figure 1.3.

Root Structure Trivial name Symbol Sequence *
Globo (Gb) Gala — 4Galf1 — 4GlcCer | Globotriaosylceramide GbOse;Cer 0@ @ —Cer
GalNAcp1 — 3Galad — 4Galf1 — 4GlcCer | Globotetraosylceramide GbOse4Cer b gt @i er
Isoglobo (iGb) Galel — 3Galp1 — 4GlIcCer | Isoglobotriaosylceramide | iGbOsesCer O er
GalNAc/H1 — 3Galed — 3Galf1 — 4GIcCer | Isoglobotetraosylceramide | iGbOse,Cer O — er
Muco (Mc) Galp1 — 4Galp1 — 4GlIcCer | Mucotriaosylceramide McOse;Cer 0 @ ‘@ —Cer
Galp1 — 3Galf1 — 4Galp1 — 4GIcCer | Mucotetraosylceramide McOse,Cer 1.3 @514 @614 er
Lacto (Lc) GIcNAc1 — 3Gal1 — 4GlIcCer | Lactotriaosylceramide LcOsesCer Laggiis or
Galp1 — 3GIcNAcS1 — 3Galf1 — 4GIcCer | Lactotetraosylceramide LcOse,Cer er
Neolacto (nLc) | Galf1 — 4GIcNAcS1 — 3Galf1 — 4GIcCer | Neolactotetraosylceramide | nLcOse,Cer 1.4 1.3 @ 1.4 er
Ganglio (Gg) GalNAc/1 — 4Galf1 — 4GIcCer | Gangliotriaosylceramide | GgOse;Cer @@ —Cer
Galf1 — 3GalNAcS1 — 4Galp1 — 4GlcCer Gangliotetraosylceramide | GgOsesCer .u_:.u'w_‘._c er
Gala (Ga) Galel — 4GalCer | Galabiosylceramide GaOse,Cer @@—Cer
Galol — 4Galad — 4GalCer | Galatriaosylceramide GaOse;Cer Q@@ Cer

Figure 1. 3. Common core structures of glycosphingolipids

Source: (Kopitz 2017)

The dynamic and flexible structure of the cell membranes is dependent on the de

novo biosynthesis of glycoconjugates. Glycosphingolipids undergo degradation and
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synthesis with a rapid turnover rate. In non-dividing cells, cell surface degradation

halftime is 1 hour (Tettamanti 2004).

1.2.2. Gangliosides

Gangliosides are the glycosphingolipid class that is abundant in the brain and are
involved in various cellular processes such as cell-cell interaction (Yu et al. 2011). They
contain sialic acid residues bound to the inner galactose within their ceramide-tailed
structure (Sipione et al. 2020). Gangliosides that contain zero sialic acid residues are
known as “asialo-series gangliosides”, one sialic acid residue as “a-series gangliosides”,
two sialic acid residues as “b-series gangliosides”, and three sialic acid residues as “c-
series gangliosides” (Yu et al. 2011).

Gangliosides mostly reside in the extracellular part of the cell membrane and in
the nuclear membrane. They are also found in microdomains of plasma membranes such
as lipid rafts and caveolae (Yu et al. 2011).

Gangliosides are mostly synthesized by the addition of sialic acid residues to
LacCer. However, there are also gangliosides synthesized from another
glycosphingolipid known as GalCer (Yu et al. 2011). GA2, GA1, GM1b, and GD]1c are
a member of the asialo-series gangliosides whereas GM3, GM2, GM1 GDla, and GT1a
are a-series gangliosides, GD3, GD2, GD1b, GT1b, GQ1b are b-series gangliosides and
GT3, GT2, GTlc, GQlc, and GP1c are c-series gangliosides (Yu et al. 2011).

In a differentiating neuron, the number of gangliosides increases until it fully
differentiates (Prinetti et al. 2001). In the embryonic brain of wild-type mice, GM3 and
GD3 gangliosides are abundant whereas in the adult brain 97% of the gangliosides are
GM1, GDla, GDI1b, and GT1b (Yu et al. 1988; Ngamukote et al. 2007).

Besides contributing to the cellular interactions, gangliosides participate in
various processes. By forming a complex with myelin-associated glycoprotein (MAQG),
GD1a and GT1b gangliosides are involved in the protection and regeneration of axons
and also in the intercommunication between axons and myelin (Yang et al. 1996;
Pshezhetsky and Ashmarina 2018). GD3 ganglioside is involved in the preservation of
the stem cell niche in the brain and induction of neurogenesis by interacting with
epidermal growth factor receptor (EGFR) (Wang and Yu 2013; Pshezhetsky and
Ashmarina 2018). On the other hand, the accumulation of GD3 ganglioside is observed



in the cells that are undergoing apoptosis through death receptor activation (Garofalo et

al. 2015).
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Figure 1. 4. The ganglioside biosynthesis
Source: (Sipione et al. 2020)

The gangliosides are synthesized in Golgi and ER (Kolter, Proia, and Sandhoff
2002) and recycled from the plasma membrane to initiate de novo ganglioside
biosynthesis (Tettamanti 2004). The mechanism of ganglioside biosynthesis is illustrated
in Figure 1.4.

Endo/lysosomal network participates in the de novo synthesis of gangliosides.
The turnover rate of the de novo biosynthesis is dependent on a number of concepts: the
enzymes involved in the metabolic pathway, an external signal that initiates the
degradation of the gangliosides, endo/lysosomal metabolic flux, and the nature of the cell
as dividing or nondividing (Tettamanti 2004).

The degradation of the gangliosides is catalyzed by neuraminidase 1-4, and
glycosidases (Figure 1.5). Glycosidases cooperate with protein cofactors known as
sphingolipid activator proteins Saposins A, B, C, D and GM2 activator protein (GM2Ap)
(Li et al. 2001).
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NEU1l and NEU3 sialidases can degrade GM2 and GM3 into asialo
glycosphingolipids (Seyrantepe et al. 2003). Removal of galactose residues from GM1 is



catalyzed by B-galactosidase enzyme (O'Brien 1975). The conversion of GM3 to LacCer
is carried out by NEU3 (Monti et al. 2010). GM2 to GM3 conversion is catalyzed by [-
N-acetylhexosaminidase A (Hex A), and GM2AP (Li et al. 2001). The sialidase NEU3
catalyzes the removal of sialic acid residues from GM2. The resulting ganglioside GA2
from this reaction is further hydrolyzed by the enzyme -N-acetylhexosaminidase B (Hex
B) into sphingolipid derivatives (Demir et al. 2020; Yuziuk et al. 1998).

1.3. Neuraminidases

Neuraminidases or sialidases remove terminal sialic acid residues from
glycoconjugates. There are four major families of neuraminidases found in mammalians
so far which are NEU1, NEU2, NEU3, and NEU4 (Monti et al. 2010). Neuraminidases
are known to be differentially expressed through the development (Hasegawa et al. 2001).

1.3.1. NEU1

NEU1 is known as the lysosomal sialidase and it is located at the lysosomal
membrane and lumen (Lukong et al. 2001). Activation of NEUI requires the formation
of a multienzyme complex with three other enzymes: Cathepsin A, B-galactosidase, and
N-acetylgalactosamine-6-sulfatase (Lukong et al. 2001; Pshezhetsky and Ashmarina
2001; Timur, Demir, and Seyrantepe 2016). The dissociations of these complex
inactivate NEU1 (Miyagi and Yamaguchi 2012). NEU1 preferably hydrolyzes the a2-3
and a2-6 glycosidic bonds (Monti et al. 2010). Additionally, NEU1 acts as an integral
membrane-bound protein and is transferred into the endo/lysosomal network by an
interaction between adaptor protein 3 (AP-3) and a tyrosine-based internalization signal
at the C-terminus (Lukong et al. 2001; Monti et al. 2010). In humans, NEU1 is
differentially expressed in various organs such as the brain, kidney, liver, testis, and also
in cells of the immune system such as macrophages and T cells (Monti et al. 2010). NEU1
has the highest expression among other sialidases, and it is located at chromosome 6p
21.3 in humans (Miyagi and Yamaguchi 2012). In murine species, it is located at

chromosome 17 (Miyagi and Yamaguchi 2012).



NEUT1 participates in various processes such as the synthesis of IL-4, and IFN-y
(Seyrantepe et al. 2003; Nan, Carubelli, and Stamatos 2007), activation and
differentiation of adaptive immune system cells (Landolfi et al. 1985; Seyrantepe et al.
2003; Liang et al. 2006; Stamatos et al. 2010), elastin metabolism (Starcher et al. 2008;
Seyrantepe et al. 2008; Bocquet et al. 2021), TLR2, TLR3, and TLR4 activation (Amith
et al. 2009), phagocytosis in macrophages (Seyrantepe et al. 2010), immune cell adhesion
(Miyagi and Yamaguchi 2012), cancer pathogenesis (Garcia-Dominguez et al. 2022; Lv

et al. 2020) and suppression of cancer cell migration and adhesion (Uemura et al. 2009).

1.3.2. NEU2

NEU2 is known as the cytosolic sialidase and preferably recognizes the a2-3
glycosidic bonds in oligosaccharides, glycoproteins, and gangliosides (Monti et al. 2010;
Miyagi and Yamaguchi 2012). NEU2 can catalyze the sialic acid removal from various
glycoconjugates at an almost neutral pH (Miyagi and Yamaguchi 2012). The cytosolic
sialidase exhibits low affinity to o2-6 and «2-8 glycosidic bonds present in
sialoglycoconjugates (Monti et al. 2010). In humans, NEU2 is expressed much lower than
in other neuraminidases and is located at chromosome 2q 37 (Miyagi and Yamaguchi
2012). In murine species, NEU2 is located at chromosome 1 (Miyagi and Yamaguchi

2012). NEU2 participates in muscle and cancer cell differentiation (Monti et al. 2010).

1.3.3. NEU3

NEU3 is known as the plasma membrane sialidase due to its cis-acting and trans-
acting features that allow the removal of sialic acid residues at the plasma membrane and
also in the plasma membrane of neighbor cells (Monti et al. 2010). It recognizes and
hydrolyzes the a2-3 and a2-6 glycosidic bond faster than a2-8 bond (Miyagi and
Yamaguchi 2012). NEU3 is located at chromosome 11q 13.5 in humans and at
chromosome 7 in murine species (Miyagi and Yamaguchi 2012).

NEU3 participates in the regulation and maintenance of membrane
microdomains, neuronal cell differentiation, axon growth and regeneration, muscle cell

differentiation, and apoptosis (Monti et al. 2010; Miyagi and Yamaguchi 2012).



1.3.4. NEU4

NEU4 sialidase catalyzes the removal of sialic acid residues in mitochondria,
lysosomal lumen, and endoplasmic reticulum (Seyrantepe et al. 2004; Miyagi and
Yamaguchi 2012). Two isoforms of NEU4 exist in humans: long isoform NEU4L
localized in mitochondria and short isoform NEU4S localized in internal membranes
(Seyrantepe et al. 2004; Monti et al. 2010; Yamaguchi et al. 2005). Both the two isoforms
are expressed in muscles, brain, and kidney while NEU4S is mainly expressed in the
colon and liver (Lipnicanova et al. 2020).

NEU4 participates in hydrolyzation of mucins (Seyrantepe et al. 2004), neuronal
differentiation, apoptosis, and cell adhesion (Miyagi et al. 2018).

1.4. Neuroinflammation

Although the brain is included in immune-privileged organs, this does not
necessarily indicate that the brain is not capable of manifesting an immune response. A
recent study that rediscovered brain meningeal lymphatic vasculature shows that the
transportation of antigens and immune cells from the inflamed area of the brain to the
nearby lymph node is carried out through this vasculature (das Neves, Delivanoglou, and
Da Mesquita 2021).

If neuroinflammation cannot be contained and resolved, it leads to chronic
inflammation. During an acute inflammatory response, several changes in the tissue are
observed which are increased blood flow to the affected area, vessels becoming more
permeable, and leukocyte migration into the tissue (Roitt, Brostoff, and Male 2001).
However, inflammation in the brain and spinal cord cannot be consistent and
standardized. The immune response differs according to the region that is affected, and
the duration, intensity, and timing of the response (Bosch and Kielian 2015). A transient
immune response might be neuroprotective while a chronic inflammation in the central
nervous system (CNS) could have detrimental effects such as inflammatory mediator and
cytokine release, apoptosis-inducing signals, and a neurotoxic environment formation
(Bosch and Kielian 2015). Since neurons are in the post-mitotic phase and are not able to

divide, such a chronic inflammatory response would be irreversible.
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The cells of the nervous system can be divided into two categories: neurons and
glial cells. Glial cells comprise astrocytes, oligodendrocytes (macroglia), and microglia.
The immune response of the brain is primarily induced by microglia, astrocytes,
endothelial cells, and blood-derived monocytes (DiSabato, Quan, and Godbout 2016).
The activation of microglia (microgliosis) and astrocytes (astrogliosis) through sensing
the damage-associated molecular patterns (DAMPs) or pathogen-associated molecular
patterns starts the neuroinflammatory response in the brain (Bosch and Kielian 2015).

Microglia are one of the non-neuronal cell types in the brain which senses stress
signals PAMPs and DAMPs released from dying neurons and phagocytose the cell debris.
They are derived from myeloid lineage (Chan, Kohsaka, and Rezaie 2007) and express
toll-like receptors (TLRs) and pathogen recognition receptors (PRRs) to survey CNS for
PAMPS and DAMPs (Lyman et al. 2014; Hanke and Kielian 2011). Microglia releases
cytokines and chemokines in order to induce migration of blood circulating leukocytes
into the inflamed brain section such as IL-1a, IL-1p, IL-3, IL-5, IL-6, TNF-o. (McGeer
and McGeer 1995). They also secrete reactive oxygen and nitrogen intermediates
(McGeer and McGeer 1995).

Astrocytes together with pericytes, endothelial cells, basement membrane, and
glycocalyx construct the blood-brain barrier (Jin et al. 2021). When astrocytes are
activated, they also release cytokines like microglia. For instance, they secrete IL-1, IL-
6, IL-8, IL-10, IFN-a, IFN-B, TNF-a, TGF-B, CCL2, CCL3, CCL4, CCLS5, CCL20,
CXCL10, and CXCL12 (Meares and Benveniste 2014). Activated astrocytes are
identified by a morphologic change involving increased expression of intermediate
filaments: glial fibrillary acidic protein (GFAP) and vimentin (Bosch and Kielian 2015;
Meares and Benveniste 2014). In chronic neuroinflammation, neurotrophic support

provided by astrocytes to neurons is disrupted (Lee and MacLean 2015).

1.5. Lysosomal Storage Diseases

Lysosomal storage diseases (LSD) are characterized by mutations in the genes that
disrupt lysosomal homeostasis. In LSDs, the disease pathogenesis is caused by excess
storage of glycoconjugates in the lysosomes resulting from deficiencies in the lysosomal
enzymatic proteins or lysosomal enzymes (Platt et al. 2018). Nearly all LSDs are inherited

autosomal recessively except Fabry and mucopolysaccharidosis (MPS) type II which
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exhibit X-linked inheritance (Meikle et al. 1999) and the incidence rate is 1:5000 (Bosch
and Kielian 2015; Platt et al. 2018). LSDs are mostly diagnosed in infants or children, but
the adult onset of the disease is also present (Platt, Boland, and van der Spoel 2012).

LSDs are named according to the storage molecule and onset of the disease such
as congenital, infantile, late-infantile, juvenile, and adult-onset. The onset of the LSD is
dependent on the chemical structure of the storage molecule and characteristics of the
mutation that is concerning the activity of the mutant protein (Platt et al. 2018).

In almost all LSDs central nervous system (CNS) pathology is present. For
example, neurodegeneration and neuroinflammation are observed in some LSDs such as
Tay-Sachs (Demir et al. 2020; Seyrantepe et al. 2018), mucopolysaccharidoses I, 111, IIIA,
IIIB, IIIC, and VII (Ohmi et al. 2003; Wilkinson et al. 2012; Martins et al. 2015; Archer
et al. 2014). However, disease prognosis differs related to the affected region of the CNS
(Platt, Boland, and van der Spoel 2012). The factors that affect LSD prognosis are the
ability of each neuronal population in the CNS to synthesize different amounts of
glycoconjugates, sensitivity to storage of a CNS cell in the affected region, and the effect
of storage glycoconjugate on the CNS cell (Platt, Boland, and van der Spoel 2012). In
general, CNS pathology involving neuroinflammation in LSDs may result from a
combined collaboration of cytokines and chemokines released from astrocytes and
microglia, the presence of reactive oxygen and nitrogen species, infiltration of leukocytes,
innate immune system elements, loss of lysosomal function that leads to the release of
lysosomal enzymes into the cytosol, DAMPs released from dying neurons, disruption of
glutamate homeostasis, interruption of Ca"" homeostasis, abnormal mitochondrial
function, increase in the blood-brain barrier permeability, and loss of endoplasmic
reticulum function that leads to unfolded protein response (UPR) (Lyman et al. 2014;
Meares and Benveniste 2014; Bosch and Kielian 2015; Di Vito, Donato, and Tomassoni

2017; Platt, Boland, and van der Spoel 2012).

1.5.1. Sialidosis

Sialidosis is a lysosomal storage disease (LSD) that is very rare and inherited
autosomal recessively by mutations in the NEU1 gene located at chromosome 6p21.3.
There are 34 mutations identified in the NEU1 gene that causes sialidosis (Seyrantepe et

al. 2003).
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Sialidosis can be classified into two types according to the onset of the disease:
Type I and Type II. In Type I sialidosis where symptoms are manifested in late-onset, the
disease progresses in mild conditions. Type I sialidosis is diagnosed by the cherry-red
spots in the patients, seizures, overreactive reflexes, ataxia, myoclonus movements, and
ophthalmologic symptoms (Seyrantepe et al. 2003). In Type II sialidosis which is the
early-onset form of the disease, the symptoms are more severe than in Type I sialidosis.
Type II patients suffer from mental defects, visceromegaly, skeletal changes resembling
Hurler syndrome (dysostosis multiplex), and sialoglycoconjugates in the urine
(Seyrantepe et al. 2003; de Geest et al. 2002).

Neuraminidase 1 is known as the lysosomal sialidase, and these mutations result
in the storage of sialoglycoconjugates in the lysosome and cause lysosomal homeostasis
disturbance. The disturbance in the lysosomal homeostasis leads to lysosomal function
disruption, lipid body generation, disturbance in the lysosomal membrane structure, and
finally release of the lysosomal content into cytoplasm such as cathepsins, hydrolases and
metabolites (Pereira et al. 2010; Futerman and van Meer 2004). The lysosomes that are
deformed by excessive storage can be identified as DAMPs during immune surveillance
and lead to the initiation of neuroinflammation (Futerman and van Meer 2004; Platt,

Boland, and van der Spoel 2012).

1.5.2. Sialidosis Mouse Model

The sialidosis mouse model is created by insertion of LacZ/PGK/neo expression
cassette into exonl of the Neul gene (de Geest et al. 2002). Neul”" mice showed
vacuolization in the adaptive immune system cells except for neutrophils (de Geest et al.
2002). The weight of the Neul”" mice was 25% lighter than their littermates and they
were sterile after 10 weeks of age. Additionally, Neul”~ mice exhibit splenomegaly, and
bone deformities resembling Type II sialidosis patients (de Geest et al. 2002). The lifetime
of Neul” mice differs between 8 months and 12 months of age (de Geest et al. 2002).
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1.6. Aim of the Study

We hypothesize that there is an involvement of the neuroinflammatory
modulators in the disease progression of sialidosis since CNS pathology is observed in
many LSDs. Thus, the aim of this study is to unravel the effect of lysosomal sialidase
neuraminidase 1 and plasma membrane sialidase neuraminidase 3 deficiency in
neuroinflammation and elucidate if there is a change in the expression of
glycosphingolipid subclass gangliosides in mouse brain. To accomplish that, Neul”,
Neu3”, and Neul”~ Neu3”" mouse models are investigated for the presence of

neuroinflammation.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Animals

Neul”mice and Neu3”" mice that are used in this study were a kind gift from Dr.
Alessandra d’Azzo (Genetics Department, Comprehensive Cancer Center, St. Jude
Graduate School of Biomedical Sciences, Tennessee, USA) and Dr. Taeko Miyagi
(Miyagi Cancer Center Research Institute, Natori, Japan), respectively.

The transgenic Neul” mice are created by insertion of LacZ/PGK/neo
expression cassette into exonl of the Neul gene (de Geest et al. 2002). The genetically
modified Neul gene results in a truncated version of the neuraminidase 1 (de Geest et al.
2002), rendering the gene functionless in mice.

The transgenic Neu3” mice are generated by insertion of the PGK/neo/bpA and
DT-A expression cassettes into exon3 of the Neu3 gene to interfere with the coding region
of the gene (Yamaguchi et al. 2012).

Neul”- Neu3” mice are bred by crossing NeuI "~ mice with Neu3" mice to
generate the heterozygous genotype pups since Neul” mice are sterile. Then, the
generation inbred with each other to obtain female and male pups that have the following
genotype: Neul ™ Neu3"™-. However, by crossing Neul- Neu3*- mice with each other,
the probability of producing a pup that has Neul”" Neu3” genotype is 1/16. Therefore,
mice with Neul™" Neu3” genotype are mated with each other to generate desired
genotypic characteristics. The probability of obtaining Neu/”" Neu3” mice with the
crossing mentioned earlier is 1/4 which is 4 times higher than 1/16. Table 2.1 illustrates
the breeding scheme in detail.

All the mice that are used in this study are housed and maintained at the Izmir
Institute of Technology Experimental Animal Facility where animal well-being is
considered highly significant. The facility is accredited by the Turkish Council on Animal
Care (TCAC). Mice are kept under constant room temperature (25°C) and 12-hour
day:12-hour night cycle, complying with regulations of TCAC. As a mating combination,

a polygamous trio is chosen, 2 female mice and a male mouse were present per cage.
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Table 2. 1 Breeding scheme of Neul*" and Neu3” mice

¢ 3
P Neul" Neu3** X Neul"* Neu3”
1/2 Neul™" Neu3*"
1/2 Neul™* Neu3*"
? 3
F1 Neul"" Neu3*" X Neul" Neu3*"
1/16 Neul* Neu3*'*
2/16 Neul™* Neu3*"
1/16 Neul™ Neu3”
2/16 Neul™” Neu3™*
4/16 Neul™" Neu3*"
2/16 Neul" Neu3"
1/16 Neul” Neu3"*
2/16 Neul” Neu3""
1/16 Neul” Neu3”"
¢ 3
F2 Neul"" Neu3” X Neul"" Neu3”"
1/4 Neul™* Neu3”
2/4 Neul" Neu3"
1/4 Neul” Neu3”"

16



2.2. Genotyping of Mice

The confirmation of the genotypes that WT, Neul”-, Neu3”, and Neul”~ Neu3"
mice have was done by applying DNA isolation protocol to 2 mm length clipped tails of
the weaned mice and then conducting PCR experiments on the extracted DNA’s. The

protocols that are mentioned earlier are explained in detail below.

2.2.1. DNA Isolation

250 pl Tissue Lysis Buffer (10% 1M Tris pH 7.6, 2.5% 0.2M EDTA, 20% SDS,
4% 5M NaCl) and 6 ul Proteinase K (25 pg/ul, Sigma-Aldrich) is transferred to the
Eppendorf tubes that contain 2 mm length clipped tails of the mice. Samples are placed
in an orbital shaker incubator for overnight incubation where the temperature and
rotational speed are set to 55°C and 75 RPM, respectively. After overnight incubation,
samples are centrifuged at 13000 RPM for 10 minutes at RT. The supernatants are
transferred into fresh Eppendorf tubes and 250 pl 2-propanol is added to each tube. Then,
each tube is gently shaken until DNA precipitate is visible to the naked eye. With a help
of a pipette tip, the DNA precipitates are transferred to their new Eppendorf tubes, where
the new tubes contain 250 pl 70% ethanol. After that, samples are centrifuged for 1
minute at the max speed of the centrifuge at RT (e.g., 15000 RPM), then supernatant is
discarded. The remaining pellets are air-dried at the orbital shaker incubator for 15-20
minutes at 55°C and 75 RPM. Then, 100 pl dH>O is transferred to the samples, and
samples are placed back in the orbital shaker incubator for 1 hour at 55°C and 75 RPM.

Samples are stored at -20°C fridges until use.

2.2.2. Polymerase Chain Reaction (PCR)

The genotypes of the mice used in this study are determined by PCR. The
sequences of primers that are used for genotyping are indicated in Table 2.2.

Extracted DNAs from tails of WT and mutant Neul alleles are genotyped by
adding 100 ng extracted DNA, 0.4 uM MNTG-1 (Forward Primer), 0.4 uM MNTG-2
(Forward Primer), 0.4 uM LacZ (Reverse Primer), 0.4 mM dNTPs, 1.25 units of Taq
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Polymerase, 10X Reaction Buffer and 2 mM MgCl: in a reaction mixture comprising of
50 pl. The PCR condition for the WT and mutant Neul alleles was: 1 cycle x 3 min at
94C; 30 cycles x 30 sec at 94°C; 30 cycles x 30 sec at 58.1°C; 1 cycle x 2 min at 72°C;
and 1 cycle x 10 min at 72°C.

Extracted DNAs from tails of WT and mutant Neu3 alleles are genotyped by
adding 100 ng extracted DNA, 0.4 uM Neu3 (Forward Primer), 0.4 uM 552 (Reverse
Primer), 0.4 uM 553 (Reverse Primer), 0.4 mM dNTPs, 2.5 units of Taq Polymerase, 10X
Reaction Buffer and 3 mM MgCl; in a reaction mixture comprising of 50 pl. The PCR
condition for the WT and mutant Neu3 alleles was: 1 cycle x 3 min at 94 C; 30 cycles x
45 sec at 94 C; 30 cycles x 30 sec at 56 C; 1 cycle x 3 min at 72°C; and 1 cycle x 10 min
at 72°C.

Table 2. 2 Primer sequences for genotyping

Gene Primer Primer Sequence
MNTG-1
5’-GACAGGGATCGCCGGGAGCTATGG-3’
Forward
MNTG-2
Neul 5’-CACCAGGCTGAAGTCATCCTCTGC-3°
Forward
LacZ
5’-GATAGGTTACGTTGGTGTAGATGGGCG-3’
Reverse
Neu3
5’-AAGCAGAGAACATTCTTGAGAGAGCACAGC-3’
Forward
552
Neu3 5’-TCGTGCTTTACGGTATCGCCGCTCCCGATT-3’
Reverse
553
5’-GTGAGTTCAAGAGCCATGTTGCTGATGGTG-3’
Reverse

2.3. Mouse Tissue Procedures

Soft and fixed brain tissues of the mice involved in this study are isolated by certain

procedures. The detailed methods for those procedures are explained in this section.
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2.3.1. Dissection of the Mouse Brain

For gene expression and lipid analyses, soft brain tissues of 3-4 weeks old W7,
Neul”, Neu3”, and Neul’- Neu3” mice are collected and dissected. Mice were initially
sacrificed by CO2 and then death is confirmed by cervical dislocation. A small cut is made
by a scissor at the base of the mouse skull and excess skin is removed. Muscle tissues are
removed from the base of the skull and a small cut along the line of sagittal suture is made
with a scissor. Then, the parietal and frontal bones of the skull are removed by pointed
dissecting forceps. After that, the mouse brain is collected and placed on ice for
dissection. First, the brain is dissected into left and right hemispheres, and then the left
and right cortex, cerebellum, thalamus, and hippocampus are collected with the help of a
dissecting spatula. After dissection, samples are treated with liquid nitrogen, transported,
and stored in a -80C freezer immediately. The anatomy of the mouse cortex and

cerebellum is depicted in Figures 2.1 and 2.2.

Figure 2. 1. Coronal section and anatomical annotations of mouse cortex from
the Allen Mouse Brain Atlas. The cortex region is highlighted in
dark green and hippocampal CAl, CA2, and CA3 regions are
highlighted in light green.

Source: (2014; Oh et al. 2014; Harris et al. 2019; Lein et al. 2007), mouse.brain-

map.org and atlas.brain-map.org
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Figure 2. 2. Coronal section and anatomical annotations of mouse cerebellum
from the Allen Mouse Brain Atlas. The fiber tracts are highlighted
in gray, and the cerebellar cortex is highlighted in shades of
yellow. The cerebellar nuclei fastigial nucleus (FN), interposed
nucleus (IP), and dentate nucleus (DN) were annotated.

(Source: (2014; Oh et al. 2014; Harris et al. 2019; Lein et al. 2007), mouse.brain-
map.org and atlas.brain-map.org)

2.3.2. Mouse Transcardial Perfusion and Fixation of the Brain

For immunohistochemical and histochemical analyses, 10 pm sections from
fixed brain tissues of 3-4 weeks old WT, Neul”", Neu3”, and Neul” Neu3” mice are used.
4% Paraformaldehyde (PFA, dissolved in 1X PBS) and 0.9% NaCl (physiological saline
solution) are prepared to perform the fixation protocol. The mouse to be fixated is
anesthetized by intraperitoneal injection with a ketamine and xylazine mixture which is
calculated in proportion to its weight. Then, the mouse was placed and stabilized on the
perfusion stage to enable easy access to the peritoneal cavity. After that, a small incision
to the abdomen of the mouse was done with scissors. Then, the peritoneum was grabbed
with blunt forceps and cut to reveal the chest wall. The diaphragm of the mouse was
removed carefully to expose the heart. The rib cage was cut carefully in a line that is
parallel with the lungs. Then, the heart was incised at the right atrium to decrease the
blood flow pressure. Approximately 10-15 ml of physiological saline solution was

perfused through the mice at the left ventricle to exsanguinate the mouse. After that, 10
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ml of 4% PFA was perfused to fixate the mouse. Then, the brain was collected by
removing the parietal and frontal bones carefully. After transcardial perfusion, the
collected brain was incubated in 4% PFA for 24 hours. When fixation was completed, the
brain was treated with increasing concentrations of sucrose dissolved in 1X PBS to
cryopreserve the tissue. The brain was incubated at 10%, sucrose for 2 hours at 4 C, 20%
sucrose for 2 hours at 4°C, and 30% sucrose for 24 hours at 4 C, gradually. Finally, the
brain was embedded in a tissue cassette containing Optimal Cutting Temperature (OCT)
compound where this embedding procedure was done in a dry ice box (-80 C). Frozen

samples stored at -80 °C freezer until tissue sectioning.

2.3.3. Tissue Sectioning

10 um sections from fixed and frozen brain tissues were cut coronally by using
a cryostat (Leica CM 1850 UV, Germany). Tissue sections are transferred to poly-L-lysine
coated slides at -20 C and then immediately stored at -80C freezer.

2.4. Total RNA Isolation

Cortices and cerebella of 3—4 weeks old WT, Neul”", Neu3”, and Neul” Neu3™"
mice are used for total RNA isolation. Firstly, the samples were homogenized with tissue
grinding beads by using a ball mill homogenizer (Retsch MM 400, Germany). During
homogenization, 750 ul and 500 ul Riboex (Geneall, Korea) were used for RNA isolation
of the cortex and cerebellum, respectively. After tissues were homogenized, they were
incubated at RT for 5 mins. Then, they were centrifuged at 12000 x g for 10 mins at 4 C.
Per 1 ml of Riboex that was used, 200 pl chloroform was transferred to the supernatants
of the samples after centrifugation. Then, samples were shaken gently and incubated at
RT for 2 mins. After that, the samples are centrifuged at 12000 x g for 15 mins at 4 C.
Centrifugation results in the phase separation of RNA, DNA, and proteins, respectively.
Therefore, the transparent fluid at the upper side of the Eppendorf tube contains total
RNA. The upper phase was collected, and then 500 pl 2-propanol was added per 1 ml of
Riboex. The samples were gently inverted a few times and then incubated at RT for 10
mins. After incubation, the samples were centrifuged at 12000 x g for 10 mins at 4 C, and

subsequently, 2-propanol was removed. Then, 1 ml of 75% ethanol was added per 1 ml
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of Riboex to wash RNA samples. After that, the samples are centrifuged at 7500 x g for
5 mins at 4°C. Then, 75% ethanol was removed, and the samples were air-dried for 15
mins. 50 ul RNAse-free water was added to the samples and then, they were placed in a
55 C water bath for 15 mins to dissolve. The concentrations of the samples were measured

by nanodrop spectrometer (NanoPhotometer N50, Implen, Germany).

2.5. c¢DNA Synthesis

The extracted RNAs were converted into cDNAs by using EvoScript Universal
cDNA Master Kit (Roche, Switzerland). 10 pl reaction mixture comprising 2 pl reaction
buffer, 1 pul enzyme mixture, and 7 pl mixture of 1250 ng/ul RNAs and RNAse-free water
were used to generate 125 ng/ul cDNAs. Thermal cycler conditions for the cDNA
synthesis were 15 minutes at 42°C; 5 minutes at 85°C; 15 minutes at 65C. After the
reaction was complete, the concentration of the cDNAs was diluted to 50 ng/ul with

RNAse-free water.

2.6. Real-Time Polymerase Chain Reaction (RT-PCR)

The relative mRNA expression analyses were performed on cDNAs of 34
weeks old WT, Neul”", Neu3”, and Neul”~ Neu3” mice. The internal control gene was
selected as the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene. The
sequences of the primers that are used for gene expression analyses are stated in Table
2.3.

LightCycler® 480 SYBR Green I Master Mix Kit (Roche, Switzerland) was used
for performing RT-PCR experiments. The relative gene expression levels were
determined in a 20 pl reaction mixture comprising 50 ng/pl cDNAs, 0.4 uM primers, and
10 pl 1X Roche LightCycler 480 SYBR Green I Master Mix. The PCR conditions were
1 cycle x 10 minutes at 95°C; 45 cycles x 20 seconds at 95°C, 15 seconds at 57°C, and
22 seconds at 72°C.
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Table 2. 3 The primers that are used in RT-PCR gene expression analyses

Gene Primer Primer Sequence
Gfap-F 5’-AGTTAACATGCAAGAGACAGAG- 3’
CEAP Gfap-R 5’-TAGTCGTTAGCTTTCGTGCTTG- 3’
CCL2-F 5’-ATGCAGTTAATGCCCCACTC- 3’
ccL CCL2-R 5’-TTCCTTATTGGGGTCAGCAC- 3’
MIP-1a-F 5’-TCTGTACCATGACACTCTGC- 3’
ceLs MIP-1a-R 5’-AATTGGCGTGGAATCTTCCG- 3’
RANTES-F 5’-AGTGCTCCAATCTTGCAGTC- 3’
ccLs RANTES-R 5’-AGCTCATCTCCAAATAGTTT- 3’
Mag-F 5’-TACAACCAGTACACCTTCTCGG- 3’
MAG Mag-R 5’-ATACAACTGACCTCCACTTCCG- 3’
GAPDHF 5’-CCCCTTCATTGACCTCAACTAC- 3’
GAPDH GAPDH R 5’-ATGCATTGCTGACAATCTTGAG- 3’

2.7. Immunohistochemistry Analyses

PFA-fixed cortices and cerebella of 3—4 weeks old WT, Neul”", Neu3”, and
Neul” Neu3” mice are used for immunohistochemistry analyses. The 10 pm coronal
brain sections were mounted on poly-L-lysine coated microscope slides. The images
obtained from these immunochemistry analyses were taken by a DP73 camera (DP73,
Olympus Corporation, Germany) which is connected to a light microscope (Bx53,

Olympus Corporation, Germany).

2.7.1. anti-GFAP Staining

The samples were placed in a humidity chamber consisting of a petri dish
covered with wet tissue and incubated for 20 minutes on ice and 3-4 minutes at the orbital
shaker incubator at 55 °C to allow the samples to reach RT. Then, the samples were placed

in a staining dish containing 1X PBS and washed 3 times for 5 minutes. After that,
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samples were incubated for 1 hour at a blocking buffer consisting of 10% goat serum and
0.2% Tritonx-100 dissolved in 1X PBS. Then, the samples were incubated overnight at
primary antibody GFAP (1:200) at 4°C. The following day, the samples were washed 3
times with 1X PBS for 5 minutes. After that, the samples were incubated for 1 hour at
secondary antibody goat anti-rabbit Alexa Fluor 568 (1:500, Abcam, USA) at RT. Then,
the samples were washed 3 times with 1X PBS for 5 minutes. Finally, Fluoroshield

mounting medium with DAPI (Abcam, USA) was used for mounting the slides.

2.7.2. anti-MBP Staining

The samples were placed in a humidity chamber consisting of a petri dish
covered with wet tissue and incubated for 20 minutes on ice and 3-4 minutes at the orbital
shaker incubator at 55 °C to allow the samples to reach RT. Then, the samples were placed
in a staining dish containing 1X PBS and washed for 15 minutes. After that, samples were
incubated for 1 hour at a blocking buffer consisting of 10% goat serum, 0.3% Tritonx-
100, 2.3% glycine, and 4% BSA dissolved in 1X PBS. Then, the samples were incubated
overnight at primary antibody MBP (1:50) at 4°C. The following day, the samples were
washed 3 times with 1X PBS for 5 minutes. After that, the samples were incubated for 1
hour at secondary antibody goat anti-rabbit Alexa Fluor 488 (1:500, Abcam, USA) at RT.
Then, the samples were washed 3 times with 1X PBS for 5 minutes. Finally, Fluoroshield

mounting medium with DAPI (Abcam, USA) was used for mounting the slides.

2.7.3. anti-NeulN Staining

The samples were placed in a humidity chamber consisting of a petri dish
covered with wet tissue and incubated for 20 minutes on ice and 3-4 minutes at the orbital
shaker incubator at 55 °C to allow the samples to reach RT. Then, the samples were placed
in a staining dish containing 1X PBS and washed for 10 minutes. The samples were
incubated in ice-cold acetone for 15 minutes and washed with 1X PBS 2 times for 5
minutes each. After that, samples were incubated for 1 hour at a blocking buffer
consisting of 10% goat serum, 0.3% Tritonx-100, 2.3% glycine, and 4% BSA dissolved
in 1X PBS. Then, the samples were incubated overnight at primary antibody NeuN (1:50)
at 4°C. The following day, the samples were washed 3 times with 1X PBS for 5 minutes.
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After that, the samples were incubated for 1 hour at secondary antibody goat anti-rabbit
Alexa Fluor 568 (1:500, Abcam, USA) at RT. Then, the samples were washed 3 times
with 1X PBS for 5 minutes. Finally, Fluoroshield mounting medium with DAPI (Abcam,

USA) was used for mounting the slides.

2.8. Histological Analysis

PFA-fixed cortices and cerebella were used to investigate morphological
characteristics of 3—4 weeks old WT, Neul”", Neu3"", and Neul”- Neu3"~ mice. The images
obtained from these histological analyses were taken by a DP73 camera (DP73, Olympus
Corporation, Germany) which is connected to a light microscope (Bx53, Olympus

Corporation, Germany).

2.8.1. Hematoxylin & Eosin Staining

The samples were placed in a humidity chamber consisting of a petri dish covered
with wet tissue and incubated for 20 minutes on ice and 3-4 minutes at the orbital shaker
incubator at 55 °C to allow the samples to reach RT. The samples were placed in a staining
dish and washed with dH>O for 2 minutes. Then, the samples were incubated with
hematoxylin (Merck, Germany) for 3 minutes. Excess hematoxylin on the slides was
initially removed by washing the samples for 5 minutes in dH2O, then running tap water
for 5 minutes. After that, the samples are treated with 1% HCI in 70% ethanol for 30
seconds to render differentiation. Then, the samples are washed in running tap water for
5 minutes and with dH2O for 2 minutes, respectively. The slides were counterstained with
eosin (Merck, Germany) for 1 minute and dehydrated two times with 95% ethanol and
100% ethanol for 2 minutes each. Finally, the slides were mounted with Cytoseal XYL

(Thermo Fisher, USA) and covered with cover-glass.

2.9. Glycosphingolipid Analysis

The soft cortex tissues from 3—4 weeks old WT, Neul”, Neu3”, and Neul”

Neu3”~ mice were used for glycosphingolipid analysis. Neutral and acidic
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glycosphingolipids were isolated from the samples and then loaded into a silica plate
separately to perform thin-layer chromatography. The results were scanned by HP

Scanner.

2.9.1. Isolation of Glycosphingolipids

50 mg cortex tissues were weighed, placed into borosilicate tubes, and
homogenized in 1 ml dH2O by using Ultra Turrax Homogenizer (IKA, Germany). Then
the homogenates were sonicated 3 times for 30 seconds with an ultrasonic homogenizer
(Bandelin, Germany). After that, the samples were placed on top of a heater which was
set to 55 °C, and water in the samples was evaporated with N> gas. 3 ml acetone was
transferred into tubes, and the samples were gently vortexed. Then, the samples were
centrifuged for 5 minutes at 2000 RPM. The supernatants were discarded. The samples
were treated with acetone 2 times. After that, 1.5 ml Chloroform: Methanol: Water
(10:10:1) was transferred into tubes, and the samples were gently vortexed. Then, the
samples were centrifuged for 5 minutes at 2000 RPM. The supernatants were collected in
neutral tubes by using glass Pasteur pipettes carefully to not disturb the pellet. The
samples were treated with Chloroform: Methanol: Water (10:10:1) 3 times. Subsequently,
3 ml Chloroform: Methanol: Water (30:60:8) was transferred into tubes, and the samples
were gently vortexed. Then, the samples were centrifuged for 5 minutes at 2000 RPM.
The supernatants were continued to be collected in the same neutral tubes. The samples
were treated with Chloroform: Methanol: Water (30:60:8) 3 times. The resulting fluid

comprises total glycosphingolipids; neutral and acidic.

2.9.2. DEAE Sephadex A-25 Resin and Ion-Exchange Column

Preparation

DEAE Sephadex A-25 (A=anionic) is used as the stationary phase of the column
chromatography assay. The resin contains positively charged Diethylaminoethyl
cellulose residues. Negatively charged acidic glycosphingolipids are trapped in the resin
by interacting with positively charged residues where neutral glycosphingolipids flow

through. Since gangliosides are negatively charged glycosphingolipids this method of
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separation is highly effective to collect neutral glycosphingolipids and gangliosides
separately. DEAE Sephadex A-25 (GE Healthcare) that is used for this experiment was
in the chloride form. In order to accomplish a successful separation of the neutral
glycosphingolipids and gangliosides, it is converted into acetate form.

1 g of DEAE Sephadex A-25 resin was swelled by washing it three times in
Chloroform: Methanol: 0.8M sodium acetate (30:60:8) 3 times. After overnight
incubation at RT, the resin was washed with Chloroform: Methanol: Water (30:60:8) 3
times and stored at RT until usage.

Glass wool was washed with Chloroform: Methanol: Water (30:60:8). Then, the
columns (225 mm Pasteur pipettes) were plugged with glass wool to prevent the resin
from flowing through. After that, the columns were washed with Chloroform: Methanol:

Water (30:60:8) 3 times and then, one time with Chloroform: Methanol: Water (10:10:1).

2.9.3. Separation of Neutral and Acidic Glycosphingolipids

Total glycosphingolipids that were extracted earlier are mobile phase and they
were transferred into the columns. After total glycosphingolipids flowed, 4 ml methanol
was transferred into the columns. The fluid that was collected contained the neutral
glycosphingolipids and they were evaporated with N> gas at 55 °C immediately after
collection.

The acidic glycosphingolipids were trapped in the resin. Therefore, they were
collected by disrupting the interaction between the positively charged resin and
negatively charged glycosphingolipids. 5.5 ml 0.5M potassium acetate (dissolved in
methanol) was transferred into the columns and then the acidic glycosphingolipids were
collected in a fresh tube. Since acidic glycosphingolipids that are collected contained
potassium salt, they were desalted by Supelclean LC18 SPE 100 mg columns. The
Supelclean columns were prepared by washing them with 2 ml methanol and then 2 ml
0.5M potassium acetate. After that, the samples were transferred into the columns and the
salt was removed by passing through the column. The acidic glycosphingolipids that are
contained within the column were washed with 10 ml dH20 to remove the remaining salt.
Then, acidic glycosphingolipids were collected by transferring 4 ml methanol and after
methanol, 4.75 ml Methanol: Chloroform (1:1). Finally, the acidic glycosphingolipids
were evaporated by N> gas at 55 °C.
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2.9.4. Thin Layer Chromatography (TLC)

TLC tank was washed with dH>O and Chloroform: Methanol: Water (30:60:8)
solution. Then, Chloroform: Methanol: 0.2% CaCl, (dissolved in dH,O) (60:35:8)
solution was prepared as the TLC solvent. After that, the tank was incubated for 2.5 hours
to allow the equilibrium of the solution.

As a TLC plate, TLC Silica Gel 60 glass plate 20x20 cm was used. Before usage,
the plate was heated at 90 °C for an hour. After the plate was cooled off, the neutral and
acidic glycosphingolipid samples were loaded in the plate by using Linomat V (CAMAG,
Switzerland). The samples were dissolved in 100 pl Chloroform: Methanol: Water
(10:10:1) and loaded into the plate one at a time. 11 cm was chosen as a retention factor,
and it is marked on the plate. After that, the plate was placed into the tank carefully
without causing any wave-like motion of the solvent. After the solvent reached 11 cm,
the plate was removed carefully to be visualized by orcinol staining.

Orcinol was prepared in a diffuser with 11.25 ml dH>O, 3.75 ml H>SOs4, and
0.06g g orcinol, respectively. First, dH>O and H>SO4 were mixed and allowed to be cooled
off since it is an exothermic reaction. Finally, orcinol was added and then sprayed to the
plate from approximately 30 cm distance. The plate was visualized at 120 °C by a TLC
heater (CAMAG, Switzerland). Finally, when the bands were visible, it is removed from

the heater and scanned by HP Scanner.

2.10. Statistical Analyses

The statistical analyses were performed by utilizing Graphpad Prism 7 Software
(Graphpad Software, USA). One-way ANOVA test was used for the analyses of RT-PCR
and immunohistochemistry experiments. Standard Error of Mean (SEM) was used to
calculate the variability of the data and statistical significance was demonstrated as a p-

value of less than 0.05.
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CHAPTER 3

RESULTS

3.1. Genotyping of Mice

By using Neul and Neu3 specific primers (Table 2.2), the genotypes of WT, Neul”

, Neu3”, and Neul”" Neu3” mice were confirmed (Figure 3.1).

A B

Ladder +/- +/+ /-
[ |

Figure 3. 1. Neul and Neu3 PCR Products

The genotype of the homozygous Neul allele was confirmed by a DNA fragment
of 180 bp, and the nullizygous Neul allele was confirmed by a DNA fragment of 400 bp.

The genotype of the homozygous Neu3 allele was confirmed by a DNA fragment
of 1022 bp, and the nullizygous Neu3 allele was confirmed by a DNA fragment of 601
bp.
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3.2. Morphological Abnormalities in NeuI”" Neu3” Mice Compared to

Its Littermates

Neul”’ Neu3” mice were generated by the inbred crossing of Neul™ Neu3”
parents (Table 2.1). In the breeding cage, they were distinguished by their smaller
appearance, a short lifetime of 2-3 weeks, and tremoring compared to their littermates.
Body length measurements revealed that Neul” Neu3” mice were 21.5% shorter than
their littermates. Additionally, there was a substantial amount of difference in weight

average of the Neul”- Neu3” mice. They were 46.9% lighter than their littermates (Figure

3.2).

WT Neu1*-Neu3" Neu1”Neu3’

Body length 5.9 cm
Body length 5.885 cm
Body length 4.491 cm
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Figure 3. 2. Body length (A) and body weight (B) comparison between WT,
Neul”-, and Neu3” mice.
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3.3. Altered Levels of Cytokines in Combined Deficiency of

Neuraminidase 1 and Neuraminidase 3

The expression of neuroinflammatory cytokines is measured in cortices and
cerebella of WT, Neul”~, Neu3”’-, Neul”’- Neu3”~ mouse models, and alterations in the

expression levels of CCL2 (MCP-1), CCL3 (MIP-1a), and CCL5 (RANTES) are

observed.
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Figure 3. 3.  Relative expression levels of inflammatory cytokine CCL2 in the
cortex (A) and cerebellum (B) of WT, Neul-/-, Neu3-/-, Neul-/- Neu3-
/- mouse models. Ages of the mice range from 3-4 weeks. One- way
ANOVA was used for statistical analysis (*p < 0.05, **p <0.025, ***p
<0.01, and ****p < 0.001).

Real-time PCR results revealed that in the mouse cortex, there is a significant
increase in the CCL2 expression in the Neul”, Neu3”, Neul” Neu3” mice compared to
WT mice as 2.75 (**p <0.025), 2.45 (**p <0.025), and 3-fold (***p < 0.01), respectively
(Figure 3.3A). In the cerebellum, there was also a significant 8-fold (****p < 0.001)
increase in CCL2 expression of Neul”" Neu3” mice compared to WT mice (Figure 3.3B).
And compared to Neul” and Neu3” mice, the expression of CCL2 in the cerebellum of
Neul”- Neu3” mice was higher: 2.2-fold (***p < 0.01) for NeuI”" mice and 2.6-fold (and
#kikkny < (0.001) for Neu3”” mice. Additionally, there was a 3.6-fold (*p < 0.05) increase
in CCL2 expression of Neul” mice compared to WT mice. Moreover, CCL2
accumulation in the cerebellum of Neul”" Neu3” mice is 6.3-fold higher than that in the
cortex of Neul” Neu3" mice. For WT, Neul”-, and Neu3” mice the difference between
CCL2 expression in the cerebellum and cortex is 2.3, 3.1, and 3-fold, respectively, where

expression in the cerebellum is higher.
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Figure 3.4.  Relative expression levels of inflammatory cytokine CCL3 in the

cortex (A) and cerebellum (B) of WT, Neul-/-, Neu3-/-, Neul-/- Neu3-
/- mouse models. Ages of the mice range from 3-4 weeks. One- way
ANOVA was used for statistical analysis (*p <0.05, **p <0.025, ***p
<0.01, and ****p < 0.001).

There is a substantial increase in the cortical expression of CCL3 when Neul”,
and Neul”- Neu3” mice compared with WT mice: 5.73 (***p <0.01), and 8.1-fold (****p
< 0.001), respectively (Figure 3.4A). However, there is not any distinguishable change
observed between WT and Neu3” mice in the cortex (Figure 3.4A). Additionally, CCL3
expression in the cortex of NeuI”" mice is 4.6-fold (***p < 0.01) higher than that of Neu3-
’ mice.

In the cerebellum, the CCL3 expression was almost the same in WT, Neul”", and
Neu3” mice (Figure 3.4B). However, when WT mice and Neul”- Neu3”’ mice were
compared there was a considerable 12.75-fold (*p < 0.05) increase in the CCL3 cerebellar
expression of Neul” Neu3” mice. Additionally, CCL3 expression in the cerebellum of
Neul”~ Neu3” mice is 4.65-fold higher than that of in cortex.

A distinct decrease in the CCL5 expression in the cortex is present (Figure 3.5A).
Comparison between WT and Neul” Neu3” mice reveals a 4.65-fold (**p < 0.025)
decrease in the CCLS5 expression in the cortex of double knockout mice with respect to
WT mice. On the other hand, there is a 2-fold (**p < 0.025) increase in the CCL5
expression of the Neul”~ Neu3” mice compared to WT mice (Figure 3.5B).

CCLS expression in the cerebellum showed several other intriguing alterations
such as a 1.7-fold (*p < 0.05) increase in CCL5 expression of Neu/” mice compared to
WT mice and a 2.1 (**p <0.025) and 2.5-fold (**p < 0.025) decrease in CCL5 cerebellar

expression in Neu3”" mice compared to Neul” and Neul”" Neu3”’ mice, respectively
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(Figure 3.5B). In addition to that, CCL5 expression in Neul”" Neu3” mice was 12-fold

higher in the cerebellum with respect to the expression level in the cortex.
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Figure 3. 5.  Relative expression levels of inflammatory cytokine CCLS5 in the

cortex (A) and cerebellum (B) of WT, Neul-/-, Neu3-/-, Neul-/- Neu3-
/- mouse models. Ages of the mice range from 3-4 weeks. One- way
ANOVA was used for statistical analysis (*p < 0.05, **p <0.025, ***p
<0.01, and ****p < 0.001).

3.4. GFAP Expression in The Mouse Cortex and Cerebellum

GFAP expression in the cortex showed a noticeable change. Neul”~ Neu3” mice
expressed GFAP 4-times higher (****p < 0.001) in the cortex when they were compared
with WT mice (Figure 3.6A). There was a 1.8-fold (*p < 0.05) decrease in the cortical
expression of GFAP in Neu /" mice compared to WT mice. A comparison of Neu " mice,
and Neu3” mice with Neul”- Neu3”" mice demonstrates that in the mouse cortex, GFAP
expression of Neul”" Neu3” mice is 7.2 and 2.6-fold higher than that of Neu /" mice, and
Neu3” mice, respectively (Figure 3.6A).

In the mouse cerebellum, there was a substantial increase in the GFAP
expression of Neul” Neu3” mice. GFAP expression was 17-fold higher (***p < 0.01) in
Neul”- Neu3” mice than that of WT mice. Moreover, there was 11.9 (***p < 0.01) and
6.4-fold (***p < 0.01) increase in GFAP expression of Neul” Neu3” mice compared to
Neul” and Neu3” mice. Additionally, there was a 1.6-fold increase in the GFAP

expression in the cerebellum in comparison with the cortex.
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Figure 3. 6.  Relative expression levels of glial fibrillary acidic protein (GFAP) in
the cortex (A) and cerebellum (B) of WT, Neul-/-, Neu3-/-, Neul-/-
Neu3-/- mouse models. Ages of the mice range from 3-4 weeks. One-
way ANOVA was used for statistical analysis (*p <0.05, **p <0.025,
*#%p < 0.01, and ****p < 0.001).

GFAP immunochemistry staining in several mouse brain sections demonstrates
that there is clear evidence of activated astrocyte presence in Neul”" Neu3” mice (Figure
3.7J-0). GFAP intensity in the hippocampal CA3 region was 2.25-fold (*p <0.05) higher
in Neul”" Neu3” mice (Figure 3.7)) compared to WT mice (Figure 3.7A). In CA3 regions
of Neul”, and Neu3” mice, GFAP intensity was similar to WT mice (Figure 3.7D, and
Q).

The cortex region GFAP staining also showed that there is an increase in the
GFAP intensity of Neul” Neu3” mice compared to WT mice by 2.45-fold (*p < 0.05)
(Figure 3.7 B, and K). Additionally, there was no correlation between WT, Neu/” and
Neu3” mice in the cortex GFAP intensity (Figure 3.7B, E, and H), similar to the result in
the CA3 section (Figure 3.7A, D, and G).

There was a remarkable increase in GFAP intensity in the cerebellum of Neul”
Neu3” mice compared to WT, Neul”- and Neu3” mice by 4.6 (****p < 0.001), 4.25
(****p < 0.001), and 2.21-fold (***p < 0.01), respectively (Figure 3.7C,F,LL).
Additionally, stellation of the astrocytes was visible in Neul”~ Neu3” mice, especially the
protrusions of the astrocytes in the white matter (Figure 3.7L) as they were not present in

the other cerebellum sections.
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Figure 3. 7. Astrocyte detection in hippocampus, cortex, and cerebellum of WT
(A-C), Neul-/- (D-F), Neu3-/-(G-I), (J-L) Neul-/- Neu3-/- mouse
models presented by GFAP immunohistochemical staining. The
histograms represent the quantification of astrocytes in the
hippocampus, cortex, and cerebellum (M, N, and O respectively).
One- way ANOVA was used for statistical analysis (*p < 0.05, **p
< 0.025, ***p < 0.01, and ****p < 0.001). Ages of the mice range
from 3-4 weeks. Magnification: 20X (A-L).

3.5. MAG Expression in The Mouse Cortex and Cerebellum

There was no correlation found in MAG expression in the cortex (Figure 3.8A)
and cerebellum (Figure 3.8B). Additionally, MAG expression was not either decreased
or increased when compared between the cortex and cerebellum. The only difference was

a slight decrease in the cortex of Neu /"~ Neu3” mice compared to WT mice (Figure 3.8A).
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Figure 3. 8. Relative expression levels of myelin-associated glycoprotein (MAG)

in the cortex (A) and cerebellum (B) of WT, Neul-/-, Neu3-/-, Neul -
/- Neu3-/- mouse models. Ages of the mice range from 3-4. One- way
ANOVA was used for statistical analysis (*p < 0.05, **p < 0.025,
*#%p < 0.01, and ****p < 0.001).

MBP immunohistochemical staining in mouse cerebellum region revealed
similar results to MAG expression levels. However, in the mouse cortex, there was a
significant decrease in MAG intensity of Neul” Neu3” mice (Figure 3.91) with respect
to WT and Neu3” mice by 2.29-fold (****p < 0.001) and 2.16-fold (***p < 0.01),

respectively.
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Figure 3.9. (cont.)  Oligodendrocyte detection in cortex and cerebellum of WT
(A, B), Neul-/- (C, D), Neu3-/- (E, F), (G, H) Neul-/-
Neu3-/- mouse models presented by myelin basic protein
(MBP) immunohistochemical staining. The histograms
represent the quantification of oligodendrocytes in cortex
(D) and cerebellum (J). One- way ANOVA was used for
statistical analysis (*p < 0.05, **p < 0.025, ***p < 0.01,
and ****p < 0.001). Ages of the mice range from 3-4
weeks. Magnification: 20X (A-H).

3.6. NeulN Expression in The Mouse Cortex and Cerebellum

Immunohistochemical analyses showed that there was a substantial decrease in
the NeuN expression in several sections of the mouse brain (Figure 3.10). In the mouse
cortex (Figure 3.10A,D,G.,J), when compared to WT, Neul”" and Neu3” mice, the
intensity of NeuN was decreased in Neul”- Neu3”- mice by 4.59-fold (*p < 0.05), 3.77-
fold (**p <0.025), and 3.77-fold (*p < 0.05). In the thalamus (Figure 3.10N), a significant
decrease in NeuN intensity was observed in Neul”" Neu3” mice when compared to WT,
Neul” and Neu3” mice by 3.9-fold (**p < 0.025), 5.7-fold (***p < 0.01), and 6.46-fold
(**#%*p < 0.001), respectively. There was also a significant increase observed in Neu3”
mice compared to WT mice as 1.65-fold (**p < 0.025).

A substantial decrease in NeuN intensity was observed in the mouse cerebellum
(Figure 3.10 C,F,I,L). When compared to WT, and Neu3” mice, there was a significant
decrease in NeuN expression in Neul”" Neu3” mice (Figure 3.10 O) by 2.3-fold (*p <
0.05) and 1.7-fold (**p < 0.025).
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Figure 3. 10.  Neuronal density detection in hippocampus, cortex, and cerebellum
of WT (A-C), Neul-/- (D-F), Neu3-/-(G-I), (J-L) Neul-/- Neu3-/-
mouse models presented by neuronal nuclear protein (NeuN)
immunohistochemical staining. The histograms represent the
quantification of neuronal density in cortex (M), thalamus (N) and
cerebellum (O). One- way ANOVA was used for statistical analysis
(*p < 0.05, **p < 0.025, ***p < 0.01, and ****p < 0.001). Ages of
the mice range from 3-4 weeks. Magnification: 10X (cortex and
thalamus), and 20X (cerebellum).

3.7.Morphologic Characteristics of Neuraminidase 1 and

Neuraminidase 3 Combined Deficiency

Morphological staining in the mouse cortex region revealed the presence of
lysosomal vacuolization in Neul”- Neu3” mice (Figure 3.11 G-H). There was not any
decrease in the hippocampal CA3 region pyramidal neurons observed. In the cortex of

Neul” and Neu3” mice there was not any lysosomal vacuolization observed.
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Neut”’Neu3™”

Cortex

Figure 3. 11. Brain histopathological phenotype of WT (A, B), Neul-/- (C, D),
Neu3-/- (E,F), (G,H) Neul-/- Neu3-/- mouse models presented by
Hematoxylin & Eosin staining of mouse cortex regions. Ages of the
mice range from 3-4 weeks. Magnification: A, C, E, G; 10X and B,

D, F, H; 20X.

In the cerebellum, there was a disruption in the Purkinje cell layer (PCL) in Neu I
mice and Neul”" Neu3” mice (Figure 3.12 C,D,G,H). There was not any thinning of the
granular layer observed in any brain sections of the mice. Additionally, in Neul”" Neu3”

mice there was lysosomal vacuolization present in the molecular layer of cerebellum

(Figure 3.12 G).

Neu3™- Neut”’"Neu3™”

Cerebellum

Figure 3. 12.  Brain histopathological phenotype of WT (A, B), Neul-/- (C, D),
Neu3-/- (E, F), (G, H) Neul-/- Neu3-/- mouse models presented by
Hematoxylin & Eosin staining of mouse cerebellum regions. Ages of
the mice range from 3-4 weeks. Magnification: A, C, E, G; 10X and

B, D, F, H; 20X.
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3.8. Altered Ganglioside Expression in Neul”" Neu3” Mouse Cortex

Thin-layer chromatography results demonstrated that there was a significant
decrease in ganglioside precursors lactosylceramide (LacCer) and galactosylceramide
(GalCer) levels in the cortex of Neul”" Neu3” mice (Figure 3.13). Additionally, Neul”
mice also showed a decrease in the GalCer level. Moreover, ganglioside expression of
Neul”- Neu3” mice was significantly altered compared to WT mice as GD3 expression

was present (Figure 3.13).

S Acidic Neutral

Figure 3. 13. Thin-layer chromatography results of acidic and neutral
glycosphingolipids from the cortex of WT, Neul-/-, Neu3-/-, Neul-/-
Neu3-/- mice. Ages of mice range from 3-4 weeks. 70 ul acidic
gangliosides and 25 pl neutral gangliosides were loaded in the silica
plate.
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CHAPTER 4

DISCUSSION

Pathology in the central nervous system (CNS) is present in almost all lysosomal
storage diseases (LSD). Excess storage of glycoconjugates in the lysosome is the
hallmark of LSDs. Non-dividing neurons are a member of cells of the CNS. Vacuolation
in the lysosomes of neurons contributes to the CNS pathophysiology of LSDs. Since
neurons are at the post-mitotic phase and not capable of dividing, vacuolation leads to
detrimental and irreversible outcomes in CNS. Lysosomes that are structurally impaired
due to excess storage could release their contents into the cytoplasm and induce
programmed cell death or activate the innate immune system. Continuous stimulation of
the immune system leads to chronic inflammation. Inflammation in the central and
peripheral nervous system is known as neuroinflammation. Chronic neuroinflammation
results in neurodegeneration and eventually, neuronal death.

Non-neuronal members of the CNS are glial cells which comprise astrocytes,
oligodendrocytes, and microglia. Microglia are derived from monocytes; they are
macrophages of the brain. Monocytes travel from bone marrow to CNS during the late
embryonic stage and become resident cells (McGeer and McGeer 1995). Some of the
functions of glial cells are providing trophic support, maintaining communication
between neuronal populations, myelination of axons, participating in blood-barrier
formation, and regulating the immune response. The immune response of the brain is
initiated mainly by astrocytes and microglia. In addition to that, meningeal lymphatic
vasculature of the brain augments the immune response. Activated astrocytes and
microglia undergo a morphological change that allows them the release number of
inflammatory mediators and cytokines. Secretion of cytokines and chemokines attracts
blood-derived monocytes and other adaptive immune system members such as T-cells
into the inflamed area and they are together with the resident astrocytes and microglia
elevate the immune response to a different level.

CCR2 is a chemokine receptor that is expressed in astrocytes, macrophages,
endothelial cells, and microglia (Singh, Anshita, and Ravichandiran 2021). CCL2 is the
ligand of CCR2. CCR2 activation increases the number of inflammatory cells, TH2 cell
differentiation, and CCL2 accumulation (Singh, Anshita, and Ravichandiran 2021). In
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this study, we found that CCL2 expression in the Neul”", Neu3”, and Neul”~ Neu3” mice
compared to WT mice was elevated in the cortex and cerebellum (Figure 3.3).
Remarkably, in the cerebellum, the highest increase in the CCL2 expression compared to
WT mice was in Neul”~ Neu3” mice, although Neul”" and Neu3”’ mice showed a
significant increase compared to WT mice, too. It is worth noticing that the general
expression of CCL2 was much higher in the cerebellum when compared to the cortex.

CCL3 is the ligand of CCRI1 and CCRS and its presence is related to the
infiltration of the immune cells. Neul", and Neul”~ Neu3” mice showed a remarkable
increase in the cortical CCL3 expression compared to WT mice (Figure 3.4). However,
CCL3 expression in the cerebellum of Neul”" mice showed almost no change when
compared to WT mice. The highest CCL3 expression in the cerebellum was shown by
Neul” Neu3” mice. Additionally, the overall expression of CCL3 was higher in the
cerebellum when compared to the cortex.

CCLS is an inflammatory cytokine that also participates in homeostatic
processes such as oligodendrocyte proliferation, glutamate release from neurons, and
neuronal/glial cell communication (Lanfranco et al. 2017). The expression of CCLS5 is
highly localized in certain brain sections such as white matter (Lanfranco et al. 2017).
CCLS5 expression in the cortex region was highest in WT mice, and gradually decreased
in Neul”, Neu3", and Neul”~ Neu3” mice, where the lowest expression was observed in
Neul” Neu3” mice (Figure 3.5). The decrease might be stemming from the homeostatic
functions of CCLS since it also participates in oligodendrocyte proliferation and neuronal
communication. The decrease of neuronal population in Neul”" Neu3” mice further
supports this assumption (Figure 3.10). There was a significant increase in CCL5
expression of Neul”, and Neul’ Neu3”’ mice which could promote oligodendrocyte
proliferation. The overall CCL5 expression was significantly higher in the cerebellum
than that of the cortex. The localization of CCLS5 being mainly in white matter, astrocytes
and microglia further support this assumption due to the abundance of glial cells in the
cerebellum.

GFAP is expressed from activated astrocytes. The expression of GFAP was
remarkably increased in Neul”" Neu3” mice compared to WT, Neul” and Neu3”~ mice
(Figure 3.6 and 3.7). The same pattern was also observed in the cerebellum. Below the
granular layer in the cerebellum white matter and fibrous astrocytes are located.

Protrusions from fibrous astrocytes in Neul”" Neu3”"mice were present in the cerebellum
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(Figure 3.7L) which indicates astrocyte stellation upon activation. There was minor
stellation present in Neul” and Neu3”~ mice and no stellation was present in WT mice.

MAG (Siglec-4) is capable of dual action that involves inhibition of axonal
growth in adult neurons and promoting axonal growth in embryonic neurons (DeBellard
et al. 1996). The transfer of sialic acid residues to MAG is directly related to its activity.
The desialylation of GDla and GT1b residues from MAG inhibits axonal growth by
decreasing the binding affinity between MAG and neurons (Collins et al. 1997). On the
other hand, sialylation of MAG enhances this affinity and allows MAG to promote axonal
growth. RT-PCR experiments revealed little to no change in MAG expression between
mouse models. The only significant alteration was a slight decrease in MAG expression
in the mouse cortex compared to other mouse models (Figure 3.8). MBP staining revealed
similar results (Figure 3.9). Neuraminidase 1, and neuraminidase 3 deficiency, and their
combined deficiency complicate the desialylation events, which in turn could lead to
MAG-induced axonal growth and myelination. However, the slight decrease in cortical
MAG expression in Neul”" Neu3” mice requires further investigation since MAG did not
decrease in the cerebellum. It might be resulting from the sensitivity of cortical neurons
to excess storage in comparison with cerebellar neurons since a decrease in the neuronal
population was present in the cortex of Neul” Neu3” mice (Figure 3.10). However, this
assumption needs further investigation.

Neuronal density in the mouse cortex, thalamus, and cerebellum was
investigated by NeuN staining. The staining revealed that there was not any decrease in
the neuronal populations in the deficiency of neuraminidase 1 or neuraminidase 3.
However, the combined deficiency of said neuraminidases leads to a substantial decrease
in neuronal populations in the cortex, thalamus, and cerebellum (Figure 3.10). The
decrease in cortical NeuN intensity of Neul”" Neu3” mice was 2 times higher than the
decrease in cerebellar NeuN intensity. This data supports that in Neul”~ Neu3” mice, the
cerebellum is more resistant to excess storage than that of in cortex.

Morphological staining revealed mild disruption of Purkinje cell layer in Neul”
mice in line with the findings of de Geest et al, 2002 and severe disruption in PCL of
Neul” Neu3” mice (3.12). In addition to that, there was lysosomal vacuolization present
in the cortex of Neul”~ Neu3” mice (Figure 3.11).

Ganglioside expression in the cortex was examined by TLC (Figure 3.13). Neu I
-~ Neu3” mice demonstrated a unique expression of gangliosides. In brains and several

organs of sialidosis patients, GM3, and GD3 expression was found (Yoshino et al. 1990;
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Seyrantepe et al. 2003). In the cortex of Neul” Neu3” mice, GD3 expression was
observed. Expression of GD3 is primarily observed in embryonic brains (Yu et al. 2011).
In the literature, there is evidence that there are relationships between GD3 accumulation,
autophagosome remodelling, and apoptosis (Garofalo et al. 2015), GD3 accumulation and
neurodegenerative stimuli and apoptosis (Copani et al. 2002). All of this evidence
indicates the presence of a neuroinflammatory environment in a combined deficiency of

neuraminidases 1 and 3.
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CHAPTER S

CONCLUSION

In this study, neuroinflammation in Neul”~ and Neul”- Neu3”" mice was shown
for the first time through biological, immunohistochemical, chromatographic, and
histologic methods. Combined deficiency of neuraminidase 1 and neuraminidase 3
revealed increased expression of inflammatory cytokines in several regions of the mouse
brain and a unique expression of gangliosides in the mouse cortex. However, to unravel
the exact mechanism of neuroinflammation, more research is necessary.

There are eight different neuronal populations throughout the brain which are:
Golgi cells, granule cells, basket cells, stellate cells, Lugaro cells, unipolar brush cells,
and candelabrum cells (Revuelta et al. 2020). And the glial subtypes are
oligodendrocytes, fibrous astrocytes, protoplasmic (velate) astrocytes, Bergman’s glia,
and their subset Fafianas cells (feathered cells of Fafianas) (Revuelta et al. 2020). Each
neuronal and glial population in the brain responds to neuroinflammatory stimuli
differently. And also, the dynamic glycome at their cell surface could alter during
morphological change upon activation. Therefore, the neuronal and glial subtypes must
be examined individually. For example, the velate astrocytes in the cerebellar granular
layer are structurally very different than the fibrous astrocytes within the white matter.
Which glial cell and neuronal cell types contribute to inflammation must be investigated.

Neuronal loss was observed in Neu!”" Neu3” mice and GD3 accumulation was
present in the cortex. This data suggests that there is some form of programmed cell death
or innate immune system involvement that leads to the death of neurons. Since it is known
that dying neurons release DAMPs that activate a variety of immune mechanisms, this
assumption must be further elucidated. Whether programmed cell death mechanisms or
innate immune system-driven caspase activation leads to cell death and chronic

neuroinflammation provides a key to unraveling the inflammatory mechanism.
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