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Spinal cord injury (SCI) causes inflammation and neuron degeneration, leading
to loss of functional movement. Since the availability of SCI treatments are still
limited, stem cell therapy is an alternative clinical treatment for SCI and
neurodegeneration disorders. Human umbilical cord Wharton’s jelly-derived
mesenchymal stem cells (hWJ-MSCs) are excellent options for cell therapy, since
they are simple to deliver and have not shown any negative impacts on allogeneic
transplantation. This study aims to induce hWJ-MSCs into neural stem/progenitor
cells in sphere formation (neurosphere) by using neurogenesis-enhancing small
molecules (P7C3 and Isx9) and transplant to recover SCI in rat model. Neurospheres
induction were characterized by immunocytochemistry (ICC), western blot, and gene
expression analysis before transplantation. The result of protein and gene expression
showed that neurospheres, induced by 10 puM Isx9 for 7 days, produced neural
stem/progenitor cell markers such as nestin and B-tubulin 3. Additionally, neural
stem cells differentiation through Wnt3A signaling pathway regulation marker (B -
catenin and NEUROD1) were also expressed. The neurospheres from the 7-day Isx9
group were selected to be transplanted into 9-day SCI rats. Eight weeks after
transplantation, rats transplanted with the neurospheres could move normally, as
shown by behavioral tests. Histological results showed that MSCs and neurospheres
were detected in the injured spinal cord tissue and can produce neurotransmitter
activity. The neurosphere transplanted rats showed the lowest cavity size of the SCI
tissue resulted from injury recovery mechanism in the spinal cord.

In conclusion, hWJ-MSCs could differentiate into neurospheres using 10 uM Isx9

media through Wnt3A signaling pathway. Eight weeks after transplantation, neurospheres



could be detected and differentiated into neural lineage with neurotransmission
function. The SCI rats with neurospheres transplant had better recovery of the SCI

tissue and movement than the SCl rats without transplantation of neurospheres.
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CHAPTER |
INTRODUCTION

1.1 Background and significance

Every year, between 250,000 and 500,000 people around the world (World
Health Organization; WHO) suffer from spinal cord injuries (SCl). Generally, spinal
cords are injured by mechanical factors, including falls, motor vehicle accidents,
sports injuries, work-related injuries, and community violence. After that, pathological
mechanisms start and are followed by inflammation and cell degeneration in the
injured region (Leung, 2012). SCI pathology can be divided into two phases. The
primary phase begins with a direct traumatic effect on the neural cells and vascular
structures of the spinal cord. The secondary phase is composed of inflammatory
activation leading to cellular apoptosis, necrosis, glial scar formation and prolonged
Wallerian degeneration. This degeneration process happens whenever a nerve fiber is
cut or crushed at the axon distal to the injury part (Adeeb et al.,, 2014). Normally,
steroids are used with SCI patients to limit existing cell death. To date, stem cell
therapy plays an essential role in the clinical treatment of neurodegeneration
disorders because stem cells have high proliferative potential, self-renewal, and the
ability to differentiate into various types of cells (Ruppert et al., 2019).

Mesenchymal Stem Cells (MSCs) are multipotent stem cells that have the
potential to multiply on their own, together with the ability to differentiate into
many different types of cells, for example, bone cells, cartilage cells, liver cells,
pancreatic cells, fat cells, neuronal and glial cells (Hess and Borlongan, 2008; Song et
al, 2018). MSCs also have immunosuppressive properties, which is an important
property for the allogeneic cell therapy process (Pelizzo et al., 2015; Toyoshima et
al,, 2015; Xue et al, 2015). MSCs are found in many tissues, for example, the
umbilical cord, bone marrow, placenta, and adipose tissue (Venkatesh and Sen,
2017). However, those tissue samples might provide a small number of cells and low

proliferation potential depending on age. In addition, a high chance of getting



infected with viruses can be found (Goodwin et al., 2001; Kakinuma et al., 2007; Rao
and Mattson, 2001). On the other hand, MSCs derived from human Wharton’s jelly
(hWJ-MSCs) are easy to obtain and usually discarded. hWJ-MSCs also have a high
proliferation capability. In case of transplantation, hWJ-MSCs do not change into
carcinogenic or teratogenic cells and are non-tumorigenic (Fong et al, 2007;
Ranjbaran et al., 2018). Besides, hWJ-MSCs demonstrated the characteristics of both
embryonic stem cells and adult stem cell properties. Thus, they could be a suitable
source for therapeutic use of stem cells (Carlin et al., 2006).

MSCs can be transdifferentiated into neurospheres (NSs). NSs are spheres
formed of neural stem/progenitor cell aggregates with the ability to differentiate into
neuronal lineage (Bonnamain et al, 2011; Muniswami et al, 2017). In previous
literature, NSs from fetal spinal cord cultures were transplanted and treated for SCI
in rats (Ogawa et al,, 2002). Furthermore, SCI rats transplanted by the induction of
neural stem/progenitor cells showed improved functional development following
SClI recovery (Parr et al., 2008).

A lot of small molecules were used to induce human skin fibroblasts into
neurons. P7C3-20 and Isx9 demonstrated high efficiency for neuron induction, as
previously reported (Yang et al, 2019). P7C3-A20 has been found to activate
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/glycogen synthase kinase
(GSK) and to be involved in B-catenin signaling. (Kawase-Koga et al., 2020). PI3K/AKT
pathway also induced cell proliferation, differentiation, and apoptosis, while GSK, by
serine/threonine-protein kinase, has been shown to induce apoptosis prevention in
brain injury models (Hosseini et al., 2018). Second small molecule, isoxazole 9 (Isx9;
N-cyclopropyl-5-(thiophene-2-yl) isoxazole-3-carboxamide) strongly induced adult
neural stem cells to neuronal linage in vitro (Shohayeb et al., 2018). Furthermore,
Isx9 stimulated the myocyte-enhancer factor 2, a family of transcription factors
(Vanderhaeghen, 2009), which impacts to embryo and early post-natal period as pro-
neuronal and pro-survival factors (Hagihara et al,, 2019). In vivo, Isx9 also induced
hippocampal neurogenesis, development, and memory by regulating the cell-

intrinsic molecular pathway in adult neurogenesis (Peng et al., 2019).



In this study, hWJ-MSCs were differentiated into NSs using small molecules to
regulate and enhance the neurogenesis. This would be an appropriate protocol for

the therapy of neurodegenerative disorders.

1.2 Research objective
1.2.1 To isolate and culture hWJ-MSCs.
1.2.2 To differentiate hWJ-MSCs into NSs via neurogenesis enhancing small
molecules in vitro.
1.2.3 To transplant NSs into spinal cord injury animal model to test the ability

and safety of the treatment.
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CHAPTER I
LITERATURE REVIEW

2.1 Wharton's jelly mesenchymal stem cells

Stem cells have a critical role in medical cell therapy research because of the
fact that stem cells are immature cells that have self-renewal ability. Stem cells
could be regenerated into various cell types. Stem cells have three main
characteristics, (1) unspecialization: the ability to remain undifferentiated in the
absence of specialized responsibilities, (2) differentiation: the capacity to give rise to
numerous cell categories and (3) self-renewal: the ability to proliferation with same
ability (Condic, 2014; Gardner, 2002; Katari and Dwaipayan, 2017; Mitalipov & Wolf,
2009). Adult stem cells are multipotent endogenous stem cells that are crucial to
the development of stem cell therapy and tissue engineering. Because they are
frequently used to repair and maintain the homeostasis of endogenous stem cells
(Katari and Dwaipayan, 2017).

MSCs are multipotent stem cells that can be isolated from, for example,
umbilical cord blood, Wharton's jelly, bone marrow, placenta, adipose tissue (Katari
and Dwaipayan, 2017). Because of ethical and safety concerns regarding the use of
bone marrow or other resources, MSCs from Wharton's jelly of umbilical cord are the
easiest to approach and obtain because they are typically discarded as human
unused. Furthermore, hWJ-MSCs have a high proliferation valency, and when
transplanted, hWJ-MSCs do not transform into carcinogenic or teratogenic cells, and
are non-tumorigenic (Fong et al,, 2007; Ranjbaran et al.,, 2018). Furthermore, hWJ-
MSCs are not embryonic stem cells (ESCs), they are adult stem cells (ASCs).
Therefore, their properties can be a suitable source for the therapeutic use of stem
cells (Carlin et al., 2006).

Differentiation, paracrine influence, immune-modulation, and anti-inflammatory
actions are the four therapeutic uses of MSCs. According to a previous study, trophic
factors secreted by MSCs help to regenerate and repair injured cells. These

outcomes are one of the advantages of MSCs for transplantation models. MSCs in



damaged tissues have also been shown to repair them through differentiation and
paracrine signaling (Hocking and Gibran, 2010; Katari and Dwaipayan, 2017). MSC
transplantation has been reported to be used as therapy for various diseases. For
example, myocardial infracted animal models showed considerable improvement in
the heart's left ventricular ejection percentage (Berry et al., 2006). In cutaneous
wounds, MSCs have been examined for their ability to differentiate into epidermal
keratinocytes, endothelial cells, and pericytes (Wu et al., 2007) and improved
myofibroblast differentiation in wound healing (Desai et al, 2014). Moreover,
hematopoietic stem cells (HSCs) were helped to survive following transplantation by
MSCs. Additionally, immune suppression establishes high graft survival for stem cell
treatment and tissue regeneration investigations by inhibition of T and B cell
proliferation and NK cell activity (Katari and Dwaipayan, 2017; Miguel et al., 2012).
Also, MSCs improved the process of nerve cell differentiation and axonal

remyelination (Cruz-Martinez et al., 2016).

2.2 Neurosphere
Neural stem cells (NSCs) are derived from a variety of tissues during the embryonic
phases of the nervous system, including the subventricular zone of the forebrain,
bone marrow, skin, and retina to generate new neurons (Kawase-Koga et al., 2020).
NSCs only have a limited capacity to regenerate neuroglia in the adult mammalian
brain. Therefore, stem cells are a suitable replacement therapy alternative for
illnesses or disorders (George et al,, 2019). NSCs are one of the most important
treatments for central and peripheral nervous system lesions. For example, SCI,
stroke, and Alzheimer's disease (Jung et al, 2016, Mouhieddine et al, 2014).
Alternatively, neural progenitor cell (NPC) differentiation might be achieved by
supplementing cell culture growth with small molecules that imitate the
microenvironment of the brain during organogenesis (George et al., 2019).

In vitro, MSCs are stimulated to differentiate into NSs in a serum-free medium
containing epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF)
(George et al., 2019). Besides, NSs could be differentiated into neurons, astrocytes,

and oligodendrocytes with cell migration out of adherent conditions for long-term



culture (Bonnamain et al., 2012; Bonnamain et al., 2011). NSs are a combination of
NSCs and NPCs with inappropriate environmental conditions called Neural
Stem/Progenitor Cells (NSPCs) (Kawase-Koga et al.,, 2020). NSPCs are multipotent
stem cells with the potential to self-renew and develop into lineage-specific neural
precursor cells, which may then give rise to neurons, astrocytes, and
oligodendrocytes (Salewski et al., 2013). Several researchers are interested in NSs
induction for spinal cord injury transplantation, such as from ESCs (Hosseini et al.,
2018; Silva, et al,, 2017), induced pluripotent stem cells (iPSCs) (Nori et al., 2018; Nori
et al,, 2015; Nori et al.,, 2011) or ASCs (Biernaskie et al., 2007; Cizkova et al., 2018;
Hosseini et al., 2018; Muniswami et al., 2017; Nori et al.,, 2015). ASCs are multipotent
stem cells and can produce neural cells in microenvironment culture conditions.
There are numerous studies about NSs induced by ASCs. Human dental pulp stem cells
(hDPSCs) were induced to be NSs in a proliferative medium lacking of Xeno/serum
(Kawase-Koga et al., 2020). The results showed the NSs had limited self-renewal ability
but the expression of B-tubulin 3 and microtubule-associated protein (MAP2) was more
significantly expressed in NSs derived from hDPSCs. Within 12 hours, NSs were also
produced from human umbilical cord-derived mesenchymal stem cells (UC-MSCs) in the
conditions of DMEM/F12, EGF, bFGF, N2, and B27 (Peng et al, 2019). These NSs were
capable of self-renewal and differentiation into neurons and slial cells in an inducing
medium. In addition, NSs produced from UC-MSCs presented a comparable
transcriptional profile to UC-MSCs and NSCs. Thus, NSs produced from UC-MSCs may
establish a unique entity of stem cells. Additionally, HLA-DR expression was not found
in these NSs, which can be securely used in transplantation therapy.

In the NSs culture medium, B27 and N2 are cocktail chemicals frequently
utilized for NSs production by the peripheral nervous system (PNS) and the central
nervous system (CNS). Insulin, human transferrin (iron-saturated), sodium selenite,
putrescine, and progesterone are included in the N2 supplement. The B27
supplement includes lengthy lists of vitamins, hormones, proteins, and others. N2
cannot stimulate NSs production on its own, but B27 supplement components may
play a significant role in this reaction. According to a recent study, UC-MSCs may be
encouraged to produce neurons under conventional culture conditions (DMEM/F12,

EGF, bFGF, N2, and B27) after 12 hours. They concluded the simple induction
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method for NSs (1) The induction period is brief, lasting only a few hours. (2) The
induction is extraordinarily effective. It is possible to induce 80-92 percent of MSCs to
differentiate into NSs. (3) The induction method is very simple and clearly explained.
Only the standard NSs culture medium is used. For the generation of NSs, it is not
essential to overexpress or downregulate specific genes via retro-lentiviral vector
intervention. Consequently, NSs were capable of self-renewal and could be
stimulated to differentiate into neurons. In the part of gene expression, the results
showed the high expression of SOX2 and nestin (multiple neurogenic genes) after
being induced. On the one hand, strong expression of stemness genes such as
OLIG2, OCT4, and BMI1 was observed at day 1, 3, and 5 and 7 post-induction. As
shown by an RNA sequencing study, the transcriptional pattern of NSs differs from
both MSCs and human neural stem cells. In addition, the NSs have a relatively lower
level of apoptosis (Peng et al., 2019).

The Infinite Horizon Impactor was used to generate spinal cord injury in rats as
part of a study on transplantation treatment (Sontag et al., 2014). Nine days after
injury, NSs derived from human CNS stem cells were transplanted. Although overall
cell survival was reduced in the injured area, the number of mature
olisodendrocytes and the astrocyte-to-oligodendrocyte ratio increased. In addition,
rat olfactory epithelium cells were induced to form globose basal cells (GBCs) in the
formation of NSs and transplanted into the injured rat spinal cord (contusion model)
(Muniswami et al., 2017). The results showed the hindlimb motor recovery in rats at

the end of the 8" week after transplantation.

2.3 Enhancing NSs development by small molecules
2.3.1 Small molecule P7C9-A20
It has been reported that the small molecule chemical P7C3 displays
neuroprotective effects in the hippocampus of mice and in many preclinical models,
including ischemic stroke, traumatic brain injury, peripheral nerve damage, and
neurodegenerative disease models (Loris et al., 2017). P7C3 inhibits cell death by
targeting the nicotinamide phosphoribosyl transferase-mediated nicotinamide

adenine dinucleotide salvage pathway (Wang et al, 2014). P7C3 modifies the
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structure of the glucagon-like peptide-1 receptor. The P7C3 analog P7C3-A20 was
shown to promote phosphatidylinositol 3-kinase (PI3K)/protein  kinase B
(AKT)/glycogen synthase kinase (GSK) 3b-associated b-catenin signaling (Wang et al,,
2018). The PI3K/AKT pathway promotes cell proliferation, differentiation, senescence,
and apoptosis (Li et al, 2018), while GSK3b, a functional protein with different
activities, has been shown to stop apoptosis in brain damage models.
2.3.2 Small molecule Isx9

Isoxazole 9 [Isx-9;  N-cyclopropyl-5-(thiophene-2-yl) isoxazole-3-
carboxamide] was discovered to be highly effective in stimulating neuronal
differentiation in vitro (Schneider et al, 2008). In addition, Isx-9 interacts with
myocyte-enhancer factor 2 (Mef2), a family of transcription factors (Potthoff and
Olson, 2007) identified as pro-neuronal and pro-survival factors in the embryo and
early postnatal period (Li et al, 2008). Isx-9 also improves hippocampus
neurogenesis and memory in vivo. This shows that a cell-intrinsic molecular

mechanism controls adult neurogenesis (Petrik et al., 2012).

2.4 Spinal cord injury transplantation

2.4.1 Pathology and stages of spinal cord injury

The pathophysiology of SCI is separated into two phases: the main
stage and the sequel stage. Several events have been shown, such as inflammation
and reactive astrogliosis, as well as neuroprotective and restorative effects. The
primary stage is caused by initial mechanical damage followed by cellular and
molecular disruptions and further spinal cord material degradation. However,
complete spinal cord transections seldom involve mechanical injury. Most injuries
are caused by disk displacement in the spine, laceration or compression from
fracture-dislocations or burst fractures, or both. Moreover, blood vessel, axonal, and
cellular membrane disruptions lead to the secondary stage by reducing blood flow
to the tissue and cells of the spinal cord, which results in tissue necrosis due to a
lack of nutrients and oxygen (Rowland et al., 2008; Ruff and Fehlings, 2010; Tator
and Fehlings, 1991). Therefore, the pathological stage of SCI is characterized by

vascular malfunction and bleeding, edema, ischemia, excitotoxicity, electrolyte
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changes, free radical production, inflammation, axonal and neuronal degradation,
demyelination, cyst development, and infarction (Tator and Fehlings, 1991). In the
cellular damage level of SCI, there are five major stages: the immediate, acute,
subacute, intermediate, and chronic stages (Salewski et al., 2013) (Fig. 2.1)
1) Immediate stage

Axon destruction, neuronal and glial death, and spinal shock were
discovered in the first two hours following SCI. All of these immediate damages
resulted in loss of function in the lower body. Since cellular necrosis, vascular
disruption, and ischemia, there has been hemorrhage in the grey matter of the spinal
cord. Vascular disruption causes white matter bleeding after the combination of
edema and hemorrhage on multiple spinal cord segments. The damage occurs in
both the rostral and caudal and leads to ischemic injury (Kakulas, 2004). Numerous
pathophysiological processes have already started at this stage. Gross
histopathological abnormalities, such as microglial cell activation, a rapid rise in pro-
inflammatory cytokines like TNF and IL, and excitotoxic rates of extracellular
glutamate, may not be detected (Pineau and Lacroix, 2007; Rowland et al., 2008;
Tator and Koyanagi, 1997).

2) Acute stage

The acute phase of SCl is classified into early acute (2-48 hours)
and subacute stages (2 days-2 weeks). In the early acute stages, the loss of
homeostasis in the cell led to vascular damage, bleeding, and lack of blood flow
(Tator and Fehlings, 1991; Tator and Koyanagi, 1997). Immediate loss of ionic
homeostasis and excitotoxicity, as well as the homeostasis of ionic (calcium, sodium,
and potassium) channels, FAS ligand receptors, p75 neurotrophin receptors, reactive
oxygen species (ROS), the brain blood barrier (BBB), and inflammation, all play
significant roles in necrosis cell and apoptotic cell death. For example, extracellular
levels of glutamate cause cell damage and energy-dependent transporter failure,
specifically in the Na“ K™ adenosine triphosphatase membrane transporter that

controls extracellular concentration (Lipton and Rosenberg, 1994).
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Figure 2.1 The pathophysiology of traumatic spinal cord injury. The initial mechanical trauma to the spinal cord initiates a secondary
injury cascade that is characterized in the acute phase (0-48 hours after injury) by oedema, hemorrhage, ischemia,
inflammatory cell infiltration, the release of cytotoxic products, and cell death. This secondary injury leads to necrosis
and/or apoptosis of neurons and glial cells, such as oligodendrocytes, which can lead to demyelination and the loss of
neural circuits. In the subacute phase (2-4 days after injury), further ischemia happens to be owed to ongoing oedema,
vessel thrombosis, and vasospasm. Persistent inflammatory cell infiltration causes further cell death and cystic microcavities
form as cells and the extracellular architecture of the cord are damaged. Furthermore, astrocytes proliferate and deposit
extracellular matrix molecules into the perilesional area. In the intermediate and chronic phases, which last from two
weeks to six months, axons continue to die off and the glial scar gets strong enough to stop regeneration. Cystic cavities

unite to further restrict axonal regrowth and cell migration. Modification from Ahuja et al. (2017), created with
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In brief, activation of glutamate receptors at high levels induces a rise in the
influx of Na" and Ca2" through N-Methyl-d-aspartic acid (NMDA) and alpha-amino-3-
hydroxy-5-methyl-isoxazoleproprionate/kainate  (AMPA)  receptors, as well as
excitotoxicity (Park et al., 2004). Moreover, FAS ligand receptors produced by
microglia activation and p75 neurotrophin receptor signaling also activate the caspase
and calpain cascades, which play a role in cellular apoptosis as well as responding to
neuronal and glial death (Nagata and Golstein, 1995). Moreover, sensory inactivity
and paralysis are caused by the loss of ionic channel homeostasis and neural cell
death, together with demyelination signal transmission in the spinal cord (Rowland et
al., 2008; Ruff and Fehlings, 2010; Tator and Fehlings, 1991). In addition, ROS is found
12 hours after SCI and continues to increase for nearly a week. Numerous ROS cause
membrane lipid oxidation, cellular lysis, organelle destruction, and changes in Ca2'
ion concentrations (Donnelly and Popovich, 2008; Park et al., 2004), which promotes
the activation of calpains and caspase cascades (Schanne et al., 1979). The BBB, a
highly selective endothelial filter for transporting the central nervous system, is the
major reason for the mechanical damage and inflammation of spinal cord injury. The
BBB induced an inflammatory response as well as an enhancement of astrocytes, T
cells, neutrophils, microglia, and monocytes. In addition, the migration of
macrophages and neutrophils causes cellular disruption and necrosis. For
inflammatory noncellular mediators, TNF and IL-1 also promote vascular
permeability. These inflammatory factors are caused by microglia and leukocytes,
which are responsible for the failure of oxidative metabolism in demyelinated axons.
Proliferation of astrocytes also increases the expression of glial fibrillary acid protein
(GFAP) and the formation of glial or astrocytic scar structures (Rowland et al., 2008;
Ruff and Fehlings, 2010; Wyndaele and Wyndaele, 2006). However, inhibition of some
cytokines, such as TNF, has been demonstrated to result in functional neurological
recovery after SCl and to have a neuroprotective effect in vitro and in animal models
of SCI (Cheng et al., 1994; Kim et al., 2001).

3) Subacute stage
The subacute stage appears between two days and two weeks
following the initial injury. During this stage, there is a gradual increase in the

astrocytic intermediate filament due to the proliferative and hypertrophic activity of
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astrocytes. These astrocytes function as a physical and chemical barrier to axonal
regeneration by astrocytic scar or glial scar. However, in humans, there is significantly
less glia scar than in rodent SCI models (Hagg and Qudega, 2006). Moreover,
astrocytes support recovery by restoring ionic homeostasis and the integrity of the
BBB, which reduces edema and immune cell invasion (Herrmann et al., 2008).

4) Intermediate stage

The intermediate stage begins two weeks after the accident and

lasts for six months. During this stage, the glia scar matures and axonal regeneration
begins (Salewski et al., 2013).

5)  Chronic stage

Six months following the first SCI, the chronic phase would appear.
The main characteristics of this stage, cysts, and the lesion are developed from glia
scar formation and followed by Wallerian degeneration of severed and injured axons
(Coleman and Perry, 2002; Hill et al.,, 2001; Rowland et al., 2008). Two to three years
post-injury, the last stage of necrotic death is shown with cyst cavity formation and
myelomalacia (McDonald et al.,, 2002). At this point, treatments are based on
regenerative techniques that help damaged axons become more flexible, regenerate,
and remyelinate.
2.4.2 Experimental models of spinal cord injury

The stages of damage are also used to classify SCI animal models. All

SCI models are constructed in accordance with damage mechanisms, their

characteristics, and their applicability to human SCI (Alizadeh et al., 2019).
1) Transection model

The transection model of SCl is very simple to generate.
Nevertheless, this model is not representative of actual SCI or the clinical reality of
SCl. Transection models are suitable for studying axonal regeneration or biomaterial
scaffold surgery to close the gap between the proximal and distal portions of the
severed spinal cord. There are two kinds of transection models: complete transection
and partial transection models. Complete transection is the separation of the spinal
cord from the higher motor centers, making it suited for the investigation of

propriospinal motor and sensory circuits in the recovery of SCI locomotor (Barbeau et
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al,, 1999; Cheriyan et al, 2014). There are several sub-units of partial transection
models such as hemisection, unilateral transection, and dorsal column lesions. Partial
transection models are ideal for studying the pathophysiology of nerve grafts,
plasticity, and comparisons between wounded and uninjured routes. However, these
models do not exhibit significant injuries and have a high rate of spontaneous
recovery. Thus, these models might not be appropriate for the development and

assessment of novel medical treatments (Cheriyan et al., 2014).
2) Contusive model

Clinically, the contusion model is associated with SCI induced by
acute physical trauma to the spinal cord. Animal models can now get contusions
with three different kinds of equipment: the weight-drop apparatus, the computer-
controlled impactor, and the air gun device.

The first contusion model impactor was produced by Gruner at New
York University (NYU) in 1992 (Barbeau et al, 1999). In order to generate various
phases of SCl, a metal rod of a certain weight (10 ¢) was dropped from different
heights onto the spinal cord (Barbeau et al., 1999; Cheriyan et al.,, 2014). For analysis
and verification, parameters such as time, impact velocity, and the biomechanical
action of the tissue could be recorded. The NYU impactor or Multicenter Animal
Spinal Cord Injury Study (MASCIS) impactor, as well as modified protocols, are
becoming standard for research. In 2012, the MASCIS impactor was modified to MACIS
lll. However, there are limitations to MASCIS impactors with control length of impact
and weight bounce that could be caused by many impacts to predict the result of
SCI (Cheriyan et al., 2014).

Another type is the Infinite Horizon (IH) impactor, which is produced by
force-controlled impact. This model enhances the force management of impact and
eliminates weight bouncing by using a computer-controlled metal impounder that
may be rapidly retracted when dropped on the spinal cord. One of the benefits of
the IH impactor is its ability to give rats with mild, moderate, and severe SCI by
adjusting the force degree. However, the limitation of IH impactors is the
uncontrolled firmness holding to the spinal column during the impact, which is a

result of unpredictable injury and neurological deficits (Cheriyan et al., 2014).
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The Ohio State University (OSU) impactor is another impactor produced
to use a computer-controlled electromagnetic impactor, so multiple strikes are
avoided (Cheriyan et al.,, 2014; Stokes, 1992). As a result of cerebrospinal fluid (CSF)
displacement during device loading, the specific location of damage to the spinal
cord cannot be confirmed with this impactor (Cheriyan et al., 2014). However, in
2000, the OSU impactor was developed for researchers in mice (Jakeman et al,
2000).

The last kind of contusion model is the air gun impactor, which was
established by the rat model in 2012. High-pressure streams of air are used to
produce SCI. The vertebrae are immovable. A dental drill is applied to the vertebral
arch of the target vertebra to generate a two mm diameter hole. The injector is
entered and placed between the holds without putting force on the dura mater.
Then, the air shot is administered. The disadvantages of this technique are the
instability of the specific injury quantification when the model is reproduced.
Recently, MASCIS, IH, and OSU impactor devices produce SCI in small and big animals
such as mice, rats, marmosets, cats, and pigs (Cheriyan et al., 2014; Gruner, 1992).

3) Compressive model

Compression injury consists of an initial contusion followed by a
persistent compression caused by force application over a longer period of time
(seconds to minutes). Consequently, the compression injury model may be suitable
for contusive-compressive models (Cheriyan et al., 2014).

In 1978, the clip compression model was first presented, which is
the most commonly used for SCIin rats and mice (Cheriyan et al,, 2014; Joshi and
Fehlings, 2002; Petteys et al., 2017). After laminectomy, a modified aneurism clip with
a calibrated closure force is applied to the spinal cord for a predetermined amount
of time (about one minute) to induce a contusive compressive injury (Cheriyan et al,,
2014). The force of the clip and the duration of compression can be adjusted and
modified to customize the stage of SCI injury. A fifty ¢ clip for one minute, for
example, can result in a severe SCI, whereas a thirty-five g clip for the same duration
can result in a moderate to severe damage model (Poon et al.,, 2007). In recent years,
smaller or bigger clips have been produced for usage in mouse (Joshi and Fehlings,

2002) and pig models (Lee et al., 2013). Comparison between clip compression and
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contusion models, clip compression is less expensive and easier to working (Cheriyan
et al,, 2014). The clip compression model applies contusion and compression both
dorsally and ventrally to the spinal cord, whereas a contusion is mainly applied
dorsally. Since most SCls in people are caused by burst compression fractures and
dislocations, the clip compression model may be a better representation of this
(Poon et al., 2007). However, it is not able to fully measure the closing velocity and
delivered force at the moment of application due to a wide scope of variability
(Cheriyan et al., 2014).

In 1991, Forceps compression, a straightforward and affordable
compressive model, was originally used to induce SCI in guinea pigs (Blight, 1991).
Although the spinal cord is compressed bilaterally using calibrated forceps with a
spacer, this model still lacks the initial impact and contusive injury, which are
associated with the majority of human traumatic SCI cases. As a result, the forceps
compression model may not be a therapeutically relevant model for researching the
pathology of human SCI and the development of new treatments (Cheriyan et al,,
2014). Additionally, the balloon compression model has been widely used in
primates and larger animals, such as dogs and cats (Aslan et al.,, 2009; Fukuda et al,,
2005; Nesathurai et al., 2006).

4)  Spinal cord strapping model

The developed mechanical device named SC-STRAPPER was used
for a spinal cord strapping model for SCI induction. The suture is inserted into one
side of an animal using a curved surgical needle. The suture is then wrapped around
a certain level of the spinal cord in the epidural region and withdrawn through the
opposite side of the skin. One end of the suture is attached to the wall of the
experimental apparatus, while the other end is attached to a hanging mass by a
simple pulley. The compression is started once the mass is permitted to drop for one
minute. Mild, moderate, and severe injuries of SCl showed different functional and
histological outcomes depending on the three different masses that were used. The
advantages of the spinal cord strapping model are the comparatively noninvasive
method, unrequired laminectomy, non-bleeding, and high percentage of survival was
reported (da Costa et al,, 2008). This model also delivers SCI not only in the

dorsoventral or lateral direction compression but on all sides of the cord, and is able
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to produce the injury grade. Nonetheless, the continuous reproducibility of injury at
the exact location and range must be proved. Even though the compression force
may be predicted based on the mass, other injury-related factors cannot be
controlled or quantified (Cheriyan et al., 2014).

5)  Chemical models

Chemical models were applied and applied to simulate the

secondary injury caused by SCI. These models are appropriate for investigating the
molecular processes of spinal cord injury and the effects of treatments on particular
pathways. Reagents, such as superoxide, hydroxyl radical, and peroxynitrate, have
been designed to construct reactive oxygen species, resulting in oxidative damage to
lipids and proteins and therefore the degeneration of neurons. However, chemical
models are hardly studied because of limitations such as wound growth and
localization ability and non-repeatability of specific sites (Cheriyan et al., 2014).

In conclusion, although current animal models do not represent all
clinical characteristics of human SCI. The compression and contusion models might
be the best and most useful tools for studying secondary damage and developing

therapies for SCI.

2.5 Neurorepair/neuroprotection after cell transplantation

The main _mechanisms of neurorepair/neuroprotection after cell transplantation
normally are trophic factor support, remyelination, and functional improvement (Nori et
al, 2017). After cell transplantation therapy, neurorepair/neuroprotection function
synergistically to promote plasticity and regeneration in SCI models. Neuroprotective
mechanisms include the elimination of all endogenous toxins and inflammatory
responses with or without the release of growth factors. After SCI model was
transplanted by stem cells, neuroprotection might start with a mechanism of the acute
and sub-acute stage of SCl. Next, transplanted cells may help the host by regrowing
axons through the release of trophic factors, the decrease of chemicals that stop neurite
growth, or remyelination, or by giving a wound an extracellular matrix to help it heal

(Emgard et al,, 2014).
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Neurotrophic support is one of the important roles of neurorepair/
neuroprotection may be restored by cell transplantation after SCI. Neurotrophic
factors secreted by stem cells to promote cell survival, cell differentiation,
neuroprotection, remyelinating, axonal sparing, axonal growth, neuronal survival,
synaptic plasticity with improved motor functional recovery play an important role in
both the peripheral nervous system and central nervous system (Nori et al,, 2017).
Neurotrophic factors have been reported in neurorepair/neuroprotection for example
brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), nerve growth factor
(NGF), and neurotrophin-4/5 (NT-4/5) (Nori et al., 2017). In addition, cytokine growth
factors such as the TGF-b family, GDNF, and hepatocyte growth factor (HGF) promote
the development of axons following SCI (Nori et al,, 2018). Cell-autonomous and
non-cell-autonomous trophic effects have been shown in the study of NSs derived
from human iPSC (adult human fibroblasts) after being transplanted to the SCI model
(Nori et al,, 2011). NSs induce the development of synapses between hiPSC-NS-
derived neurons and mouse neurons. In addition, the activation of neurotrophic
factors, angiogenesis, axonal regeneration in the distal spinal cord, and the number of
myelin increased. hiPSC-NSs exhibited survival, migration, and differentiation into
neurons, astrocytes, and oligodendrocytes in the injured spinal cord. The
regeneration of axons by the transplanted hiPSC-NSs also demonstrated motor
functional recovery.

In terms of cell differentiation, ESC-derived NSs were transplanted to both the
acute and sub-acute phases of the SCI model (Silva, et al.,, 2017). One week and two
weeks post-transplantation, transplanted cells differentiated into neural lineages
including neurons and oligodendrocytes, as examined by specific markers including
neural progenitor (NESTIN), olisodendrocyte progenitor cells (Olig2), neurons (MAP-2),
astrocytes (GFAP), and oligodendrocytes (O4).

Myelin is an essential component of the central nervous system and is
necessary for synapsing and communication. After SCl, extensive loss of white matter
was shown, followed by the leak of functional axons. Remyelination was also
detected after repair in SCI. In a rat model of chronic spinal cord injury,
oligodendrocytes generated from human oligodendrogenic neural progenitor cells

(oNPC) produced myelin sheaths and formed surviving axons. In addition,
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Kv1.2+/Caspr+ nodes of Ranvier were found in graft-derived myelin sheaths, indicating
the usefulness of grafted human oNPC-derived myelin sheaths (Nori et al., 2018).

The behavioral and functional effects of NSs treatment are most likely affected by a
lot of factors. Functional improvement is often evaluated weekly by the Basso,
Beattie, and Bresnahan (BBB) scale to study hindlimb locomotor recovery (Beattie et
al., 1997). SCI model showed a promising score of 7.3 at the end of the 8 weeks after
being transplanted with globose basal cells (GBCs) and NSs formation, along with
electromyography amplitude, was markedly increased, indicating axonal regeneration
(Muniswami et al., 2017). GBCs showed positive for B-tubulin lll, neural cell marker,
which could be responsible for the hindlimb motor recovery. However, there was a
problem with tumor development after long-term post-transplantation of NSs,
produced from iPSC. Transplantation of 253G1 (iPSC)-NSs to cure SCI in adult NOD-
SCID mice resulted in three neural lineage differentiation, restoration of local circuitry,
and stimulation of angiogenesis and axonal regeneration (Nori et al., 2015).
Furthermore, they discovered that 253G1 (iPSC)-NS-grafted mice showed temporary
motor function recovery through promoted synapse formation 47 days after
transplantation, but a tumor formed for up to 103 days. Similar to transcriptome
analysis, a higher mesenchymal transition may have helped the growth of tumors
made from transplanted cells (Nori et al, 2015). Thus, the result of
neurorepair/neuroprotection after transplantation depends on the selected various
protocols for transplantation, such as origin of stem cells, induction protocol, SCI
model, SCI stage etc. AWl of these factors lead to the effect of

neurorepair/neuroprotection with a different outcome.
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CHAPTER I
TRANSDIFFERENTIATION OF HUMAN WHARTON'S JELLY
DERIVED-MESENCHYMAL STEM CELLS TO BE NEUROSPHERE

3.1 Abstract

MSCs are multipotent, self-renewing stromal cells that can differentiate into a
variety of cell types. MSCs have increased proliferative potential, decreased
inflammation, and no tumorigenic possibilities. These cells are capable of inducing
tissue regeneration and preventing the development of malignancies following stem
cell transplantation. hWJ-MSCs have been isolated and characterized and then
induced in vitro to create NSs suspended in serum-free medium. Small molecules
P7C3-20 and Isx9 were used to stimulate and promote neuron differentiation
performance with hWJ-MSCs. The results of immunocytochemistry and gene
expression showed hWJ-MSCs could differentiate into NSs using media supplemented
with 10 uM Isx9. All results showed NSs expressed neural stem/progenitor cell
markers via the Wnt3A signaling pathway. Thus, NSs from day 7 of the Isx9 group

were used for further NS cell transplantation in rats.

3.2 Introduction

MSCs are multipotent, self-renewing stromal cells that may develop into
several cell types. MSCs are excellent options for cell therapy since they are freely
available, simple to deliver, have a high rate of survival after cryopreservation, and
they have not shown any negative impacts in allogeneic transplantation (Malgieri et
al,, 2010). Previous studies have shown that MSCs can regulate the growing
microenvironment of NSCs and promote their survival rate (Zhou et al., 2016). These
cells have enhanced proliferative capacity, decreased inflammation, and no
tumorigenesis (Kim et al, 2013; Zhou et al.,, 2016). MSCs release large amounts of
NGF, neurotrophic factors NT-3, NT-4, bFF, and GDNF, as well as other

neuroprotective compounds, in addition to stimulating neurogenesis and
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angiogenesis (Balasubramanian et al.,, 2013). Significantly, MSCs could induce tissue
regeneration and prevent the development of tumors associated with stem cell
transplantation (Sun et al, 2019). MSCs are present in a variety of tissues, including
the umbilical cord, bone marrow, placenta, and adipose tissue (Venkatesh and Sen,
2017). Consequently, the therapeutic value of MSCs isolated from umbilical cord
Wharton's jelly has developed (Balasubramanian et al., 2013).

MSCs are generated in vitro to produce NSs suspended in serum-free media
(George et al.,, 2019). NSs are a hybrid of NSCs and NPCs, as NSPCs are (Kawase-Koga
et al,, 2020). NSs are multipotent stem cells with the capacity for self-renewal and
differentiation into neural lineages, neurons, astrocytes, and oligodendrocytes. It is
interesting that no HLA-DR expression was identified in these NSs, making them a
suitable opportunity for transplantation treatment (Pen et al.,, 2019). According to a
recent study, UC-MSCs can be processed to produce neurons under conventional
culture conditions (DMEM/F12, EGF, bFGF, N2, and B27) after 12 hours (Peng et al,,
2019). Moreover, P7C3-20 and Ix9 small molecules exhibit high neuron induction
performance (Yang et al, 2019). The addition of the small molecule P7C3-A20
improved the efficiency of spinal cord-NSC neuronal development significantly (Yang
et al,, 2021). The Isx9 small molecule also highly stimulated neuronal development
in adult neural stem cells by rapidly signaling the neuronal lineages in vitro via Ca2’
influx (Schneider et al., 2008; Shohayeb et al., 2018). In this study, P7C3-20 and Isx9
small molecules might be useful to differentiate hWJ-MSCs via stimulating and
promoting neurogenesis. This procedure might be applicable for neurodegenerative

disease transplantation treatment.

3.3 Materials and methods
3.3.1 Ethics Statement
This study was approved by the Ethics Committee for Research Involving
Human Subjects, Suranaree University of Technology (EC-61-58). Human umbilical
cord tissues were harvested and preserved aseptically after delivery with informed

consent from patients at Maharat Nakhon Ratchasima Hospital, Nakhon Ratchasima.
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3.3.2 Reagents
Chemicals used in this research were from Sigma-Aldrich Corporation
(St. Louis, MO, USA), antibodies were from Merck Ltd. (Darmstadt, Germany), the cell
culture media were from Gibco (Paisley, UK), and plastic cell culture devices were
from SPL life sciences (Gyeonggi-do, South Korea), if not, specify additionally.
3.3.3 hWJ-MSCs isolation and culture
Two samples of human umbilical cord were isolated. Human umbilical
cords around 7-10 cm long were cleaned and both sides were cut off. Affer that,
umbilical cord vessels were separated. The gelatinous tissue surrounding the vessels
were collected and chopped into small pieces (3 mm’) and were plated on sterile
90x15 mm culture dishes and left for 3-5 min at room temperature (RT) to enable
tissue to attach to the dish. MSCs culture medium (alpha modification of Eagle's
medium (a-MEM) supplemented with 1 mM L-glutamine, 10% fetal bovine serum
(FBS), 100 units/ml penicillin, and 100 pg/ml streptomycin) was carefully added to
the culture dish. Tissues were cultured in a humidified atmosphere of 5% CO, in air
at 37°C for 10-14 days. The medium was changed every 3 days. MSCs were expanded
until passage 3 and either directly used for experiments or cryopreserved with 10%
dimethyl sulfoxide (DMSO) and kept in liquid nitrogen.
3.3.4 Flow cytometric analysis of hWJ-MSCs
Flow cytometric analysis was performed to confirm MSCs surface
markers. Two cell lines of hW1-MSCs were performed. The adherent MSCs cells were
treated with trypsin-EDTA and collected after being centrifuged at 350xg for 5 min.
MSCs were incubated in antibodies in the dark for 20 min. All antibodies are listed in
appendix table 1. Each antibody was diluted in 100 ml of PBS(-), following antibodies:
anti-CD34-PE (dilution 1:10, Beckman Coulter, Brea, California, USA), anti-CD45-FITC
(dilution 1:20, Biolegend, San Diego, California, USA), anti-CD73-APC, anti-CD90-APC/
A750, and anti-CD105-PE (dilution 1:100, Biolegend). The samples were analyzed by
an Attune™ NxT Flow Cytometer (Attune™ NXT, Thermo Fisher Scientific, Cleveland,
OH, USA). The percentage of CD34, CD45, CD73", CD90, and CD105" positive or

negative cell populations were calculated using the FCS Express™ Software.
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3.3.5 Trilineage differentiation ability of hWJ-MSCs

As described prevously (Panta et al, 2019) MSCs at passage 5 of two cel
in were cultured until 70% confluence in 6-well culture plates coated with 0.1%
gelatin. To induce osteogenic lineage, the induction medium was o-MEM medium
supplemented with 100 nM dexamethasone, 0.2 mM L-ascorbate-2-phosphate, 10
mM B-glycerophosphate, 100 units/ml penicillin, and 100 pg/ml streptomycin. The
induction medium was replaced every 2 days and cultured for 21 days. Calcium
deposits from the cells were stained and visualized by alizarin red staining.

To induce adipogenic lineage, MSCs were cultured in a-MEM medium
supplemented with 5% FBS, 10 pg/ml insulin, 100 pM indomethacin, 1 pM
dexamethasone, 0.5 mM isobutyl methylxanthine (IBMX), 100 units/ml penicillin and
100 pg/ml streptomycin. IBMX was removed from the medium after 1 week of
induction. The medium was replaced every 2 days and cultured for 21 days. Cells
were stained with Oil Red O to observe oil droplets.

To induce chondrogenic lineage, MSCs were cultured in a-MEM medium
supplemented with 1% FBS, 1% Insulin-Transferrin-Selenium-Ethanolamine (ITS-X), 50
pg/ml ascorbate-2-phosphate, 40 pg/ml L-proline, 100 pg/ml sodium pyruvate, 100
nM dexamethasone, 10 ng/ml of transforming growth factor beta-3 (TGFB-3), 100
units/ml penicilin and 100 pg/ml streptomycin. The medium was replaced every 2
days and cultured for 21 days. Glycosaminoglycans (GAG) production was assessed
by Alcian blue 8x staining.

3.3.6 Analysis of P7C3-A20 and Isx9 cytotoxicity

One thousand MSCs were cultured in 96-well culture plates in MSCs
culture medium for 6h to allow cell attachment. Neurogenesis enhancing small
molecules, Isx9 and P7C3-A20 (MedChemExpress, NJ, USA) cytotoxicity were
evaluated by addition into the culture medium at 0, 1, 2.5, 5, 10 and 20 pM for Isx9
and at 0, 0.25, 0.50, 1, 2.5 and 5 uM for P7C3-A20. The cells were cultured at 37°C for
48h in a humidified atmosphere of 5% CO,. The cytotoxicity of Isx9 and P7C3-A20 on
cell viability was analyzed by a 3 (4,5-dimethytthiazol-2-y/) 2,5-diphenyltetrazolium
bromide (MTT; Invitrogenw, Thermo Fisher Scientific, Massachusetts, USA) assay

followed the manufacturer's instructions.
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3.3.7 Neurosphere differentiation

MSCs cells passage 6 were seeded in 60x15 mm petri dish (Greiner
Bio-One, KremsmuUnster, Austria). Approximately 2.8x10° cells were resuspend in
neurosphere culture medium; NM (Bonilla-Porras et al., 2017). NM was composed of
DMEM/F-12 medium supplemented with 2% B27, 1% N2, 20 ng/ml basic fibroblast
growth factor (bFGF), 20 ng/ml epidermal growth factor (EGF), 2 pg/ml heparin
sodium salt, 100 units/ml penicillin and 100 pg/mL streptomycin combined with or
without 3 puM P7C3 and/or 10 uM Isx9. Cells were cultured in a humidified
atmosphere at 37°C and 5% CO, for 14 days. Twenty-four hours after culture, the
medium replaced every 3 days. The experimental groups were divided into 3, 7, 10,
and 14 days after induction (Fig. 3.1), (1) control; cultured with DMEM/F12 (1:1), (2)
P7C3; cultured with NM+3 uM P7C3, (3) Isx9; cultured with NM+10 puM Isx9, (4)
P7C3+Isx9; cultured with NM+10 pM Isx9 for 3 days then changed to NM+10 pM
Isx9+3 uM P7C3 until 14 days.

hWJ-MSCs passage 6
800 cells/ul

Day 0 i i i)v i N G 7h
eurospneres

Neurosphere characterizations

Group 1 : control - DMEM/F12 (1:1)
Group 2 : P7C3 - NM+P7C3
Group 3 : Isx9 - NM-+Isx9

Group 4 : P7C3+Isx9 - NM+P7C3+Isx9

Figure 3.1 Neurosphere differentiation experimental design.
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3.3.8 Neurosphere characterizations
1) Immunocytochemical staining

Neurospheres of day 3, 7, 10, and 14 were filtered with nylon net filters
(#NY1H02500 (100pm) and #NY4H04700 (140um), Merck Millipore, Massachusetts, USA),
and only 100-140 pm in diameter were selected (Nori et al, 2015). The cells were
analyzed for the neural stem/progenitor cell expression by immunocytochemical staining
(ICQ). Start with, neurospheres were fixed with 100% methanol for 20 min at -20°C,
permeabilized, and blocked with 2% bovine serum albumin (BSA), 5% normal goat serum,
3 mM sodium azide, and 0.2% triton-X-100. All antibodies are listed in appendix table 1.
Cells were incubated for 2h at RT following by incubation with primary antibodies;
anti-nestin antibody (dilution 1:100; neural stem/progenitor cell marker), anti-SOX2
antibody (dilution 1:100, Bioscience, Massachusetts, USA; neural stem/progenitor cell
marker), anti-B-tubulin 3 antibody (dilution 1:100; neuron cell marker), anti- B-catenin
antibody (dilution 1:100; Wnt3A signaling pathway marker), and anti-DCX antibody (dilution
1:100; immature neuron cells marker) overnight at 4°C. Next day, neurospheres were
incubated in secondary antibodies; Alexa fluor® 488 donkey anti-mouse IgG (dilution
1:1000, Invitrogenw, Thermo Fisher Scientific), Alexa fluor” 594 goat anti-rat 1¢G (dilution
1:250, Invitrogenw, Thermo Fisher Scientific) and Alexa fluor” 594 goat anti-rabbit 1¢G
(dilution 1:250, Invitrogenw, Thermo Fisher Scientific) for 2h at RT. Then, cells were stained
with 6-diamino-2-phenylindole (DAPI; 1:1000) and mounted with Vectashield antifade
mounting medium (Vector Laboratories, Burlingame, CA, USA). Samples were observed
using a fluorescence inverted microscope (Eclipse Ti-S, Nikon Imaging Japan Inc.) by the
NIS-Elements D program (Nikon Imaging Japan Inc., Tokyo, Japan).

2)  Gene expression analysis

To determine mRNA expression of neurospheres, total RNA was
isolated after 3, 7, 10, and 14 days of differentiation, using FavorPrep Tissue Total
RNA Mini Kit (Favorgen Biotech Corp., PingTung, Taiwan) followed the manufacturer's
instructions. The, RNAs were then reverse-transcribed using oligo-dT primers for cDNA
synthesis (biotech rabbit GmbH, Berlin, Germany). Neurosphere-specific gene
expressions were evaluated using KAPA SYBR FAST ¢gPCR Master Mix (Applied
Biosystems, Carlsbad, CA, USA). Gene expression was examined with QuantStudio 5

real-time PCR system (QuantStudio 5, Applied Biosystems, Carlsbad, CA, USA). Melting



38

curve analysis was also performed to specificity of the specific primers (Table 3.1).
S-actin was used as a reference gene to normalized the target genes the expression
fold change was calculated relative to control cells, MSCs, and positive control,
SHSY-5Y human neuroblastoma (ATCC #CRL-2266). gPCR was performed in triplicate

and statistical analysis was performed using the 2" method.

Table 3.1  Primers used for gPCR.

Product size

Genes Primer sequence (5'2>3") (b) References
P
F: CTGAGGACAAGCCACAAGATTACA
p-catenin 121 NM 001330729.2
R: TGGGCACCAATATCAAGTCCAA
F: TGGATCCCCAACAACGTGAA
p-tubulin 3 286 NM 006086.4
R: CITCGTACATCTCCCCTCTT
F: TCTTCCACGTTAAGCCTCCG
NEUROD1 97 NM 002500.5
R: CCATCAAAGGAAGGGCTGGT
F: GCGGAAAACCAAGACGCTC
SOX2 153 BC 013923.2
R: TTCATGTGCGCGTAACTGTC
F: AGTGATGCCCCTTCACCTTG
nestin 199 NM 006617.1
R: GCTCGCTCTCTACTITCCCC
F: TATGCGCCGAAGCAAGTCTCCA
DCX 155 NM 000555.3
R: CATCCAAGGACAGAGGCAGGTA
F: GAGAAAATCTGGCACCACACC
S-actin® 177 NM 001101.5
R: GGATAGCACAGCCTGGATAGCAA

*Reference gene

3)  Western blotting analysis

To determine the level of protein expression for Wnt3A signaling
pathway markers and neural stem/progenitor cell markers, extracted protein of
neurospheres at day 0, 3, 7, 10, and 14 of differentiation were separated via SDS-PAGE
(75% or 10% resolving gel), followed by electro-transfer to PDF membranes
(Immun—BLot® PVDF Membrane, Bio-Rad Laboratories, Hercules, CA, USA). Afterward, the
membranes were blocked with 5% skim milk in TBST (Tris-buffered saline with 0.1%
Tween 20) for 1h at RT. For protein detection of nestin, B-tubulin 3, NEUROD1, SOX2,

B-catenin, and DCX protein membranes were incubated with primary antibody solution
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(1% BSA in TBS, Tris-buffered saline) overnight at 4°C. After washed by TBST, membranes
were incubated for 1h at RT with secondary antibodies conjugated with horseradish
peroxidase (HRP; Abcam, Cambridge, UK), diluted 1:2000 in 5% skim milk in TBST, apply
the chemiluminescent substrate by using ECL substrate kit (Ultra-high sensitivity, Abcam,
Cambridge, UK) following the manufacturer's suggestions. Protein bands were imaged by
ImageQuant™ LAS 500 (GE Healthcare Life Sciences, Massachusetts, USA) and then
quantified using Image J software (National Institute of Health, Maryland, USA). All
antibodies are listed in appendix table 1. B-actin was used as housekeeping control for
normalization with nestin, B-tubulin 3, NEUROD1, SOX2, B-catenin, and DCX protein. The
data were compared to negative control cells (MSCs) and positive control (SHSY-5Y) and
no data were quantified from bands with saturated pixels.
3.3.9 Statistical Analysis

Statistical analysis was performed using GraphPad version 5 and data
were expressed as the mean+S.D. The differences between values were determined
using a one-way analysis of variance (ANOVA), followed by Tukey-Kramer Honest
Significant Difference (HSD) Post hoc test to compare differences between two
groups. A value of p<0.05 was considered sienificant with different lowercase letters.

The data was plotted by GraphPad Prism version 5.

3.4 Result

3.4.1 MSCs characterization

Characteristics. of MSCs including morphology, surface marker expression,

and differentiation potential were determined. After hWJ-MSCs isolation for 10-14 days,
cells were expanded and passaged. At passage 5, cell morphology of both cell lines was
similar to monolayer fibroblast cells (Fig. 3.2A). Cell surface markers expression of MSCs
were analyzed by flow cytometry (Fig. 3.3). Cell line 1, the results were positive for CD73
(99.51%), CD90 (99.77%), and CD105 (99.72%) cell surface markers and negative for CD34
(100.00%) and CD45 (99.99%) cell surface markers. But cell line 2, the results were
positive for CD73 (99.79%), CD0 (99.60%), and CD105 (2.42%) cell surface markers and
negative for CD34 (100.00%) and CD45 (99.99%) cell surface markers.

Differentiation of MSCs to osteocyte, chondrocyte, and adipocyte cells were done

by using induction medium for 21 days (Fig. 3.2B). Only MSCs from cell line 1 could
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differentiate to be all osteocyte, chondrocyte, and adipocyte cells. Osteocyte
differentiation results of cell line 1 showed cells with intracellular calcium accumulation
and stained with Alizarin red. Adipocyte differentiation results of cell line 1 showed the
intracellular lipids (lipid droplets) in cells were found and stained by oil red O dye. For
chondrocyte differentiation of both cell line could differentiate into chondrocytes as
tested by the presence of Alcian blue-stained region.

Thus, cell line 1 was accepted for MSCs characterization standards from the
International Society for Cell & Gene Therapy, therefore this cell line was then used in

further experiments.

hWJ-MSCs isolation

Cell line 1

Cell line 2

vo]
]
=
o

o
Q
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Cell line 2
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Figure 3.2 MSCs with fibroblast-like morphology. (A) Phase contrast images of MSCs
expanded from Wharton's Jelly tissue (left) and MSCs were 80% confluences
(right) of cell line 1 and 2, scale bar = 100 um. (B) Trilineage differentiation
ability of MSCs after 21 days, evaluated by Alizarin Red (osteogenic), Alcian
Blue (chondrogenic) and Oil Red O (adipogenic) staining, scale bar = 50 pm.
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Figure 3.3 Cell surface marker expression analysis of MSCs. MSCs of cell line 1 (A) and 2
(B) were analyzed by flow cytometry with CD73", CD90", CD105", CD34 and

CD45 cell surface marker.
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Figure 3.4 Cytotoxicity of MSCs after P7C3 or Isx9 treatment. (A) Cell viability was
assessed by MTT assay at 0, 1, 2.5, 5, 10, and 20 MM P7C3 treatment for 48h.
(B) Cell viability was assessed by MTT assay at 0, 0.25, 0.50, 1, 2.5, and 5 uM
Isx9 treatment for 48h. (C) Number of spheres after filtration (diameter
100-140 um). Data were shown as mean+S.D. with different lowercase letters,

are significantly different at p<0.05.

3.4.2 P7C3 and Isx9 cytotoxicity
Cytotoxicity of small molecules, P7C3 and Isx9 was evaluated by MTT
assay (Fig. 3.4A-B). The results of cell viability were compared with not adding any small
molecules. The results found highest toxic effect on MSCs at 2 pM P7C3 and 5 uM Isx9
and showed significantly difference compared with control (p<0.05). However, the

concentrations of 3 uM P7C3 and 10 UM Isx9 were not toxic on MSCs as were used for



43

neuron induction (Yang et al.,, 2019). Therefore, we selected P7C3 at 3 uM and Isx9 at 10
WM for further induction of MSCs into the NSs.
3.4.3 Neurosphere characterizations

NSs at approximately diameter of 100-140 um, were counted and recorded
at each duration of the experimental groups (Fig. 3.4C). In control and Isx9 group showed
high number of spheres on day 3. In the P7C3 group, sphere number was gradually
increased from day 3 to day 14. However, in the P7C3+Isx9 group, the numbers of
spheres fluctuated up and down in all duration but no significant differences were found
when compared in each group.

1) Immunocytochemical staining

NSs were examined with intracellular antigen-specific neuron staining,

nestin, SOX2, B-tubulin 3, -catenin, and DCX, compared with MSCs (Fig. 3.5-3.9). Staining
and intensity of immunofluorescence expression results displayed MSCs were
differentiated to be NSs. The results showed nestin protein expression progressively high
in all group (Fig. 3.10A). Especially, Isx9 group on days 14 was significantly higher than
days 3 of other groups (p<0.05). Results of B-tubulin 3 antibody staining (Fig. 3.10B), at
day 14 of Isx9 groups was significantly higher than days 3 of P7C3 group (p<0.05).
B-catenin staining (Fig. 3.10C), showed high expression in all group, with no significant
difference was found in all experimental groups. Similarly, DCX staining results (Fig. 3.10D)
for immature neurons, no significant difference was found in all Y experimental groups.
Finally, for SOX2 protein (Fig. 3.10E), P7C3 groups exhibited high expression on days 14
which was significantly higher than day 3 in the same group (p<0.05).

2) Gene Expression Analysis

Gene expression analysis of NSs by gPCR, p-catenin, NEURODI,

SOX2, nestin, p-tubulin 3, and DCX genes, were compared to each group and
SHSY-5Y neuroblastoma (positive control for neuron cells).

The expression of p-catenin genes was showed in Fig. 3.11A. f-catenin genes
expression of P7C3 group at days 7 and 14 were significantly lower than days 3 of
Isx9 group (p<0.05) but no significant difference with the other groups.

NEUROD1 gene expression of P7C3 group at days 3 and 7 and SHSY-5Y were
significantly lower than days 10 of Isx9 group (p<0.05) but no significant difference
with the other groups.



P7C3+Isx9

Figure 3.5 ICC staining image of NSs with nestin. Nestin (green;

were co-stained to NSs, scale bar = 50 pm.
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Figure 3.6 ICC staining image of NSs with B-tubulin 3. B-tubulin 3 (green; antigen-specific for neuron cell) and DAPI (blue; nucleus) were

co-stained to NSs, scale bar = 50 pm.
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Figure 3.7 ICC staining image of NSs with B-catenin. p-catenin (red; antigen-specific for Wnt3A signaling pathway activation) and DAPI (blue
nucleus) were co-stained to NSs, scale bar = 50 um

Day 14

2%



Control

P7C3+Isx9

Figure 3.8 ICC staining image of NSs with DCX. DC (green; antigen-specific for immature neuron cell) and DAPI (blue; nucleus) were

co-stained to NSs, scale bar = 50 pm.
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Figure 3.9 ICC staining image of NSs with SOX2. SOX2 (red; antigen-specific for neural stem cell differentiation inhibitor) and DAPI (blue;

nucleus) were co-stained to NSs, scale bar = 50 pm.
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SOX2 gene expression for neural stem cell differentiation inhibitor (Fig. 3.11C)
at days 14 of control and P7C3 group were significantly higher than the other groups
(p<0.05) but no significant difference with control group at days 7, Isx9 group at day
10 and 14, P7C3+Isx9 group at day 3 and SHSY-5Y group.

The expression of nestin genes for neural stem/progenitor cells was showed in
Fig. 3.12A. Nestin genes expression of P7C3+Isx9 group at days 14 was higher than
the other groups (p<0.05) but no significant difference with Isx9 group at day 10 and
14 and P7C3+Isx9 group at day 10.

The expression of f-tubulin 3 genes for neuron cells was showed in Fig. 3.12B.
p-tubulin 3 genes expression at days 14 of control and P7C3 groups were significantly
lower than P7C3 group and P7C3+Isx9 group at day 3, SHSY-5Y and all days of Isx9
group (p<0.05) but no significant difference with the other groups.

The last gene expression results, DCX genes expression (Fig. 3.120) were
significantly lower than SHSY-5Y (p<0.05) but no significant difference with the other
groups.

Gene expression analysis of NSs by gPCR, only Isx9 group at days 7 showed all
the expression of p-catenin, nestin, NEURODI and p-tubulin 3 genes, higher than the
other group. Moreover, Isx9 group at days 7 also low expressed SOX2 for neural
stem cell differentiation inhibitor. Therefore, we selected the NSs from day 7 of Isx9
group for further neurosphere transplantation in rats.

3) -~ Western blotting analysis
Western blots were performed with NSs on day 7 to characterize
protein expression followed gene expression results. Nestin, B-catenin, p-tubulin 3,
DCX, NEUROD1 and SOX2 protein expression for Wnt3A signaling pathway markers
and neural stem/progenitor cell markers were analyzed and compared with control
and SHSY-5Y (Fig. 3.13). The intensity changes of B-tubulin 3/ B-actin protein (Fig.
3.14B) in P7C3 and Isx9 groups was significantly lower than SHSY-5Y (p<0.05).

However, there were no significen difference in/other groups and the other proteins.
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SOX2 protein and B-actin protein.
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3.5 Discussion

In this study Wu MSCs were isolated and expanded rom 2 cell lines. Only cell
line 1 was accepted for MSCs characterization to use in further experiments. Then,
we demonstrated that MSCs were able to differentiate into NSs by using
neurogenesis-enhancing small molecules, P7C3-A20 and Isx9. After differentiation,
NSs on day 3 of control group and Isx9 group showed the highest number of
spheres. This result of NSs represented cell proliferation with/without Isx9. Similarly,
numbers of small NSs had formed within 3-5 days from IDPSCs differentiation
(Kawase Koga et al, 2020). The average diameter of primary NSs was 97 um with a
capacity for self-renewal. However, only the higsh number of spheres could not show
the NSs characterization, therefore gene and protein expression were performed to
identify NSs characterization in this study.

NSs were characterized by ICC. The result showed gradually increase nestin
protein expression at day 3 and highest at days 14 in the Isx9 groups. Nestin protein
expression represented MSCs could differentiate to neural stem/progenitor cells
(Hosseini et al., 2018). Similar with the result of NSs were differentiated from hDPSCs
for 14 days also found high expression of nestin (Kawase Koga et al., 2020). For SOX2
protein results showed highest expression on days 14 of P7C3 group. However, those
SOX2 protein in this study, was inhibited NSCs proliferation via Wnt3A signaling
pathway from many signaling in the induction media such as bFGF, P7C3, and Isx9 to
activated NSCs differentiation (Shohayeb et al,, 2018; Vanderhaeghen, 2009).
Although, the results of B-catenin and DCX staining showed theexpression in all
experimental groups, but no statistically different in all experimental groups. For
B-catenin, because of B-catenin protein is activated by a lot of signaling through
many proliferation and differentiation pathways. Moreover, Wnt3A signaling pathway
followed by NSCs differentiation and nestin protein expression, need specific signal
and time to going toward terminal differentiation or maturation (Hagihara et al., 2019,
Shohayeb et al., 2018). Likewise, the results of B-tubulin 3 protein expression, neuron
cells, also showed gradually increase and highest expression on days 14 of Isx. Group
but no significant different when compared to other duration of induction. B-tubulin

3 protein expression on day 14 also displayed terminal differentiation in this study.
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Protein expression on day 7 after induction was analyzed by western blots
analysis. The results of P7C3 and Isx9 groups found that relative protein expression
of B-tubulin 3/ B-actin protein was significantly lower than SHSY-5Y. On the contrary
with previous study, P7C3 and Isx9 small molecule showed high - tubulin 3 protein
expression by ICC result of neuron differentiation from human skin fibroblasts (Yang
et al,, 2019). Unlike our results that no protein expression like mature neuron.

Furthermore, the NSs showed all gene expression of p-catenin, nestin,
NEUROD1 and p-tubulin 3 genes in Isx9 group at 7 days higher than other groups.
Similarly, the previous results showed the high expression of nestin as multiple
neurogenic genes after induction. Besides, they reported that the transcriptional
pattern of NSs was differentiated from both MSCs and hNSCs (Peng et al.,, 2019).
Likewise, previously reported the induction of MSCs to NSs showed high g-tubulin 3
gene expression start on day 4 of induction. Gene expression of this study could
predict to transcriptional regulation of adult neurogenesis (Bonilla-Porras et al, 2017)
Isx9 group at 7 days also expressed NEURODI gene which is an important
transcription factor involved for neuronal development and maturation. The
production of NEURODI gene such as nestin and B-tubulin 3 protein also found in
NSs from Isx9 group at 7 days. For neurogenesis, Wnt3A signaling (Fig. 3.15) prevent
the SOX2-dependent regulation of NEURODI gene transcription (Arredondo et al,
2020; Shohayeb et al., 2018). Therefore, low expression of SOX2 marker is important
point of NSs induction by Isx9 at 7 days. Thus, we selected the NSs from day 7 of
Isx9 group for further NS cell transplantation in rats. Because of the neural
stem/progenitor cells of this group that we found on gene and protein expression

results.
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Figure 3.15 Wnt3A signaling pathway. (left) Inactive Wnt3A signaling pathway, B-catenin
are degraded by multiprotein complex of ubiquitin-mediated proteolysis.
(right) Activated Wnt3A signaling pathway, when the small molecule isx9
binds to the LRP (lipoprotein receptor), then a multiprotein complex
composed of Axin, APC, CK1, and GSK-3B is activated and B-catenin is
released. B-catenin translocate through the nucleus and interacts with
TCF/LEF transcription factor. While the repressor protein complex, HDAC1
and SOX2, is degraded. B-catenin and TCF/LEF regulate the transcription of
target genes. NEUROD1 gene transcription (neurogenic differentiation 1;
NEUROD1), the target gene, activated neurogenic differentiation marker

such as nestin and B-tubulin3. Created with BioRender.com.

3.6 Conclusions

The differentiation of hWJ-MSCs into NSs by neurogenesis enhancing P7C3-A20
and 1sx9 was studied. Induction media composed of 10 uM Isx9 could induce hWJ-MSCs
to be NSs through Wnt3A signaling pathway. B-catenin marker was activated by Isx9
through the Wnt3A signaling pathway. In the same way, B-tubulin 3 and nestin markers
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showed gradually increased expression, indicating MSCs could differentiate into neuron
cells and neural stem/progenitor cells. These NSs showed both neural stem/progenitor
cells by gene and protein expression. Seven days after induction in Isx9 media NSs were

selected to be used in the treatment of spinal cord injury in rat model.
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CHAPTER IV
TRANSPLANTATION OF NEUROSPHERES
TO RECOVER SPINAL CORD INJURY IN RAT

4.1 Abstract

Stem cell research is crucial for the therapeutic treatment of
neurodegenerative diseases such as SCl. Steroids were widely administered to SC
patients to limit neuronal death. Various studies have shown the potential of using
stem cells to repair SCI. This study aims to investigate the transplantation of NSs
derived from hWJ-MSCs into a rat model of SCI by regulating and improving
remyelination. In the transplantation treatment for SCI, NSs were used. Behavioral
assessment of rats and examination of histological analyses were studied. After
transplantation for 8 weeks, histological studies showed that MSCs and NSs were
found in the damaged spinal cord region and also with neurotransmitter activity
(acetylcholine neurotransmitter marker). The expression of GFAP (astrocytes) was
found around the spinal cord injury areas in normal saline, MSCs and NSs s groups,
representing the glia scar surrounding the spinal cord injury area. However, only the
transplanted NSs group expressed immunoreactivity and neuroregeneration through
BDNF results. Besides, NSs transplanted rats displayed the smallest cavity size of SCI
tissue, resulting in regeneration and repair in the tissue. Along with behavioral tests,
NSs-transplanted rats from this work could improve the recovery movement in SCI

rat model in 8 weeks.

4.2 Introduction

Neurodegenerative diseases or neurological injuries such as SCI, vascular
dementia (VaD) and Alzheimer's disease (AD), etc. The pathologies are losing nerve
cells and nerve damage in each region of the nervous system. Falls, motor vehicle

accidents, sports injuries, work-related injuries, and commmunal violence are the most
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major causes of SCl, followed by inflammation and cell degradation in the injury
location (Leung, 2012). SCI also caused several extra severe medical issues, such as
respiratory, urogenital, and skin abnormalities (Hagen, 2015). Furthermore, SCI
patients are often young and require prolonged medical and social care, leading to
significant socioeconomic issues (DeVivo, 1997). Steroids were often administered to
SCI patients to reduce existing cell loss. Several research and preclinical studies on
the therapy of SCI using stem cells have been explored all around world (Yamazaki,
Kawabori, Seki, & Houkin, 2020). NSs, which were transdifferentiated from hWJ-MSCs
from this study, were used. The purpose of this research is to investigate hWJ-MSCs
derived- NSs transplantation into the SCI rat model by regulating and enhancing

neurogeneration.

4.3 Materials and methods

4.3.1 Experimental animals

Adult male Sprague Dawley (SD) rats (weight, 250-300 g or 8-week-old)

were used in this study. All rats in this study were obtained from Nomura Siam
International Co., Ltd., kept in standard conditions under a 12-h light/dark cycle, and
provided food and water. All animal protocols were approved by the Institutional
Animal Care and Use Committee at Suranaree University of Technology (8/2018).

Timeline of SCI model and transplantation show in Fig. 4.1. Fifty male SD rats
were selected and randomly divided into five groups, 10 rats/group: (1) sham group;
the rats were operated but had no SCI induction, (2) control group; the rats were
operated to induce SCI and no cell transplants were performed, (3) normal saline
group; the rats were operated to induce SCI and vehicle treatment, (4) MSCs group;
the rats were operated to induce SCl and received hWJ-MSCs transplantation, (5) NSs

group; the rats were operated to induce SCI and received NSs transplantation.
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Figure 4.1 Schematic diagram of research. Spinal cord injury transplantation timeline.

4.3.2 Spinal cord injury model

The rat compression SCI model was performed according to procedures
previously described (Blight, 1991). Rats were anesthetized using a mixture of 1-3%
isoflurane (Aerrane isoflurane, Baxter Healthcare Corporation, Deerfield, Illinois, USA)
and 500 ml/min oxygen and maintained throughout surgery. Under sterile technique,
compression SCI model was created by forceps compression, calibrated forceps with
a spacer (1.3 mm) were used to bilaterally compress to the dura of the spinal cord at
thoracic level 9 (T9), for 15 sec (Hosseini et al., 2018; Nori et al., 2018). Rats in sham
group were operated with no SCI induction. Post operation, the rats were injected
with 5 mg/kg tramadol hydrochloride, 5 mg/ke carprofen, 5 mg/ke enrofloxacin and
3.5 ml 0.9% normal saline, subcutaneous injections. Manual bladder expression was
performed 3 times/daily until voluntary urination was established combination with
rats were injected with 25 mg/kg sulfamethoxazole trimethoprim, subcutaneous

injections.
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4.3.3 Cell transplantations

NSs at day 7 from Isx9 group were digested by 0.25% trypsin/EDTA at
37°C, 5 min. Then, NSs and MSCs were harvested, washed by PBS(-), and prepared on
ice until transplantation. The total concentration of cells for each group was 1x105
cells in 3 ml normal saline. Cells transplantation was randomly performed at 9 days
post-injury. Rats were anesthetized as described above under sterile technique, and
the spinal dura matter at T9 were exposed. Stem cells were intramedullary injected
into the spinal cord using Hamilton's needles (Hamilton Bonaduz AG, Bonaduz,
Switzerland) as described previously (Wu et al., 2011).

For NSs and MSCs group, 3 ul of stem cells (1 x 10” cells) suspension were
transplanted into the spinal cord with approximately 1.5 mm deep from the dorsal
surface of the dura mater. For normal saline group, rats were injected with 0.9%
normal saline in the same protocol. The last group, sham group, the rats were not
received any specific treatment, only the spinal dura matter was exposed. All rats
received the same medication as before.

4.3.4 Behavioral Tests

BBB behavioral test method was used to evaluate the locomotor
recovery of the SCI animals. It was developed by Basso, Beattie, and Bresnahan
(1995). This method is a reliable and sensitive locomotor rating scale. BBB behavioral
test provides investigators with the performance measurement of behavioral
outcomes after SCI and treatment (Basso et al., 1995). Briefly, all rats were placed on
a floor in a square enclosure and recorded for 5 min. Their hindlimb locomotor
functions were scored using a 22-point (0-21) scale which evaluated parameters
including hindlimb joint movement, paw placement, weight support, forelimb
hindlimb coordination, etc. Eight rats were selected randomly from each group and
were evaluated with BBB behavioral test 1 day before and after the SCI, and every
week until the experiment was completed. The scores were obtained by averaging
both hindlimb values.

4.3.5 Histology

To evaluate the pathology after 8 weeks of cell transplantation into the
injured spinal cords. All rats were euthanized by carbon dioxide fumigation. Then,

rats were intracardially perfused with 0.9% normal saline followed by 4%
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paraformaldehyde (PFA) in 0.1 M PBS at pH 7.4. Spinal cord sections surrounding the
T9 lesion site (approximately 1 cm long) were carefully removed from the vertebrae
and fixed with 4% PFA overnight at 4°C. After dehydration, tissue was embedded in
paraffin. Then, five spinal cord tissues were selected randomly from each
transplanted group for cross-section and other five spinal cord tissues for sagittal
section. The tissue series of slices were sectioned with 5 um thickness and mounted
on glass slides.

1) Immunohistochemistry staining

To evaluate the pathology after cell transplantation, the sagittal
sectioned tissue slides were deparaffinized by xylene and rehydrated. Heat-Induced
Epitope Retrieval (HIER) was performed in antigen retrieval reagent-basic solution (10
mM Tris-base, 1 mM EDTA and 0.05% tween 20, pH 9.0) for 10 min. After that, the
sections were treated with 3% H,0, in PBS for 10 min. Then, the tissues were
incubated in a blocking buffer (2% BSA, 5% normal goat serum, and 0.2% Triton X-
100 in 0.1 M PBS) for 1h at RT.

To evaluate the survival and differentiation of the cells transplanted,
immunofluorescence staining (IF) was performed. Primary antibodies were diluted in
blocking buffer following B-tubulin 3 (dilution 1:100), Nuclei antibody Cy3 conjugate
(HuNu; for human nuclei, dilution 1:100), microtubule-associated protein-2 (MAP2; for
neuron cells, dilution 1:100), glial fibrillary acidic protein (GAP; for astrocytes; 1:100),
nestin (dilution 1:100), choline acetyltransferase (ChAT; for the synthesis of
acetylcholine (ACh) in cholinergic neurons, dilution 1:100), neurofilament light chain
(NF-L; for neurofilament light chain, dilution 1:100) and oligodendrocyte transcription
factor Anti- antibody (Olig2; for mature oligodendrocytes and myelinating
Schwann cells, dilution 1:100). Tissues were incubated in primary antibodies solution
at 4°C overnight. Next day, slides were stained with secondary antibodies, Alexa
fluor® 488 donkey anti-mouse IgG (dilution 1:1000; InvitrogenTM, Thermo Fisher
Scientific) Alexa fluor. 594 goat anti-rabbit 1¢G (dilution 1:250; InvitrogenTM, Thermo
Fisher Scientific) and Alexa fluor® 594 goat anti-goat IgG (dilution 1:250; InvitrogenTM,
Thermo Fisher Scientific) for 1h at RT and counterstained the nuclei with DAPI
(dilution 1:1000). Then the tissue slides were mounted with Vectashield mounting

medium. The tissue slides were observed using a fluorescence inverted microscope.
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To identify brain-derived neurotrophic factor (BDNF) expression,
immunoperoxidase or Immunohistochemical (IC) staining was performed. Five sets of
triple adjacent slices near the midline of the spinal cord were selected and prepared
for BDNF expression measurements. After that, slides incubated in blocking solution,
were stained from immunoreactivity and neuroregeneration with anti-BDNF antibody
(dilution 1:100) diluted in blocking buffer. Slides were incubated in primary antibodies
solution at 4°C overnight. Next day, slices were incubated with peroxidase-conjugated
secondary antibody (dilution 1:100; Abcam) for 1h at RT. After washing, the
peroxidase activity sites were visualized with a 3,3'-diaminobenzidine tetrachloride kit
(DAB; Vector Laboratories) for 5 min. Then, slides were dehydrated and cleared in
xylene. Finally, slides were mounted with a mounting medium (Bio Mount HM, Bio-
Optica, Milano, Italy), covered with coverslips. Negative control tissue sections (from
the MSCs group) were processed similarly but the primary antibody was omitted.
Finally, immunohistochemistry tissues were observed under a fluorescence inverted
microscope. BDNF expression measurements were performed using Image) software.
The brown particles in the picture were regarded as positive BDNF expression.

2) Cavitation analysis

Cross-sectioned tissue slides with 5 pm thickness every 100 um
were selected by total of five slices centered over the injured epicenter of the spinal
cord from each sample was obtained. Sections were deparaffinized and rehydrated.
Then, the sections were incubated in 0.1% Luxol Fast Blue solution (0.1% LFB) at
60°C, overnight. Next day, tissues were differentiated in a 0.05% lithium carbonate
solution (Li,CO5) until the tissue color turned blue for 10s followed by 70% ethyl
alcohol for 30 seconds. After that, tissues were stained with Mayer's hematoxylin
(Bio-Optica) for 30 sec. Then, 0.5% eosin Y (Bio-Optica) was stained for 3 min and
then washed. Tissues were dehydrated and cleared in xylene. Tissues were mounted
with a mounting medium (Bio Mount HM, Bio-Optica, Milano, Italy) covered with
coverslips.

Five tissue slices from each sample, including the lesion center of the
spinal cord, were evaluated for LFB-positive areas. The slides were observed under
an inverted microscope. The integrated optical density (1.O.D.) of the myelin sheath

and the number of neurons in the spinal anterior horn were obtained using Image J
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software. To measure the cavitation area of each section necrotic tissue spaces,
which were found in the spinal cord area, were identified as part of the injured
tissue, as the cavity area (Area.cav). The area of whole spinal cord tissue was
measured, as the total spinal cord area (Area.total) and calculated as percentage

area cavitation (%Area.cav), which was evaluated by the formula.

%Area.cav = Area.cav/Area.total x 100%

The volume of the injured spinal cord was calculated by using the
Cavalieri method (Tandrup et al., 1997). This method was calculated from the area of
each section multiplied by the distance between each section and then calculated
to determine the percentage volume cavitation (%Volcav), which was evaluated by

the formula.

%VolCav = Volcav/Voltotal x 100%

4.3.6 Statistical Analysis
Statistical analysis was performed using GraphPad version 5 (GraphPad
Software, San Diego, CA, USA), and data were expressed as the mean+S.D. The
differences between values were determined using a one-way analysis of variance
(ANOVA), followed by Tukey-Kramer Honest Significant Difference (HSD) Post hoc test
to compare differences between two groups. A value of p<0.05 was considered
sienificant with different lowercase letters. The data was plotted by GraphPad Prism

version 5.

4.4 Results
4.4.1 Behavioral Tests
Behavioral tests were performed before the spinal cord injury induction,
before transplantation and 8 weeks post-transplantation with BBB locomotor rating scale
for 5 min (Basso et al., 1995; Lankhorst et al., 1999; Metz and Whishaw, 2002). The result
showed that the average BBB locomotor rating scale (Fig. 4.2). Normal saline group

showed a very low score of moving behavior at 1 week until 7 weeks post-
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transplantation and significantly difference when compared with both the sham and NSs
transplanted groups (p<0.05). However, BBB score of normal saline group were
significantly lower than MSCs transplanted group only at 1, 3 and 5 week post-
transplantation (p<0.05). In other words, the group transplanted with NSs showed spinal
cord tissue was restored to be able to move similarly with normal rat (sham group) for 1
week until 8 weeks post-transplantation.
4.4.2 Histology
1) Immunofluorescence and immunohistochemistry staining

Spinal cord tissues of all groups were examined at 8 weeks after
cell transplantation with intracellular antigen-staining specific to neurons. IF was
stained with B-tubulin 3, HuNu, MAP2, GAP, nestin, ChAT, NF-L, and Olig2 (Fig. 4.3-4.5).
Both of MSCs and NSs transplantation groups were found HuNu stained and
represent survival of the transplanted cells co-stained with neuronal antigens (B-
tubulin 3) in the injured spinal cord tissue (Fig. 4.3A). However, the expression of B-
tubulin 3, nestin, MAP2, NF-L, and Olig2 were not different in all groups. The
expression of GAP for astrocytes showed positive expression in normal spinal cord
(sham group) all around spinal cord tissue. Except in the normal saline, MSCs, and
NSs transplantation groups, astrocytes were found around the injured cavities of the
spinal cord tissue. Moreover, glial scar formed around the injured site of the spinal
cord tissue (Fig. 4.3B). Expression of ChAT for acetylcholine as a neurotransmitter, in
sham, MSCs, and NSs transplantation groups were found the expression more than in
other groups (Fig. 4.4). ChAT results showed that the MSCs and NSs transplant groups
have neurotransmitters similar to the sham group. In part of BDNF for immune
responsibility and neuroregeneration, all groups showed greater BDNF expression in
white matter (Fig. 4.6A-B). In gray matter displayed high BDNF expression in control
group, before cell transplantation. Then BDNF expression still high after MSCs and
normal saline transplantation for 8 weeks. Nonetheless 8 weeks after NSs
transplantation, BDNF showed lower expressed than MSCs transplantation (p<0.05).
From BDNF result, conclude that 8 weeks after NSs transplantation reduce the

immune system response in spinal cord injury rats.
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Figure 4.3 IF staining of SCI tissue 8 weeks after transplantation by B-tubulin 3, HuNu,

MAP2 and GAP. (A) Images of IF staining by B-tubulin 3 (green) co-stained with
HuNu (red), scale bar = 500 pm (left) and 100 pm (right). (B) Images of IF
staining by MAP2 (green) co-stained with GFAP (red), scale bar = 500 um (left)
and 100 pm (right).
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Figure 4.4 |F staining of SCI tissue 8 weeks after transplantation by nestin (green) co-

stained with ChAT (red), scale bar = 500 um (left) and 100 pum (right).
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Figure 4.5 IF staining of SCI tissue 8 weeks after transplantation by NF-L (green) co-
stained with Olig2 (red), scale bar = 500 um (left) and 100 pm (right).
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2) Cavitation analysis

The results of cavitation analysis after injury by LFB/H&E staining of
spinal cord tissue (Fig. 4.7). The cavities and shrinkage of the spinal cord showed the
damage of neurons from injury. Normal saline MSCs and NSs groups showed total
area of the spinal cord which were was significantly smaller than sham group as
shown in Fig. 4.7B (p<0.05). However, in NSs transplantation group showed small
percentage of spinal cord injury space (%area cavitation) and percentage of the
volume of the SCI (%volume cavitation), which no significantly difference when
comparing with sham group as shown in Fig. 4.7C-D. In contrast to normal saline
group percentage of area cavitation and percentage of volume cavitation showed

significantly higher than sham group (p<0.05).

4.5 Discussion

In this study, hWJ-MSCs derived-NSs to transplant into SCI rat model by
regulate and enhance the neuroregeneration. The NSs for in vivo transplantation
treatment contributed to recovery in clip compression SCI model. Therefore, clip
compression model be the most closely model to human SCI, which is primarily
resulting from burst compression fractures and dislocation (Poon et al., 2007). Eight
weeks after transplantation, the transplanted cells were differentiated into neural
lineages including neurons and oligodendrocytes which were detected by specific
markers including B-tubulin 3 and HuNu. Moreover nestin, ChAT, MAP2, GFAP, NF-L,
and Olig2 were also evaluated in SCI tissue. Both MSCs and NSs transplantation
groups were found HuNu stained for survival of the transplanted cells and neuronal
antigens (B-tubulin 3) in injured spinal cord tissue. As previously reported (Hocking
and Gibran, 2010; Venkatesh and Sen, 2017), MSCs transplantation to neurological
disease animals also showed the recovery in nervous system. However, the
expression of B-tubulin 3 (neuron cells), nestin (neural stem/progenitor cells), MAP2
(neurons), NF-L (neuron), and Olig2 (mature oligodendrocytes and myelinating
Schwann cells) were found in all groups. Similarly, embryonic stem cell-derived
neurospheres (ESC-NS) were transplanted to both acute and sub-acute phases of the

SCl model. One to two weeks post-transplantation, specific markers including nestin,
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Olig2, MAP2, astrocytes, and oligodendrocytes also were detected in spinal cord
tissue (Hosseini et al., 2018). Moreover, the expression of ChAT for acetylcholine as a
neurotransmitter, in sham, MSCs, and NSs transplantation groups were found the
expression more than in other groups. The results showed that the MSCs and NSs
transplantation groups have neurotransmitters similar to sham group (Towne et al,,
2008). Furthermore, positive GFAP expression for astrocytes was spread to all the
areas in normal spinal cord (sham group). Unlike in the normal saline, MSCs, and NSs
transplantation group, astrocytes were found only around the injured cavities of the
spinal cord tissue. GFAP expression displays in acute-subacute stage of SCI from 2
days to 2 weeks after injury which becomes a physical and chemical barrier to
axonal regeneration by astrocytic scar or glia scar. Therefore, glial scar always forms
around the injured site of the SCI tissue (Rowland et al., 2008; Ruff and Fehlings,
2010; Wyndaele and Wyndaele, 2006). However, astrocytes also help to recover the
ionic homeostasis and the integrity of the blood-brain barrier, which helps reduce
edema and immune cell invasion (Herrmann et al., 2008).

The cavities and shrinkage of the spinal cord showed the damage of neurons
from injury to the results of cavitation analysis. Normal saline, control, MSCs and NSs
transplantation groups showed the total area of spinal cord smaller than sham
group. However, only normal saline group showed the highest percentage of area
cavitation and volume cavitation, according to the highest damage area in spinal
cord injury. On the other hand, the NSs transplantation group showed total area of
spinal cord, percentage of area cavitation, and volume cavitation of spinal cord
nearby to sham group, followed by MSCs group. The results of this study showed
that MSCs and NSs transplanted groups reduced SCI space compared to the normal
saline group. Preferably, NSs transplantation group might contribute to recovery in
SCl. However, transplanted cells did not only recover the neuronal network but
were also able to reduce inflammation, regenerate axon and synaptic and reduce
glial scars which could be as cell replacement, functional multipotency, and
especially stem cell regeneration (Assinck et al., 2017).

Neurotrophic factors also have been reported in neurorepair/neuroprotection
and immune system response for example BDNF (Nori et al,, 2017). As found in a

previous report, NSs transplantation after SCI for 48 h showed immunity response
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and neuroregeneration with the high BDNF antigen were detected (Ahuja et al,,
2017). Similarly, previously reported (Sun et al.,, 2019), transplantation of MSCs from
human placental cords co-cultured with neurons from the human spinal cord into
SCI rat model also showed high BDNF expression. Neurotrophic factors may restore
functions by cell transplantation after SCL. Neurotrophic factors secreted by stem
cells to improve cell survival, cell differentiation, neuroprotection, remyelination,
axonal sparing, axonal growth, neuronal survival, and synaptic plasticity with
improved motor functional recovery neuroprotection which play an important role
in both the PNS and CNS (Nori et al,, 2017). In this study, BONF showed greater
expression in all groups at white matter of SCI tissue. On the other hand, gray matter
displayed high BDNF expression in control group (before cell transplantation). Then
BDNF expression still high after MSCs and normal saline transplantation for 8 weeks.
Nonetheless 8 weeks after NSs transplantation, BDNF showed lower expressed than
MSCs transplantation (p<0.05). This result related with damage cavities and shrinkage
of the SCI result of after NSs transplantation. After NSs transplantation, NSs might
associated with BDNF level to induce neuroprotection, remyelination, axonal sparing
etc. Then 8 weeks later BDNF down regulation level was found after improved motor
functional recovery as showed in the highest score of BBB locomotor tests.

BBB locomotor tests were performed before and after transplantation in every
week. The results were found that the average BBB locomotor rating scale of the
normal saline eroup showed very low score of moving behavior at 1 week until 7
weeks post-transplantation, and statistically significant difference was found
compared with both the sham and NSs transplantation groups. This study revealed
improvements in functional outcomes with treatments MSCs and NSs transplantation
groups and SCI tissue were restored. Likewise, previously reported about hUC-MSCs
were transplanted into SCI rats. Those rats showed the recovery movement better
than without cell transplantation (Sun et al., 2019). Especially, NSs transplanted
group showed spinal cord tissue was restored to be able to move similarly with
normal rat (sham group) start at 1 week until 8 weeks post-transplantation. Similarly,
olfactory epithelium cells from rats were induced to globose basal cells with NSs

formation and then transplanted into SCI rats (contusion model). The result showed
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the hindlimb motor recovery in rats at the end of the 8 weeks after transplantation

(Muniswami et al., 2017).
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CHAPTER V
OVERALL CONCLUSION

hWJ-MSCs differentiated to NSs by neurogenesis enhancing small molecules
was studied. Induction media composed of 10 uM Isx9 could induce hWJ-MSCs to be
NSs by Wnt3A signaling pathway. These NSs showed both neural stem/progenitor
cells by gene and protein expression such as nestin, B-catenin, B-tubulin 3 and
NEUROD1. Seven days after induction in Isx9 media stem cells were selected to be
used in the treatment of spinal cord injury in rat model. After transplantation, those
NSs could survive and differentiate into neural lineages with neurotransmitter activity.
Neurotrophic factors and axonal regeneration were also found in NS transplanted
group. However, MSCs and NS transplantation group showed no different in the area
of cavitation and the volume cavitation of spinal cord in injury area. Stem cell
treatment from this work also improved the recovery movement in SCI rat model by
BBB locomotor rating result. However, more frequent examination of the pathology
and histology in different periods of the SCI model is suggested. So that more detail

understanding of the mechanism of the improvement can be conclude.
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Table Al Antibodies used for immunofluorescent, flow cytometry and western blot.

Antibodies Companies Catalogue No.
APC mouse anti-CD73 BioLegend 344006
APC/CyT mouse anti-CD90 BioLegend 328132

PE mouse anti-CD105 BioLegend 323206

PE mouse anti-CD34 Beckman Coulter AOT776
FITC mouse anti-CD45 BioLegend 368508
FITC mouse IgG, isotype Ctrl BioLegend 400109
APC mouse IgG, isotype Ctrl BiolLegend 400120

PE mouse IgG, isotype Ctrl BioLegend 400113
Mouse anti-nestin Merck MAB5326
Mouse anti-B-tubulin 3 Merck MAB1637
Rat anti-SOX2 eBioscience 14-9811-82
Mouse anti-NEUROD1 Merck WHO0004760M1
Mouse anti-DCX Merck MABNT707
Rabbit anti-B-catenin Merck 06-734

Cy3 mouse anti-nuclei Merck MAB1281C3
Goat anti-ChAT Merck AB144p
Mouse anti-MAP2 Merck MAB3418
Mouse anti-GFAP BiolLegend 644702
Mouse anti-NF-L Merck MAB1615
Mouse anti-Olig2 Merck MABNS50
Rabbit anti-BDNF Merck AB1534SP
Mouse anti-B-actin Affinity Biosciences T0022

Goat anti-mouse IgG HRP Abcam ab6789
Goat anti-rabbit 1eG HRP Abcam ab6721
Goat anti-rat 1gG HRP Thermo Fisher Scientific 31470
Alexa fluor 488 donkey anti-mouse IsG  Thermo Fisher Scientific ~ A21202
Alexa fluor 594 goat anti-rabbit IeG Thermo Fisher Scientific ~ A32740
Alexa fluor 594 goat anti-rat IeG Thermo Fisher Scientific ~ A48264
Alexa fluor 594 donkey anti-goat IgG Thermo Fisher Scientific ~ A32758
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