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SYNOPSIS

Adult stem cells have attracted researchers for potential use in cell-based therapy due
to their extensive multiplication potential and ability to differentiate into multiple
lineages. Adult stem cell-based therapies offer a great promise for treating various
disease conditions that have no pharmacological remedies. Human adipose-derived
mesenchymal stem cell (hADMSC) gains attention in regenerative medicine due to
wide availability, ease of isolation/expansion in cultures, non-immunogenic, and
immune-modulatory properties. The multipotency of hRADMSC may be exploited to
obtain different types of cells of diseased tissue in the context of regeneration. At the
same time, multipotency poses a concern because undesired in vivo differentiation
upon cell transplantation can lead to adverse effects. Therefore, pre-differentiation of
hADMSCs into required cell lineages is considered to reduce the chances of undesired
differentiation of cells post-transplantation. Extensive differentiation inversely affects
proliferation which in turn could reduce the regeneration potential in vivo. Therefore,
a controlled process of lineage commitment while maintaining proliferation potential
is challenging. In the context of diseases affecting the central nervous system (CNS),
the exploitation of hAADMSCs may aim pre-differentiation into proliferating neural
progenitor cells (NPCs) and oligodendrocyte progenitor cells (OPCs). When the
derivation of suitable progenitors is achieved, for verification of their translational
potential, a suitable disease model may be useful. Most of the commonly occurring
CNS diseases cause continuous tissue degeneration; therefore, cell transplantation

attempts to face many challenges.

Spinal cord injury (SCI) is a condition resulting from trauma, mainly from accidents
or degenerative diseases. According to the world health organization, ~2,50,000 to
5,00,000 young people suffer from SCI every year causing morbidity and mortality.
Subsequent to SCI, associated secondary injury cascades lead to the development of
astrogliosis and loss of sensory-motor functions. Surgical decompression and
methylprednisolone administration immediately after the trauma could reduce
inflammation and secondary injuries. Stem cell-based therapies for providing

neuroprotection and neuro-regeneration have been found to be promising in pre-
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clinical studies. Stem cell-based therapies may help in surpassing the internal hostile
environment reducing gliosis at the site of injury and promote regeneration if desirable
progenitors are transplanted using an appropriate delivery method. In this background,
the use of hnADMSC may provide potential benefits in this field.

Pre-differentiation of hADMSCs to NPCs and OPCs may benefit the repair and
regeneration of the SCI. A mixed population of hADMSCs, NPCs, and OPCs may
provide trophic and neuroprotective effects, whereas astrocytes could lead to
progression of astrogliosis in the SCI milieu. Therefore, the primary goal of this study
was the exploitation of multipotency of hnADMSC for obtaining NPCs and OPCs, in a
suitable proliferative stage for transplantation to SCI. Both NPC and OPC
differentiation may require related but unique niche conditions. Therefore,
standardization of in vitro hADMSC induction protocols that have control over both
lineage commitment and proliferation is challenging. An in vitro induction program
which operates via biomimetic signaling cascade seen in neural tissue development

and homeostasis would be the best to control cell phenotype in culture.

Previous studies have established the role of the human fibrin-based niche for selective
adhesion of NPC from peripheral blood mononuclear cell (PBMNC) fraction. In
addition, the signaling capability of the fibrin niche for differentiation of NPC to
neurons is also proven. Therefore, cell-specific modifications of fibrin-based niche
may be exploited to support the commitment of mesodermal cells to ectodermal neural
lineage and further differentiation to NPC and OPCs. With this background, the
present study is based on the hypothesis, “Cell-specific niche comprising soluble
factors and fibrin may regulate signaling pathways resulting in the in vitro lineage
commitment of hADMSCs to NPCs and OPCs suitable for transplantation to acute SCI

using the injectable biomimetic matrix for better survival”.

To verify this hypothesis the following objectives were used.

1. Tocompare cell culture on bare tissue culture polystyrene surface (TCPS) with
those on insoluble fibrin coated surface to distinguish the effect of growth
factor included fibrin-based niche on step-wise differentiation of hADMSCs
to neurospheres (NS) and NPC and OPC.
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2. To establish that the stage-wise differentiation of hADMSCs to NS and OPCs
is regulated through receptor-mediated mechanisms, by studying the effect of
chemical inhibitors on signaling pathways, triggered via fibrin-based niche

components.

3. To study the survival of pre-differentiated progenitors, harvested from in vitro
niche, upon transfer to spinal cord injury (SCI) model using injectable fibrin as

a delivery vehicle.

The goal is to establish the feasibility of autologous hADMSC isolation and multi-
lineage commitment for translation into clinics for cell-based therapy to improve the

paraplegic conditions of young victims in the long run.
The thesis is divided into six chapters.

Chapter 1 introduces the research problem and its relevance in detail. Based on the
defined problem, the study hypothesis and objectives are established. The SCI is a life-
threatening condition for which no effective therapy is available. A treatment modality
for complete recovery and regaining of neurological functions after SCI is still under
investigation. Replacement of neural cells after SCI is one of the various strategies that
are widely investigated. Various preclinical studies have indicated that cell
replacement therapy has an effect on improving the spinal cord regeneration and BBB
scoring in rodents. ADMSC is one of the most studied stem cell types with
multipotency and scope for autologous transplantation, unlike embryonic stem cells
that cause immune rejection and ethical issues. And for the replacement of specific
neural cell populations, there is a pre-requisite for lineage conversion and pre-
induction of ADMSC to neural progenitors in vitro. Since undesirable changes at the
injury site damage the milieu required for homing and differentiation of transplanted

cells, cells embedded in an injectable form of niche is proposed.

Chapter 2, summarizes the review of current literature in the field of SCI, stem cell
transplantation, and regeneration. The currently available strategies for in vitro stem
cell differentiation have been reviewed and approaches required for turning

mesenchymal cells to ectodermal cells are understood by reviewing the field of neural
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development biology and stem cell biology. Topics discussed include neurobiology,
in brief, embryonic development of CNS, the biology and pathology of SCI, various
inflammatory responses in SCI and scar formation, the role of oligodendrocytes in
myelination of neurons in the context of SCI, stem cell-based therapies and major
hurdles and animal models used for studying the transplantation outcome.

In chapter 3, the experimental design and the various protocols used to achieve the
objectives projected in this study to test the hypothesis are explained. The protocols
described include the design of biomimetic fibrin niche, both human and rat ADMSC
isolation, culture & in vitro differentiation of ADMSC to neural cells, co-culture of
neural cells, studies to signaling mechanisms involved based on the addition of specific
inhibitors, etc. are described. Major techniques used for molecular and cellular studies
described include gRT-PCR, immunochemical staining for specific markers for
qualitative microscopic and quantitative flow cytometric analysis, fluorochrome based
tracking of transplanted cells and histological analysis of explanted SCI tissue to

establish survival of transplanted cells.

In chapter 4, the major results of the study are presented with an appropriate
illustration. Representative micrographs are presented to demonstrate various stages
of differentiation of ADMSCs to NS, NPC, OPC, Neurons, and OLG. Data on
quantification of relative gene expressions and protein expressions in cells at various
stages of differentiation as compared to that in ADMSC is presented in graphical
format. The results of the signaling mechanism studied using chemical inhibitors also
are presented in micrographs and in graphs. The results of cell transplantation study
are presented mainly as tissue sections stained immunochemically and

histochemically.

Chapters 5, results obtained from the various experiments are discussed. Based on
previous literature the significance of results obtained in the present study is compared.
This study depicts the exploitation of the multipotency of hADMSC to generate NPC
and OPCs into a lineage-committed transplantable stage with proliferation potential.
The role of fibrin in controlling cell phenotype is the highlight of the study. The

simulated biomimetic signaling mechanisms seem elicited by soluble molecules
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together with insoluble fibrin-based niche seems to be controlling cell phenotype in
culture and in the SCI upon transplantation in the in situ clottable injectable fibrin

niche.

In chapter 6, the results of the study are summarized and conclusions are drawn. To
summarize, a fibrin-based niche is found efficient for obtaining pre-differentiated
neural progenitors with proliferation potential. The biomimetic signaling mechanism
is found responsible for the controlled differentiation and maintenance of stemness.
Since suitable mixed cell types obtained from ADMSC are able to grow together in
co-culture the study indicates autologous therapy for SCI could soon become feasible.

Limitations and future prospects of the study were also listed in chapter 6. The major
drawback is only a fixed NPC/OPC dose was studied. Cell numbers required for
effective regeneration could be estimated only when different cell numbers are
transplanted in separate experiments. In general, homeostasis in neural tissue is a slow
process; therefore, 28 d study in an animal model is a very short duration to detect

regeneration in terms of BBB scoring and tissue level analysis.

Other supporting documents like acknowledgments, abbreviations, and their
expansion, table of contents, list of figures, and declarations are placed at the beginning
of the thesis. The citations are listed in the bibliography section. List of courses
studied, conferences attended, manuscripts under review and under preparation are

also included in the last part of the thesis.
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CHAPTER 1

1. INTRODUCTION

Stem cells have the potential to promote the regeneration of tissues either by
substitution of the lost cells or by trophic support, homing, and differentiation of
progenitors at the injury site. One of the potential issues in using stem cell therapy is
immune rejections and ethical issues concerned with embryonic or fetal stem cells.
Here comes the advantage of adult stem cell-based autologous therapy as it is
associated with minimal threat of immune rejection. Human mesenchymal stem cells
(hMSCs) are well studied potent adult stem cells, which have high proliferative
capacity and multipotency. In the past decades, the majority of adult stem cell-based
studies were focused on bone marrow-derived MSCs. However, the hAADMSCs started
getting more attention in the current decade due to its ease of isolation and availability.
The hADMSCs are multipotent stem cells and hence it can be used for the generation
of various cell types of any specific tissue. The only drawback is that these multipotent
cells can differentiate into any cell type based on the signals that are present in its
environment; therefore, for the desired application the isolated ADMSCs need to be
pre-differentiated in vitro before transplantation. For regenerative applications in
nervous system injuries like spinal cord injury (SCI), both neural and glial cells are
required. Through careful in vitro manipulation of ADMSCs, using various
differentiation inducers such as adhesive proteins and growth factors (GF), progenitors
may be derived. The exploitation of single-source ADMSC and similar differentiation
niche consisting of GFs can be of greater advantage in the field of central nervous
system (CNS) regeneration. Rather than aggressive chemical inducers, natural
physiologically relevant inducers may be selected to achieve well-regulated
progenitors with regenerative potential. Therefore, the physiology and pathology of
CNS need to be well-understood before developing therapeutic regimes and designing

strategies for in vitro induction of hADMSCs to neurons and glial cells.



1.1 Nervous system

The nervous system is a complex network of certain cells that synchronizes the motor
and sensory functions of the body. The nervous system executes its actions by sending
electrochemical signals. The nervous system is made up of peripheral nervous systems
(PNS) and CNS. The brain and spinal cord constitute the CNS. They are formed of
neurons and supporting cells called neuroglia. PNS includes all other parts of the
nervous system excluding the brain and spinal cord. The CNS and PNS, act in concert
to integrate motor-sensory information and cognitive functions of the body.

The human nervous system development is one of the earliest events that occur in the
embryo’s development. It is induced from one of the three germ layers called
ectoderm, by a process called neurulation (Purves et al. 2001). After patterning of the
nervous system, the cellular differentiation occurs. Neurons and glial cells are formed
from neuroepithelial cells that give rise to radial glia. Neurogenesis is the formation of
neurons from neural stem cells (NSC) and gliogenesis is the formation of glial cells
from radial glia or neural stem cells. The final cell divisions and differentiation of the
neuronal precursors occur during the early pregnancy period (Kriegstein and Alvarez-
Buylla 2009). Neurons are post-mitotic cells that do not enter the cell cycle. The time
that a neuronal progenitor cell leaves the cell cycle and gives rise to a post-mitotic
neuron is called a Neuron’s birthday (Aranda-Anzaldo 2012). Adult neurogenesis
occurs mainly in two parts of the body in humans. The subgranular zone (SGZ) in the
dentate gyrus of the hippocampus and the subventricular zone (SVZ) the striatum.
These two regions are stem cell niches that contain neural stem cells (Ghosh 2019).

NSC promotes endogenous regeneration of CNS to a smaller extent.

CNS controls and coordinates the functions of the body with the brain as its main
control center. Based on anatomical structure vertebrate brain can be divided into six
regions named the telencephalon, diencephalon, mesencephalon, cerebellum, pons,
and medulla oblongata. Each of the six areas has a specific internal structure and they
are assigned with particular functions (Zhang 2019). The spinal cord extends from
the medulla oblongata located in the brainstem to the lowest region of the vertebral
column. It conveys signals from the brain to various parts of the body and vice versa.

Structures of the brain and spinal cord are arranged in two layers named grey and white
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matter. Grey matter is formed of nerve cell bodies and some proximal regions of nerve
fibers. White matter is formed of nerve fibers. The brain and the spinal cord are
immersed in cerebrospinal fluid, which is a colorless fluid that circulates through these
organs. CSF protects & nourishes the CNS.

PNS consist of neurons and processes present in all other regions of the body except
in that of the brain and spinal cord. PNS serves as a relay center by connecting the
CNS to different parts of the body. It conveys information between the brain and spinal
cord and the rest of the body. PNS is divided into the somatic nervous system and the
autonomic nervous system. The somatic nervous system is associated with somatic
functions such as muscular activities and movements of the body. The autonomous
nervous system is concerned with the involuntary function of the body. At the cellular

level, the nervous system is made up of two types of cells, neurons, and glial cells.

Neurons are the fundamental cellular unit of the nervous system which receives,
processes and transfers information. They are electrically excitable cells that transmit
information via electrical and chemical signals. It mainly consists of three parts: soma,
dendrites, and axons. The bulbous end of a neuron which contains the cell nucleus and
cytoplasm (neuroplasm) is soma or nerve cell body. The neuroplasm contains a large
nucleus, nissl bodies, neurofibril, mitochondria, and golgi apparatus. Dendrites are
extensions of a nerve cell that receives the electrochemical stimulation from other
neural cells. They transfer this information to the soma. Axons are an elongated
extension from the soma which transfer information to another neuron via small
structures at its end called axonites. Neurofibril is a characteristic feature of neuron
which is thread-like structures found in soma and nerve processes. Nerves are made
up of bundles or groups of nerve fibers and each bundle is called fasciculus. Each nerve
is covered by a membrane called epineurium and each fasciculus is covered by a
membrane called perineurium. Nerve fibers have an envelope called endoneurium. In
PNS nerve fiber has an outermost layer called neurilemma (Sembulingam and
Sembulingam, 2012).

Neuroglia is the supporting cell of the nervous system. They are non-excitable cells

that provide support to neuronal cells. The number of glial cells is ten to fifteen times



greater than that of neurons. They are present in both CNS and in PNS: central
neuroglial cell and peripheral neuroglial cells. Central neuroglial cells are astrocytes,
microglia, and oligodendrocytes. Astrocytes are star-shaped cells that provide form
and support in the brain and spinal cord. They form a blood-brain barrier and regulate
the transport of substances into the brain. Astrocytes play a vital role in maintaining
the levels of neurotransmitters during synaptic transmission. Astrocytes help to
maintain the chemical environment of extracellular fluid (ECF) around CNS neurons
(Erlichman and Leiter 2010). Oligodendrocytes are glial cells that provide myelin
sheath around nerve fibers in CNS. They extend many processes that envelopes a
number of axons with multispiral membrane-forming myelin. Myelin insulates axons
and makes the synaptic transmission faster. The number of processes of
oligodendrocytes can vary in number in different species. Different oligodendrocytes
can wrap adjacent regions of a single axon (Simons and Nave 2016). Oligodendrocytes
can be classified in relation to the number of their processes, morphology, and
thickness of the myelin sheath they form. Myelination of axons is stimulated by signals
from axons and astrocytes (Ishibashi et al. 2006). The axons also participate in the
regulation of myelin formation as a single oligodendrocyte can myelinate several
axons with different diameters. The thickness of the myelin sheath is directly
proportional to the diameter of the axon (Baumann and Pham-Dinh 2001).
Demyelination due to injury and diseases leads to degeneration and death of axons and

neurons.

In PNS there are two types of non- neuronal cells; Schwann cells and satellite cells.
Schwann cells are the major glial cells in PNS. They provide myelination around PNS
nerve fibers and play an important role in PNS nerve regeneration. They also remove
cellular debris during regeneration by phagocytic activity (Jessen, Mirsky, and Lloyd
2015). Satellite cells are glial cells present on the exterior surface of glial cells. They
provide physical support and help in regulating the chemical environment of ECF

around PNS neurons (Sembulingam and Sembulingam 2012).

1.2 Extracellular matrix of the nervous system
The ECM in the nervous system is synthesized by neuron and glia. The ECM has a

major role in the development and maintenance of the nervous system by acting as a
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biological scaffold that provides form and structure to the nervous system. They also
control the diffusion and availability of various molecules that play a significant role
in cell signaling. Moreover, the regenerative capability of the nervous system is
dependent on the expression of various ECM molecules (Jessica C. F. Kwok 2016).
Proteoglycans, hyaluronan, laminins (La), fibronectin (FN), tenascins, collagens,
integrins, and semaphorins are key components of CNS ECM. ECM forms a stable
specialized structure called perineuronal net (PNN) composed mainly of HA, CSPGs,
and tenascin-R (Tn-R). PNN wraps the surface of the cell body and dendrites of
neurons. PNN is formed when the CNS development is completed and it limits the

degree of plasticity in adult CNS (Kwok, Foscarin, and Fawcett 2015).

Chondroitin sulfate proteoglycan (CSPG) is the major population of proteoglycan in
CNS. Glial cells as well as neurons produce CSPG which aids their arrangement in
PNN. CSPGs help in the migration of cells within the developing CNS. In adult CNS
to maintain the proper organization of axons, neural connections, and synaptic
plasticity a basal level expression of CSPG is needed. High expression of CSPG occurs
during injury and certain diseases that further reduces the regeneration potential of
CNS (Haylock-Jacobs et al. 2011). Laminins are glycoproteins that are found in the
basal membrane and help in axonal guidance during CNS development. They also play
an important role in cell morphogenesis, differentiation, proliferation, and apoptosis
mediated by integrin, dystroglycan, syndecan receptors. Laminin upregulation is
observed after CNS injury (Jessica C. F. Kwok 2016). FN is a glycoprotein in the CNS
ECM that facilitates cell adhesion, migration, and differentiation in the CNS (Pires-
Neto, Braga-de-Souza, and Lent 1999).

ECM has a significant role as a barrier and as a structural support element. It also
provides a signaling environment by providing a substrate for cellular receptors, thus
triggering or influencing signaling events across cell membranes. ECM regulates the
bioavailability of signals by acting as a niche. Cells contribute to ECM formation and
reorganization by determining the composition and quality of ECM and matrix
receptors through differential gene expression, glycosylation, and endocytic

trafficking and by the release of various extracellular enzymes (Prokop 2011).



1.3 Signaling Mechanisms in development and regeneration

Neurogenesis involves proliferation, specification, differentiation, maturation,
migration, and functional integration of newly formed glial and neural cells. During
embryonic and adult neurogenesis, signaling via small molecules, neurotrophic
factors, growth factors, neurotransmitters, and neurogenic niche determines the fate of
every NSC. But same signaling pathways can have similar or dissimilar effects in adult
and embryonic neurogenesis. For instance, bone morphogenetic protein (BMP) is a
small signaling molecule that regulates NSC fate in adult as well as embryonic
neurogenesis. In embryonic development, BMP promotes NSC proliferation and
patterning of the nervous system, but in the adult stage, BMP helps in maintain the
quiescent stage of NSC (Urban and Guillemot 2014). In embryonic neurogenesis, Wnt,
fibroblast growth factor (FGF), and retinoic acid (RA) signal gradients help to
establish the anteroposterior (AP) axis and hedgehog (Hh), Wnt and (BMP) signal
gradients establish dorsoventral (DV) axis of CNS. During adult neurogenesis, after
CNS injury Wnt, FGF and RA provide signals for axonal guidance and help in
regeneration along the AP axis (Cardozo et al. 2017).

Notch signaling acts as a regulator of neurogenesis and gliogenesis. Notch and its
ligand delta act through juxtracrine signaling. Notch signaling is required for the
proliferation and maintenance of NSC in the developing brain. They also help in
regulating neural niche cell identity and plasticity (Faigle and Song 2013). Notch
signaling suppresses neuronal as well as oligodendrocyte differentiation from
precursors in the adult brain. Notch plays a crucial role in maintaining the stem cell
pool in adult CNS (Xiao et al. 2009). Wnt molecules act both in paracrine and an
autocrine manner as they are mainly secreted by astrocytes and stem cells. Secreted
Wnt molecules induce neurogenic genes such as Neurog2, NeuroD1, and Proxl
directly. They play a vital role in synapse formation and maturation of neurons in

embryonic, postnatal, and adult neurogenesis (Urban and Guillemot 2014).

Neurotrophic factors namely nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), neurotrophin 3 (NT-3), and neurotrophin 4/5 (NT-4/5) also play a
significant role in CNS development. BDNF, NGF and NT-3 promote proliferation
and differentiation of NSCs and growth factors like Fibroblast growth factor-2 (FGF-
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2), Insulin-like growth factor-1 (IGF-1), and Vascular endothelial growth factor
(VEGF) are involved in the regulation of neurogenesis (Oliveira et al. 2013). They act
through PI-3 kinase/Akt and the Ras/Raf/MEK/Erk pathway (Faigle and Song 2013).
Along with these signals, various neurotransmitters like serotonin and dopamine play
a significant role in the proliferation and differentiation of neural progenitors.
(Cardozo et al. 2017)

1.4 Injury of the nervous system

Various kinds of damages can occur to the nerves that can be considered as a nerve
injury. Based on the first classification of SCI by Seddon, there are three types of nerve
injury: neuropraxia, axonotmesis, and neurotmesis. Neuropraxia causes a
physiological block in nerve conduction temporarily. Here, the axon remains intact but
there is damage in the myelin sheath that causes an interruption in conduction of the
impulse. Axonotmesis involves anatomic disruption of axon which is comparatively
severe injury than neuropraxia. Connective tissues are not affected by such damages,
but Wallerian degeneration occurs. It is the degeneration that takes place in the axon
distal to the site of injury and may take time for recovery. Neurotmesis is the most
severe injury that results from contusion compression or stretching. This classification
was later expanded by Sunderland for including the damages in the connective tissues
associated with SCI (Menorca, Fussell, and Elfar 2013). Complete recovery is difficult
and may take years to regenerate (Huebner & Strittmatter, 2009). Neuroregeneration

differs in PNS and CNS by effectiveness as well as speed.

In PNS, nerve regeneration is relatively faster as compared to CNS. First of all, the
Wallerian degeneration occurs, with a thin layer of Schwann cells and connective
tissues remain intact. Debris formed is removed by glial cells and macrophages. They
eventually build a regeneration tube to which the undamaged proximal end of axon
grows. New Schwann cells begin to appear and they myelinate the growing axon
finally re-establishing the connection. Macrophages and Schwann cells
release neurotrophic factors that enhance re-growth. In PNS, neurons upregulate
numerous regeneration-associated genes (RAGS) like Activating transcription factor-
3 (ATF-3), SRY-box containing gene 11 (Sox11), Growth-associated protein-43
(GAP-43), CAP-23, small proline-repeat protein 1A (SPRR1A), etc. (Huebner and
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Strittmatter 2009). In contrast, CNS does not regenerate spontaneously or up-regulate
RAG genes. Genes like GAP-43 is down-regulated adult CNS. The environment of
the CNS plays an important role in regeneration. Myelin-associated inhibitors (MAI)
and the chondroitin sulfate proteoglycans (CSPG) are two classes of molecules that
inhibit axonal regeneration in CNS. Nogo-A, myelin-associated glycoprotein (MAG),
oligodendrocyte myelin glycoprotein (OMgp), ephrin-B3, and Semaphorin 4D
(Sema4D) are MAI and are expressed by oligodendrocytes (Huebner and Strittmatter
2009). An astroglial scar is formed after nerve injury in CNS. They help in maintaining
the blood-brain barrier (Becerra-Calixto and Cardona-Gomez 2017). It acts as a
physical barrier to regeneration. The molecules present in glial scar-like chondroitin
sulfate proteoglycans (CSPG) also inhibits regeneration in CNS. Spinal cord injury
(SCI) is a serious kind of typical CNS nerve injury. Regeneration is quite difficult in
SCI due to all the glial inhibition and neuron’s intrinsic inability in axonal regeneration
(Moeendarbary et al. 2017). Various studies are ongoing to understand and resolve the
issues related to CNS regeneration. SCI is a typical CNS injury model that can be used
for experimentation and research for understanding the regeneration hurdles and its

solutions.

The spinal cord is a long, tube-like structure that consists of a bundle of nerve fibers
that begins from the brain stem and extends to the bottom of the spinal canal through
an opening in the base of the skull called the foramen magnum. It is an “information
super highway” between the brain and the body through which nerves carry trillions
of sensory and motor information. The medical community is still divided on the fact
that the spinal cord is an organ or a bundle of nerve tissue. However, it plays an
indispensable role as a relay and integration center in the central nervous system
(CNS).

1.5 Spinal cord injury

SCI is a condition where damage to the spinal cord results in physical trauma which
may be either temporary or permanent. SCI causes loss of sensory-motor functions
partly or completely in the parts of the body that lies below the area of injury. SCI

affects bowel and bladder control, breathing, heart rate, and blood pressure which have



debilitating effects on patient’s health(“WHO | Spinal Cord Injury”, 2013). The

severity of SCI depends on the site and extent of the injury.

According to World Health Organization (WHO) every year around 250,000 to
500,000 people suffer from a SCI and the majority of them are caused by preventable
causes such as road accidents, falls, acts of violence, or Sporting accidents (“WHO |

Spinal cord injury,” 2013). As per WHO Global Burden of Disease Study, by 2020

trauma caused by road traffic injury will be the third-ranked among most disabling
conditions. In developed countries, the cost of managing the care of spinal cord injury
patients is $3 billion each year which may not be affordable by people in low-income
group countries. In developing countries like India, the incidence of SCI is on the rise,
which is approximately 20,000 new cases per every year with the majority from
regions of poor socio-economic strata. (Singh et al. 2003).People who survive a spinal
cord injury usually suffer from complications in bladder & bowel dysfunction, chronic
pain, spasticity, respiratory &heart problems. Various secondary conditions associated
with SCI like deep vein thrombosis, urinary tract infections, muscle spasms,
respiratory complications, etc., are the leading cause of death associated with SCI in

low-income group countries (“WHO | Spinal cord injury,2013”)

SCI involves a primary injury caused by direct mechanical damage to the spinal cord
which leads to secondary injury, a series of cellular and molecular events that result in
a neurological deficit. Primary injury is mainly caused by compression, contusion,
dislocation, extension, and distraction. Neurons and glial cells in the region get
affected along with interruption of blood flow. It will finally lead to hypoxia and
ischemia that finally destroys cells and sets off a cascade of biochemical and cellular
events called secondary injury. Secondary damage triggers an inflammatory immune
response which may take over days to weeks after primary injury. Acute to the chronic
phase of SCI involves events like excitotoxicity, oxidative damage, ischemia, and lipid
peroxidation which results in glial scar, demyelination, the formation of cavities,
necrosis, and infarction (Silva et al. 2014). Excitotoxicity is caused by leakage of
excitotoxin, glutamate into the site of injury from damaged neurons. It will cause high

calcium ion (Ca++) influx into the cell causing activation of phospholipases,



endonucleases, and proteases. This may lead to increased cell death and damage
(Velasco et al. 2017). Glial scar is formed when there is an injury in the nervous system
as a result of astrogliosis and various other cellular processes. Glial scar enmeshes the
injury site with molecules like chondroitin sulfate proteoglycan results in poor
endogenous regeneration. Myelin associated inhibitors like myelin-associated
glycoprotein  (MAG), Oligodendrocyte myelin glycoprotein (OMgp), the
transmembrane semaphorin 4D (Sema4D/CD100)and ephrin B326 released in to the
lesion during injury inhibit axonal outgrowth and restoration of neural circuits.(Yiu
and He 2006).

Primary damage results in demyelination of axons as well as neuronal necrosis and
death. During secondary injury due to the extensive death of oligodendrocytes, more
axons will become necrotic and lead to neuronal loss. Myelin can be regenerated as
new oligodendrocytes emerge from oligodendrocyte progenitor cells through
differentiation. Re-myelination will not be sufficient enough to cover all injured and
exposed axons. Also, the rate of de-myelination will be at a higher pace when
compared to re-myelination which again results in a large number of exposed axons
(Wang et al. 2017). Astrocytes immediately get activated in response to injury and
start secreting various cytokines and chemokines which have inhibitory effects axonal
regeneration and re-myelination. CSPG is expressed in the extracellular matrix (ECM)
of adult CNS and has an inhibitory effect on CNS regeneration. In an uninjured state,
they prevent unwanted synaptic plasticity. After the injury, due to astrogliosis CSPG
is overexpressed in the ECM. The glial scar ECM contains more inhibitory molecules
like Sema 3A and Tenascin-R that can act as a regeneration barrier (Busch and Silver
2007).

Methylprednisolone (MP) is the only approved therapy for SCI. High doses of MP
have neuroprotective activity but it has been associated with serious side effects that
outweigh the positive outcomes (Varma et al. 2013). This corticosteroid is most
effective when administered within 5 hours of injury which is not feasible in many SCI
cases. Other treatments to manage SCI include medications to control pain, respiratory
problems, blood clots, to improve bladder & bowel control, etc. Surgeries are

performed to restore the optimal alignment of the spine by removing bone fragments
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or any other particle that compress the spine. Complete restoration of the impairment
is challenging because of the poor endogenous regeneration of the CNS and inhibitory
environment caused by secondary injury cascade (Silva et al. 2014). To date, there is
no established therapeutic intervention that can restore the significant neurological
function after SCI.

1.6 Current research approaches in SCI

Various strategies are being studied all over the world to achieve recovery by
surpassing the barriers to regeneration such as the cyst formation, glial scarring, and
inhibitory environment around the lesion. Neuroprotection, cell replacement,
regeneration, restoration of circuits, and plasticity are probably the key principles of
the extensively studied field of current and future research(National Institute of
Neurological Disorders and Stroke, 2013). Neuroprotection reduces inflammation and
associated secondary injury mechanisms which eliminate further damage to the spinal
cord. Erythropoietin (EPO), Potassium & calcium channel blockers, Minocycline,
GM-1 ganglioside, therapeutic hypothermia are few neuroprotective strategies capable
of reducing secondary injury that is being widely studied (Y.-H. Kim, Ha, and Kim
2017). Numerous in vitro studies, in vivo studies as well as clinical trials, suggest that
neuroprotection alone can only reduce secondary cell death and complications related
to SCI. Since the cellular and chemical environment around the lesion is constantly
varying, combinatorial therapies aiming regeneration and restoration of the injured

spine using neuroprotection along with cell replacement may be ideal.

1.7 Advances in Cell Replacement Research

Cell replacement therapy in combination with trophic support may be an ideal
combinatorial strategy, as the cell replacement helps in the restoration of the circuit
while the neurotrophic molecules help in neuroprotection. Neurotrophic factors or
neurotrophins (NT) are growth factors that can promote the growth, proliferation,
survival, and regeneration of the neurons. Neurotrophic factors like BDNF, Nerve
Growth Factor (NGF), Glial cell-derived neurotrophic factor (GDNF), etc., have a
neuroprotective action in the nervous system through influence on Reactive Oxygen
Species (ROS) and reducing the oxidative stress associated with various

injuries(Altschuler et al. 2014). Stem cells, olfactory ensheathing cells (OEC), fetal
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tissue-derived cells, Schwann cells, peripheral nerve tissues are the various cell types

researched globally for cell replacement therapy in SCI.

Olfactory ensheathing cells (OEC) are cells that cover the axons of the olfactory
receptor neuron. They have properties of both Schwann cells and astrocytes. OECs
have limited survival and low proliferation rates in culture over time (Doucette 2002).
Fetal derived cells have a high proliferative capability, but they are associated with
ethical issues and may have immunogenicity when transplanted (Abdulrazzak et al.,
2010). Peripheral nerve tissues on transplantation to CNS fail to re-establish
connections. In the case of Schwann cells, one cell can wrap around and myelinate
only one neuron. A large number of Schwann cells may be required to promote
regeneration at the site of injury. These cells fail to survive on transplantation. Mature
cells like neurons or oligodendrocytes are not ideal for transplantation as they are
terminally differentiated cells. They cannot proliferate or differentiate at the site of
injury. A large number of cells are necessary for overcoming the loss caused by
degeneration and injury. Stem cells may be a solution for all these difficulties. Stem
cells could undergo various cycles of cell division while maintaining their
undifferentiated state. They also have potency, so that they can differentiate into
various cell types. Endogenous NSC niches are fewer in CNS and stem cells that
migrate from these two regions to injury sites are not enough to supply enough cells

for regeneration.

With recent advances in stem cell research, there has been a remarkable hope for the
development of new treatment strategies for SCI. Stem cell therapy for spinal cord
repair is important for achieving improved regeneration. It offers replacement of
damaged neuronal and glial cells, re-myelination of spared axons, restoration of
neuronal circuitry, bridging of cavities, the release of various neurotrophic factors &
anti-inflammatory molecules and a permissive environment for axonal regeneration
(Mothe and Tator 2012). Various stem cells release growth factors as well as
neurotrophic factors that can aid neuroprotection together with cell replacement and

regeneration.
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1.8 Stem Cell Sources

Embryonic stem cells (ESC), Induced pluripotent stem cells (iPSC) and adult stem
cells are the three types of stem cells available for therapies. ESCs are pluripotent stem
cells that are derived from the inner cell mass of an embryo. ESCs are usually isolated
from embryos developed in vitro and donated for research purposes along with
informed consent. IPSCs are produced in vitro from adult stem cells by genetic
reprogramming, which attributes them ESC like characters. Quite a few in vivo studies
have shown that ESCs and iPSCs are associated with increased risk of tumorigenicity
when used as cell replacement therapy (Deng et al. 2018). Ethical concerns and
immunogenicity are the other issues often associated with ESC research and therapies.
Adult stem cells are present throughout the adult human body in an undifferentiated or
quiescent form. They are multipotent cells and found in many organs and tissues. Even
though potency is higher in ESC and iPSC, adult stem cells may be considered as ideal
for autologous cell replacement therapies as they have increased genetic stability and
no ethical issues are associated. ADMSCs, bone marrow-derived mesenchymal stem
cells (BMSC), and hematopoietic stem cells (HPSC) are the few potent adult stem cell

types among the most researched ones.

Mesenchymal stem cells (MSC) are multipotent cells that can differentiate into various
cell types like adipocytes, chondrocytes, osteocytes, and neuron-like cells. They are
present in the number of tissues like bone marrow (BMSC), adipose (ADMSC), and
most connective tissues. MSCs have great homing efficiency and they tend to home in
the damaged tissue sites. Exogenously administered MSC tends to migrate specifically
to damaged tissue sites with inflammation. The therapeutic benefits of MSC are mainly
based on their capacity to release various trophic factors. MSCs home to damaged
tissue sites for repair and produce a large number of growth factors that perform

multiple functions for tissue regeneration (Wei et al. 2013).

Recently, the stromal cells isolated from adipose tissue, called adipose-derived stem
cells have gained increased attention in the field of regenerative medicine. The
extraction of adipose tissue is less expensive than bone marrow, with less invasive

methods. Greater quantities can be collected through a single procedure. High numbers
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of stem cells can be isolated from the adipose tissue since the proliferation rate is
higher in ADMSC when compared to BMSC(Zhu et al. 2008a).

ADMSC may be used as a cell source for cell replacement therapy for SCI. Increased
proliferative capacity, reduced immunogenicity, affordable expense, availability, and
reduced burden to the patient makes ADMSC an ideal stem cell source for
transplantation (Patrikoski, Mannerstrom, and Miettinen 2019). ADMSCs could be
used as a source for autologous cell replacement therapy in SCI where the patient’s
own adipose tissue can be collected by lipoaspiration. It is a less invasive method
through which the issue of immune reactions associated with allogeneic cell
transplantation may be eliminated. However, since these cells are multipotent, it is a
challenge to ensure that these cells undergo the desired differentiation post-

transplantation.

Pre-differentiation of stem cells in vitro into desired types prior to transplantation
could increase the chance for regeneration potential of transplanted cells. For
maintenance of spinal cord integrity and function, the key players are neurons,
astrocytes, and oligodendrocytes. Out of these 3 cell types, astrocytes contribute to
glial scar generation, rather than the regeneration of functional outcome. Neural
progenitor cells (NPC) and oligodendrocyte progenitor cells (OPC) are likely to
contribute to functional recovery. Both OPC and NPC cell transplantation may foster

the endogenous remyelination and regeneration at the injury site.

Cell replacement therapy using oligodendrocyte progenitor cells is based mainly on
the fact that they can re-myelinate neurons, re-establish neuronal connections, and
thereby reduce the neuronal loss at the injury site. Following injury, remyelination is
further challenged by deficiency expression of growth factors like platelet-derived
growth factor (PDGF) and neurotrophins like BDNF with supportive roles in myelin
maintenance, OPC survival and axonal-oligodendrocytic signaling (Wheeler and Fuss
2016). A large number of oligodendrocytes undergo cell death because of glutamate
excitotoxicity and oxidative stress. Demyelination in SCI creates increased energy
consumption in neurons for signal transduction. Loss of trophic support from

oligodendrocytes and increased energy demands can make demyelinated neurons more
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susceptible to oxidative stress and degeneration(Alizadeh and Karimi-Abdolrezaee
2016). Considering all these facts it’s apparent that oligodendrocyte cell replacement
and remyelination together with neural cell replacement are vital for restoring

neurological function following SCI.

1.9 Gap Area

The use of ADMSC for cell replacement therapy in SCI demands pre-differentiation
as well as lineage conversion of ADMSC in mesodermal origin to ectodermal origin.
The lineage commitment of ADMSC to OPC is a challenge. There are different
protocols in the literature which describe methods of differentiation to
oligodendrocyte. Differentiated or mature cells may not be suitable for any cell
replacement therapy as they may not survive, proliferate, and regenerate injury.
Therefore, the stage at which the cultured cells could be harvested for transplantation,
and the number of cells needed for effective cell-based therapy has to be optimized.
The OPC and NPC phenotype in in vitro culture and after transplantation may be
controlled by various ECM proteins and growth factors. Therefore, there is a need to
identify an in vitro niche for transforming mesodermal stem cells to ectodermal
progenitor cells. Various signaling mechanisms may operate the control of stem cells
in the progenitor stage. How the stem lineage commitment to OPCs is controlled by
various signaling mechanisms elicited in the fibrin niche is unknown. Hence in vitro
signaling studies need to carry out to understand the signaling mechanisms occurring

in the niche.

1.10 Definition of the problem

Pathophysiology of SCI is well understood, and it provides great potential for
improving therapeutic strategies for spinal cord repair and regeneration. As of now,
there is no gold standard for spinal cord injury treatment. Stem cells have been
extensively studied as a novel neuroregenerative agents for SCI repair and
regeneration. Various animal models of SCI, have demonstrated the therapeutic role
of stem cells and stem cell-derived progenitors (Gazdic et al. 2018). Even though, only
preconditioned cell transplantation under a controlled environment can ensure

successful cell survival and integration.
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ESC as well as adult stem cells can differentiate towards neural precursors, motor
neurons, and oligodendrocyte progenitor cells. Although in vitro induction of stem
cells prior to transplantation is crucial to differentiate them into neurons or
oligodendrocyte specifically. Stem cells respond to signals in the microenvironment
and differentiate accordingly which may be different from its in vitro behavior. In a
study, proliferating, undifferentiated pluripotent neural stem cells were isolated from
the rat embryo, which was able to differentiate in vitro into neurons, astrocytes, and
oligodendrocytes. When transplanted, the majority of these cells differentiated with
astrocytic phenotype rather than becoming oligodendrocytes or remain as nestin-
positive undifferentiated cells. (Cao et al. 2001). At SCI site, the astrocyte population
is an undesired cell type as it contributes to worsen the glial scar and inhibitory
environment. Pre-differentiation of stem cells to the immediate precursor cells of the

desired cell type is mandatory to prevent differentiation to such undesired lineages.

In vitro OPC differentiation needs growth factors like EGF and FGF-2. FGF-2 and
PDGF-AA contribute to the proliferation and maintenance of OPC. Triiodo-L-
thyronine (T3) hormone controls the specification and differentiation of
oligodendrocytes. It also promotes myelination of axons (Lourenco et al. 2016). The
ECM proteins like FN or vitronectin (VN) are involved in the proliferation of
oligodendrocyte progenitors, while La-2 (merosin) promotes their differentiation into
mature oligodendrocytes. Chemical inducers like B-mercaptoethanol and Shh agonist
Purmorphamine are used widely to differentiate stem cells to OPC
spontaneously(Terzic et al. 2016). But these strategies may affect cell stability and

health to a greater extend.

A Biomimetic niche that contains these ECM molecules may enable a controlled
environment for induction and differentiation of stem cells into other desired cell
lineages. There is also a lack of an ideal niche, that can provide a controlled
environment for induction and differentiation of progenitor cells to oligodendrocytes
at the site of injury. So, the development of a biomimetic niche may help in in vitro as
well as in vivo differentiation of stem cells to OPC. Also, if used as a transplantation
vehicle they promote incorporation and integration of grafted cells with host cells at

the injury site. Reduced cell survival, proliferation, and migration after cell
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replacement therapy can also be addressed by the incorporation of a biomimetic niche

containing progenitor cells to the injury site.

1.11 Prerequisite for Niche

A niche can be defined as a microenvironment, which interacts with the stem cells to
regulate its cell fate.it can be either in vivo or in vitro. Stem cell niche helps in
maintaining adult stem cells in a quiescent state at the specific anatomical locations of
the body. Signaling cues in the microenvironment during injury can promote self-
renewal or differentiation of these stem cells. Paracrine interactions between stem cells
with differentiated cells, signaling via adhesion molecules, growth factors, and
extracellular matrix components play an important role in the proliferation and

differentiation of stem cells in a niche.

The biomimetic niche that can replicate in vivo stem cell niche characteristics is an
inevitable factor for in vitro differentiation and transplantation of stem cells. Such a
niche can maintain the proliferation and differentiation of stem cells in a controlled
manner. Cell transplantation in SCI lesion site demands a niche that can promote cell
survival and integration. Transplanted cells may otherwise undergo cell death due to
the inhibitory signals and molecules present at the injury site. An ideal biomimetic
niche should contain ECM molecules, growth factors, signaling molecules, and
cytokines that can help the survival, proliferation, and differentiation in a balanced
manner. Various studies are being done in this particular field using different scaffolds

and biomaterials and fibrin is one of the potent materials among them.

Fibrin is a natural biopolymer formed as a result of clotting cascade by the interaction
of thrombin and fibrinogen. Fibrin is biocompatible, biodegradable, and bioactive,
which makes it an ideal biomaterial for differentiation and transplantation studies.
Fibrin enables cell attachment, growth, and differentiation. It contains a large number
of binding sites for integrin which enables cell attachment and growth. Fibrin can
interact with various proteins like FN, vitronectin, and with growth factors such as
FGF, insulin-like growth factor-1(IGF-1), VEGF, etc. (Noori et al. 2017). Fibrin based
biomimetic niche has been formulated from fibrin and thrombin which direct in vitro

differentiation of neural progenitors from peripheral blood mononuclear cells
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(PBMNC) efficiently. ECM components such as FN and La found in in-house
prepared fibrin and they play a crucial role in differentiation to neural lineage (Tara
and Krishnan 2015). FN anchors growth factors and provides cell adhesion which
helps in the manifestation of various growth factor signaling. Fibrin sealants have been
successfully used as a delivery matrix for growth factors in various animal models of
wound healing and revascularization. It enables the slow release of growth factors over
a long period of time (Arkudas et al. 2007). As a transplantation vehicle, studies show
that fibrin improves the survival, migration, and integration of the transplanted cells.

1.12 Current developments

The role of the fibrin-based niche for effective delivery and survival of autologous
NPCs isolated from Peripheral Blood Mononuclear Cells (PBMNC) at SCI site in the
rat model has been studied in our laboratory. Evaluation of in vivo survival of NPC
induced from the neural progenitors in PBMNCs in the SCI model was also performed.
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1.13 Hypothesis

Cell-specific niche comprising soluble factors and fibrin may regulate signaling
pathways resulting in the in vitro lineage commitment of hADMSCs to NPCs and
OPCs suitable for transplantation to acute SCI using the injectable biomimetic matrix
for a better outcome.

1.14 Objectives
1. Tocompare the effect of soluble factors, for lineage commitment of hADMSCs
to neurospheres (NS) and further differentiations to NPC and OPC, upon
culture on bare tissue culture polystyrene surface (TCPS) with insoluble fibrin

coated surface.

2. To establish that the differentiation of hADMSCs to NS and OPCs is induced
by receptor-mediated signaling pathways triggered by fibrin-based niche

components.

3. To study the survival of pre-differentiated progenitors, harvested from in vitro

niche, upon delivery to spinal cord injury (SCI) model using injectable fibrin.

1.15 Rationale of the study

The rationale to develop a “Fibrin based matrix to direct differentiation of adipose-
derived mesenchymal stem cell into oligodendrocytes for cell replacement therapy in
spinal cord injury” arises from the lack of an ideal niche for the same. An ideal niche
like ‘fibrin-based niche’ for differentiation and transplantation of ADMSC derived
OPCs and NPCs may help in overcoming various difficulties such as lack of signaling
and adhesion molecules in in vitro differentiation and poor incorporation of the cells
at the injury sites during transplantation. Efficient and safe therapy for functional
recovery in acute SCI may be developed using fibrin niche as a niche for in vitro
differentiation of ADMSC and transplantation of neural and glial progenitors at SCI

lesion sites.
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CHAPTER 2

2. LITERATURE REVIEW

This section encompasses the basic concepts and current approaches in stem cell
therapy in neurodegenerative conditions from the previously published literature. The
overview of SCI, its types, and pathophysiology, the role of glia, and various growth
factor signaling involved are reviewed in detail. The role of Oligodendrocytes, its
replacement in SCI, Stem cell pre-differentiation strategies, SCI and Stem cell therapy-
based clinical trials, and animal models are discussed to justify the current study and

its significance.

2.1 Central Nervous System and SCI

The nervous system is a multifaceted, organized network of billions of neurons and
glia. They control as well as coordinate all activities of the body. The vertebrate
nervous system is basically divided into the central nervous system (CNS) and the
Peripheral nervous system (PNS). They are made of neurons and neuroglial cells. CNS
includes nerves in the brain and spinal cord while all other nerves present in the body

comes under PNS.

The brain is situated in the skull and CNS is continued as the spinal cord in the
vertebral canal through foramen magnum present in the skull. The brain and spinal
cord consist of three layers called meninges. The outer layer is called dura mater, the
middle one is arachnoid mater and the innermost layer is pia mater. CSF is produced
from arterial blood by the choroid plexuses and ependymal cells. It provides buoyancy
and protects CNS from external impact. The brain plays an important role as the
control center of the body and carries out functions such as movements, consciousness,
speech, memory, etc. The spinal cord carries signals to and forth between the brain

and the peripheral nerves.

The peripheral nervous system consists of spinal nerves, cranial nerves, and peripheral
nerves. Cranial nerves emerge from the brain and brainstem. They are mainly
associated with the motor-sensory function of the head and neck region of the body.
There are twelve pairs of cranial nerves, which are designated as CNI to CNXII. They

can be classified as sensory nerves, motor nerves, or mixed. The axons in these nerves
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originate from sensory ganglia exterior to the cranium or motor nuclei within the brain
stem. Sensory axons forms synapse in the brain while motor axons connect to skeletal
muscles of the head or neck. Three cranial nerves are sensory fibers while five are
motor and the other four are mixed nerves. Nerves that arise from the spinal cord are
spinal nerves. There are 31 pairs of spinal nerves. Based on the level of the spinal cord
from where they emerge, they are divided into cervical, thoracic, lumbar, sacral, and
coccygeal. There are eight pairs of cervical nerves named C1 to C8, twelve pairs of
thoracic nerves; T1 to T12, five pairs of lumbar nerves; L1 to L5, five pairs of sacral
nerves; S1 to S5, and one pair of coccygeal nerves. The area of skin connected by a
particular spinal nerve is called a dermatome, and muscles connected to a single spinal
nerve is called a myotome. When there is a SCI, spinal nerves at that level and below
stops functioning. Based on the level and extent of the injury, SCI is classified into
different groups.

2.1.1 SCI types

SCI is broadly divided into complete spinal cord injury and incomplete spinal cord
injury. Incomplete SCI, the spinal cord gets fully compressed or severed resulting in
complete loss of neurological functions below the site of injury. Regeneration of cells
as well as the regaining of complete neurological functions after complete SCI is
difficult. The partial compression or injury of the spinal cord causes incomplete SCI.
The degree of impairment in SCI is based on the extend of the injury. Greater the injury

higher will be the neurological deficit.

The extent and severity of SCI can be defined using the American Spinal Injury
Association (ASIA) Impairment Scale. A scale of A, B, C, D, E is used in grading the
degree of impairment. ‘A’ is a Complete SCI and no sensory or motor functions in the
sacral segments. ‘B’ refers to an incomplete SCI with sensory functions preserved
below the neurological level. ‘C’ is also an incomplete SCI in which motor functions
are preserved below the neurological level and more than half of major muscles below
the neurological level cannot be moved against gravity. ‘D’ is an incomplete injury
with motor function preserved below the neurological level, at a minimum half of the

main muscles below the neurological level are strong and can be moved against
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gravity. ‘E’ refers to the normal condition where sensory and motor functions are

regained or normal (Maynard et al.,1997).

2.1.2 SCI pathophysiology

The biological response to SCI is divided into three distinct, overlapping phases named
acute phase, secondary phase, and chronic phase. Acute phase occurs within seconds
to minutes after the injury while, secondary injury cascade occurs over minutes to

weeks and chronic injury occurs over months to years after the injury.

The first stage of SCI is the acute phase where the initial mechanical trauma occurs to
the cells by compression, shearing, laceration, contusion, or distraction. This causes
the disruption of the microvasculature of the spinal cord which may lead to
hemorrhage. Eventually, the blood flow in the spinal cord gets disrupted which results
in hypoxia and ischemia. This may lead to a local infarction in the central grey matter
as the metabolic requirement is higher when compared to the white matter region

(Dumont et al. 2001). Acute injury leads to a sub-acute or secondary injury phase.

Primary mechanical injury follows a cascade of secondary injury mechanisms.
Secondary injury can be divided into two phases, acute phase, and sub-acute phase.
Acute phase occurs within 48 hours of SCI and it is characterized by vascular changes
like ischemia, hemorrhage, vasospasm, thrombosis, and edema. Along with vascular
changes, disruption of ionic balance occurs which leads to events like increased
intracellular calcium, increased extracellular potassium, and increased sodium
permeability. It is followed by the accumulation of neurotransmitters mainly,
glutamate which leads to glutamate excitotoxicity and causes cell injury and necrotic
cell death to a certain extend (Sekhon and Fehlings 2001). Glutamate is an excitatory
neurotransmitter and it is released soon after the injury. Rise in the level of glutamate
in the injury site stimulate the further release of glutamate from synaptic terminals.
This causes calcium influx and excitotoxicity which leads to cell apoptosis. All acute
phase events continue in the sub-acute phase along with a cascade of new events like
the formation of free radicals, lipid peroxidation, delayed calcium influx,
inflammation, and apoptotic cell death (Oyinbo, 2011). ROS and nitrogen species

(RNS) formed during SCI causes lipid peroxidation which further causes membrane
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damage and cell necrosis. Besides, they cause mitochondrial dysfunction and protease

activation which finally leading to apoptosis and necrosis.

As soon as, the acute and sub-acute phases slow down, the repair mechanisms start.
This repair phase starts in the intermediate chronic phase and it continues in chronic
injury phases. It begins after a few months of injury and continues throughout the
lifetime of the injured person. Demyelination of surviving axons, central cavitation,
astroglial scar formation, apoptosis, are the major events occurring during the
intermediate chronic phase and chronic phase. Maturation of the glial scar and syrinx
in the chronic phase is followed by regenerative processes, including sprouting by
neurons and alteration of neuro-circuits (Oyinbo, 2011).

After all pathophysiological changes, the final fate of neurons in the area of the lesion
is apoptosis or necrosis. Also, degeneration of descending and ascending axons occurs
with glial scar formation and loss of myelinating oligodendrocytes (OL). A large
number of neuronal cell death occurs because of loss of myelin due to death of
OL. Replacement of oligodendrocytes to promote remyelination of neurons to prevent
further neuronal loss and damage is inevitable. Any therapy for SCI should focus on
re-establishment of neuronal circuits either by replacement therapy or by promoting

regeneration (Lowry and Temple 2007).

2.2 Inflammatory responses in SCI

2.2.1 Role of microglia & astroglia

Microglia and astroglia together carry out the innate immune responses during the SCI.
(Anwar, Al Shehabi, and Eid 2016). The first line of response comes from the
microglia. Various pro-inflammatory cytokines, chemokines, and anti-inflammatory
cytokines are released during secondary injury which directly or indirectly controls the
events after SCI. Resident microglial cells and bone marrow-derived macrophages are
the two groups of macrophages present at the site of injury. The inflammatory
responses involve immediate neutrophil invasion and activation of resident microglia.
Activated CNS macrophages phagocytize cells and debris. They also help in the
recruitment of monocytes from blood to the lesion. Macrophages start to resolve the

scar within a week. The release of inflammatory cytokines and chemokines from the
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cells in the lesion starts the inflammatory responses which further leads to activation
and migration of microglia towards the lesion. It also helps in the recruitment of
circulating leukocytes to the injury site (X. Zhou, He, and Ren 2014). Microglia senses
the cellular cues and tissue damage in their niche and gets activated. Microglia on
activation also release various cytokines which creates an inflammatory

microenvironment (Anwar, Al Shehabi, and Eid 2016).

In a way, the inflammatory responses adversely affect the SCI recovery by causing
cell damage and extracellular matrix (deterioration. The molecules released by the
microglia such as pro-inflammatory cytokines, chemokines, nitric oxide (NO), and
superoxide free radicals, that generate reactive oxygen species and reactive nitrogen
species (RNS) can cause neuronal dysfunction and cell death in response to injury
(Loane and Byrnes 2010). But the inflammation is also associated with potential
benefits mediated by activated microglia/macrophages. The activated microglia help
in the clearance of damaged and degenerating tissues at the lesion site. Residential
microglial cells form a border and block the spread of damage while the bone marrow-
derived macrophage phagocytizes apoptotic and necrotic cells and clear tissue debris
(X. Zhou, He, and Ren 2014).

The blood-brain barrier (BBB) disrupts as a result of SCI which causes increased
permeability and infiltration of cells from the blood that triggers an inflammatory
response. The inflammatory response and cell damage activate astrocytes to undergo
morphological and molecular changes. The changes involve increased cell
proliferation and overexpression of astroglial proteins. This spectrum of changes is
called reactive astrogliosis. Reactive astrocytes interact with other cell types and glial
cells to form glial scar which re-establishes the BBB. But it acts as a mechanical and
chemical barrier to axonal regeneration (Lukovic et al. 2015). The glial Scar prevents
the spread of inflammatory cells from the area of injury to other parts of the nervous
system. Additionally, Astrocytes play a key role in the regulation of inflammatory
responses associated with SCI. The astrocytes interact with microglia and exert both
pro- and anti-inflammatory effects on microglia (Sofroniew 2009). Molecules such as
cytokines, chemokines, growth factors, and small molecules are released by astrocytes

which takes part in various signaling pathways that are involved in the recruitment and
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restriction of leukocyte migration, blood-brain barrier repair and resolution of
inflammation in the CNS. The anti-inflammatory action of astrocytes is exerted by
secretion of various molecules such as retinoic acid (RA) and tumor necrosis factor 3
(TGFB). RA and TGFp help in the restoration of the blood-brain barrier and the
mitigation of inflammation (Sofroniew 2015).

2.2.2 Glial Scar

Glial scar formation occurs when the brain parenchyma becomes permeable to non-
CNS molecules due to the disruption of BBB as a result of SCI or brain injury. Glial
scarring is maximum in the area where more BBB breakdown has occurred.
Breakdown of the BBB causes a neuro-inflammatory response by increasing the
recruitment of neurotrophins, macrophages, and lymphocytes which has an adverse
effect on CNS health (Hamill et al. 2005). Moreover, macrophages play a crucial role
in the upregulation of ECM molecules and glial scar formation. So areas in which high
glial scar intensity is found also associated with the presence of a higher number of
activated macrophages (Silver and Miller 2004). Transforming growth factor 3 (TGFp)
signaling plays an important role in triggering the inflammatory response and glial
scarring. TGFP2 considerably increases the production of proteoglycans by astrocytes.
Interleukin 1, TGFB 1 & 2 pathways are involved in the glial scar induction by
macrophages (Silver and Miller 2004).

Activated astrocytes show variation in the normal protein expression profile. High
expression of the glial fibrillary acidic protein (GFAP) is found in activated astrocytes.
Reactive astrocytes also up-regulate epidermal growth factor (EGF) receptors, tyrosine
kinase receptors, zinc receptor, and corticotrophin-releasing factor receptors, which
are involved in several cell signaling pathways that aid the formation of the glial scar.
Up-regulation of molecules like tenascin together with the secretion of Chondroitin
sulfate proteoglycan (CSPG) into the ECM by reactive astrocytes is associated with
axon growth inhibition (Hamill et al. 2005). CSPG include aggrecan, brevican,
neurocan, versican, phosphacan and NG2 are a family of molecules with a protein core
attached to highly sulfated glycosaminoglycan (GAG) chains. A gradient of CSPG
establishes from the center of the lesion with reducing concentration at the periphery

of the lesion. CSPG causes an inhibitory effect on the outgrowth of axons in the injured
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area which directly acts as a barrier to regeneration (Shen et al. 2009). The exact
mechanism through which CSPG exerts its inhibitory effect is still not completely
studied. It is known that a network of reactive astrocytes forms tight gap junctions in
the area of injury which acts as a mechanical barrier to axonal regeneration. Along
with that astrocytes also secrete molecules like CPSG which act as a chemical barrier
that prevents neurite outgrowth from the lesion. The enzymes Chondroitinase ABC
(ChABC) removes glycosaminoglycans from the CSPG protein core is effective in the
degradation of the glial scar. Various studies show that the disruption of the glial scar

is effective in promoting tissue regeneration after SCI (Yiu and He 2006).

2.2.3 SCI: Timeline of injury responses
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Four stages in spinal cord injury: During the first few hours, direct mechanical injury causes
disruption blood-brain barrier (BBB). Over several days immune cells infiltrate to the injured
area and then astrogliosis occurs. Then limited levels of tissue regeneration occur in several

weeks to few months following SCI (Rust and Kaiser 2017).

2.3 Oligodendrocytes
In the CNS, glial-subtype responsible for myelin production in oligodendrocytes (OL).
Neurons and glial cells of CNS develop from neuroepithelial progenitor cells located
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in the ventricular zone (VZ) of the neural tube during embryonic development. The
oligodendrocytes are derived from progenitors named as oligodendrocyte precursor or
progenitor cells (OPC). OPCs are NG2 positive cells as they express the NG2
proteoglycan on their surface. They are also called as polydendrocytes because of their
multiple processes. OPC express molecular markers NG2, platelet-derived growth
factor receptor alpha (PDGFa), and transcription factors-Olig2 and Sox10. NG2 and
PDGFRa markers are down-regulated as OPCs differentiate into OLs (Bergles and
Richardson 2016).

2.3.1 Embryonic development of Oligodendrocytes

Brain and Spinal cord contain distinctive classes of oligodendrocytes that are derived
from multiple sources. OPC arises from various regions of the germinal ventricular
zone including the telencephalon, diencephalon, mesencephalon, rhombencephalon,
and spinal cord in the CNS. Proliferation and migration of OPC occur in developing
grey and white matter from these regions and then differentiate into myelin-forming
OLs (Bergles and Richardson 2016).

During development, 80 percent of spinal OPCs arise from a particular region of the
ventral ventricular zone called the motor neuron progenitor domain (pMN). pMN first
gives rise to motor neuron precursors which then undergoes neurogenic or gliogenic
lineage switch and to OPCs. After the initial production of OPCs, the second set of
OPC production arises in the dorsal cord which is trans-differentiated from radial glia.
Radial glia is progenitor cells capable of forming all the cell types in the nervous
system. It contributes to the remaining 10-15% of the oligodendrocyte population in
the spinal cord. The first wave of OPCs in the forebrain originate in the medial
ganglionic eminence and anterior entopeduncular area of the ventral forebrain. These
OPCs are found in the whole telencephalon including the cerebral cortex of the
embryonic brain. This OPC population gradually declines and get eliminated from the
adult forebrain during development. The second wave of OPCs in the brain is derived
from the lateral and caudal ganglionic regions and third wave from the postnatal
cortex. These distinctive populations of OPCs are practically the same in their

functionality. OPCs once formed they migrate to various regions in the CNS controlled
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by growth factors such as PDGF, FGF, and ECM proteins and cell surface molecules.
(Bradl and Lassmann 2010).

In the adult brain, plenty of OPCs is found. They accelerate the replacement of dying
OLs. OPCs migrate and differentiate to various regions in the adult brain based on the
need for de novo myelin formation to replace dying OLs. The OPC proliferation,
migration, and terminal differentiation are dependent on the microenvironment and
signals. The CNS triggers OPC cell death when there is a reduced need for
myelination. But during CNS injury, the delay between OPC division and OL
differentiation is reduced (Michalski and Kothary 2015).

The differentiation of OPCs to oligodendrocytes involves various signaling pathways.
The notch signaling pathway involving the notch receptor and jagged ligand located
on the axonal surface plays an important role in maturation and myelination.
Myelination of multiple axons by an oligodendrocyte is highly coordinated and they
have only a small period of time available for this as they are comparatively incapable
of myelinating once they are mature. The oligodendrocytes do not ensheath different

axons within a brief window of time, 12—-18 h (Bradl and Lassmann 2010).

2.3.2 Oligodendrocyte development: Role of the notch and wnt signaling

The canonical Wnt pathway or Wnt/b-catenin pathway is a key regulator of
oligodendrocyte development. Canonical Wnt pathway is activated in OPCs
simultaneously with the initiation of terminal differentiation. Expression of
Tcf4/Tcf712, transcription factor which carries out the transcriptional effects of the
Whnt/b-Catenin pathway is down-regulated in mature oligodendrocytes. Down-
regulation of Wnt signaling may be necessary for the terminal differentiation of OPCs
to OL. Elevated levels of Wnt/b-catenin signaling in the OPCs can block the
differentiation and myelination of OLs (Emery 2010).

The Notch receptor and its ligands Jagged and Delta, are transmembrane
glycoproteins. The notch signaling pathway gets activated when there are close cell-
cell interactions between the receptor and its ligands. This signaling pathway plays an
important role in axon-glial contact and its regulation. It has been well studied that the

notch signaling pathway plays an inhibitory role in OL differentiation. Notch
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inhibitory signaling prevents premature differentiation of OPCs and thereby play an
instructive role in glial differentiation (Popko 2003). During embryonic development,
Notch signaling promotes the formation of OPCs and maintains a population of
proliferative precursors of OL in the spinal cord. In pMN, during embryonic
development notch signaling inhibits neurogenin expression which is necessary for
motor neuron formation and maintains olig 2 expression which is a transcription factor
that promotes glial lineage. Terminal differentiation of OPC to OL is regulated by
delta-notch signaling and it couples the oligodendrocyte specification and
differentiation (Park 2003).
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Signaling in OL differentiation: Activation of Notch, Shh, and Wnt signaling inhibits OPC

differentiation into oligodendrocytes (Louvi and Artavanis-Tsakonas 2006).

Various intracellular signals also regulate OL development. Transcription factors are
among these. They play a role in OL maturation and differentiation. Transcription
factors, Hesb, 1D2/4, Sox5/Sox6 have a negative effect on OL development whereas,
Sox10, Nkx2.2, MRF, Zfp191, Zfp488, and Sipl promotes OL maturation and
development. Another important factor that plays a major role in OL development is

the thyroid (T3) hormone. T3 hormone has been widely used to differentiate OPC to
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OL in vitro. T3 hormone has been implicated in timing control of oligodendrocyte
differentiation. It also involves both PDGF signaling and T3 signaling. T3 initiates
differentiation of OPC to OL at the appropriate time as an effector (Huang et al. 2013).

2.3.3 Oligodendrocytes: dual role in SCI

Loss of OLs and subsequent demyelination occurs in SCI. OLs play a dual role in SCI
as it promotes neuronal loss and enables neuronal survival. Loss of OLs during an
injury causes the conduction block and death of neurons. Besides OLs create an
inhibitory environment by releasing various inhibitory molecules to the site of injury.
Conversely, OLs promote neuronal survival by re-myelination of demyelinated

neurons.

In SCI, necrotic cells release proteolytic enzymes which cause damage to OLs and
neurons. Ischemia and reperfusion injury cause free radical formation that further
causes damage to OLs. Excitotoxicity in secondary injury cascade also contributes to
OL death. Besides, neutrophils and activated microglia release various products like
inflammatory cytokines, glutamate, and free radicals that promote OL loss. Two or
three weeks after SCI, OL apoptosis occurs due to the loss of axons that provide trophic
support to OLs (Almad, Sahinkaya, and McTigue 2011). Myelination by OLs is crucial
for saltatory conduction of action potential and growth factor support to retain axonal
integrity. Acute demyelination during the post-injury period causes a functional deficit
in neurons by retracting the conduction of action potential. Demyelinated axons are
more susceptible to damage due to injuries, so efficient remyelination is critical for

cellular replacement and for neuron-glial function recovery (N. Li and Leung 2015).

2.3.4 Myelin-associated inhibitors

During SCI or CNS injury various molecules in the myelin debris play an inhibitory
role in OPC maturation and axon regeneration. Insufficient clearance of myelin debris
by microglia and macrophages contributes to inadequate re-myelination. It has been
proven that myelin debris is a potent inhibitor of injured spinal cord regeneration and
re-myelination. Other OL molecules that inhibit regeneration are netrin, ephrin, and
semaphorin 3A (Sema3A). Sema3A inhibits OPC maturation and recruitment in a

demyelinating environment during injury. Nogo, Myelin associated glycoprotein
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(MAG) and oligodendrocyte myelin glycoprotein (OMag) are the OL proteins that are
identified as myelin-associated axon growth inhibitors which are the major inhibitory
component in myelin debris (Lee and Zheng 2012).

Nogo protein has 3 isoforms, Nogo A, Nogo B, and NogoC. Among the three isoforms,
Nogo A is the most studied one and is implicated with inhibition of neurite outgrowth
and growth cone collapse. Nogo-A is found as an intracellular pool as well as cell
membrane-bound in OL. However, cell membrane-localized Nogo A is well known
for the inhibition of neurite growth and induction of growth cone collapse. NgR
receptor along with co-receptors, LINGO-1, and P75N™ or TROY carry out the
inhibitory functions of Nogo via various cellular signaling pathways (Schweigreiter
and Bandtlow 2006). Other inhibitory proteins MAG and OMag also have a similar
role in axon regeneration. These proteins also bind to the same receptor complex
(NgR-p75NTR) as that of Nogo (Egawa et al. 2017).

2.3.5 Regeneration and re-myelination: Role OL in SCI

Oligodendrocytes are prone to cell death even after the moderate contusive injury.
About 90% of the OLs occur at the injury epicenter in seven days after CNS injury.
(McTigue et al., 2001). Axonal degeneration and loss of trophic support from axons
lead to further apoptotic loss of OLs. However, OPC in the spinal cord undergoes OL
differentiation and carry out remyelination spontaneously after SCI. It replaces the loss
of OLs in SCI. Following an injury, some of the NPCs found in the spinal cord get
activated, migrate to the site of injury, and differentiate into the glial lineage. But the
major population formed from NPC-glial differentiation is astrocytes which contribute
to the glial scar (Alizadeh, Dyck, and Karimi-Abdolrezaee 2015).

Growth factors like PDGF, bFGF, CNTF, LIF that promote OPCs proliferation and
differentiation increase at sites of SCI. Also, the morphogen sonic hedgehog (shh)
produced by astrocytes promotes OPC proliferation and survival (Frei et al. 2000).
However, glial scar creates a barrier to migrating OPCs along with BMP signaling
from astrocytes which inhibit OL formation. So practically in a CNS injury, all the
OPCs that are activated may not terminally differentiate to OLs. Even though

endogenous regeneration and remyelination are observed following SCI, it is usually
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functionally and anatomically incomplete and insufficient to replace the deficits
present after SCI (Watson and Yeung 2011).

2.3.6 Oligodendrocyte: Proliferation and survival signaling in SCI

Various extracellular and intracellular signals are involved in the regulation of NPCs
and OPCs proliferation, differentiation, and myelination. It has been proven that a
repertoire of signaling molecules and pathways initiated by reactive astroglia inhibits
oligodendrocytes differentiation and myelination. Signaling pathways like Wnt, notch,
and Rho/ROCK pathways are inhibitory to oligodendrocytes differentiation while
pathways like PI3K/Akt and MAPK/Erk pathways are involved in the proliferation of
neural progenitors, oligodendrocyte differentiation and survival (Alizadeh and Karimi-
Abdolrezaee 2016).

Reactive astrocytes release endothelin-1 (ET-1), a soluble factor that increases
astrocyte expression of notch signaling ligand Jagged1. It activates Notch signaling in
OPCs. Notch signaling inhibits oligodendrocyte differentiation and remyelination.
Another signaling pathway, STAT-3 promotes OPC differentiation and remyelination.
LIF (Leukemia inhibitory factor) secreted by T-Lymphocytes activates STAT-3
signaling in OPC. CSPG causes activation of the Rho/ROCK pathway in both NPCs
and OPCs and inhibit OL growth and myelination. CSPG also activate leukocyte
common antigen-related receptor protein tyrosine phosphatases (LAR-RPTPs)
pathway. They are cellular receptors of proteoglycans, heparan sulfate, and
chondroitin sulfate which is important in axonal growth and regeneration. Neuregulin-
1 is a neurotrophic factor involved in OPC differentiation and remyelination. The
deficiency of neurotrophic factors arising during SCI is one of the hurdles to optimal
re-myelination. Neuregulin-1 signaling activates various signaling pathways like
Jak/STAT, Erk/MAPK, and PI3/Akt which plays a vital role in cell proliferation,
differentiation, and survival. This results in OL development, survival, maturation, and
myelination in the CNS. These molecules also have an additional role in neuronal
migration and synapses formation. Level of neuregulin declines after SCI which has a
detrimental effect on OL survival (Alizadeh and Karimi-Abdolrezaee 2016).
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Various signaling mechanisms in OL maturation and proliferation (Alizadeh and Karimi-
Abdolrezaee 2016).

2.3.7 Growth factor Signaling

Platelet-derived growth factor-A (PDGFA) and fibroblast growth factor-2 (FGF-2) are
directly involved in the development of OLs. Upregulated expression of PDGFR-« is
observed in OPCs in response to the mitogenic effect of PDGF-A. Canonical wnt
pathway (Wnt/g-catenin) and phosphatidylinositol 3-kinase pathways are important in
the response of PDGF-A signaling. They result in an increased proliferation rate of
OPCs. Another signaling pathway, the ERK signaling pathway has a potential role in
the recruitment of OPCs after SCI. Evidence suggests that this pathway gets activated
through the action of PDGF-A stimuli. FGF-2 is another strong mitogen that enhances
the generation of OPCs and promotes the differentiation of OPC to oligodendrocytes.
Other growth factors like insulin-like growth factor (IGF) are also involved in OPC
development. IGF has synergic actions with PDGF and FGF and they act mainly via
PIBK/AKT and ERK pathways that are involved in this (N. Li and Leung 2015).

33



2.4 ECM: SCI regeneration

The CNS has a poor intrinsic regenerative potential, however, regeneration to some
extend does occur. The growth-inhibitory microenvironment is created in CNS injury
mainly by the ECM molecules secreted by reactive astroglial and other growth
inhibitory molecules associated with the glial scar. Laminin, fibronectin, collagen, HA,
tenascins, and CSPGs are the various ECM proteins that play an important role in CNS
repair and plasticity.

Laminins are adhesive glycoproteins that are found in the basal laminae. They are
growth-promoting molecules that enable neuronal migration and axonal pathfinding
in CNS development. It has been demonstrated that the addition of Laminin can
reverse the effect of other inhibitory signaling cues to growth cone development.
Fibronectin is another protein like laminin that enables the interaction of cell surface
receptors and ECM proteins. It has a central role in migration, morphogenesis, and
proliferation of CNS cells. Collagen is the most abundant ECM protein present in CNS
and the major collagen type present is collagen IV. It acts as a natural scaffold that
integrates laminin and fibronectin proteins and forms the basement membrane which
is a matrix of glycoproteins and sulfated proteoglycans. Conversely, during CNS
injury, type I, Il & 1V collagen is the major fibrous element of scar tissue. Another
major component of ECM is HA and it gives structure to the matrix while taking part
in cell proliferation and morphogenesis. It also takes part in evoking the inflammation
during CNS injury. CGPG is another CNS component that is upregulated in CNS
injury. CSPG creates an inhibitory environment for endogenous regeneration. But
during development CSPG is associated will embryonic cytokinesis and it is present
in the regions of neural cell proliferation. Lecticans are the most abundant family of
CSPGs found in CNS (Burnside and Brandbury, 2014).

ECM plays a vital role in maintaining the neural connections in CNS. The growth
inhibitory molecules are present in ECM to restrict the synaptic plasticity so as to
maintain the pre-formed synaptic connections. During the injury, re-activation of
synaptic plasticity is needed and it is restricted by accumulation of ECM molecules.

But, after an injury, there is a drastic change observed in the CNS ECM. Glial scar,
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fibrolytic scar, upregulation of CSPGs are the major changes observed during CNS

injury (Burnside and Brandbury 2014)

2.4.1 Role of fibrinogen in SCI

Fibrinogen, which is an acute-phase protein has diverse functional activities including
its important role in the clotting cascade. Studies show that it is associated with a
substantial pro-inflammatory role in SCI secondary injury cascade. Elevation in
plasma fibrinogen concentration along with coagulation abnormalities is often
observed in SCI. The Fibrinolytic pathway solves the issue of thrombotic activity that
occurs soon after the SCI. Fibrinogen activates microglial cells during SCI and
activated microglial cells are prominent pro-inflammatory participants in secondary
injury. Fibrinogen also triggers astrocyte and its activation results in glial scar
formation. The increased concentration of fibrinogen causes red blood cell aggregation
which retard the circulatory flow. Moreover, fibrinogen aggregates white blood cells
and platelets which causes a threat of coronary heart disease in SCI patients. It is
evident that fibrinogen plays a critical role in SCI pathology, causing inflammation,
coagulation, hemostasis, and cellular interactions. (Anwar, Al Shehabi, and Eid 2016).
Fibrinogen activated inflammation has a positive effect as it helps in the clearance of
tissue debris over time. Fibrin is also a potent inhibitor of neurite outgrowth and axonal
regeneration in CNS injuries like SCI. Fibrin may trigger an inhibitory signal that
controls the differentiation of OPCs to OLs and their myelination potential. In vitro
studies show that fibrin inhibits the differentiation of OPCs to OLs without affecting
the proliferation of OPCs. Fibrin acts via BMP signaling by up-regulating the BMP
responsive genes. BMP signaling mediated by fibrin results in differentiation of OPCs
to GFAP positive astrocytes (Norris and Strickland 2017)

2.4.2 OPC: replacement therapy

Demyelination in CNS injury contributes to the death of neurons and functional
impairment. Replacement of the myelin-forming cells may be a potential strategy to
overcome the de-myelination issue. However, oligodendrocytes could not be
transplanted as it is a terminally differentiated. Terminally differentiated cells usually
undergo cell death without proliferation. Transplantation of Olig2 and PDGFRa

positive OPCs may help in re-myelination and restoration of neural circuits. Across
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the world, various studies are being done to evaluate the potential of OPCs in resolving
the issues related to demyelination in CNS injury. To find a suitable cell source from
which OPCs could be generated is also important.

OPC transplantation is the integration of two strategies, to allow remyelination and
provide trophic support to create a repair environment that promotes regeneration. The
neurotrophic factors secreted by OPCs have the capability to promote neurite
outgrowth in vitro. Various in vivo and in vitro study results strongly suggest the
application of OPC therapy in human SCI(Watson and Yeung 2011a).

A study using OPC cell transplantation in an SCI rat model found that transplanted
cells migrated to the site of injury and 40% of them differentiate into mature
myelinating oligodendrocytes. Also, functional recovery was better in OPC treated
group. Apart from myelination, OL helps in neuroprotection by releasing trophic
factors including IGF-1, GDNF, and BDNF which promote neuronal survival and
support synaptic plasticity in axons (Sun et al. 2013). Another group demonstrated
improvement of BBB scoring in SCI rats with transplantation of OPCs. It clearly
shows that OPC transplantation has the potential to improve motor recovery and
relieve mechanical allodynia in rats (J. Yang et al. 2018). OPC transplantation for SCI

in humans demands a reliable source of OPC without any potential harm to the patient.

Stem cells have the potential for multi-lineage differentiation and hence they can
differentiate to any cell type or cell progenitor. With the use of appropriate trophic
factors or cell signaling factors in appropriate concentration the stem cells can be

differentiated into the neural lineage, specifically to OPC or NPC lineages.
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The NSPCs, iPSCs, SKPs, MSCs, ESC, and direct conversion methods yield neural
cells for transplantation. NSPCs can be isolated from the fetal and adult brain & spinal
cord. NPCs can be differentiated into OPCs, OL, astrocytes, or neurons based on the
on-culture conditions and growth factor signals. ES cells can be induced to neural cells,
and finally to OPC generation by providing appropriate culture conditions. MSCs are
from various sources like BM, umbilical cord, adipose tissue, muscle, and dental pulp
from deciduous baby teeth. MSCs have shown properties of neural cells in vitro. Skin
fibroblasts can be reprogrammed into iPSC and are then directed along a neural
lineage(Mothe and Tator 2012).

Various issues come as a hurdle to cell transplantation therapies. For transplantation
of OPCs, any kind of stem cell has to be pre-differentiated in vitro before
transplantation. Here comes the question of the purity of OPCs derived by in vitro
differentiation. ESC and iPSCs are the most studied stem cell types. But the use of
ESCs may cause teratoma formation if the whole number of transplanted cells is not

differentiated into OPC lineage. The use of ESC has associated with various ethical

37



concerns also. iPSCs are genetically re-programmed cells and it is not clear whether it
causes any potential threats in the long run. Allogenic and xenogenic transplants may
also lead to various complications related to immunogenicity and immune rejection.
Immunosuppression can be given to overcome immunogenicity related to allogenic

graft but it is also associated with various side effects(Watson and Yeung 2011).

Autologous stem cell-derived transplants are best when considering allogenic and
xenogenic cell transplantation. Among various stem cells available MSCs are a more
reliable source of stem cells for cell transplantation. For autonomous cell
transplantation, adipose-derived mesenchymal stem cells may be ideal. They can be
isolated from adipose tissue or lipoaspirate of the patient itself. A large number of stem
cells can also be isolated and subcultured from a small quantity of adipose tissue. The
ADMSCs have been demonstrated to provide neuroprotective and neuroregenerative
effects in an animal model of SCI. It also differentiated into neural and glial cells along
with functional improvement in hind limb movements when transplanted in to rat SCI.
ADMSCs have immunomodulatory potential which can reduce the secondary
inflammations (Y.-C. Kim et al. 2016). Pre-differentiation of MSCs in vitro to OPCs
is essential to ensure that these cells will differentiate to OL lineage. However, a
percent of transplanted cells will be MSCs and the may help in regulating the
microenvironment of SCI towards a regenerative environment. The MSC secretome

contains various trophic factors that promote the proliferation and survival of cells.

2.4.3 Pre-differentiation of stem cells to OPCs

Stem cells can differentiate into cells of multiple lineages because of its potency. This
multilineage potential enables any stem cell type to differentiate into a neural lineage
or glial lineage. Mesenchymal cells are mesodermal in origin and they have the
potential to differentiate into neural cells, which is of epidermal lineage. This
mesodermal to epidermal switching is called lineage conversion. Various growth
factors and signaling molecules are used for the in vitro pre-differentiation of stem

cells into OPCs or cells of neural lineage.
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Table I: Growth factors and signaling molecules used for pre-differentiation to

OL lineage.
Stem cell type

mESC derived embryoid bodies
(P. Jiang, Selvaraj, and Deng 2010)

miPSCs
(Terzic et al. 2016)

Human umbilical cord-derived
MSC

(Leite et al. 2014)

hBMSC

(Abbaszadeh et al. 2014)

2.5 In vivo studies in SCI

Differentiation method

Retinoic acid and the Shh agonist
Purmorphamine with medium containing

0.1 mM B-mercaptoethanol

B mercaptoethanol,
3,3’,5-triiodo-I-thyronine sodium salt
dibutyryl cAMP,

GFs (BDNF, PDGF-AA)

GFs (EGF, bFGF PDGF-AA)

Sonic hedgehog

GFs (EGF, bFGF, PDGF-AA)

T3 Hormone

For validation of any research for therapeutic purpose demands in vivo testing in a

suitable animal model. In SCI, animal models are used extensively for studying

mechanism underlying pathophysiology, developing effective treatments, and

assessing therapeutic safety & efficacy. A variety of animal models have been

developed using different animal species with different lesion methods at various

locations of the spinal cord, varying the severity. Mice, rats, dogs, cats, and primates

are some of the various species that are being used in research as SCI models. A

considerable number of studies are conducted using rodent models, of which rat

models are most common. Because in mice cells proliferate in the injury area which

keeps the ends of the transected spinal cord in contact, with no cyst formation and high
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regeneration potential. Completely transected spinal cord gets regenerated after SCI in
mice. But in rats and humans, the responses to SCI are similar to a certain extent. They
both show cyst formation and complete functional recovery is not possible after

complete transection of the spinal cord (Kjell and Olson 2016).

Rats are friendly, inexpensive, and easy to handle and also have reduced surgical
complications as well as post-surgery infections. There are well established functional
recovery analysis techniques for rat SCI models. Contusion, compression, transection,
distension, and chemical methods are the various techniques to induce SCI in animal

models. Most popular among all these is the rodent contusion SCI model.

Contusion using a weight drop apparatus or impactor can cause a transient acute spinal
cord injury model, which can be used to study various treatment modalities for acute

SCI. This kind of injury is most representative of what happens in most human SCI.

A B

Rodent SCI contusion model: 1-hour post-injury (A), 60 days post-injury (B) (Ahuja,
Martin, and Fehlings 2016)

The contusion model in the rat produces a necrosis pattern in the core region mainly
central grey matter, which is surrounded by myelinated fibers and portions of grey
matter from dorsal and ventral horns. The pathological and physiological changes are
quite similar to human SCI pathophysiology with the cell loss occurs radially in all
directions and the lesion grows in the course of time. In figure Il only, a thin margin

of white matter is visible after 6-0 days of contusion injury. A huge population of cells
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in the central core undergoes cell death at the time of injury and further cell death

occurs over weeks and months (Ahuja, Martin, and Fehlings 2016).

The contusion rat model at the thoracic level may be used to examine the consequences
of the common type of SCI and test various therapies aiming at functional recovery
and regeneration of the spinal cord. Functional outcomes of experimentation in these
models can be analyzed by methods like behavioral testing, electrophysiology,

neuroimaging, and histopathology.

2.5.1 Behavioural testing

Various behavioral tests mainly locomotor tests are conducted to assess the level of
recovery in SCI animal models. Open-field behavioral tests are based on the
locomotory functions of the proximal forelimb, hindlimb, and tail of the SCI rat. The
most commonly used test in the past was Tarlov’s open-field test. It is based on the
hind limb movements and weight support. This test was sensitive only when the animal
is able to show hind limb weight support. So, the test was modified as Tarlov’s
modified open-field test which is based on a scale of 0 to 6 which represents complete
paralysis to normal locomotion. However, these tests were not sensitive enough and it
was modified by including all hind limbs motor features. The BBB test developed by
Basso, Beatie, and Bresnahan, is the most common test for locomotor function in SCI
rats. It is also an open-field test with the grading of hind limb locomotion from 0 with
no spontaneous locomotor activity to score 21 representing a normal movement with

trunk stability, coordinated gait with parallel paw placement (Sedy et al. 2008).

Behavioral tests that test skeletal muscle functions that are not involved in locomotion
are called motor tests. One of the motor tests is inclined plain test where the animal’s
ability to maintain its position on an inclined plane is assessed. Here strength of the
animal is indirectly assessed. Other tests that examine the sensory function recovery
in animals are sensory tests. Hot plate-based tests evaluate the thermal pain sensitivity
by introducing the animal to a chamber with a hot plate as the floor. Paw licking and
jumping are considered as the sensory pain response and the recovery is assessed based
on the reaction time. The sensory-motor test is also there which assesses the motor

functions along with sensory functions. Electrophysiology and imaging tests are also
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available nowadays to assess the recovery and changes that have occurred in SCI

animal models in response to injury or any tested treatment (Sedy et al. 2008).

2.6 Clinical trials in SCI

SCI is a devastating condition for which no treatment offers complete cure and
functional recovery. There is no gold standard for SCI treatment. Various treatments
including immunomodulatory drugs are given for the betterment of the patient’s life.
Worldwide researchers are developing various stem cell therapies and cell replacement
therapies for SCI. All of these therapies are based on various strategies such as
neuroprotection, immunomodulation, or cell replacement, or a combination of one or

more strategies.

The ideal route of administration of cells, its homing as well as survival, in vivo
response to transplanted cells in injury microenvironment, the ideal number of cells
delivered, and delivery vehicle or matrices should be studied properly before any stem

cell or cell replacement therapy.
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Table: 11: Stem cell therapy in SCI- clinical trials & outcome

Stem cell type No: of patients  Time/route  Results

ESC derived 5 transplanted >2 weeks No safety issue reported but
OPC Intra spinal complete results not published
Autologous 10 (median age Chronic(3yrs) No adverse effects, but
BM-MNCs 32) Intrathecal patients only followed for 12

weeks; efficacy not reported

Autologous 20 (aged 19-41) 10-30 days No complications reported

BM-MNCs intravenous Chronic  patients reported
improvement.

Autologous 8 (aged 19-60) >2  months No serious adverse events for

MSCs Intravenous 3 months

(adipose-

derived)

Autologous 12 (aged 20-55) Acute: patients showed improvement

BMSCs >2weeks, in upper limb recovery with

Intrathecal MRI and electrophysiological

changes

2.7 ADMSC:s in cell therapy
ADMSC:s are highly proliferative adult multipotent stem cells with good self-renewal
capability. They can differentiate into different cell types of various lineages, upon

induction with inducers like growth factors.

Studies show that ADMSCs have several advantages over BM-MSCs which makes it
highly beneficial for regenerative cell therapies. ADMSCs have a high proliferation
rate than that of BM-MSCs. In addition, ADMSCs can be sub-cultured for long time
periods without a decline in its proliferation when compared to other cells. ADMSCs
shows high proliferation, multipotency, and maintains its phenotypic characters even
after 25 passages (Zhu et al. 2008). The proliferation potential of ADMSCs is higher
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in lower age groups and its found to be declining with age after 60 years(Lei et al.
2007).

2.7.1 In vivo ADMSC niche and their maintenance

Adult Stem cells are present in specialized niches in their specific tissues of origin.
MSCs are present in the bone marrow and mesodermal tissue like adipose tissue,
tendon, muscle. Recently MSC like colonies were derived from certain vital organs
like liver, kidney, brain, etc. It’s a question of debate whether all these MSCs have a

common niche or they reside independently in the specific tissues.

Recent studies suggest that that the bone marrow-derived and dental pulp derived
MSCs reside in perivascular niche throughout the body as they can get access to all
tissues for homeostasis. However, any specific ECM components which maintain the
stemness in MSCs in the niche are not yet identified. The role of cell adhesion proteins,
cadherins, soluble factors in regulating the cell-cell adhesion, migration, and
differentiation in the MSC niche is poorly understood (Kolf, Cho, and Tuan 2007).
Identification of these factors may help in developing biomimetic in vitro niche which
can promote the self-renewal or differentiation of MSC as required. The ADMSCs
also have a specialized niche which is characterized by its interactions with
surrounding cells, ECM, and soluble factors like cytokines in the adipose tissue
(Meirelles, Caplan, and Nardi, 2008). It has been reported that the ADMSCs also

reside in a perivascular niche similar to that of the BM-MSCs(Zannettino et al. 2008).

Regulating the self-renewal of stem cells is the major feature of its niche. The intrinsic
behavior of the stem cell, the niche’s microenvironment derived extrinsic cues and the
niche architecture induces the stemness of the stem cells by regulating the division and
specifying the type of division; asymmetrical or symmetrical. Self-renewal outside the
niche is possible only when enough intrinsic factors are available (Fuchs, Tumbar, and
Guasch 2004). Therefore, for in vitro differentiation or expansion of stem cells, growth
factors or inducers need to be supplied exogenously to mimic the microenvironment

of the niche.
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2.7.2 ADMSC isolation and expansion in culture

The isolation of ADMSCs from adipose tissue was established by Rodbell and
colleagues in the 1960s. The primary technique for ADMSC isolation was developed
for the adipose tissue from the rat fat pad. The tissue was minced and then washed to
remove the hematopoietic cells. Digestion of the tissue was done using collagenase
enzyme. The digested tissue was centrifuged to get the stromal vascular fraction (SVF)
as a pellet. The SVF is a heterogeneous cell population, consisting of blood cells like
RBCs, fibroblasts, pericytes, and endothelial cells and adipocyte progenitors. Finally,
after the seeding of SVF, the plastic adherent ADMSCs were selected during the
subculture. This procedure has been modified for the isolation of human ADMSCs
from adipose tissue specimens. The advances in the field of liposuction surgery made
these steps simpler and now usually people rely on lipoaspirates for hADMSC based
studies (Bunnell et al. 2008).

During the expansion of ADMSCs, increasing serum (fetal bovine serum, FBS)
concentration may cause adipogenesis. The subculture of 80% confluent ADMSCs is
usually done using the trypsin-EDTA method. The ADMSC proliferation is influenced
by basal medium, glucose concentration, FBS quality, and percentage and cell seeding
density (Ghiasi et al. 2016). The inadequate medium, contamination, or senescence of
the primary cells induces granularity around the nucleus, cytoplasmic vacuolations, or

detachment of the cells from the plastic surface.

ADMSCs can be stored for the long term without affecting its potency and
proliferation. Slow freezing in 80% FBS,10% DMEM media and 10% cryoprotectant
(DMSO) is an ideal way of storing MSCs (Bunnell et al. 2008).

2.7.3 ADMSC characterization

During the emergence of MSC based cell therapy research, various study groups put
forward certain methodologies for the isolation and expansion of MSCs. There was a
lack of universal criteria for comparing the MSCs and the results. As a solution to this
issue, Mesenchymal and Tissue Stem Cell Committee of the ISCT proposed a set of
standards for defining the human MSC for both in vitro and for pre-clinical studies.

Those were adherence to plastic, specific surface antigen (Ag) expression, and
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multipotent differentiation potential. Regarding the specific antigen expression, more
than 95% of the MSCs should express CD105, CD73, and CD90 and these cells must
lack the expression of CD45, CD34, CD14/ CD 11 b, CD79a/CD 19 and HLA class
I1. This analysis for cell surface markers is done using flow cytometry. CD45 is a
leukocyte marker, CD34 is a hematopoietic marker, CD14 and CD11b are monocytes
and macrophages marker, and CD79a and CD19 are B cells marker. The HLA-DR
molecules are not expressed by MSCs without stimulation (Dominici et al. 2006).
These markers are collectively called negative and positive MSC markers and various
commercially available kits are there to analyze and sort the MSCs. Based on the cell
surface antigens, the MSCs can be sorted to get 100% pure MSC culture using
Fluorescent activated cell sorting (FACS) and magnetic-activated cell sorting
(MACS). The final criterion for being an MSC is the test for multipotency. The cells
must differentiate to adipocytes osteoblasts and chondroblasts in standard in vitro
conditions. Commercially available media are available for the trilineage
differentiation and specific stains are used to confirm the differentiation. The cell
culture parameters like the glucose content, calcium concentration, media
composition, and the presence of growth factor supplements have a profound effect on
the maintenance of stemness in ADMSC (Irioda et al. 2016). The environmental
parameters and the growth factor signaling in the milieu cause the differentiation or

lineage commitment of ADMSCs.

2.7.4 Multipotency of ADMSCs

The ADMSCs are plastic, which means MSCs have the ability to cross the lineage
barriers and adopt the phenotypical, biochemical, and functional properties of cells of
other tissues. The in vitro differentiation of ADMSCs can be induced by the addition
of specific growth factor cocktails or chemical inducers. Differentiation efficiency is

age, sex, and patient dependent (Bunnell et al. 2008).

The MSCs tend to differentiate to cells of various lineages in the different germ layers
in response to the signals they receive. The ADMSCs have the potential to differentiate
to cells of mesenchymal lineages like bone, cartilage, fat, etc. Apart from this, various
in vitro studies have shown the differentiation of ADMSCs to non-myogenic cell types

like skeletal muscles, cardiomyocytes, and neural cells (Strem et al. 2005).
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Currently, the differentiation of ADMSC using chemical inducers or biomolecule
inducers to almost all lineages is known. However, the exact mechanisms involved in
the differentiation are not completely delineated. Certain inducers like butylated
hydroxyanisole, valproic acid, and insulin promote the neuronal differentiation of
ADMSCs in vitro. Similarly, transferrin, IL-3, IL-6, VEGF promote cardiomyocyte
differentiation and ascorbate, epidermal growth factor, basic fibroblast growth factor,
hydrocortisone induce differentiation to endothelial lineage(Gimble Jeffrey M., Katz
Adam J., and Bunnell Bruce A. 2007). The stability of the chemical-based inducers
and the reversibility of lineage-committed cells need to be understood before adopting
this for regenerative purposes. The EGF, FGF, and PDGF based neural differentiation
was reported to be more reliable for providing long term effects up to 3 months, while
the chemical inducers like DMSO and BME provided only transient effect (Tao, Rao,
and Ma 2005). The growth factor-based differentiation protocol seems more attractive
because they mainly rely on the signal mechanisms similar to that of embryonic

development.

2.7.5 Mechanisms of ADMSC maintenance in culture

The molecular mechanisms playing behind the stemness of ADMSCs is poorly
understood. No particular transcription factor is associated with MSC stemness, while
a number of markers like NRF2, CD49f, BCL-6 co-repressor are found to be associated
with the stemness and differentiation of MSCs (T. M. Liu 2017). However, Long term
handling may cause a reduction in stemness and differentiation potencies of MSCs. To
maintain the stemness various growth factors like FGF and PDGF are used in vitro.
The FGF signaling pathway together with the ERK pathway plan an important role in
maintaining MSC stemness. Canonical wnt signaling pathways and its cross-talk with

TGF-B has also been shown to persuade MSC self-renewal (Arezoumand et al. 2017).

The hADMSCs in long term culture change its cell morphology, in tandem to a
decrease in proliferation, and differentiation potential. The cultured ADMSCs has a
doubling time of 2 days in 15" passage while the doubling time reduces to 4 days by
passage 15. The autocrine FGF-2 signaling allows the maintenance of ADMSC self-
renewal in vitro. The decrease in the FGF-2 release in cells of higher passage number

causes an increase in doubling time. The FGF signaling has a crucial role in long term
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maintenance of ADMSC in vitro. Exogenous FGF-2 can reverse the progressive
reduction in the ADMSC proliferation (Zaragosi, Ailhaud, and Dani 2006).

Another key player in the maintenance of ADMSC in culture is Activin A. It is secreted
by human undifferentiated ADMSCs which plays a vital role in maintaining the
proliferation of cells in vitro. Autocrine and paracrine signaling of Activin A via
C/EBPp and Smad2 pathways promote the proliferation and hinders the differentiation
of ADMSCs. Apart from Activin A another TGF-B family protein BMP4 regulates
hADMSCs proliferation, and maintains its potency by autocrine signaling in a dose-
dependent manner (Villageois et al. 2011). However, extensive studies need to be done
to draw a complete picture of the mechanisms of ADMSC maintenance in vitro.

2.7.6. Signaling Mechanisms in ADMSC Proliferation in vitro

The TGF-B, PDGF, and bFGF signaling are key pathways that regulate MSC growth
and proliferation in vitro. Inhibition of any of these pathways causes reduced
proliferation of MSCs (Ng et al. 2008). The hedgehog protein also plays a key role in
maintaining the proliferation of ADMSCs. The Mitogen-activated protein kinase
(MAPK), phosphatidylinositol 3-kinase PI3K/ AKT, and Smad2/3 are the main
signaling pathways are the downstream pathways that directly causes the proliferation
of ADMSCs. These pathways are activated by the binding of the cytokines; VEGF,
TGF, PDGF, FGF, and Macrophage migration inhibitory factor to their receptors
(Fatemeh Atashi 2015).

48



FGF MIF

SRt 11 )

OO DS

Cyclin D1

‘.C,GJ‘.;‘, Proliferation fw\)

~—Nucleus _—

Signaling pathways that regulate the ADMSC proliferation (Fatemeh Atashi 2015): the
effect of the cytokines in the proliferation of patient-derived ADMSCs was established by
culturing the cells with the patient’s PRP.

2.7.7 In vitro differentiation of ADMSCs to neural lineage

ADMSCs are capable of trans-differentiation and they can differentiate into cells of
ectodermal lineage upon induction. Evaluation of the neural cell fates of MSCs is
difficult as the undifferentiated cells constitutively express certain neural specific
markers. However significant upregulation in genes, as well as functionality, can be

observed after stable neuronal differentiation (Phinney and Prockop 2009).

ADMSC:s cultured at higher cell densities spontaneously form a clump of cells called
neurospheres. NS is a heterogeneous population of cells of different sizes, granularity,

metabolism, cytoplasmic content, and are in different phases of the cell cycle. They
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also contain NSC (Bez et al. 2003). FGF-2, EGF, retinoic acid, and supplements such
as B27 and N2 are used by almost all researchers to induce NS from stem cells. FGF-
2 is the most significant component in neural differentiation and it promotes the
proliferation of neural progenitor cells (Maio et al. 2011). The NS derived cells
cultured in neurobasal medium supplemented with B27, 20 ng/ml bFGF and 20 ng/ml
EGF for a week give rise to neural cells (Bunnell et al. 2008). Neuronal induction of
NS derived cells using BDNF and RA induced 50% MSCs to neurons in another study
(Anghileri et al. 2008). Growth factor induction of NS derived cells can give rise to
oligodendrocytes and neurons which may be used for regenerative purposes in neural

tissue.

2.7.8 ADMSC based therapies in SCI
Various in vivo studies have demonstrated the ability of ADMSC to promote the
regeneration and repair in SCI due to its capacity to differentiate into neural cells as

well as with its neuroprotective effects.

ADMSC is an ideal source for stem cell therapy for neuro-regeneration as it has been
demonstrated to improve functional recovery in the number of SCI related studies.
Transplantation of three-dimensional (3D) cell mass of ADMSCs and transplantation
of neurogenin 2 overexpressed ADMSCs have shown to improve the functional
recovery in SCI (Shi et al. 2017). It has also been reported that MSCs express neuronal
and oligodendrocyte protein markers post-transplantation (Qu & Zhang, 2017). The
transplantation of human ADMSCs in rat cervical spinal cord injury modified the
structure of the glial scar and stimulated axonal sprouting (Kolar et al. 2014). The
intravenous infusion of OPCs derived from rat ADMSCs provided a betterment in the
motor function in spinal cord injury (SCI) rat models. These transplanted OPC cells
survived, migrated, and differentiated at the injury site efficiently as well. The study
reports a 30-35% efficiency in 4-5 weeks post-transplantation (S.-K. Kang et al. 2006).
ADMSCs also have a protective effect on the induced neuronal cells when co-
transplanted to the SCI site, thereby enabling a better survival of the transplanted cells
(Oh et al. 2011).
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MSCs when transplanted to the injury site produce various growth factors,
neuroprotective factors and they reduce the inflammatory reaction by suppressing
lymphocyte effects, by modulating the glial scar formation and by downregulating the
Caspase-3 mechanisms(Qu and Zhang 2017). More insights into the mechanisms of
ADMSC mediated neuroprotection, immune suppression and neuro-regeneration will
be promising for developing an ADMSC based cell therapy for SCI.
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CHAPTER 3

3. MATERIALS AND METHODS

This chapter focuses on the details of protocols used for the preparation of fibrin-based
biomimetic niche, isolation of human/rat ADMSCs, and its differentiation to NPCs,
OPCs, neurons & OLs. The methodologies used for the analysis of differentiation and
for studying the role of the notch and wnt signaling in in vitro differentiation of
ADMSCs to NS and OPCs are also included in this section. This section comprises the
detailed protocols used for the creation and maintenance of SCI rat models. The
dosage, administration, and tracking of ADMSC-derived progenitors used in this study
are explained in detail.

3.1 Human ADMSC Isolation from lipoaspirate samples

Human lipoaspirate samples were collected from patients undergoing liposuctions
approved by the Institutional Ethics Committee of KIMS hospital, Trivandrum, India.
From each participant before adipose tissue collection informed consent was obtained
(SCT/IC-SCR/44/ March 2017; IEC NO: SCT/IEC/1231/June 2018; IEC No: KIMS-
IEC/18012018 dated 08-05-2018).

Lipoaspirate sample was washed with Hanks' Balanced Salt Solution (HBSS) to
remove the blood content by centrifugation. Collagenase enzyme type 1 (Millipore,
SCR 103, 4mg/ml working solution) was added to lipoaspirate in a ratio of 1: 4.
Enzymatical digestion was achieved at 37° C for 10 minutes in a shaking incubator.
The enzymatic action of collagenase was stopped by the addition of FBS containing
media. The digested lipoaspirate was then diluted with HBSS and centrifuged at 500g
for 5 minutes to obtain the stromal vascular fraction (SVF). The supernatant was
discarded and SVF was seeded DMEM- Low Glucose (Gibco) with 10% Fetal Bovine
Serum (FBS) (Gibco), and 1% Antibiotic antimycotic (AB/AM) solution (Invitrogen)
on TCPS (Nunc). Cells were incubated in 5% CO2 at 37°C. The cells were washed
with AB/AM containing HBSS for the next two consecutive days to remove the tissue
debris, fat molecules, RBCs, and dead cells. At 80%-90% confluence, the cells were

passaged using standard trypsinization protocol.
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3.2 ADMSC Characterization
3.2.1 Flowcytometric analysis

Miltenyi Biotech MSC phenotyping kit based on ISCT guidelines was used for
analysis. Cocktails of fluorochrome-labeled antibodies were used for staining MSCs.
One cocktail with MSC positive markers, CD73 (APC), CD90 (FITC), CD105 (PE))
and another with MSC negative markers, CD45, CD34, CD14, CD 20 (PerCP) was
used to stain passage 3 ADMSCs. 10 minutes incubation at 4°C was given.
Fluorochrome labeled antibody in another cocktail was used as isotype control (PerCP,
PE, APC, FITC).

The analysis was done using flow cytometer (Beckman Coulter, Germany). CytExpert

software was used for data analysis.

3.2.2 Trilineage Differentiation

The StemPro Adipogenesis differentiation kit (Catalog no: A1007001, StemPro™
Adipogenesis Differentiation Kit, Life Technologies, USA), StemPro Chondrogenesis
differentiation kit (Catalog no: A1007101, StemPro™ Chondrogenesis Differentiation
Kit, Life Technologies, USA) and the StemPro Osteogenesis differentiation Kit
(catalog no: A1007201, StemPro™ Osteogenesis Differentiation Kit, Life
Technologies, USA) were used to induce differentiation of MSCs into adipogenic,
chondrogenic and osteogenic tissues, respectively according to the manufacturer’s

instructions.
Adipogenic Differentiation

Passage 3 (P3) hADMSCs were seeded at a density of 10,000 cells/cm?and cultured
in low glucose DMEM, 10% FBS, and 1% AB/AM solution for 24 hours. The medium
was then replaced with adipogenesis differentiation medium and the cells were
incubated at 37°C with 5% CO-. The differentiation medium was replenished every
third day for an induction period of 21 days. After induction, the cells were fixed with
3.7% formaldehyde, rinsed with PBS, and then stained with specific stain Oil Red O

staining to confirm differentiation.
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Osteogenic Differentiation

P3 hADMSCswere seeded at a density of 10,000 cells/cm? in DMEM low glucose
medium with, 10% FBS and 1% AB/AM. The medium was replaced with osteogenesis
differentiation medium after 24 hrs. and was incubated at 37°C with 5% CO.. Every
third day the differentiation medium was replenished till an induction period of 21
days. Post induction, the cells were fixed with 3.7% formaldehyde, rinsed with PBS,
and stained with specific stain Alizarin Red to confirm the differentiation.

Chondrogenic Differentiation

P3 hADMSCs were seeded at a density of 5,000 cells/cm?in basal growth medium for
24 hours. Chondrogenic differentiation medium was supplemented thereafter and the
cells were incubated at 37°C with 5% CO,. The medium change was done every third
day for an induction period of 21 days. After induction, the cells were fixed with 3.7%
formaldehyde, rinsed with PBS, and stained with specific stain Toluidine blue to

confirm the differentiation.

3.3 Preparation of fibrin matrix coated TCPS for induction studies

Fibrin matrix-based biomimetic niche used for differentiation and signaling studies
was prepared using a modified, well-established protocol (Sreerekha, Divya, and
Krishnan 2006). Pharmacopoeia grade fibrin sealant (Drug controller approved) was

used for coating tissue culture polystyrene (TCPS, NUNC, Roskilder, Denmark).

Fibrinogen and thrombin were reconstituted using sterile distilled water. Thrombin at
a concentration of 51U was poured on to TCPS. It was incubated for 30 minutes.
Thrombin was completely poured off after the incubation period. The thrombin
adsorbed surface was layered with a thin layer of diluted fibrinogen (2 mg/ml). Then
the clot formed was stabilized by incubating the coated TCPS at 37°C for 30 minutes.
The plates were frozen overnight at -80°C. Plates were lyophilized (Modulyo 4K,

Edwards, UK) and stored at 4°C in a sterile environment.

3.4. Induction of OL from ADMSC
As a part of objective 1 of the study, the differentiation of ADMSC to Neurospheres
was performed. This NS derived cells were induced to form NPCs and OPCs. NPCs
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were further differentiated into neurons and OPCs into OLs. A comparative study was
done between the bare TCPS and fibrin niche to evaluate the effect of fibrin in the
induction of NS, OPCs, and OLGs. OPCs and neurons were cocultured to study the
effect of neurons on the terminal differentiation of OPCs in the niche.

3.4.1 Neurosphere induction

The ADMSCs were plated on Fibrin coated TCPS and bare TCPS at a density of
10,000 cells/cm2 in (DMEM/F12 medium, with 10%fbs and 1% AB/AM). After 24
hours the basal media (with 1% FBS) supplemented with AB/AM, 20 ng/ml basic
fibroblast growth factor (bFGF) and 20 ng/ml epidermal growth factor (EGF) was
added to the cells induced on bare (INB) & induced on a niche (INF) (Abbaszadeh et
al., 2014). 10% FBS and AB/AM supplemented basal media were added to the control
group (un-induced ADMSC on fibrin). The medium was changed every 4" day. Cells
were maintained for 7 days and culture was terminated for further analysis using

immunocytochemistry (ICC), real-time PCR (qRT-PCR), and flow cytometry.
3.4.2 Reseeding of NS and Secondary NS formation assay

Reseeding after manual picking of NS: The well-developed NS in fibrin niche were
manually picked using a pipette tip (10ul) and reseeded into bare TCPS and fibrin
coated TCPS. The basal media, DMEM F12 supplemented with 1% FBS and AB/AM
was provided for 7 days. The culture was terminated for further analysis of molecular

markers.

Reseeding after enzymatic digestion of NS: The NS induced in fibrin niche were
dissociated through mild trypsin treatment (4 min, 0.25% trypsin-EDTA, Invitrogen)
by day 7. These NS derived cells were seeded on to bare TCPS and fibrin matrix
supplemented with the growth factors (10ng/ml of EGF and bFGF). The basal media,
DMEM F12 supplemented with 1% FBS and AB/AM was provided for 5 -7 days.
Another set of NS derived cells were seeded on to bare TCPS and Fibrin matrix without
GF and was provided basal media, DMEM F12 supplemented with 1% FBS and
AB/AM for 7 days.

3.4.3 Neural progenitor and Glial progenitor induction

Adherent NS formed from ADMSCs, cultured in NS induction media till 7" day were
harvested and plated on fibrin coated and bare TCPS in DMEM/F12 basal medium
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supplemented with AB/AM. The seeding density was 5000 cells/cm?. The next day
the medium was supplemented with 10 ng/ml EGF and 10 ng/ml bFGF for NPC
proliferation. The cells were maintained for another 4 days for the proliferation of
NPCs

The cells were further supplemented with 10ng/ml PDGF-AA and bFGF in basal
medium (1% FBS) for OPC induction. (Modified protocol published by Abbaszadeh
et al., 2014) . The culture was terminated in another 4 days to evaluate the
differentiation using ICC, gRT-PCR, and flow cytometry.

3.4.4 Neuronal induction

For neuronal induction, induced NPC culture was provided with the addition of 20ng
of bFGF alone for 4 days and 25mM final concentration, KCL for 2 days (Modified
protocol Tara and Krishnan, 2015) in DMEM F12 basic media with 1% FBS. Control
group, un-induced ADMSC on bare TCPS was maintained in basal media with 10%
FBS & AB/AM. Cells were maintained for 4 days and culture was terminated for
further analysis using RT-PCR and ICC.

3.4.5 Terminal differentiation of OPC

Induced OPCs were further induced to OL lineage with tri-iodothyronine (T3)
hormone (20ng/ml) with growth factor removal for 72 hours on bare TCPS and fibrin
coated TCPS. The control group used was, ADMSC grown on bare TCPS using basal
DMEM f12 media with 10% FBS and AB/AM. The culture was terminated for further
analysis after 48 hours using ICC, gRT-PCR, and flow cytometry.

3.4.6 Co-culture of induced neurons and OPCs

The NPCs were induced to OPCs and neurons separately in fibrin niche with seeding
density 5000 cells/cm? using previously described protocol (Section 3.4.3 and 3.4.4)
The NPCs induced to neural cells in fibrin niche were maintained in KCI medium. The
Induced oligodendrocyte progenitors were trypsinized and seeded onto the induced
neural cells at a density of 5000 cells/cm?. The cells were maintained for 48 h in KCI
(25mM)- DMEM F12 medium. ADMSC grown in basal DMEM F12 medium with
10% FBS on bare TCPS was used as control.

In vitro differentiation of ADMSC into NPCs, OPCs, and OLGs on a fibrin-based bio-

mimetic niche was confirmed by analyzing the expression of various lineage-specific
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markers at genetic and protein levels using molecular methods real-time RT-PCR and
ICC. During different levels of differentiation, the cell morphology was periodically
analyzed using phase-contrast microscopy (DMIRB, Leica Microsystems, Wetzlar,
Germany).

Flow chart depicting the in vitro differentiation protocols for transforming

hADMSCs to different neural lineage cells.
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3.5 Signalling study

3.5.1 MTT Assay

The human ADMSCs grown on fibrin niche at a seeding density of 5000 cells /cm 2
were used for MTT assay. The inhibitors were added to the ADMSCs for 48 hrs. The
Whnt inhibitor and notch inhibitor was added at a concentration of 40ug/ml and 20
pa/ml respectively. The cells were washed with sterile HBSS and the MTT reagent
(Methylthiazolyldiphenyl-tetrazolium bromide, Sigma) was added to the culture and
was incubated for 2 h. MTT lysis buffer, DMSO (100 pL) was added and the
incubation continued for 4 h more. The suspension was transferred to a 95 well plate

and the absorbance was measured at 570 nm. The cytotoxicity or cell proliferation rate
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was calculated using the formulae: Absorbance of Test X Absorbance of Control/100
(Aravind and Krishnan 2016).

3.5.2 Effect of notch & wnt inhibitor on Neurosphere induction

The ADMSCs were plated on Fibrin coated TCPS and bare TCPS at a density of
10,000 cells/cm? in (DMEM/F12 medium, with 10% FBS and 1% AB/AM). After 24
hours the basal media (with 1% FBS, AB/AM) supplemented with 20 ng/ml basic
fibroblast growth factor, 20 ng/ml epidermal growth factor, and either one of the
inhibitors. Two concentration of inhibitors were used, 20 uM/ml (LC); 40 uM/ml (HC)
wnt inhibitor (PNU 74654, Tocris) and 10 uM/ml (LC); 20 puM/ml (HC) notch
inhibitor (DAPT, Abcam). Induction media (20 ng/ml bFGF & EGF, 1% FBS,
AB/AM) was added to cells in fibrin coated TCPS (niche only). In cells seeded on bare
TCPS, 10% FBS supplemented DMEM f12 medium was added (Control group). The

medium was changed every 4" day.

3.5.3 Effect of notch & wnt inhibitor on OPC induction

The ADMSCs were plated on Fibrin coated TCPS and bare TCPS at a density of
10,000 cells/cm? in basal media (DMEM/F12 medium, with 10%fbs and 1% AB/AM).
These cells seeded on fibrin coated TCPS were induced to form adherent NS using the
previously described protocol (#3.4.1). The cells seeded on bare TCPS were the
control groups used in the study. After the 7" day, the induced NS were trypsinized,
dissociated, and seeded on to fibrin coated TCPS at a seeding density of 5000 cells/
cm? in basal media. After 24 hours the basal media (with 1% FBS, AB/AM)
supplemented with 10 ng/ml bFGF, 10 ng/ml EGF was added in the fibrin coated
TCPS. Control group cells were reseeded on bare TCPS and supplemented with 10%
FBS, AB/AM basal media.

After 3 days induced cells on fibrin coated TCPS were supplemented with 10 ng/ml
bFGF, 20 ng/ml PDGF-AA, and either one the inhibitors. Two concentration of
inhibitors were used, 20 uM/ml (LC) and 40 pM/ml wnt inhibitor (HC) or 10 uM/ml
(LC) and 20 uM/ml (HC) notch inhibitor (DAPT). In cells seeded on bare TCPS, 10%
FBS, AB/AM supplemented DMEM f12 medium was added (Control group). The
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medium was changed every 4™ day. The culture was terminated for further analysis on
day 4.

3.6 Analysis of differentiation
In vitro differentiation of ADMSC into OPCs and OLs on the fibrin-based bio-mimetic
niche was confirmed by analyzing the expression of various lineage-specific markers

at genetic and protein levels using various molecular methods.

During different levels of differentiation, the cell morphology was periodically
analyzed using phase-contrast microscopy (DMIRB, Leica Microsystems, Wetzlar,
Germany). After confirming the lineage conversion and differentiation of induced cells
by morphological analysis further characterizations were performed.

3.6.1 RNA Isolation and cDNA preparation
Following NS induction, OPC induction, and OL induction, gene expression of stage-

specific molecular markers was estimated.

The total RNA from cells were collected using TRIZOL reagent (Invitrogen, USA)
based on the manufacturer’s protocol. RNA quantification and purity analysis were
done using spectrophotometry in a Nanodrop equipment (ND 2000; Thermo Scientific,
USA). After quantification, 200ng of total RNA was converted to cDNA using the
OrionX cDNA kit (Origin, India) in a thermal cycler (Master cycler; Eppendorf).
Variation in gene expression was analyzed in fold change using stage-specific primers
by qRT-PCR.

3.6.2 Real-time PCR (gPCR)
Stage-specific gene expression of the induced cells after the induction time period was

analyzed using real-time PCR.

Real-time PCR was carried out in forty cycles of reaction using the Bio-Rad iQ5
(Reaction mix: 20ng cDNA, 100 pmol each of specific forward and reverse primers,7.5
pl of OrionX 2X Real-time PCR master mix (Origin, India)). GAPDH was used as a

house-keeping gene.

Reaction Steps: Enzyme activation: 95°C for 15 minutes; Denaturation: 95°C for 30

seconds; Annealing: 50°C for 20 seconds; Extension: 72°C for 20 seconds.
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The melt curve was analyzed for single peaks to confirm the specificity of the

polymerase reaction. Product size and specificity were analyzed by agarose gel

electrophoresis. The variation in gene expression was calculated as fold change after

normalization with GAPDH expression using the formula 2-44¢

Table: 111 Primer sequences for human genes

Sequence | Sense Primer Anti-sense Primer

GAPDH GCTTGTCATCAATGGAAATCCC | TCCACACCCATGACGAACATG
GFAP ACATCGAGATCGCCACCTACA | GTCTGCACGGGAATGGTGAT
B-111 GCTCAGGGGCCTTTGGACATCT | TTTTCACACTCCTTCCGCACCAC
TUB CTT ATC

Olig 2 CCCTGTCTCTCGTTGATTT GTGGTTCTACTCTGAATGTCT
PDGFRa | AGGTTGAGAGGAGGACTT CCACTGAGATGCTACTGAG

OoSP ACTGCTGCTGACTGTTCTTC GTAGAACGGTTTTCACCAA
MBP GATGGCGTCACAGAAGAG CCGATGGAGTCAAGGATG

Ng2 AAGAGATGATGGTGGCATATC | CAAGTCCTTCGGCGTTAA

AXin 2 AGTCAGCAGAGGGACAGGAA | AGCTCTGAGCCTTCAGCATC
LEF GACGAGATGATCCCCTTCAA AGGGCTCCTGAGAGGTTTGT
Cyc D1 ACCTGGATGCTGGAGGTCT GCTCCATTTGCAGCAGCTC
PCNA GGCCGAAGATAACGCGGATAC | GGCATATACGTGCAAATTCACCA
Hes 1 CGTCTACACCAGCAACAG TCCTCTTCTCTCCCAGTATTC
Hes 5 ATCCTGGAGATGGCTGTC CTTCGCTGTAGTCCTGGT

Mash 1 AAGATGAGTAAGGTGGAGACA | GTTCAAGTCGTTGGAGTAGTT
TCF 7 TGATGCTAGGTTCTGGTGTA CTTCTTGATGGTTGGCTTCT
TCF7L2 CCAGACTACTCCGTTCCT AACACCAACAACAACAAGAAG
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Table: 1V Primer sequences for rat genes

Sequence | Sense Primer Anti-sense Primer

GAPDH | GGCACAGTCAAGGCTGAGAATG | ATGGTGGTGAAGACGCCAGTA

OLIG 2 GGTGGCTTCAAGTCATCT TCAGTCATCTGCTTCTTATCTT
PDGFRa | GCCTTACGACTCCAGATG CTTCACAGCCACCTTCAT

OSP GCGTTCCATTGTTGTTGAT TCTCTACGAGGCTTCCAT

MBP GCATCTTGTTAATCCGTTCTAAT | TCTGGAGGGTTTGTTTCTG

3.6.3 Immunocytochemistry (ICC)
The ICC was done to evaluate the stage-specific marker expression in the induced
cells. Specific markers for each type of induced cell is selected and assessed for their

expression at specific cell compartments.

The cells were fixed using 3.7% formaldehyde for 20 minutes. Then washed with PBS
and permeated using 0.1 % Triton-X for 5 minutes for all nuclear and cytoplasmic
proteins. For reducing non-specific binding, 3% BSA in PBST for 30 minutes was
used for blocking. Then cells were incubated overnight at 4°C with the standardized
dilution of primary antibodies (Table V). Following the incubation, cells were washed

with PBS and further stained with specific secondary antibodies for 1-hour (Table VI).

Then the cells were washed thrice with PBS for 5 minutes and were counterstained

with DAPI followed by 3 washes, 5 minutes each using PBS.

The nestin antibody used was primarily conjugated to FITC. For immunostaining,
conjugated primary antibody, overnight incubation at 4°C was given followed by

DAPI staining and washing.
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For colocalization studies, both the primary antibodies (PCNA and TUJ 1) were added
together and incubated overnight at 4°C. This was followed by secondary antibody

incubation for 1h.

For all other markers, primary antibody incubation was given for overnight at 4°C and

Secondary antibody incubation was given for 1 h at room temperature.
Reagents used:

Antibodies against Nestin (1:100), synaptophysin (1:100) & O4 (1:200) : R& D
systems, Minnepolis, USA; GFAP: BD Biosciences; Olig 2 (1:1000), PDGFRa
(1:1000), OSP (1:1000), MBP (1:500),PCNA (1:500), Beta catenin (1:1000), Anti-
notch 1 (1:500) , Anti- Hes 1 (1:1000) , Anti-wnt 3a (1:500), TUJ 1(1:500) : Abcam,
UK; Nuclear stain: 4,6-diamidino-2-phenylindole (DAPI; 1:5000), Invitrogen USA.
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Table V: List of Primary Antibodies used for ICC and FACs

Antibody Isotype Details

Nestin (1:100; (FITC conjugated) | Mouse 1gG R&D systems,
Minnepolis, USA

PCNA (1:500) Rabbit 1gG Abcam, UK

TUJ 1(1:500) Rabbit 1gG Abcam, UK

Beta-catenin (1:1000) Rabbit 1gG Abcam, UK

Anti- notch 1 (1:500) Rabbit 1gG Abcam, UK

Anti-wnt 3a (1:500) Rabbit 1gG Abcam, UK

Hes 1 (1:1000) Rabbit 1gG Abcam, UK

Olig 2 (1:1000) Rabbit 1gG Abcam, UK

PDGFRa (1:1000) Rabbit 1gG Abcam, UK

04 (1:200) Mouse IgM R& D systems,
Minnepolis, USA

Synaptophysin (1:100) Mouse 1gG R&D systems,
Minnepolis, USA

TH (1:500) Rabbit 1gG Abcam, UK

NGFR (1:500) Rabbit 1gG Abcam, UK

MBP (1:500) Mouse IgG Abcam, UK

OSP (1:1000) Mouse IgG Abcam, UK

GFAP (1:500) Mouse 1gG BD Biosciences, India

MAP-2 (1:100) Mouse 1gG Santa Cruz, Heidelberg,

Germany

Nuclear stain: 4,6-diamidino-2-
phenylindole (DAPI; 1:5000)

Invitrogen, USA.
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Table VI: List of Secondary antibodies used for ICC and Flow cytometry

Antibody Isotype Catalog Number
Anti-mouse Alexa Fluor 488 | Goat IgG Abcamab150113
(1:1000)

Anti-rabbit Alexa Fluor 488 | Goat IgG Abcamab150077
(1:1000)

Anti-mouse Alexa Fluor 488 | Goat IgM Abcam ab150121
(1:1000)

Anti-mouse Texas Read Goat 1gG Abcam ab6787
(1:2000)

The fluorescence was observed using a fluorescent microscope (Leica microsystems,
DMIRB, Germany). Sequential separate images were taken and the overlay was
created (LAS image overlay system, Leica, DMIRB). Leica microsystems Blue filter
(Band pass 450-490) was used for Alexa fluor 488 and Green filter (Band pass BP
545/30) was used for Texas red conjugated antibodies. For DAPI, UV filter (Band
pass340-380) was used.

The image J software (NIH) was used to measure the area, integrated density and
mean gray values of selected cells in the ICC images (40X magnification; (MAP 2,
Syn & NGFR of induced neurons; TH & OSP in co-culture). The cells of interest were
marked using the drawing tool and the area, integrated density, and mean gray value
was measured. Corresponding background values were also measured. The
fluorescence measure of cells was calculated as corrected total cell fluorescence
(CTCF) using the equation, CTCF = Integrated density — (Area of the selected cell X
Mean fluorescence of background readings) and represented as histograms. Average

CTCF of 15 cells from 5 or more fields were used for accuracy.

3.6.4 Flow cytometry
The cells positive for the stage-specific marker was evaluated using flow cytometry.
The cells were fixed using 3.7% formaldehyde for 20 minutes. The fixed cells were

washed with PBS. For all the nuclear and cytoplasmic proteins, the cells were

64



permeated using 0.1 % Triton-X for 5 minutes. The cells were incubated with 3% BSA
in PBS for 30 minutes was used for blocking the non-specific binding. The cells were
then incubated with the particular dilution of primary antibodies overnight at 4°C.
Following the incubation, cells were washed with PBS and further stained with
specific secondary antibodies for 1-hour incubation at room temperature. The cells
were then washed with PBS by centrifugation at 300g for 6 minutes. The cells were
resuspended with the 500 pl of PBS.

Unstained cells were used for gating the cells in the flow cytometer (Cytoflex,
Beckman Coulter, Germany). For primary antibodies conjugated with fluorochrome,
unstained was used as the control. And for the secondary antibodies conjugated, cells
incubated with secondary antibody alone used as the control. The data was analyzed

using FlowJo and CytExpert software.

3.7 In vivo cell transplantation studies in SCI rat model

One of the major objectives of the experiment was to develop NPCs and OPCs from
adipose-derived mesenchymal stem cells for transplantation in rat SCI. The major
problem associated with cell transplantation is that they do not survive due to a lack
of appropriate niche at the injured spinal cord. Therefore, based on a preliminary
transplantation study with the circulating blood-derived NPC that has been already
conducted in the laboratory, which yielded very promising results, biological matrix,
fibrin was used as a niche in in vivo experiments. The cell survival at the transplanted
site was found to be significantly higher in tests, cells implanted with fibrin as
compared to control, cells implanted in the medium in the previous study (patent
filed:201641015636, Tara and Krishnan, 2016.). However, the previous study was
terminated in 1 week and the current objective is to test the long-term efficacy (28
days) of transplantation of NPCs and OPCs in a standardized niche for better survival

and proliferation at the transplantation site.

In this study, ADMSCs were isolated from adipose tissue of inbred rats and were
expanded. These cells were transplanted to the SCI model which has already been

standardized in-house. Being inbred, immune reactions may be eliminated even
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though allogenous transplantation was performed. Spinal cord contusion injuries were

made using an in-house built impactor and transplantation was carried out.

3.7.1 Rat ADMSC isolation

Rat ADMSCs were isolated, sub-cultured, and differentiated into OPCs on fibrin
matrix for transplantation in SCI rat models. In vivo study was aimed to verify the
effect of OPCs, NPCs, and fibrinogen in SCI.

Rat adipose tissues (Approximately 5gm) were collected from Wistar rats approved by
the Institutional Animal Ethics Committee (IAEC) of Sree Chitra Tirunal Institute for
Medical Sciences & Technology (SCT/IAEC-220/MARCH/2017/9). The isolation of
mesenchymal stem cells from rat Adipose tissue was performed using a modified
protocol published by Yanxia Zhu et al (2008).

The adipose tissue was washed 2 to 3 times with HBSS to remove the blood content
and was enzymatically digested at 37° C for 20 minutes in the shaking incubator using
Collagenase NB 4. The enzymatic action of collagenase was stopped by the addition
of 10% FBS containing medium. The suspension was filtered through a 70 um cell

strainer and the filtrate was centrifuged at 300g for 10 minutes.

The stromal vascular fraction (SVF) obtained was resuspended in medium consisting
DMEM- Low Glucose with 10% FBS and 1% AB/AM. The cells were seeded into
TCPS and incubated at 37° C with 5% CO-. The cells were washed with 1% AB/AM
added HBSS for the next two to three consecutive days to remove the tissue debris, fat
molecules, RBCs, and dead cells. At 80%-90% confluence, the cells were passaged

using standard trypsinization protocol.

3.7.2 Rat ADMSC induction to neural progenitors

The protocol used in human NS induction, OPC induction, and OL induction protocols
were used for rat ADMSC induction to NS and its further induction to OPCs and OLs
(#3.4).

Neurosphere Colony count

Rat ADMSCs were seeded on Four well plates (TCPS; NUNC, Roskilder, Denmark)

at a seeding density of 10,000 cells/cm?. Cells were induced to form adherent and non-
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adherent NS using NS induction protocol (EGF and bFGF: 20ng/ml in basal media
with 1% FBS, supplemented with AB/AM)

Phase-contrast/Fluorescent microscope (LAS, Leica, Germany) was used for NS
imaging and counting. Low power lens (4X) was used to manually count the total
number of NS formed per well.

Analysis of differentiation was done using ICC, Flow cytometry, and gRT-PCR as per
the protocols #3.6

3.7.3 Allocation of animals

All experiments were conducted as per the guidelines issued by the CPCSEA
committee and approved by the Institutional Animal Ethics Committee (IAEC).
Twenty-six adult female inbred strains of Wistar rats of body weight: 150-180g each
were used for the experiments. The animals were obtained from the Division of
Laboratory Animal Sciences, SCTIMST, India. The animals were kept under
standardized animal care conditions. The experimental animals were provided with
enough food and water throughout the study. The animals were assigned randomly to

one of the following eight groups before surgery with a minimum of 3 animals in each

group.

Table VII : Allocation of animals for in vivo studies

Group | SCI Control | Untreated (saline injection)

Group Il SCI Control | fibrin matrix only

Group 111 SCI Control | Media only

Group IV Test 1 OPCs transplanted in the fibrin matrix
Group V Test 2 OPCs transplanted in media.

Group VI Test 3 NPCs transplanted in the fibrin matrix
Group VII Test 4 NPCs transplanted in media.

Group VIII Test 5 OPCs+ NPCs in fibrin matrix
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3.7.4 Labelling of cells for transplantation and tracking

Passage 3, rat ADMSCs were induced to NPCs and OPCs using in vitro differentiation
protocols in fibrin coated TCPS. Induced NPCs and OPCs were harvested on 4" day
after induction. Cells were labeled with fluorescent dye PKH26 (Sigma, USA) as per
manufacturer’s instructions. The PKH26 is a membrane intercalating cell tracker dye

with red fluorescence.

The induced cells were trypsinized and washed in sterile HBSS. The cells were then
mixed with 0.5 ml of the diluent supplied with the kit (diluent). The dye solution was
also added to 0.5 ml of the diluent. Both were mixed and incubated for 2.5min at room
temperature in dark with periodic mixing. An equal volume of FBS was added to the
cell suspension mixed with dye for 1min, to bind the excess dye. The cell suspension
was centrifuged at 400g for 10min. Then the cells were washed with DMEM F12

containing 10% serum-containing medium to remove the unbound dye.

3.7.5 SCI: Surgery, Transplantation, and Post-operative care

The animals were prepared by the removal of fur and disinfection done by wiping the
Povidone-iodine solution. Under deep surgical plane of anesthesia, with Xylazine
(5mg/kg body weight) and Ketamine (50-70 mg/kg body weight), dorsal hemi-
laminectomy of thoracic vertebrae was performed to expose the spinal cord. Extra care
was taken to maintain an aseptic condition. A contusion injury of (140kdyne) was
made on the thoracic region (T10) using an in-house-built Impactor. Cells were
transplanted soon after the injury, to the injury site using a microliter syringe. 10°cells

in 25 microliter cell delivery vehicle (media or fibrin) was injected to the site of injury.

SCI animals developed paraplegia and soft bedding material (paper pulp based) was
supplied to avoid laceration and abrasions of ventral skin. Preventive analgesic was
given once daily to manage the pain for five days post-surgery. Antibiotic injections
were also given for five post-operative days once daily. The wound site was smeared
with Povidone-iodine ointment (Betadine) daily until the sutures are removed on the

7" post-operative day. Manual evacuation of urinary bladder was done in animals with
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retention of urine in initial post-operative phases. Animals were fed with ad libitum

feed and water. The animals were maintained for a period of 28 days.

The animal weight was noted and the BBB score was taken every 7" day for 28 days.
The animal was allowed to move freely on a flat surface to evaluate the hind limb
movements and the BBB score.

3.7.6 Tracking of transplanted cells

The animals were sacrificed and the injured spinal cord was collected 28 days, post-
surgery. The tissue sections were washed with PBS and cell tracking was done using
IVIS Spectrum Preclinical in vivo imaging system, Perkin Elmer, USA.

The excitation wavelength used for the imaging was 535nm and the emissions were
measured at 580nm. The cell retention at the transplanted site was assessed by the
fluorescence intensity at the SCI explant from the 1VIS image captured.

3.7.7 Analysis of the SCI site using Immunohistochemistry

To evaluate the presence of PKH26 cells in the tissue sections and to identify the
transplanted cells differentiated at the SCI site to neuronal or glial cells the explant
cryosections were used.

For cryosectioning, the SCI explant was initially dipped into iso-Pentane and was
cooled using liquid nitrogen. The cryopreserved tissue was then covered with tissue
freezing media (OCT, Jung, Lecia Microsystems, Germany). Using a cryostat (Leica,
Germany) the sections were cut into 12 um thick sections. The sections were fixed
using 3.7% formaldehyde for 20 minutes. The tissue was then permeated with Triton-
X 100 (0.2%) for 5min. The sections were blocked with 3% bovine serum albumin
(BSA; Sigma, USA) for 30 minutes and incubated with neural or glial specific primary
antibodies overnight at 4°C. The corresponding secondary antibody was added after
washing the tissue with PBS thrice and incubated for one hour at room temperature.
Nuclear staining was done using 4,6, diamidino-2-phenylindole (DAPI, Invitrogen,
USA). DAPI staining alone after fixing the tissue with 3.7 % formaldehyde was used
to track the PKH26 stained cells in the tissue sections.

The paraffin-embedded sections were used for H &E staining, GFAP, and CD 68

immunohistochemistry. For this, the explant was collected and fixed using
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paraformaldehyde. After fixation, decalcification was done to eliminate the vertebral
column. The paraffin embedding of the spinal cord was done using standard histology
procedures.

The sections were then deparaffinized and were used for standard H & E staining. For
GFAP and CD 68, protein retrieval was done using incubation in high pH for 20
minutes. Ready to use IHC kits were used for staining of CD 68 and GFAP (DAKO,
India).

3.8 Statistical analysis

Statistical significance was calculated by ANOVA (single factor) for all quantitative
data having more than two groups. Students t-test was used for comparing two groups.
Mean values, standard deviation (SD), and standard errors were calculated for all
parameters and are represented in graphical form. Significance is labeled in the graphs

with “**#> (P<0.001); “*** (P<0.01); and ** (P<0.05).
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CHAPTER 4

4. RESULTS

The results of the study are presented in this chapter with appropriate illustrations
comprising representative micrographs and compiled quantitative data in graphical
format. The results are separated into 3 parts; the first part (#4.1) comprises the results
of in vitro experiments carried out with human ADMSCs demonstrating their
differentiation to glial and neural progenitors and their further differentiation into
mature cells. The second section (#4.2) delineates the signaling mechanisms
responsible for lineage commitment and differentiation of hADMSC to neural
progenitor cells; pointing to the involvement of both wnt and notch signaling. The third
part (#4.3) demonstrates that the rADMSC derived neural and glial progenitors are
suitable for transplantation and that they survive in the spinal cord injury in rats when
the cells are delivered using injectable fibrin matrix as cell delivery vehicle. Results

relate to the materials and methods described in chapter 3.

4.1 ADMSC isolation and characterization

ADMSCs were isolated from human adipose tissue and lipoaspirates, approved by the
Institutional Ethics Committee of Sree Chitra Tirunal Institute for Medical Sciences &
Technology (SCTIMST IEC No: SCT/IEC/1231/June 2018; SCT/IC-SCR/44/ March
2017) and KIMS Hospital, Trivandrum (IEC NO: SCT/IEC/1231/June 2018)

4.1.1 ADMSC Isolation

The Stromal vascular fraction (SVF) obtained from human adipose tissue after
mincing and collagenase digestion resulted in a good yield of ADMSCs (Fig.1 A).
Contaminating cells were successfully removed by repeated medium changes in 1%
few hours of seeding. The removal of unattached cells resulted in the isolation of
plastic adherent hADMSCs with spindle-shaped morphology towards the end of the
confluent stage of passage 0, which was attained in 5-7 days. The cells also showed
contact inhibition. Upon trypsinization, passage 1 cells were showing elongated
spindle-shaped morphology till 10-12" passage. (fig.1.B) The cells after the first

passage became confluent in 5-6 days after trypsinization (Fig.1.C)
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P1/hADMSC/Day 4 X " P3/hADMSC/Day 5

Fig. 1 ADMSC Isolation: (A) Tissue sample minced for collagenase digestion and hADMSC
isolation (B) Micrograph of hAADMSCs, passage 1, showing typical spindle shape morphology
on day 4 (C) P3 hADMSC confluent by day 5.

4.1.2 ADMSC Characterization

Passage 3, hADMSCs showed the potential to differentiate into adipogenic,
osteogenic, and chondrogenic lineages. The multipotency of ADMSC was confirmed
using special stains. Oil Red O staining revealed the presence of lipoid substances
confirming adipogenic differentiation of hADMSC (Fig. 2 C), Alizarin Red Staining
detected the presence of calcium precipitate formed in osteo lineage-committed cells
(Fig. 2 B) and Toluidine blue staining identified the presence of acidic proteoglycan

present in cells committed to chondrogenic differentiation (Fig. 2 A)

Flow cytometric analysis of stem cell markers CD105, CD73 & CD90 showed ~95%
of the cells in culture to be positive. The markers of hematopoietic stem cells (HSCs)
CD14 & CD45 showed < 5% positivity for the same population (Fig.3).

The results of trilineage differentiation and flowcytometric analysis of surface markers
are in accordance with the standards recommended by ISCT. Thus, the isolation
protocol was suitable for getting pure hADMSCs with good proliferation potential and

multipotency to exploit their application in pre-differentiation to neural lineage cells.
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Fig. 2 Micrograph depicting multipotency of hADMSCs (A) Toluidine blue staining of

acidic proteoglycan in induced chondrocytes (Magnification-10x) (B) Alizarin Red Staining
of the calcium precipitate in induced osteocytes (Magnification-10x) (C) Qil red-O staining of

lipoid droplets in induced adipocytes (Magnification-40x)
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Fig. 3 Histograms showing flow cytometric analysis of hADMSCs for a panel of positive

and negative CD markers. Histograms showing positive MSC markers: (A) CD 73 (B) CD
90 (C) CD 105 (E) Histogram : negative cocktail of markers CD 14, CD 34 & CD 45 (F) Dot
blot showing 97% MSC population which is CD 73,34 and 105 positive and negative for CD

14, CD 34 and CD 45.
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4.1.3 Effect of fibrin matrix on hADMSC to NS conversion

The hADMSCs induced in fibrin niche and bare TCPS started grouping by day 4 (Fig.
4 A). The morphology of induced cells became thin and elongated. The grouped cells
transformed into distinct spheres or clusters like neurospheres by day 7 in both fibrin
coated niche, INF and bare TCPS conditions, INB (Fig.4 B) & Fig.4 C). In both INB
and INF, the adherent neurospheres (NS) appeared similar at the early stage of
induction, however, the attachment was better on the fibrin niche. NS developed on
bare TCPS detached from the dish in the time period between 7 to 10 days and
appeared dark & dead, while the NS on fibrin niche was stable and alive at least till 10
days.

',\100“11’\ \
TN

Fig. 4 Phase-contrast Micrographs of neurospheres derived from hADMSC (A)
Neurospheres formation and grouping by day 5(B) Mature NS by day 7 in bare TCPS (INB)
(C) Mature NS by day 7 in fibrin niche (INF).

The ESEM analysis showed the fiber morphology and porous nature of the fibrin mesh
formed from the particular concentration of fibrin (2 mg) and thrombin (5 IU) used in
this study (Fig 5 A & B). The morphology of the NS grown on fibrin matrix and the
cells growing out from the NS to the porous matrix is visible in the ESEM analysis
(Fig5C & D).
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Fig. 5 Environmental Scanning Electron Micrograph of Fibrin niche and NS: (A) Fibrin
niche fiber morphology and porosity at (10,000x magnification) (B) Higher magnification of
fibrin matrix (20,000x) (C) eSEM image of NS (300x) (D) NS at higher magnification
(1000X).

Quantitative real-time polymerase chain reaction (qQRT-PCR) analysis done using
culture terminated on the 7" day of NS induction showed a significant upregulation of
neural stem cell marker, Nestin (NES). The cells induced on fibrin niche, INF had

better NES gene expression, when compared to those induced on bare TCPS, INB
(Fig.6).
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Fig.6 Graphical representation showing PCR analysis of NES gene expression: (A)
Agarose gel image showing standard PCR analysis of NES gene. DNA ladder loaded to lane
1, cells induced to NS on fibrin (INF) in lane 2, cells induced to NS in bare TCPS (INB) in
lane 3 and control, ADMSC in bare TCPS in lane 4 (B)Nestin gene expression in hADMSC
induced to NS after 7 days; hADMSC in bare TCPS in DMEM F12 media for 7 days used as
the experimental control; GAPDH used as the House keeping gene; ANOVA: Control, INB &
INF; P=0.001(n= 3) (“**** (P < 0.001),"**” (P < 0.01),"** P < 0.05)); Error bars represent
mean = SEM

The qualitative analysis of immuno-stained cells using fluorescence microscopy and
quantitative analysis using flow cytometry confirmed the presence of Nestin*™®
population in neurosphere derived cells. Flow cytometric analysis showed that ~ 45-
50% cells were Nestin*¢ (Fig.7 B) and this result was in correlation with fluorescence
microscopic analysis (Fig.7 A).

The results of the experiments demonstrate the role of fibrin in the survival of NS; NS

formed on TCPS did not show good attachment and survival.
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Nestin: Flowcytometric analysis
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Fig.7 Immunofluorescence analysis of NS using Immunocytochemistry and Flow
cytometry: (A)Fluorescent micrograph of Nestin stained NS cells by day 7 (Cells in the
periphery of NS; 20x magnification) (B) The graphical representation of Flow cytometric
analysis data of Nestin from 3 donors. Error bar represents SEM. Histogram representing the
flow cytometric analysis of nestin in NS using CytExpert software in different donors (n=3)
(C) Donor 1 (D) Donor 2 (E) Donor 3. Primary conjugated antibody used for analysis.

Unstained NS induced cells in fibrin used as control.

4.1.4 Effect of Fibrin in the formation of secondary NS

Manually picked NS, reseeded in bare TCPS, and fibrin niche attached well with good
proliferation in 24h (Fig.8 A). In 5 days, the reseeded NS became confluent in both
fibrin and bare culture dish (1.75 cm? (Fig.8 B). A similar effect was observed in both

culture conditions.
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Nuclear staining done using DAPI, the reseeded NS showed the presence of numerous
nucleus in blue color (Fig. 8 C). The maintenance of Nestin positivity and survival of
the neural stem cell population in the reseeded NS was confirmed using nestin
immunostaining. The Nestin positive cell population in reseeded NS, after antibody
staining was observed in green. (Fig.8 D).

The secondary sphere formation potential of the primary NS was confirmed by NS
formation assay. The sphere formation was observed in the culture of enzymatically
dissociated NS. Secondary sphere formation by neural stem cells was evident in 5 days
without growth factor induction or fibrin niche (Fig.8 E). The dissociated primary NS
in bare TCPS with NS induction media containing EGF and bFGF induced formation
of denser secondary spheres (Fig.8 F).
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Fig. 8 Secondary sphere formation potential of induced NS and maintenance of Nestin
positivity after reseeding (A) Phase-contrast micrograph showing the morphology of NS
reseeded by manual picking without trypsinization by day 1 on bare TCPS (B) Reseeded
Adherent NS in another 5 days in bare TCPS (C) DAPI staining of the cell nucleus in reseeded
NS in fibrin niche (D) Fluorescent micrograph showing immunostaining of reseeded NS in the
niche for NES marker counterstained with DAPI in 20x magnification;10x magnification
shown as inset. (E) Secondary NS formation by day 5 without niche or growth factor induction

(F) Morphology of secondary NS by day 5 with growth factor induction on bare TCPS.
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4.1.5 Induction of NS to proliferating NPCs

NS derived cells induced with NPC induction medium showed NPC like thin elongated
morphology in 4 days of induction (Fig.9 A). gRT-PCR analysis of the NPC like cells
using neural progenitor markers, NES, and TUJ 1 /Beta-3-tubulin showed significant
upregulation in the induced NPCs (fig.9 B). Fold change (relative gene expression)

>70 was observed for the Nestin marker while fold change >30 was obtained for TUJ-
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Fig.9 NPC morphology and gene expression after induction on fibrin niche: (A) Phase-
contrast micrograph of induced NPCs in the culture after 4 days of NPC induction (B)
Graphical representation of qRT-PCR analysis of NPC markers: NS derived cells induced
to NPC after 4 days of induction.NES and TUJ-1 (B-3-tubulin) gene expression represented as
individual bars; hADMSC on bare TCPS in DMEM F12 media for 7 days was used as the
experimental control; GAPDH was used as the Housekeeping gene; Student’s t-test: Control
& NPC in niche; Nestin: P=0.001 (n=3); B-3-tubulin : P=0.05 (n=3) (‘***’ (P <0.001) ,***’
(P £0.01),*” P <£0.05)); Error bars represent mean + SEM

Maintenance of the nestin-positive neural stem cell population or the formation of
NPCs in the culture was confirmed by Nestin immunostaining (Fig.10 A). The
proliferation of NPCs in the culture was established by PCNA-TUJ-1 co-
immunostaining. The PCNA antibody specifically stained the nucleus of proliferative
cells and the TUJ 1 antibody stained the cytoplasm associated specific tubulin proteins.

Secondary antibodies used were of different origins and with different specificities but
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the fluorochrome-conjugated was Alexa Fluor in both cases. After co-immunostaining
both immuno-markers were evidently localized to specific cell compartments in green
color (Fig.10 C). The PCNA marker colocalized with DAPI, nuclear marker appeared
in Cyan color in the nucleus of proliferating cells with green cytoplasm of TUJ-1 stain.
The cells stained with green cytoplasm and cyan nucleus (Orange arrows) indicate
proliferating NPCs (Fig.10 D).

Fig.10 Immunostaining of induced NPCs with NES, TUJ, and PCNA antibodies:
Fluorescence micrographs showing DAPI/PCNA/TUJ 1 co-immunostaining (Magnification
40X) (A) Immunostaining of NES marker on day 4, DAPI represents nucleus and NES
represents cells induced to neural stem cells (B) DAPI stained NPC nucleus (C) Fluorescence
micrograph of NPC stained with PCNA & TUJ -1 antibodies, PCNA in the nucleus of the
proliferating cell and TUJ-1, tubulin protein in the cytoplasm. (D) PCNA and DAPI co-
localized in nucleus as cyan color and TUJ-1 seen as green. Proliferating NPCs indicated by

Orange arrows.

81



The flow cytometric analysis of hADMSC derived NPCs stained with TUJ 1 antibody
(n=1 donor) showed ~30% TUJ 1 positivity. Donor to donor variability was observed
in percentage of positivity obtained in different experiments (Fig. 11).
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Fig 11: Flowcytometric analysis of NPCs: Histogram (Flow Jo software) showing 30%
TUJ 1 positivity in NPCs on day 5

4.1.6 Effect of Fibrin matrix on NPCs to OPCs conversion

The NPCs induced to OPCs showed a change in morphology similar to OPCs on both
INF and INB conditions (Fig 12 A). The effect was more prominent in fibrin-based
niche, as more OPC like phase bright cells were observed in the niche (Fig.12 B).

Fig. 12 Phase-contrast micrograph of OPC induced from NPCs: (A) Morphology of NPCs
induced to OPCs on bare TCPS (INB) by day 4 (B) Morphology of NPCs induced to OPCs on
fibrin niche (INF) by day 4.
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Transcriptional analysis of the induced OPCs using qRT-PCR confirmed the
upregulation of OPC markers, Platelet-derived growth factor receptor-Alpha
(PDGFRa) and OLIG 2 (Fig.13 A). The proliferation potential of these progenitors
was confirmed by PCNA gene up-regulation. Both PDGFRo and PCNA gene
upregulation was found to be significantly higher on fibrin niche compared to bare
TCPS. The Olig2 was upregulated in both INF compared to the control ADMSC.

OPC markers, O4 antigen, OLIG 2, and PDGFRa was prominently expressed in
induced cell culture as confirmed by immunostaining. O4 and PDGFRa molecules
were observed in the cytoplasm and cell membrane respectively (Fig 13 B and C). The
staining of induced OPCs using OLIG 2 antibody confirmed the presence of OLIG 2

transcription factor in the nucleus (Fig 13 D).
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Fig. 13 OPC marker expression in induced cultures: (A) Gene expression of NPCs induced
to OPCs after 5 days of induction; PDGFR-a, P=0.0004 (n=3), PCNA, P=0.02 (n=3) ;
hADMSC on bare TCPS in DMEM F12 media for 7 days used as the experimental control;
GAPDH used as the House keeping gene; ANOVA: Control, INB & INF; (‘**** (P <0.001)
, ¥ (P <0.01),*” P <0.05)); Error bars represent mean £ SEM . (B) Fluorescence micrograph
showing O4 antigen stained induced cells counter stained with DAPI (C) OLIG 2 nuclear
specific marker stained positive in induced OPCs, Day 4. (F) Immunostaining of OPC cell
surface marker, PDGFRo & DAPI.
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Quantitative estimation of induced OPCs in fibrin niche by day 5 showed that ~30%
cells were positive for the Oligodendrocyte progenitor marker, OLIG 2 (Fig.14). Flow
cytometric analysis data from replicate experiments (n=3) has been compiled and

presented as individual histograms and bar diagram.
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Fig.14 Flow cytometric analysis of induced OPCs using OLIG 2 marker: The histograms
(CytExpert software) representing OLIG 2 positivity in induced OPCs in fibrin (A) Donor 1
(B) Donor 2 (C) Donor 3 (D) Graphical representation of the flow cytometry data(n=3).

Secondary antibody alone stained induced cells used as control

4.1.7 Comparison of fibrin & bare TCPS on OPC maturation

The OPCs showed morphological changes similar to OLGs after induction of terminal
differentiation for 48h. in both niche and bare TCPS (Fig.15 A and B). Cells started to
detach from the cell culture dishes in INB and INF after 2 days of induction.

Gene expression analysis of the cells induced to OLGs using gRT-PCR showed

upregulated expression of mature OLG markers, Oligodendrocyte specific protein
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(OSP),& Myelin basic protein (MBP) in both INB & INF. Significant upregulation of
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Fig.15 Morphology and gene expression analysis of OPCs induced to OLGs: (A) Phase
contrast micrograph showing morphology of induced OLGs on fibrin niche (INF) by day 4(B)
Morphology of induced OLGs on bare TCPS (INB) by day 2 (C) Graphical representation of
gRT-PCR analysis of OLG markers: OSP: P=0.015 (n=3) MBP: P =0.008 (n=3);hADMSC
on bare TCPS in DMEM F12 media for 7 days used as the experimental control; GAPDH used
as the House keeping gene; ANOVA: Control, INB & INF; (“**** (P < 0.001),*** (P <
0.01),*’ P <0.05)); Error bars represent mean £ SEM.

The induced OLGs stained with MBP and OSP marker antibody showed prominent
expression in both INB and INF conditions (Fig.16). The protein expression of OLG
markers on bare TCPS and fibrin niche was similar when stained with specific

antibodies.
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Fig. 16 Immunostaining of OLG markers: Fluorescence micrograph showing induced
OLGs in niche and TCPS on day 2 (A) OSP stained induced OLGs on bare TCPS (B) OSP

stained induced OLGs on Fibrin niche; Higher magnification of the region of interest in

fluorescence micrograph shown as inset (Region of interest indicated in yellow arrow) (C)
MBP stained induced OLGs on bare TCPS (D) MBP stained induced OLGs on bare TCPS.

DAPI used as nuclear stain.

4.1.8 Fibrin niche induced differentiation of NPCs to Neurons

NPCs derived from NS showed neuron-like elongated cell morphology upon induction
to NPCs. The neural extensions were more prominently observed after the addition of
KCL to the culture (Fig.17 A). The upregulated expression of the mature neuronal
marker at mMRNA level was observed in the neuronal culture using qRT-PCR analysis
on day 6 (Fig.17 B). Microtubule-associated protein -2 (MAP-2), the neuron-specific
cytoskeletal protein was found to be upregulated at the mRNA level in the induced
neurons. mMRNA level of Neuron-specific enolase (NSE) was also expressed

significantly higher in the induced culture compared to control ADMSCs. The tyrosine
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hydroxylase (TH), dopaminergic neuron marker was also significantly upregulated in
the induced cells. This indicates that the terminal differentiation of NPCs to neurons

also includes a dopaminergic neuronal population.
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Fig.17 Morphology and specific marker expression of the induced neurons: (A) The
phase-contrast micrograph showing elongated neural morphology of cells induced for 6 days
(B) Graphical representation of qRT-PCR analysis of neural markers: NSE, MAP-2 and
TH gene expression compared to control ADMSCs. Mature neuronal markers NSE (P=0.05)
and TH (P=0.04) showed significant upregulation of gene expression when compared to
control cells. hADMSC on bare TCPS in DMEM F12 media for 7 days was used as the
experimental control; GAPDH was used as the House keeping gene; Student’s t-test: Control,
INB & INF; (“**** (P <0.001), “*** (P <0.01), “* P <0.05)); Error bars represent mean +
SEM.

The findings from the gRT-PCR analysis were further established at protein level by
immunostaining of induced neuronal cells against MAP 2 antibody (Fig. 18 A),
Synaptophysin antibody (Fig. 18 B), TH antibody (Fig.18 C) and Nerve growth factor
Receptor (NGFR) antibody (Fig.18 D). Neuronal marker immunoreactive cells were
present in the induced neuronal cells by day 6. TH expressing cells could be
dopaminergic neurons. About 40.0 % of cells were found to be TH positive upon

manual counting of cells in >10 fields.
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Fig. 18 The fluorescence micrograph showing mature neuronal markers in induced cells:

(A) MAP 2 (B) Synaptophysin (C) TH (Dopaminergic neuron marker) (D) and NGF positive

cells observed in induced neuronal culture (Magnification 40X). DAPI used as nuclear stain.

Corrected total cell fluorescence (CTCF)

(E) Quantitative fluorescence image analysis: Corrected total cell fluorescence (CTCF)
calculated from ICC images of MAP 2, Syn and NGFR (Average of CTCF of 15 cells from 5
fields). Error bars represent SEM.
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4.1.9 Co-culture of Neurons and OPCs on Fibrin

The cells with OLG morphology appeared after 3 days of co-culture of neurons and
OPCs in KCL added basal DMEM F12 media (FIG.19 A).

The mRNA level gene expression profile of OLG and Neuronal markers was done
using gRT-PCR (Fig.19 B). The cultured cells showed significantly upregulated
immature neuronal marker, TUJ-1, and the mature neuronal marker, MAP-2
expression. OLG marker OSP was also found to be upregulated at the mRNA level.
Glial fibrillary protein (GFAP), specific astrocyte marker was significantly
upregulated in the mRNA level.

Immunostaining of the coculture population with neuronal and OLG specific markers
confirmed the presence of terminally differentiated neuronal and glial cell populations
in the culture. MAP-2 was prominently seen in few thin elongated neuron-like cells
(Fig.19 C). Dopaminergic neuronal marker, TH was also prominently expressed in the
cocultured cells (Fig. 19 D). MBP immunopositivity was also present in the coculture
population suggesting the differentiation of OPC to OLGs (Fig.19 E). The MBP and
TH immunofluorescence intensity is expressed as corrected total cell fluorescence (Fig
19F) However, GFAP protein expression could not be confirmed at the protein level

using immunocytochemistry.
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Fig.19 Coculture of OPCs and neurons: (A) Phase-contrast micrograph showing the
morphology of co-cultured neurons and OPCs. Higher magnification of a cell with OLG
morphology showed as inset (Region of interest in black arrow) (B) Graphical
representation of gRT-PCR analysis of neuronal and glial markers in the co-culture: TUJ
1, MAP-2, OSP, and GFAP gene expression compared to control expressed as individual bars.
TUJ | (P=0.009), MAP-2 (P=0.05) and GFAP (P=0.04) were significantly upregulated.
hADMSC on bare TCPS in DMEM F12 media was used as the experimental control; GAPDH
was used as the House keeping gene; Student’s t-test: Control & INF; (“***’ (P <0.001), “**’
(P <0.01), “** P <0.05)); Error bars represent mean + SEM. Fluorescence micrograph showing
(C) MAP 2 (D) TH (E) MBP immunopositive cells in the coculture. DAPI used as nuclear
stain. (F) Quantitative fluorescence image analysis: Corrected total cell fluorescence (CTCF)
calculated from ICC images of TH and MBP (Average of CTCF of 15 cells from 5 fields).

Error bars represent SEM.
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4.2 Signaling cascades elicited by fibrin-based niche

Upon comparison of fibrin-matrix based niche and bare TCPS, the role of fibrin in
supporting in vitro hADMSC growth and differentiation to various stages of neural
progenitor cells was evident from results presented in #4.1. Both wnt and notch
signaling pathways were explored and found to be involved for in vitro signaling in
matrix directed differentiation of ADMSCs to NS and OPCs; both test and control
represent cells cultured on fibrin

4.2.1 MTT assay to evaluate the cytotoxicity of the inhibitors

The results suggested that the percentage of cell proliferation or the cell viability in
the culture added with inhibitors of the notch and the wnt signaling pathways (20
uM/ml of notch inhibitor and 40 pM/ml of wnt inhibitor) were ~ 80% and ~100%
respectively (Fig. 20). Minimal cytotoxicity was observed in notch inhibitor added
cultures. The wnt inhibitor added culture showed cell viability comparable to that of

the cells in non-inhibited fibrin niche.
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Fig. 20 Graphical representation MTT assay: Cell viability, 48 h. after addition of inhibitor
to the ADMSC culture in neural induction niche. Error bar represents SEM. ADMSC in the

neural induction niche without the addition of inhibitor is used as control.
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4.2.2 Action of inhibitors of Notch and Wnt on NS formation

The control cells showed grouping after 5 days of NS induction (Fig.21 A). The
inhibitor added test cultures did not form cell groups and the cell to cell contact was
sparingly seen. The cell density in wnt inhibited culture was comparatively lower as
compared to notch inhibited cultures (Fig.21 D). The morphology of notch and wnt
signal inhibited cultures were also not comparable to that of ADMSCs induced to NS
on fibrin niche. Notch inhibitor added cultures showed thin elongated neural cell-like
morphology (Fig.21 B). The basic level of signaling responsible for ADMSC
proliferation, the cells grown on bare TCPS without any induction was used as the

experimental control (Fig 21 C).

Fig.21 Phase-contrast micrograph of morphological effect of signal inhibitors in NS
induction: (A) INF, hAADMSCs induced to NS in fibrin niche showing grouping by day 5 (B)
Morphology of notch inhibitor added cultures by day5 with no group formation (C) Control
hADMSCs grown on bare TCPS (D) Morphology of cells induced on fibrin niche added with

wnt inhibitor.
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4.2.3 Effect of Notch and Wnt inhibitors on Nestin gene expression.

The qPCR data analyzed against normal ADMSC grown for 5 days indicated the
upregulation of nestin at MRNA level in the standard niche (Fig. 22). Significant
downregulation of NES gene expression was observed in both wnt inhibitor & notch
inhibitor treated cells. However, the inhibition was more prominent upon treatment

with wnt inhibitor.
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Fig. 22 Graphical representation of qRT-PCR analysis of nestin marker: The gene
expression analysis of NS induced in the niche in the presence and absence signal inhibitors.
ADMSC grown on bare TCPS used as experimental control and GAPDH used as
Housekeeping gene; ANOVA: Control, INF, & Inhibitor (Wnt & notch) +INF; P=0.03(n= 3);
<82 (P<0.05) “*** (P<0.01) “**** (P<0.001)

93



4.2.4 Effect of inhibitor on gene expression of Notch downstream molecules.

The gqRT-PCR analysis of the cells after 5 days of induction and inhibition of signals
using 20 pM/ml of notch inhibitor and 40 uM/ml wnt inhibitor demonstrated changes
in the level of expression of various notch markers at mMRNA level (Fig 23). Expression
of TCF 4 was reduced in the cells induced in fibrin niche Hes 1, gene expression
remains quiescent or unchanged in all conditions. Neurogenin 2 (NGN 2) is
upregulated in inhibitor added culture compared to induced inhibitor-free controls.
Another downstream molecule Hes 5 is significantly upregulated in INF compared to
notch signal inhibited culture.
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Fig. 23 Graphical representation of gRT-PCR analysis of notch downstream markers:
TCF 4, NGN 2, HES 1, and HES 5 gene expression in induced cells. ADMSC on bare TCPS
used as experimental control and GAPDH used as Housekeeping gene; ANOVA: Control,
INF, Notch inhibited INF; Hes 5, P=0.002; n=3; (‘* (P<0.05) “** (P<(0.01) “***
(P <0.001)).
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4.2.5 Identification of notch and wnt downstream molecules

The notch is prominent in induced cells in fibrin with a large number of notch
molecules in the nucleus in cyan color indicating an active notch signaling from the
niche (Fig. 24 A). Control ADMSC grown in bare TCPS did not show much active
notch in the nucleus (Fig. 24 B). The presence of active notch molecules was barely
present in inhibitor added cultures; however, few cells were positive for Notch even
with a higher concentration of inhibitors (20 puM/ml ; LC and 40 uM/ml ; HC) ((Fig
24 C & D). The inhibitor did not eliminate the notch signaling completely.

Notch/ / DAPI
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Niche +LC Inhibitor Niche +HC Inhibitor

Fig.24 Fluorescence micrograph of cells immunostained with Notch antibody: (A) Cells
induced to NS in fibrin niche, INF (B) hADMSC control on bare TCPS (C)Niche added with
low concentration of inhibitor (LC; 10 uM/ml) (D) Niche added with a higher concentration
of inhibitor (HC; 20 uM/ml). DAPI used as nuclear stain. Orange arrows indicate notch

molecules in the nucleus.
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HES 1 protein was observed in control ADMSC cells (Fig.25 B) and induced INF cells
(Fig. 25 A) after immunostaining. The induced cells added with notch inhibitor showed
a lesser number of DAPI stained nucleus in a concentration-dependent manner (Fig.25
C, D). HES 1 was prominently seen in the nucleus of cells in all cultures
immunostained with HES 1 antibody.

HES 1

INF Niche

Niche+ LC Inhibitor| D Niche + HC inhibitor

Fig.25 Fluorescence micrograph of cells immunostained with HES 1 antibody: Cells
induced to NS showing HES 1 protein expression in nucleus of (A) cells induced in INF (B)
hADMSC control on bare TCPS (C) Niche added with low concentration of inhibitor (LC; 10
pM/ml) (D) Niche added with a higher concentration of inhibitor (HC; 20 pM/ml).
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Antibody staining of the induced cells and wnt inhibitor added cells showed expression
of wnt 3a molecules in cytoplasm and extracellular matrix. Secreted Wnt 3a is
expressed prominently in ECM of INF cells (Fig.26 A) which were not seen in
ADMSCs grown on bare TCPS (Fig.26 B). The addition of inhibitor showed dose-
dependent disappearance of wnt molecule from the extracellular matrix of the cells (20
uM/ml; LC and 40 puM/ml; HC) (Fig.26 C, D). Active paracrine wnt signaling
occurring in the fibrin matrix is noticeable in the induced cells which was not much

observed in inhibitor added cultures (10 uM/ml; LC and 20 uM/ml; HC).

Wnt 3a/DAPI
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Niche+ LC Inhibitor Niche+ HC Inhibitor

Fig.26 Fluorescence micrograph of cells immunostained with wnt 3a antibody: Cells
induced to NS expressing wnt 3a molecules in cytoplasm and ECM (A) niche, INF (B)
hADMSC control on bare TCPS (C) Niche added with low concentration of inhibitor (LC; 20
pM/ml) (D) Niche added with a higher concentration of inhibitor (HC; 40 uM/ml). DAPI used

as nuclear stain.
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Immunostaining of cells using the B-catenin antibody showed a prominent expression
of active B-catenin in the nucleus of INF cells. Active B-catenin colocalized with DAPI
stain in the nucleus and observed in cyan color indicating active wnt signaling (Fig.27
A). Few control ADMSCs also showed active notch signaling with few f catenin
molecules in the nucleus (Fig. 27 B). Inhibitor treated niche lack active B-catenin in
the nucleus (Fig. 27 C, D). Red arrows indicate cyan-colored f-catenin molecules in

the nucleus.
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Fig.27 Fluorescence micrograph of cells immunostained with Beta catenin antibody:
Cells induced to NS expressing beta-catenin in cytoplasm and nucleus in (A) INF culture (B)
hADMSC control on bare TCPS (C)Niche added with 20 uM/ml of inhibitor (D) 40 uM/ml
of inhibitor. DAPI used as nuclear stain. Active B-catenin in the nucleus seen in cyan color

(Red arrows)
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4.2.6 Action of inhibitors of Notch and Wnt on NPC to OPC differentiation

Induced cells started showing OPC like morphology in the INF condition after 4 days
of induction (Fig. 28 A). Both notch and wnt inhibitor added cultures did not show any
OPC morphology. The cell density in the wnt inhibited culture was comparatively low
(Fig.28 D). Also, the morphology of notch and wnt signal inhibited cultures were not
comparable to that of induced OPC in fibrin niche. Wnt inhibitor added cultures
showed thin elongated neural cell-like morphology (Fig.28 B). ADMSC grown in bare
TCPS without any induction was used as the control for the experiments (Fig 28 C).

~

260 pm

Fig.28 Phase-contrast micrograph showing the morphological effect of signal inhibitors
in OPC induction: (A) INF, NPCs induced to OPCs in fibrin niche showing OPC like
morphology by day 4 (B) Morphology of notch inhibitor (20 uM/ml) added cultures by day 4
(C) Control hADMSCs grown on bare TCPS on day 4 (D) Thin elongated neuron-like
morphology of cells induced on fibrin niche added with wnt inhibitor (40 uM/ml).
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4.2.7 Action of inhibitors on Proliferation and OPC gene expression

gRT-PCR analysis indicated a variation in gene expression of OPC markers, OLIG 2
and PDGFRa, and proliferation marker PCNA in different culture conditions (Fig.29).
The addition of specific inhibitors to the niche significantly reduced OLIG 2
expression in signal inhibited cultures. Significant upregulation of OLIG 2 mRNA
levels was observed in INF culture, PDGFRa expression level was comparable in
induced INF culture and specific inhibitor added cultures. However, wnt signal
inhibited culture showed downregulation in PDGFRa expression with respect to INF
gene expression. PCNA expression was also stable in the upregulated conditions in all

three groups.
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Fig. 29 Graphical representation of qRT-PCR analysis of OPC markers: Analysis of
OLIG 2, PDGFRa and PCNA genes after 4 days of OPC induction; ADMSC grown on bare
TCPS used as experimental control and GAPDH used as Housekeeping gene; ANOVA:
Control, INF, wnt & notch inhibitor; OLIG 2: P=0.02(n=3); ‘*’ (P<0.05) “*** (P<0.01) “***’
(P<0.001).

100



4.2.8 Effect of signaling inhibitors on gene expression of notch downstream
molecules.

The qRT-PCR analysis done after 4 days of OPC induction and signal inhibition using
20 pM/ml of notch inhibitor and 40 uM/ml of wnt inhibitor indicated changes in the
level of gene expression of various notch downstream markers (Fig 30). NGN 2 gene
expression is upregulated in inhibitor added culture compared to that of INF cells
indicating active notch signaling in the OPC INF culture. Hes 1 expression is
significantly downregulated in inhibitor added culture compared to cells induced on
niche confirming active notch signaling elucidated in the niche. The TCF 4 expression
was comparatively upregulated in both INF and INF added with inhibitor conditions.
Although, a significant effect was not observed in the INF or inhibitor added

conditions.
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Fig. 30 Graphical representation of gRT-PCR analysis of notch downstream markers:
Analysis after 4 days of OPC induction; ADMSC grown on bare TCPS used as experimental
control and GAPDH used as Housekeeping gene; ANOVA: Control, INF, wnt & notch
inhibitor; HES 1: P=0.04(n=3); <** (P<0.05) “*** (P<0.01) “**** (P<0.001)
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4.2.9 Identification of notch and wnt downstream molecules

Active Notch receptor molecule was observed as cyan color in the nucleus by
colocalization of notch & DAPI which is indicative of active Notch signaling. The
notch is prominent in INF grown cells with a large number of molecules in the nucleus
in cyan color (Fig. 31 A). Control ADMSC grown in bare TCPS did not show much
active notch molecules in the nucleus (Fig. 31 B). The presence of active notch
molecules in the notch is reducing in a concertation dependent manner in the presence

of notch inhibitor (10 uM/ml; LC and 20 uM/ml; HC) (Fig 31 C & D).

Notch/ / DAPI
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Fig.31 Fluorescence micrograph of OPC immunostained with Notch antibody: (A) Cells
induced to OPC in fibrin niche, INF (B) hADMSC control on bare TCPS (C) Cells in niche
added with LC (10 uM/ml) inhibitor (D) Cells in niche added with HC (20 uM/ml) inhibitor.
DAPI used as nuclear stain. Orange arrows indicate notch molecules in the nucleus colocalized
with DAPI.
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HES 1 protein was prominently expressed in the nucleus of cells immunostained with
HES 1 antibody in all culture conditions. The observable difference was not seen in
induced INF cells (Fig. 32 A) and control ADMSCs (Fig.32 B). The induced cells
added with notch inhibitor showed a lesser number of DAPI stained nucleus in a
concentration-dependent manner indicative of a reduction in cell number (Fig.32 C,
D).
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Fig.32 Fluorescence micrograph of induced OPCs immunostained with HES 1 antibody:
Cells induced to OPCs showing HES 1transcription factor in the nucleus (A) cells induced in
INF (B) hADMSC control on bare TCPS (C)Cells in niche added with a low concentration of
inhibitor (LC; 10 uM/ml) (D) Cells in niche added with a higher concentration of inhibitor
(HC; 20 uM/ml).
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Immunostaining of the induced cells in fibrin and wnt inhibitor added cells showed
expression of wnt 3a molecules in ECM and cytoplasm. Wnt 3a is prominently
expressed in OPC induced in fibrin niche or INF cells (Fig.33 A) and it was not evident
in ADMSCs grown on bare TCPS (Fig.33 B). Inhibitor added cultures showed the
disappearance of wnt molecule from the extracellular matrix of the cells (Fig.33 C, D).

Wnt 3a /DAPI
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Fig.33 Fluorescence micrograph of cells immunostained with wnt 3a antibody: Cells
induced to OPC expressing wnt 3a molecules in (A) cells induced in the niche, INF (B)
hADMSC control on bare TCPS (C) Niche added with a low concentration of inhibitor (LC;
20 uM/ml) (D) Niche added with a higher concentration of inhibitor (HC; 40 uM/ml). DAPI

used as the nuclear stain.

Immunostaining of induced OPC cells using the p-catenin antibody showed prominent
expression of B-catenin in the nucleus of INF cells. Active B-catenin colocalized with

DAPI stain in the nucleus and observed in cyan color (Fig.34 A). Active beta-catenin
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molecules were observed in a few of the immunostained ADMSC controls. (Fig. 34
B). Inhibitor treated niche lacks prominently active B-catenin in the nucleus (Fig. 34

C, D). Red arrows indicate cyan-colored B-catenin molecules in the nucleus.

B-Catenin/DAPI

Control

Niche +LC Inhibitor Niche +LC Inhibitor

Fig.34 Fluorescence micrograph of cells immunostained with Beta-catenin antibody: (A)
Cells induced to NS, INF (B) hADMSC control on bare TCPS (C)Niche added with a low
concentration of inhibitor (LC; 20 uM/ml) (D) Niche added with a higher concentration of
inhibitor (HC; 40 uM/ml). DAPI used as the nuclear stain. Active B-catenin in nucleus

colocalized with DAPI indicated in orange arrows
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4.3 Transplantation of rADMSC derived NPCs and OPCs in rat SCI models.
This section includes isolation of rADMSC (SCT/IAEC-220/MARCH/2017/9), its
differentiation to NPCs and OPCs using protocol standardized using human ADMSCs

in niche and transplantation to the rat SCI contusion site

4.3.1 rADMSC isolation and induction to NS
Rat ADMSCs (rADMSC) were isolated using protocol standardized for human
ADMSC isolation (#4.1.1).

Cells were plastic adherent with spindle-shaped ADMSC morphology. The rADMSCs
induced to form NS in fibrin niche started grouping by day 3 (Fig 35 A). These groups
became denser and formed spheres by day 5 (Fig.35 B). A large number of spheres
were formed in the culture. DAPI staining of the NS showed the presence of a large
number of the nucleus in the sphere (Fig. 35 C).

Quantitative analysis of NES gene expression in induced NS using qRT-PCR showed
upregulation in the NES expression at mRNA level compared to ADMSC grown in
bare TCPS (Fig.36).

This was confirmed at the protein level using immunocytochemistry of the NS derived
from rADMSC. The Nestin protein was prominently expressed in the NS cells (Fig.35
D). Lower magnification of NS (10x) stained with the NES antibody is shown as an

inset.
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Fig. 35 Analysis of rat NS derived from rADMSC: (A) Phase-contrast micrograph showing
the grouping of induced rADMSCs by day 3 in fibrin niche (B) NS derived from rADMSC by
day 5 (C) Fluorescent micrograph showing NS stained with DAPI, nuclear stain (D) Nestin
immunostained NS (40x magnification of cells in the periphery of NS in the inset) Smaller

magnification (10x) in the inset.

Quantitative estimation of Nestin immunostained cells in rat NS induced in fibrin niche
showed ~20-40% positivity. Flow cytometric analysis data from replicate experiments
(n=3) has been compiled and presented as individual histograms and bar diagram
(Fig.36 B).

107



A Nestin: NS B Flowcytometric Analysis

3 0
25 35
[}
2 30
m
S 2 5
: <
§1s 2 2
2 a
g $ 15
p ! 10
I}
205 5
£
g 0

0 3

NS on Niche NeStm
Multi-sample : All Events Multi-sample : All Events Multi-sample : All Events
| B UNSTAINED C | @ unsTaNED D J M UNSTAINED E
o I Nestin S B Nestin o | Nestin
&7 ‘ 1 &1 | &7 |
m .‘p‘h i )
J’ ] il ] ’ Nestin: 41 %
;{ \ Nestin: 23 % J \ Nestin: 16.6 % | #

Count
100
1
—
Count
100
1
—

WE AN

010t 0t 408 qc 102 0% 104 105 10
FITC-A FITC-A

Fig.36 Expression of Nestin in rat NS: (A) Graphical representation showing gRT-PCR
analysis of NES gene expression in rat NS. rADMSC in bare TCPS used as experimental
control and GAPDH used as the housekeeping gene, n=3. Flow cytometric analysis of
induced NS: (B)Graphical representation of the flow cytometry data(n=3). The error bar
represents SEM. The histograms (CytExpert software) representing Nestin positivity in
induced NS in fibrin (C) Donor 1 (D) Donor 2 (E) Donor 3. Unstained ADMSC used as a

control as the primary antibody is conjugated.

4.3.2 Reseeding of rADMSC derived NS

Rat ADMSCs cultured in NS induction medium formed 20-30 spheres per 1.75 cm?
by day 7 (Fig. 37 A). Manually picked and reseeded NS attached and started
proliferating after 24 h (Fig.37 B). By day 4 the NS derived cells became confluent in
1.75 cmz dishes (Fig. 37 C)
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Fig. 37 Phase-contrast micrograph of NS formation and reseeding: (A) NS formation
upon induction in the niche (B) Reseeded niche in fibrin niche (C) Reseeded NS confluent in
4 days (4x magnification).

4.3.3 Induction of rat NS to NPCs

rADMSC derived NS induced to NPCs in fibrin niche in NPC induction medium
showed NPC like thin elongated morphology in 4 days (Fig.38 A). The induced cells
were immunopositive for Nestin antibody and immunostaining implied that a major

population of the induced cells were nestin-positive (Fig. 38 B).

Fig.38 Induction of rat NS to NPCs in fibrin niche:(A) Phase-contrast micrograph of NPCs
derived from rat NS (B) Fluorescence micrograph of NPCs stained with nestin. DAPI used as

the nuclear stain.
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The results of immunocytochemistry were further established with flow cytometry
using TUJ 1 antibody staining. ~50% of the population were TUJ 1 positive (n=3)
confirming findings obtained from ICC (Fig. 39)
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Fig. 39 Histograms showing TUJ1 positive population in NPCs induced from rat NPCs:
(A)Graphical representation of the flow cytometry data(n=3). The error bar represents SEM.
The histograms (CytExpert software) representing TUJ 1 positivity in induced NPCs in fibrin
(B) Donor 1 (C) Donor 2 (D) Donor 3. Secondary antibody alone stained induced cells used

as control.

4.3.4 Induction of rat NPCs to OPCs
A change in morphology was observed in the induced OPC culture and typical OPC
like cells started appearing in culture after the induction period of 4 days (Fig. 40 A).
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gRT-PCR analysis of OPC markers, OLIG 2, and PDGFRa showed an upregulation
of these specific markers at mMRNA level compared to normal ADMSCs grown on bare
TCPS (Fig 40 B). Also, the immuno-staining of specific OPC markers with OLIG 2
and PDGFRa antibody confirmed the expression of these markers at the protein level.
Prominent expression of OLIG 2 in the nucleus (Fig. 40 C) and PDGFRa in the cell

surface membrane (Fig. 40 D) was observed in the induced cell culture.

OPC: Induced on Niche

Relative Gene Expression (Fold Change)

Day 4/OPC INF

Fig.40 Induction of rat NPC to OPCs in fibrin niche:(A) Phase-contrast micrograph of
induced OPC (B) Graphical representation of qRT-PCR analysis of the OPC markers (n=3).
rADMSC cultured in bare TCPS used as experimental control and GAPDH used as
Housekeeping gene. (C) Fluorescence micrograph of OPCs stained with OLIG 2 antibody. (D)
Fluorescence micrograph of OPCs stained with PDGFRa antibody. Nucleus stained with
DAPI.
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4.3.5 Terminal differentiation of OPCs to OLGs in the niche.

Upon induction of terminal differentiation, the OPCs showed a change in morphology
towards OLGs. Typical OLG like morphology with elongated processes started
appearing in the induced cells in 48 h (Fig.41). After 3-4 days the cells started
detaching from the culture plates and the cell numbers started reducing.

Day 2/OLG/INF U Day 2/OLG/INF

Fig. 41 Phase-contrast micrograph of OLGs derived from induced OPCs: (A)Grayscale
phase-contrast Micrograph, 20X magnification of induced OLGs. Cells showing typical OLG
morphology indicated in yellow arrow (ROI) and ROI is shown as inset (B) Higher

magnification of induced cell showing typical OLG morphology (40 x magnification).

The quantitative analysis of OLG mRNA levels using RT-PCR showed significant
upregulation in gene expression of OLG markers, MBP, and OSP. Both MBP and OSP
markers, associated with functional OLGs were showing an over 5-fold increase in
MRNA levels (Fig. 42 A). The gene expression data of MBP was comparable to that
of the qualitative protein expression data. The cells stained with MBP antibody showed

prominent expression of MBP protein (Fig. 42 B).
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Fig. 42 Analysis of OLGs derived from induced OPCs in fibrin niche: (A) Graphical
representation of gRT-PCR data upregulation of gene expression of MBP and OSP; student’s
t-test: Control, INF, OSP; P=0.04(n=3); rADMSC grown in bare TCPS used as experimental
control and GAPDH used as Housekeeping gene. (‘*’ (P<0.05)) (‘** (P<0.05) “**’ (P<0.01)
“k*% (P<0.001)) (B) Fluorescence micrograph of OLGs stained with MBP antibody. Nucleus
stained with DAPI.
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4.3.6 Creation of SCI model and In vivo Cell Transplantation

Laminectomy was done to expose the rat spinal cord at the Thoracic 10 (T10) position
(Fig. 43 D). Then a custom-made impactor was used to provide contusion injury (150
kilodyne) (Fig. 43 E). Response to the contusion injury or the impact was observed as
tail twitching of the anesthetized animal. The hematoma was observed at the site of
injury (Fig. 43 F; Yellow arrow). The cells/media was given as an injection (15 pL) to
the site of injury.

Fig. 43 SCI contusion model development: (A-C) Incision was made and the paravertebral
muscles were removed at T10 position of the vertebrae (D) Laminectomy was done to expose
spinal cord (E) Contusion injury was made using 150 kilodyne impact using impactor (F)
Hematoma development was observed at the injury site (G) After cell/ media transplantation

by 15 pl injection, incisions were sutured with non-absorbable silk thread.

4.3.7 Clinical symptom development in SCI animals

All the 28 animals developed paraplegia after the injury. Hind limb movement was
restricted in all animals (Fig 44 A). The animals with SCI showed urine retention in
the bladder (Fig. 44 C). Digital evacuation of urine was done twice a day. The period
of observation was 28 days. All animals survived till 28 days and the explant was

collected after the period of observation (Fig 44 B).
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Fig. 44 Clinical symptoms developed in SCI animals: (A) SCI animal with paraplegia (B)
After 28 days explant was collected for further analysis (C) Urine retention in the bladder

indicating paraplegia.

4.3.8 Survival and differentiation of transplanted cells

Cells survival was assessed by I1VIS imaging of the explant collected after 28 days and
it indicated that the transplanted cells were retained until 28 days in all groups at the
site of injury. However, the transplanted OPCs in SFM (Fig 45 E) /Fibrin (Fig. 45 B)
showed high-intensity signals compared to transplanted NPCs in fibrin (Fig 38 A) and
SFM (Fig 45 D). OPCs and NPCs transplanted together in the Fibrin matrix also
showed high-intensity signals (Fig. 45 C). Negative control used in the imaging was

the saline-injected group with no tracking dye or fluorescence (Fig. 45 F)
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Fig.45 IVIS imaging of the transplanted cells: Yellow color indicates high-intensity
fluorescence from the cells retained at the site of injury after 28 days in (A) NPC in fibrin
matrix (B) OPC in fibrin matrix (C) OPC and NPC together in fibrin matrix (D) NPC in serum-

free media (E) OPC in serum-free media. (F) The negative control, Saline alone injected group

Fluorescence microscopy of the stained sections indicated the co-localization of
nuclear stain DAPI and PKH26, confirming the survival of transplanted cells (Fig. 46).
The results observed were consistent with that of the IVIS imaging results. The
negative control group did not show any fluorescence assuring the specificity of the
tracking dye used. In tissue sections of animals received OPC and NPC together in
fibrin appearance of PKH 26 labeled cells colocalized with DAPI was more prominent

compared to other groups.
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Fig. 46 Fluorescence micrographs tissue showing cells transplanted at SCI: DAPI
stained nucleus in blue color and PKH26 labeled cells in red color (A) NPC
transplanted in fibrin (B)OPC in fibrin (C)NPC and OPC together in fibrin (D) Fibrin
alone injected, Negative control (E) OPC transplanted in SFM (F) NPC in SFM (G)
Saline & (H) SFM alone injected, Negative controls.
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The MBP immunostaining of the cryosection of the injury site of OPC+ Fibrin treated
animals showed the colocalization of PKH26 with MBP in orange color which is
indicative of the differentiation of the transplanted cells (Fig 47 D).

Fig. 47 Immunohistochemistry of the SCI contusion site: Fluorescent micrograph showing
injury site stained with MBP antibody in OPC+ Fibrin treated group (A) MBP immunostained
tissue (B) DAPI used as nuclear stain (C) PKH26 tracker dye stained cells (D) The merger

image showing PKH26-MBP co-staining in orange color (Indicated by orange arrows).

4.3.9 Clinical outcome of cell transplantation in SCI

In all the animals, weight loss was observed post-injury and after the 2" or 3" week,
the body weight was stable in all groups (Fig. 48). Some of the animals showed a gain
in body weight after 2" week. None of the animals regained their initial body weight

after the injury.
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Fig.48 Change in body weight over 4 weeks after SCI induction in rats

The post-injury locomotory function was assessed using the Basso, Beattie, and
Bresnahan (BBB) scoring (Fig 49). Compared to the first week all the animals
improved their BBB score by 4" week. Significant improvement was observed in the
fibrin alone treated group. By the fourth week, the BBB scoring of the Fibrin alone
treated group was significantly higher than that of the untreated saline-injected group.
However, based on the average BBB score, none of the animals regained the

locomotory functions. Animal to animal variation was very high in each group.
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Fig 49: BBB scoring of the SCI animals (A) BBB score 1% and 4" week: BBB scoring of
animals calculated after every 7 days. T-test was done to calculate the statistical significance
between first- and fourth-week BBB scores of each group (n=3). Error bar represents SEM (B)
BBB score 1% to 4™ week. T-test was done to calculate the statistical significance between the
saline group and other groups at 4™ week. (n=3). Error bar represents SEM. (‘** (P<0.05)) (‘*’
(P<0.05) “*** (P<0.01) “*** (P<0.001)).
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4.3.10 Histopathological Evaluation of the Tissue

The grossing of the formaldehyde-fixed injured spinal cord revealed the extent of
contusion injury and tissue loss in each sample (Fig.50). Contusion injury was
developed in all animals. The animals received OPC and NPC in the fibrin matrix (Fig
50 C) and NPC in SFM (Fig. 50 G) showed comparatively lower tissue loss than other
groups. The control group, a saline injection given animal shows complete contusion
injury (Fig. 50 A).

O y pmm— BN L - =R (weT i 4
(e) T-NPC-SFM (f)  T-OPC-SFM (g) T- NPC- FIB (h) T- OPC- FIB

Fig. 50 Gross image of rat spinal cord after 28 days of observation: (A) saline control (B)
SFM control (C) OPC and NPC transplanted together in fibrin matrix (D) Fibrin alone (E)
OPC injected in fibrin matrix (F) NPC transplanted in Fibrin matrix (G) NPC transplanted in
SFM (H) OPC transplanted in SFM.

The H and E staining of the injured tissue from different groups indicated tissue loss
and degeneration of cells followed by injury (Fig.51). Injury section from the control
groups, Saline control, SFM control, and Fibrin control showed larger cell loss and
degeneration compared to cell treated one (Fig. 51 A, B, E). Moderate cavitation was
observed in the Saline and Fibrin control. The SFM control, OPC+ SFM and NPC

+SFM treated groups (Fig.51 B-D) showed more pronounced cavitation which was
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absent in the animals that used fibrin as the cell delivery matrix (Fig. 51 F-H). The

tissue loss was also moderate in the groups that used cells and fibrin delivery matrix

together.

Fig. 51 Micrographs showing H & E staining of the injured tissue: (A)Saline control (B)
SFM (C) SFM+NPC (D) SFM+OPC (E) Fibrin control (F) Fibrin+NPC (G) Fibrin +OPC (H)

FibrintNPC+OPC; Injury region with tissue loss indicated in blue arrows. ‘*’ indicates
Cavitation.
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The ED1 macrophages, Kupffer cells, monocytes, giant cells, or activated microglia in
the injury sections were stained positive for CD 68 immunostaining (Fig.52). In the
treatment groups, saline control, SFM control, SFM + NPC, and SFM + OPC the
number of ED1 positive cell numbers was high (Fig.52 A-D). The groups which
received fibrin as the delivery matrix showed a lesser number of CD 68 positive cells.
The immunomodulatory effect of fibrin was evident in the groups- Fibrin alone, Fibrin
+ OPC, Fibrin +NPC, and Fibrin +OPC+ NPC (Fig.52 E-H).
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Fig. 52 Micrographs showing CD 68 staining of the injured tissue: (A)Saline control (B)
SFM (C) SFM+NPC (D) SFM+OPC (E) Fibrin control (F) Fibrin + NPC (G) Fibrin +OPC
(H) Fibrin + NPC + OPC; CD 68 positive cells (ED1 macrophages, Kupffer cells, monocytes,
and activated microglia) indicated in red arrows.
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Immunohistochemical analysis indicated GFAP hypertrophy in almost all injured
tissues (Fig.53). Severe Astrogliosis was observed in the saline control, SFM control
and SFM+ NPC treated groups (Fig.53 A-C). Comparatively lesser numbers of
reactive astrocytes were present in SFM+ OPC, Fibrin control, NPC+ Fibrin and OPC+
Fibrin treated groups (Fig.53 D-F). Moderate astrogliosis was seen in these animals.
In the OPC+NPC+ Fibrin treated group minimal numbers of reactive astrocytes were

observed.
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Fig. 53. Micrographs showing GFAP staining of the injured tissue: (A)Saline control (B)
SFM (C) SFM+NPC (D) SFM+OPC (E) Fibrin control (F) Fibrin + NPC (G) Fibrin +OPC
(H) Fibrin + NPC + OPC; GFAP positive cells in dark brown color.
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CHAPTER 5

5. DISCUSSION

The results illustrated in chapter 4 are discussed in this section. Outcomes and findings
from this study are highlighted in the light of published literature. Based on recent
studies in this field, the current status is compared, and the significance of the results
is assessed and discussed in this section. Interpretations are made on major findings
enlightening the scope and limitations of the study.

5.1 Influence of niche on hADMSC differentiation to neural cells

Stem cells have been considered for cell-based regenerative medicine in recent years.
The multipotency of hADMSC is an important motivation for attempting to derive
different kinds of functional cells. Since adipose tissue has heterogeneous cell types,
characterization using surface markers is the primary step to ensure that the MSCs
isolated from adipose tissue is devoid of other contaminant cells. Even after
confirming surface markers, multipotency needs to be confirmed by deriving
mesodermal cells such as osteogenic, adipogenic, and chondrogenic lineages, thus
meeting the international guidelines suggested by ISCT (Dominici et al. 2006). Since
the study is focused on deriving neural lineage cells including oligodendrocytes and
neurons, it is important to confirm that the MSCs possess multipotency. In this study,
both primary characterizations using surface markers and trilineage differentiation was
confirmed. Many recent studies have reported the potential of MSCs of various origins
like bone marrow-derived MSCs (BM-MSC) to differentiate to endodermal and
ectodermal lineage (Ullah, Subbarao, and Rho 2015). It has been reported that
hADMSCs have higher neuronal or glial differentiation potential when compared to
BM-MSC (Krampera et al. 2007). Almost all neural differentiation protocols involve
the induction using chemical agents, growth factors, or coculture with neuronal cells.
Chemical agent-induced differentiation undergoes only a transient morphological
change in induced cells with up-regulation of some neural markers whereas, growth
factors induce more specific, prolonged stable neural differentiation (Anghileri et al.

2008). Therefore, this study aimed to achieve the sustainable and reproducible
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conversion of hADMSC to obtain subtypes of CNS cells such as oligodendrocytes and

neurons, for translational purposes.

Autologous stem cells have a high potential for cell-based therapy in the context of
reducing allogenic cell rejection and ethical issues. Patient-specific
MSCs could be isolated for autologous transplantation because sourcing adipose tissue
is relatively easier in most of the disease conditions irrespective of the age. Healthy
human adipose tissue provides a large number of stem cells residing in the stromal
vascular fraction. However, in degenerative disease and those in higher age groups are
known to have relatively fewer numbers of hADMSC in the SVF (M. Liu et al. 2017).
Therefore, there is a need to expand the isolated hAADMSCs to make sufficient cell
numbers to perform effective cell transplantation for tissue regeneration. The
proliferation of hADMSC is dependent on the signaling from the milieu (Kusuma et
al. 2017). Hence the maintenance of the proliferation rate of hADMSC could be

beneficial for cell-based therapy.

In this study, healthy hADMSC was used to standardize conditions of cell proliferation
and SCI was taken as an example to demonstrate stem cell potential in CNS functional
recovery. In the context of neural regeneration, an important concern is that the
hADMSCs are mesodermal origin and lineage conversion to ectodermal lineage is
essential. Therefore, direct transplantation of hADMSCs to a niche that has limited
ability to support cell differentiation may not be successful in obtaining the desired
cell type for CNS regeneration. Therefore, special attention is required to create a
suitable niche for sustainable & stable lineage conversion of hADMSC to neural
progenitor cells (NPC). Embryonic stem cell research has demonstrated that the NPCs
can be further differentiated to specialized cells such as oligodendrocytes and neurons
by modifying the GF composition/concentration. Therefore, once the hADMSC
derived stable NPCs are obtained, these cells may be utilized for in vivo transplantation
as these progenitors may possess both proliferation and differentiation potential.

Considering the importance of niche for achieving hADMSC proliferation and
differentiation to the desired lineage such as NPCs, fibrin was considered as a preferred
matrix for inducing cell proliferation and differentiation. In this study, the fibrin niche

provided the better attachment of NS and up-regulated gene expression of the Nestin
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marker compared to bare TCPS. The presence of fibronectin and transglutaminase
(factor XIII) in the cryoprecipitate used for fibrin preparation has been reported to
benefit primary endothelial cell proliferation and maintenance of cell phenotype upon
repeated passaging (Prasad Chennazhy and Krishnan 2005). The factor XIII enables
the crosslinking of fibronectin to fibrin in the niche. It is well known that the
fibronectin plays a major role in cell adhesion, migration, and proliferation (Kolachala
et al. 2007) and retention of exogenously added GF within the matrix (Lin et al. 2011).
Fibrin niche comprising fibronectin seems to provide better NS adhesion. The laminin
is known to be an ideal adhesion matrix for neural cell growth and differentiation.
Fibrin plays the role of cross-linker for the retention of other adhesive proteins and
GFs, which are the major components of the niche. Both laminin and fibronectin
present in the fibrin niche have been shown to support cell adhesion, proliferation and
neural differentiation elicited by various signaling molecules (Tara & Krishnan 2015;
Tara and Krishnan 2019). However, in the previous study, circulating peripheral blood
mononuclear cells (PBMNCs) were grown on a fibrin niche to promote selective
adhesion of NPCs which is already ectodermal, and their further differentiation to
neurons. In this study, modification of niche was considered as a major requirement
because, in the case of ADMSC, mesodermal cells need to be committed to ectodermal
cells before they are further differentiated to NPCs and turn into glial cells and
neurons. Therefore, specific GFs were added into the niche for inducing mesodermal

to ectodermal conversion.

In the current study, EGF and bFGF used are associated with the trans-induction of
ADMSC:s into the ectodermal lineage. These GFs have been also reported to promote
neural differentiation in higher doses (Hu et al. 2013). When hADMSCs were seeded
on fibrin and grown in the induction medium, the cell growth was remarkably high as
compared to the cells cultured on bare TCPS using normal DMEM/F12 medium. The
cells grouped and lost the contact inhibition property of MSCs when the induction was
initiated using GFs. The faster proliferation and formation NS were evident in the
fibrin-based niche with GF. When hADMSCs were grown in TCPS and induced with
GF, effective NS formation was evident. However, the latter showed poor attachment

to the culture dish and NS detached by 10 days. Though morphologically the NS
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appeared similar, the detachment with time indicates that proper signals for cell
survival are absent. Attempt to reseed such detached NS was not quite successful
perhaps the cells may have lost focal contact and were unrecoverable. This preliminary
observation indicated that fibrin could play a major role in maintaining the NS viability

and promote growth in culture.

It has been reported that the NS comprising NSCs have self-renewal capacity and can
be sub-cultured by mild trypsinization (Casarosa, Zasso, and Conti 2013). The
identification of nestin-positive cells in the hADMSC derived NS suggests the
presence of the NSC population. Upon enzymatic digestion and reseeding, the cells
multiplied with more nestin-positive cells; therefore, the differentiation is stable.
Nearly, 50% in the induced NS culture were nestin-positive. But the percentage of
cells that are nestin-positive in NS alone is not clear because, upon trypsinization, all
cells in the culture well, including undifferentiated ADMSCs are also harvested. The
NS cells picked and seeded in bare TCPS formed secondary NS with EGF and bFGF
more readily as compared to those grown on TCPS without GFs. The secondary NS
formation is also influenced by the GF. It is consistent with the finding that the
extrinsic factors- EGF along with bFGF- even in the absence of fibrin could sustain

the symmetrical self-renewing divisions of NS cells (Conti et al. 2005).

The Nestin™¢ NS were readily transformed to NPC lineage using induction media
which contains a lower concentration of bFGF and EGF, as these growth factors at
lower concentrations can significantly increase stem cell proliferation in vitro (Hu et
al. 2013). The NPCs derived from NS in fibrin niche were proliferating progenitor
cells with up-regulated PCNA, TUJ 1, and NES expression. The neurons induced from
NPCs showed up-regulated mature neuronal marker MAP2 and NSE which agrees
with the previous finding that the fibronectin cross-linked with fibrin plays a role in
promoting the differentiation of Nestin positive neural progenitors to neurons in vitro
(Jose and Krishnan 2010). The addition of KCI in the medium helped in improving the
neurite outgrowth and thereby achieving typical neuronal morphology (Tara &
Krishnan 2015). The synaptophysin expression at the protein level was relatively low,
as compared to other markers, in the neuronal culture which may be due to less density

or reduced cell to cell contact. The expression and appearance of synaptophysin are
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dependent on the cell to cell contact (Fletcher et. al, 1991). Some of the induced cells
were positive for dopaminergic neuron marker, TH. Wnt / Catenin signaling and FGF
signaling pathways are key players in dopaminergic neurogenesis (F. Yang et al.
2014). The soluble bFGF added to the niche may have elicited the FGF signaling in
the niche which enables the differentiation of NPCs to dopaminergic neurons. In
addition to that, a previous study using PBMNC-derived NPCs demonstrated the role
of the fibrin-based niche in neuronal differentiation by eliciting Wnt like neural
inducing signals (Tara and Krishnan 2019). However, electrophysiological studies
were not conducted to confirm the functionality of the induced neuron-like cells.

The same fibrin-based niche with additional growth factors was used to induce
ADMSC-derived NPCs to proliferate OPCs with upregulated expression of PCNA,
OLIG 2, and PDGFRa. bFGF and PDGF AA used for induction have a role in OPC
proliferation and inhibition of terminal differentiation to OLGs (Bogler et al. 1990).
The induction to OPC stage was better on fibrin niche in terms of OPC marker gene
expression and cell proliferation compared to cells induced on bare TCPS. The induced
cells in fibrin niche also showed O4 antigen, Olig 2, and PDGFRa protein expression
on immunostaining. ~30% NPCs were differentiated to Olig 2 **¢ OPCs in the niche.
Induced OPCs were terminally differentiated to OLG like cells with sprouting out
processes. The T3 hormone used as an inducer of terminal differentiation blocks the
proliferation of OPCs and causes the morphological differentiation of
oligodendrocytes as indicated by the elongation of oligodendrocyte processes (Baas et
al. 1997). The differentiated cells showed upregulated OLG marker expression at the
genetic and protein level. The OPCs were able to differentiate to OLGs devoid of the
presence of fibrin. Based on this result it is obvious that the OPCs once injected to the
injury site can differentiate to OLGs with or without the influence of fibrin, while

induction to progenitor is found to be enhanced by fibrin.

In this study, a stage-wise slow differentiation is achieved using GF induction in the
fibrin niche. During developmental neurogenesis, neurons and glial cells are derived
from the same neural progenitors. Similarly, in this study, had MSc derived NS which
further transformed to NPCs gave rise to both neural and glial cells. The major focus

of this approach is to demonstrate stable differentiation of the same stem cells into
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different neuronal populations in a controlled biomimetic environment for
translational purposes. The stage-wise differentiation protocol used for the induction
of hADMSCs to OPCs and NPCs took only 15-16 days which is much less when
compared to previously published 5 weeks protocol for hAADMSC trans-differentiation
to OPCs (Ghasemi 2018). The number of GFs used is also relatively lesser than other

protocols.

Neuronal  signaling plays an inevitable role in regulating the
proliferation, differentiation, and survival of oligodendrocytes in vivo (Simons and
Trajkovic 2006). The biomimetic niche based on fibrin is able to carry out the same
interaction between neurons and OPCs derived from hADMSCs. The co-culture of
neurons and OPCs promoted differentiation of OPCs to OLGs without any additional
inducer on fibrin niche as confirmed by gRT-PCR analysis and immunocytochemistry
of the co-cultured cells. The immature and mature neuron markers as well as OLG
markers were up-regulated in the co-culture with no expression of GFAP marker. The
observed results were consistent with the previous results that the dopaminergic
neuronal expression is higher in fibrin gel-based culture system and the softer fibrin
gels with a lower concentration of fibrin (~5 mg/ml ) reduce the GFAP positive cells
in the culture (Mooney, Tawil, and Mahoney 2009). Here the terminal differentiation
of OPCs was under the sole control of neuronal signals in the niche as seen in the in

vivo conditions.

The differentiation studies indicate that the fibrin-based matrix is a potent biomimetic
niche for exploiting the multipotency of hADMSC for neural tissue engineering.
However, variability in marker expression was observed in different donors. It has
been reported that the proliferation and differentiation capacity of hADMSCs
significantly varies among different donors (Mohamed-Ahmed et al. 2018). A fibrin-
based biomimetic niche to promote the differentiation of hAADMSC to neural cells has
immense translational potential in regenerating conditions like SCI. The biomimetic
niche incorporated with GFs enables a stable differentiation of the stem cells, unlike
the transient chemical induction. Moreover, it is also a potent natural scaffold molecule
which could be used as an injectable degradable cell delivery matrix for the

translational purpose (Y. Li et al. 2015).
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5.2 Biomimetic signaling by fibrin-based niche

The fibrin niche seemed to elicit signals for both proliferation and differentiation of
hADMSC to NS and on TCPS the process did not result in survival of formed NS.
Also, the NS to NPC and OPC stage was much benefited by the presence of fibrin
matrix. The biomimetic signaling from fibrin was established using in vitro cell
signaling studies. The platelet-rich fibrin is a reservoir of growth factors and cytokines;
those playing a vital role in cell signaling (Y.-H. Kang et al. 2011). The in-house
prepared fibrin may not contain a significant quantity of platelet factors; however, wnt
like signaling from the niche was observed during the neural differentiation of
PBMNC-derived NPC to neurons (Tara and Krishnan 2019). In physiology, both wnt
and notch signaling molecules have an important role in glial differentiation.
Canonical Wnt pathway or Wnt/b-catenin pathway is a key regulator of
oligodendrocyte development (Tawk et al. 2011) and notch signaling inhibits the
neurogenin expression which promotes the up-regulation of Olig 2 transcription factor
(Tsigelny et al. 2016). Therefore, in the derivation of NS and OPCs from hADMSC in
the presence of fibrin-based niche, the involvement of both Wnt and Notch signaling

was explored.

The role of specific signaling pathways in NS formation and OPC induction was
studied by adding known inhibitors of the notch and wnt signaling to the niche. The
Whnt inhibitor (PNU 74654) used is known to be specific to the canonical wnt pathway
and in this study also it inhibited the B catenin component of the pathway. During
active wnt signaling, the cytosolic B-catenin is transported to the nucleus and by
binding to the T-cell factor/lymphoid enhancer-binding factor, transcription of the Wnt
target genes is initiated. The PNU 74654 binds beta-catenin and hinders its interaction
with TCF/LEF and thereby inhibits the wnt signaling (Lyou et al. 2017).

The Notch receptors 1 to 4 are associated with mammalian signaling system where the
ligand binding to the receptors initiates the cleavage of the intracellular domain of
receptor by y-secretase. This Notch intracellular domain (NICD) translocates to the
nucleus and activates the transcriptional Notch target genes. The Notch inhibitor,
DAPT (N-[N-(3,5-difluorophenacetyl)- L-alanyl]-S-phenylglycine t-butyl ester) used

in this study specifically inhibits the gamma-secretase enzyme component of the
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classical notch signaling pathway which results in continuing the inactivated state of
the cells (L. Jiang et al. 2011).

The hAADMSCs may show toxic responses to chemical inhibitors. The standard MTT
assay indicated minimal cytotoxicity of the notch and wnt chemical inhibitors added
to the hADMSC induction niche; therefore, poor proliferation or differentiation is not
related to the toxicity of the chemical. The cells induced in the niche without inhibitor
showed high cell to cell contact and cell density upon induction. During NS induction,
cells in niche added with the notch or wnt inhibitor did not show any sphere formation
or grouping and associated minimal cell to cell contact as compared to NS induced in
the normal niche. A similar effect of DAPT or notch signal inhibitor was seen in a
human embryonic stem cell-based study, where neural rosette formation was
negatively affected and premature neural differentiation was observed (Elkabetz et al.
2008). These results indicate an association of active notch signals with higher levels
of symmetric divisions and reduced cell death of neural stem cells, which results in
rosette or sphere formation (Elkabetz et al. 2008). Wnt signaling also has a substantial
role in regulating the symmetrical division of NSCs in the brain and it has been shown

to promote NS formation by NSCs in vitro and in vivo (Piccin and Morshead 2011).

The morphological analysis of the hADMSCs induced in the niche and those induced
on inhibited niche clearly shows the vital role of the active notch and wnt signaling for
sphere formation. The lineage conversion of hADMSCs and NS formation involves
biomimetic niche elicited signals. This is similar to those involved in NS formation in
ESCs or ectodermal NSCs as confirmed by significant downregulation of neural stem
cell marker, NES in both wnt and notch signal inhibited cultures. More prominent
effect or down-regulation was seen in wnt inhibited cultures suggesting a greater role
for wnt signals in NS formation. The analysis of notch downstream molecules using
gRT-PCR revealed a reduced level TCF 4 expression together with HES 5 up-
regulation which indicates an active notch signaling elicited in the fibrin niche. Ngn is
a pro-neuronal molecule and its expression is inversely proportional to the up-
regulation of notch signaling (Z.-D. Zhou et al. 2010). Here the significant
upregulation of ngn signaling in the inhibited culture indicated a lack of active signals.

The dose-response of both chemical inhibitors was not systematically studied;
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therefore, if anyone of the inhibitors can cause complete inhibition is not clear in this

study.

The protein level expression of Wnt and beta-catenin molecules involved in the
canonical wnt signaling pathway and the notch 1 molecules in the classical notch
pathway supported the role of these mechanisms in NS formation upon hADMSC
induction by the niche. The wnt 3a molecules in the ECM of induced cells indicated
an active paracrine wnt signaling to occur in the fibrin matrix which was sparingly

observed in inhibited cultures.

The Hes 1 gene expression remained unchanged in the induced and inhibited culture.
Similarly, the expression of HES 1 protein was equally present in the nucleus of
hADMSCs, inhibitor added cells, and induced cells. This is suggestive of the presence
of an active non-classical notch signaling pathway which has a key role in vitro
differentiation of hADMSCs (Sanalkumar, Dhanesh, and James 2010). Moreover,
HES 1 plays an important role in the interplay between the p-catenin signaling and

Notch classical signaling pathway (Peignon et al. 2011).
NPC to OPC transformation was also reduced by the addition of both Wnt and Notch

inhibitors to the niche. Reduced cell number with minimal cell to cell contact was
observed in inhibited cells upon induction; whereas, OPC like morphology with high
cell numbers was seen in non-inhibited control. The Olig2 gene expression is inhibited
significantly upon the addition of inhibitors to the niche without affecting PDGFRa or
PCNA, indicating the specificity of inhibitor action. The expression of downstream
molecules also indicated the presence of the active notch and wnt signaling in the
niche. Although Hes 1 gene expression was found to be up-regulated in the fibrin niche

induced OPCs, at protein level much difference wasn’t observed.
5.3 Survival of transplanted progenitors in rat SCI

It has been well-established that terminally differentiated cells of CNS do not
withstand trypsin-digestion, the harvested cells losing the ability to attach and grow.
Therefore, transplantation of progenitors is preferable for regenerative therapy as they
possess both proliferation and terminal differentiation potential. This study focused on
obtaining neural progenitors exploiting 2 advantages: (i) they may proliferate even

after transplantation and (ii) their multipotency is reduced by in vitro lineage
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commitment and could differentiate preferentially to one of the CNS cells upon
transplantation in vivo. Rat SCI was selected as a model to establish the survival of
progenitors at the transplanted site. To reduce problems related to xenogenic cells,
adipose tissue from the inbred rat colony was used to obtain ADMSC-derived
progenitors for transplantation. Rat ADMSCs induced to OPCs and NPCs in the fibrin
matrix showed a quicker response as compared to the hADMSC upon induction in the
niche. A large number of nestin-positive NS were formed upon induction of rADMSCs
in fibrin niche and were used for the transplantation in SCI contusion rat models.
Accordingly, the consistency of the induction protocol using a fibrin-based niche was
confirmed to achieve both human and rat ADMSC lineage commitment to NPCs. The
study establishes the advantage of this protocol for effective use in more preclinical
and clinical studies since both rat and human progenitors showing similar properties
are achieved using fibrin as the induction matrix. Rat SCI model is well accepted
globally for studying regeneration. Therefore, achieving rat ADMSC derived NPCs
for cell-based therapy is a significant outcome of this study. If required autologous
rADMSC can also be collected; but in this study cells from an inbred rat, the colony

was used.

Homing, survival, and proliferation of transplanted cells have been a concern in the
field of regenerative medicine. This is mainly because the tissues needing cell
transplantation is always under degenerative changes. Therefore, introducing cells
along with a fresh biomimetic matrix that has cell attachment and signaling properties
could be an appropriate solution for improving the survival of the transplanted cells.
Fibrin could play a dual role in stem cell-based therapy, as an extracellular matrix-
based niche for in vitro differentiation (Tara & Krishnan 2015) and as a potential cell
delivery matrix improving the survival and migration of the bone marrow stromal cells
in vivo in SCI models (Itosaka et al. 2009). The advantage of fibrin is that cells can be
mixed with fibrinogen and upon injection along with a low concentration of thrombin,
cells could be encapsulated in the solidified fibrin network. This study exploited the
dual role of fibrin; like an in vitro differentiation niche and as an injectable cell delivery
vehicle for creating an in vivo niche. Both roles of a fibrin-based niche for ADMSC

derived NPC derivation and transplantation has been already known. However, a
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specific composition of fibrin had to be standardized for cell delivery (unpublished;
patented by Krishnan and Sudhadevi, 2016) The composition of thrombin and
fibrinogen was adjusted in such a way to increase the porosity of the in situ solidified
gel for cells to survive and get sufficient nutrients, the fibrin strands are broad for cells
to attach & spread. The enzyme concentration is low to prevent thrombin-inducible
apoptosis of NPCs.

In the current study, all the animals recovered after T10 contusion injury, but
symptoms of SCI persisted and the experiment was terminated on the 28" day. Based
on the fluorescence signal from the injury site, the cell survival was found to be
superior in OPC transplanted groups with or without the NPCs as compared to those
with NPCs alone. The cell survival by co-localization of DAPI with the tracking dye
confirmed PKH26 was specifically seen in spinal cord sections transplanted with cells
in medium or fibrin matrix. The negative controls did not show auto-fluorescence from
the tissue indicating that the fluorescence seen in cell transplanted tissues are
specifically due to the stably bound PKH26. Both OPC in fibrin and OPC+NPC in
fibrin transplanted groups showed a good number of PKH26-DAPI co-labeled cells
suggesting a significant role of fibrin matrix in cell survival. One of the major
challenges in using MSCs for in vivo application in SCI has been reported to be a low
survival rate of grafted cells in the range of 5-10% of the transplanted cell (J. Li and
Lepski 2013). Quantification of the survived cell was not attempted in this study;
however, the advantage of fibrin as a cell delivery vehicle improving the frequency of
transplanted cells is clearly demonstrated using fluorochrome tagged cells. An
additional observation of the study is OPCs showed improved survival because when
equal numbers of NPCs alone were transplanted, the frequency of PKH26 cells in the
tissue sections was not comparable with that in OPC transplanted site. The PKH26
labeled cells usually exhibit good retention of the fluorescent signals with less toxicity
when compared to widely used CFDA dye. Whereas, the CFDA has lower retention
in cell and it easily exists the cell. However, CFDA-SE is a good alternative to PKH26
in terms of its retention in the cells. The CFDA-SE labeled lymphocytes can be tracked
in vivo for more than 8 weeks/ up to 8 cell divisions while PKH26 can be tracked for
100 days (AU - Agrawal et al. 2017).
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Single-dose administration of cells to the injury site was done which limited the
number of cells transplanted to 1x10°; however, this was enough to assess the cell
survival in the inhibitory environment of nervous tissue injury associated
degeneration. Few transplanted cells were differentiated to OLGs as indicated by
immunostaining. However, the locomotory functions assessed by BBB scoring
indicated that none of the animals recovered completely in 28 days. It may be because
the transplanted cell number was not enough, or the time period was not enough to
achieve the complete regeneration of injured tissue.

The cavitation associated with SCI was minimal in the fibrin received animals as the
cell delivery matrix. A similar reduction in the number of ED1 inflammatory cells was
observed in the region of injury in which fibrin + cells were administered. The ED1
macrophages and cavitation are directly connected as a drastic reduction in cavitation
are observed upon reduced inflammation (Gorio et al. 2002). The astrogliosis was
moderate in OPC treated groups regardless of the delivery vehicle. Similarly, reduced
levels of reactive astrocytes were observed in SCI that received fibrin as a cell delivery
matrix which implies an immunomodulatory function of fibrin when given in
conjunction with neural or glial progenitors. Minimal astrogliosis, reduced ED1 cells,
and absence of cavitation were observed in OPC+NPC+ Fibrin treated SCI, which
suggests that this strategy is better than using OPC or fibrin or NPC alone. It is highly
debated whether the outcome of neuroinflammation is neurotoxic or neuroprotective.
But a balanced infiltration of inflammatory cells is necessary for removal of tissue
debris and for the attenuation of the inflammatory responses (Okada 2016), which is

observed when fibrin is used as a delivery matrix.

In summary, this proof of concept study establishes the advantage of using the fibrin-
based biomimetic niche in providing better support for differentiation and proliferation
of both neural and glial progenitors. Improved survival of transplanted OPCs signifies
the role of OPC or OPC derived factors in cell survival in the SCI milieu. The reduced
inflammatory responses and cavitation provided by the fibrin used as a cell delivery
matrix are also promising. Therefore, the study directs extension to further evaluations
using ADMSC-derived OPCs and NPCs using fibrin as a delivery matrix. Exploring

the dose-response in terms of cell numbers for longer periods to establish the cell
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numbers and time required for complete regeneration and functional recovery would

be of importance for translational purposes.

5.4 Limitations of the study

The major lacuna of the study is that the functional status of neurons derived from
hADMSCs was not evaluated. The electrical excitability is the key feature of neurons
and patch-clamp technique needs to be used to establish terminal differentiation to
neurons. The differentiation was established based on the presence of certain stage-
specific molecular markers at predefined time periods. However, the best time period
is not known for this study. If the test frequency is closer, the marker expression and
lineage commitment path would be understood more systematically. The in vitro
signaling studies were established using chemical inhibitors which provided only
partial inhibition to notch or wnt signaling pathways. The use of siRNA based
signaling studies could be conducted to identify complete signal inhibition. The animal
studies conducted show promising observations regarding cell survival, but it was not
assessed quantitatively. The effect of dose-response (varying cell number) on
transplantation was also not evaluated. The preliminary studies conducted were mainly
focused on cell survival rather than tissue regeneration. However, the effect of varying
doses of increased cell numbers and for a long period of time on the regeneration of

the injured nervous tissue was not evaluated.

139



CHAPTER 6
6. SUMMARY AND CONCLUSION

Degenerative diseases of the central nervous system (CNS) is a major health problem.
Many such conditions have no pharmacologic remedy currently. Stem cell-based
regenerative medicine provides a ray of hope to treat some of these diseases using
autologous MSCs. However, stem cells are unlikely to survive in the degenerating
milieu because of inflammation and matrix degradation causing a lack of cell survival
and proliferation. Even when stem cells survive post-transplantation they may not
undergo desired differentiation in the milieu as required for tissue regeneration due to
two reasons (i) MSCs are multipotent and hence may be directed to any lineage
depending on signals in the milieu; (ii) the milieu may not support any differentiation
at all due to lack of adhesive proteins and growth factors. This study proposed a
potential strategy for use of stem cells effectively to promote neuro-regeneration by in
vitro controlled derivation of neural progenitors that can differentiate into both glial
cells and neurons upon transplantation. The in vitro differentiation is relatively easier
as the conditions in the culture niche may be regulated using known factors required
for specific lineage commitment. This study aimed differentiation of multipotent
hADMSC to bi-potent neural progenitor cells (NPC) which can differentiate into
oligodendrocyte progenitor cells (OPC) or neural precursor cells (NPCs) expressing
neural markers. Once the cells are lineage-committed, chances of their differentiation
to undesirable lineage reduces automatically. However, the progenitors should be
stable with proliferation potential so that even after transplantation they can multiply
to populate the tissue and regenerate appropriately. Stable differentiation requires
physiological-like stimuli so that the differentiation process undergo required
biochemical pathways through the stimulus-response coupling. Spontaneous
differentiation using chemical inducers can only produce unstable progenitors or
mature cells. To obtain such balanced and stable NPC for transplantation the primary
requirement is to use biomimetic pathways of differentiation so that cells can be

harvested and transplanted without affecting the phenotype or proliferation potential.
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This study proposed fibrin-based matrix coated tissue culture polystyrene could
promote cell proliferation and the GFs may be supplemented in the medium to create
a biomimetic niche to develop NPCs & OPCs. Even when most appropriate cell type
is obtained for tissue regeneration, the transplantation often fails because the damaged
tissue presents a degenerating milieu with poor conditions for cell survival,
proliferation, and differentiation. In most of the cases, the ECM is biochemically
different with no proper cell adhesion molecule for permitting cell survival and
growth. This study proposed to use an injectable biomimetic matrix into which cells
can be encapsulated before transplantation. This study proposed that NPCs/OPCs may
be mixed with liquid components of the modified composition of fibrin sealant. When
cell-encapsulated fibrinogen is mixed with a small quantity of thrombin and injected
to the treatment site, liquid to the solid transition of fibrin components in situ can
enable retention of the cells within the matrix. The fibrin matrix may also protect the
degenerative molecules in the milieu from attacking the transplanted cells and thus
preventing immune response. In summary two major aspects of the study were: (i) use
of fibrin as in vitro niche for producing NPCs from ADMSCs; and (ii) to demonstrate

that fibrin-based cell delivery may improve post-transplantation cell survival.

6.1. Summary of Results:

The hADMSCs isolated from lipoaspirates were expanded into >90% homogeneous
population of stem cells which underwent tri-lineage differentiation proving
multipotency. A biomimetic fibrin-based neuron-specific niche was created in the
tissue culture polystyrene surface (TCPS). Upon the culture of hAADMSCs, both on
TCPS and fibrin coated TCPS, the GFs induced NS formation; however, the former
did not support long term survival of NS. The NS reseeded on fibrin coated surface
resulted in faster cell growth, secondary NS formation, and upon reducing GF
concentration the cells differentiated into NPCs. The NPCs were further differentiated
into OPCs, OLGs, and neurons by differently modifying the GF composition. It is
evident from the results that the fibrin-based niche is able to support the differentiation
of hADMSCs to ectodermal lineages and also supports the proliferation of the
progenitor population. The OPCs derived from NS were further differentiated to OLGs

on bare TCPS or fibrin niche, similarly, the NPCs were differentiated to neurons using
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a previously standardized KCL based protocol. At all steps, transcriptional and
translational level neural/glial marker expressions were achieved consistently.
Moreover, the fibrin matrix has the potential to maintain various neuronal and glial
cells in co-culture. The time frame required for the expansion of ADMSCs to neural
progenitors was relatively short as compared to other neural induction protocols
described in the literature. The transplantable OPCs and NPCs were obtained in the
culture within 14 days of induction. The stage-wise and stable induction of cells
demonstrated using adhesive fibrin matrix and GFs in this study protocol scores over
the widely used chemical inducer-based differentiation. Upon arresting 2 different
physiological signaling pathways using chemical inhibitors, NS formation, and
differentiation to NPCs/OPCs were almost completely lacking. Therefore, both Wnt
and Notch signaling elicited by fibrin-based niche are responsible for well regulated,
steady differentiation of hADMSCs to NS/NPCs/OPCs. Thus, it is proven that the
signaling pathways elicited by the niche are similar to that of in vivo neuro-gliogenesis

giving stable progenitors suitable for transplantation.

The consistency and reliability of the induction protocol are confirmed by obtaining
NPCs from rat ADMSCs as well, using fibrin niche-based induction protocol. The
NPCs and OPCs obtained from rat also expressed stage-specific markers and were
harvested easily for transplantation. The time required for rat ADMSC differentiation
to NPC was shorter than the time required for hADMSCs. By using fluorescent tagging
and imaging technology, the survival of transplanted cells until the 28" day of the
experiment was proven. Furthermore, few of the transplanted cells also differentiated
into OLGs at the site of injury. The inflammation was minimal in those injury sites
which received fibrin with or without cells indicated by reduced cavitation,

astrogliosis, and ED1 inflammatory cells.

Survival of OPCs transplanted with or without NPCs was found to be better upon
delivering cells using fibrin as compared with that transferred in SFM. This study
indicates that the fibrin promotes cell retention, homing, and differentiation at the site
of injury. A significant difference in motor functions as compared to sham/control was

evidenced only in the fibrin administered group; but not in FIB+ Cell injected SCI rats.
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A more detailed study is required to understand why fibrin alone is showing a better
score but not fibrin + NPCs/OPCs.

To summarize, stem cells were differentiated in vitro using a protocol involving fibrin-
based biomimetic niche, proving the feasibility of deriving stable neural progenitor
cells from human and rat ADMSCs. The process is less time consuming, produces
progenitors that pass through different stages, resulting in mature neurons and
oligodendrocytes. Each stage of transition is distinguishable based on respective
markers. The physiological-like Wnt and Notch signaling could be arrested using
chemical inhibitors to stop the processes of differentiation, proving that signals
originating from fibrin play a role in differentiation. Fibrin is also found to be a suitable
delivery matrix which protects site of injury from immune response and inflammation
when injected with or without NPCs/OPC:s.
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6.2 Conclusion

1.

10.

In vitro niche was designed by depositing insoluble fibrin on TCPS providing
adhesive proteins and by supplementing with GFs in the medium, to induce
ADMSC to neural lineage.

Fibrin based niche is essential for the long-term survival of NS and for further
differentiation into NPCs/OPCs.

On fibrin niche, NPCs and OPCs differentiated into neurons and oligodendrocytes
respectively, suggesting uni-potent differentiation potential of both progenitors in
the niche.

Both ADMSC derived neurons and OPCs co-existed in the fibrin niche.
Physiological-like Wnt and Notch signaling pathways are elicited by fibrin niche
to produce stable neural progenitors.

The validity and stability of fibrin niche-based differentiation are reproducible and
applicable for other species cells such as rat ADMSC differentiation.
Demonstrated better survival of OPCs and NPCs when transplanted to rat SCI
using fibrin as a delivery vehicle, as compared to SFM.

Few transplanted cells differentiated in vivo into OLGs.

Cavitation was minimum in SCI tissue on the 28" day of the experiment in the
cases of cells delivered in fibrin.

The remarkable immune-modulatory effect is seen upon using fibrin as a cell

delivery vehicle.
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6.3 Future perspective

1.

Conduct patch-clamp experiments to demonstrate the functionality of the neurons
derived from hADMSCs.

Evaluate cell-cell interaction using Neurons-OPCs co-culture on fibrin niche to
understand mutual support for cell growth and myelination

Investigate the effect of dose-response of varying cell numbers on transplantation
outcomes in SCI rat models.

Establish cell survival in fibrin matrix post-transplantation, quantitatively.

Study the effect of NPC & OPC transplantation on the regeneration of SCI and
functional outcome after long term such as 3/6 months after the experiment
Explore translational potential by initiating human limited clinical trial by

transplantation of autologous NPCs & OPCs using fibrin as a delivery matrix.
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APPENDIX

1. PBS (1000ml) (pH 7.4; filtered and stored at RT).

Reagent Amount
NaCl 89

KCI 0.29
Na2HPO4 1.449g
KH2PO4 0.24g

2. PBST was prepared by adding 0.1% Tween-20 to PBS.

Reagent Amount
NaCl 89

KCI 0.29
Na2HPO4 1.449
KH2PO4 0.24g
Tween 20 0.1%

3. HBSS (1000ml) (pH 7.4; filtered, autoclaved and stored at 4°C

Reagent Amount
KCI 0.4g
KH2PO4 0.06g
NaCl 89
Na2P0O4 0.0482g

4. SFM 50 ml (Filtered and stored at 4°C)

Reagent Amount
DMEM: F12 50ml
Antibiotics (10X) 500ul

5. DMEM F12 (1%) 50 ml (Filtered and stored at 4°C)

Reagent Amount
DMEM: F12 49 ml
FBS 500l
Antibiotics (10X) 500ul
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6. DMEM LG (10%) 50 ml (Filtered and stored at 4°C)

Reagent Amount
DMEM: F12 45 ml
FBS 5ml
Antibiotics (10X) 500ul
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