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“All we have to decide is what to do with the time that is given to us.”

– J.R.R. Tolkien, The Fellowship of the Ring



Resumo

Resumo

As lesões da medula espinal podem ter um impacto dramático na vida de um individuo, resultando

em incapacidades motoras, sensoriais, psicológicas e sociais. A patofisiologia das lesões da medula

espinal é extremamente complexa com vários eventos moleculares e celulares a ocorrerem após a lesão

e contribuindo para o desenvolvimento de um microambiente inibitório à regeneração tecidular, o que

dificulta o desenvolvimento de terapias eficazes. Neste contexto, terapias que combinam diferentes

estratégias têm a vantagem de moderar diferentes eventos críticos após este tipo de lesões. Vários tipos

de células têm sido transplantadas de forma a substituir o tecido perdido após lesão. As células mais

promissoras são as Células Estaminais Neuronais induzidas (iNSCs), pois permitem transplantes

autologos e têm a capacidade de se diferenciarem em neurónios, astrócitos e oligodendrócitos. Para

promover a sobrevivência das células transplantadas, biomateriais têm sido utilizados para funcionar

como uma matriz extracelular artificial. Adicionalmente, a modulação do ambiente inibitório e por

consequente o sucesso do transplante pode ser melhorado através da suplementação com secretoma

de células mesenquimais estaminais (MSCs). Por fim, a estimulação eléctrica epidural tem-se revelado

como uma terapia muito promissora em pessoas com lesões medulares. Neste projecto propõem-se

uma terapia mais holística, que tem em conta vários eventos patofisiológicos da lesão ao invés do foco

em apenas um. Desta forma, pretende-se alcançar uma terapia eficaz que combina, simultaneamente,

células estaminais, biomaterias, secretoma e estimulação epidural.

Palavras-chave: Medicina Regenerativa; Lesões Medulares; Células Estaminais Neuronais; Células

Estaminais Mesenquimais; Secretoma; Biomateriais; Estimulação Eléctrica Epidural
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Abstract

Abstract

Spinal Cord Injuries (SCI) can have a devastating impact on an individual’s life, leadind to motor,

sensory, psychological and social impairments. The SCI pathophysiology associated is extremely

complex, with numerous molecular and cellular events occurring after the initial trauma and that lead to

the development of an inhibitory microenvironment in the injury site, which impairs the development of

new therapies. Therefore, therapies that combine different strategies have been on the rise for focusing

on different critical events. For instance, several types of cells have been implanted in order to replace

lost tissue after these types of lesions. Induced Neural Stem Cells (iNSCs) have been the most promising

for autologous transplant and differentiation in neurons, astrocytes and oligodendrocytes. To promote

the survival of transplanted cells, biomaterials have been implemented to act as an artificial extracelullar

matrix. Additionally, some pathological events and, as a consequence, the success of the transplanted

cells, can be enhanced using the secretome of mesenchymal stem cells (MSCs). At last, epidural

electrical stimulation has revealed to be a promising therapy for SCI, enabling physical rehabilitation and

promoting neural plasticity. Therefore, this project aims to combine all this approaches in order to target

several pathophysiolgical events of the spinal cord injury, instead of just one. As a result, we perform in

vitro studies on the combination of stem cells, biomaterials, secretome and epidural electrical

stimulation in order to obtain an effective therapy.

Keywords: Regenerative Medicine; Spinal Cord Injury; Neural Stem Cells; Mesenchymal Stem Cells;

Secretome; Biomaterials; Epidural Electrical Stimulation
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Introduction

1 Introduction

The spinal cord (SC) is part of the central nervous system and provides a means of communication

between the brain and peripheral nerves that enter the cord [1, 2]. These spinal nerves of the peripheral

nervous system serve as connections between the central nervous system, distal receptors and organs. It

is also able to serve as an important relay station for incoming, afferent information from the periphery to

central brain regions [3]. The two main cells in the nervous system are the nerve cells, or neurons, and

glial cells, or glia.

1.1 Cytoarchitecture of the Spinal Cord

1.1.1 Neurons

Neurons are composed by the cell body, or soma, dendrites, an axon and presynaptic terminals

[4, 5]. The cell body is the metabolic center of the cell, as it includes the nucleus and the endoplasmic

reticulum, a continuous membrane system where the cell’s proteins are synthesised [6]. Neurons are

usually composed of a branch of several short dendrites and one long axon [4]. The branch of dendrites

has the function of receiving incoming signals from other nerve cells [6]. Before branching, the axon

normally extends some distance from the cell body, allowing it to transmit signals to a large number of

target neurons [4]. Action potentials are the signals that the brain uses to receive, process, and transmit

information [4]. They are triggered by a wide range of environmental events that have an impact on our

bodies, ranging from light to mechanical contact, odorants to pressure waves [6].

Large axons are encased in an insulating sheath of a lipid material called myelin to speed up the

transmission of action potentials [5]. The Ranvier nodes, uninsulated regions on the axon where the action

potential is regenerated, interrupt the sheath at regular intervals [6]. Myelin has two primary proteins in

the CNS: myelin basic protein, which is a tiny, positively charged protein found on the cytoplasmic surface

of compact myelin, and proteolipid protein, which is a hydrophobic integral membrane protein [6]. Both,

it is assumed, offer structural stability for the sheath [4, 5]. Demyelination slows or even prevents action

potential conduction in a damaged axons [6]. Demyelinating disorders are thus damaging to neuronal

circuits in the central and peripheral nervous systems [6].

Near its terminus, the axon divides into fine branches that communicate with neighbouring neurons

via specialized communication zones known as synapses [4]. The nerve cell that sends the signal is

known as the presynaptic cell, and the cell that receives the signal is known as the postsynaptic cell [4].
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The synaptic cleft is a relatively thin gap that separates presynaptic and postsynaptic cells [6]. Some

presynaptic neurons stimulate their postsynaptic target cells, whilst others inhibit them [6].

Thus, neurons are divided into three types: unipolar, bipolar, and multipolar (Figure 1).

A  Unipolar cell C  Pseudo-unipolar cellB  Bipolar cell

Invertebrate neuron Ganglion cell of dorsal rootBipolar cell of retina

Central 
axon

Single bifurcated 
process

Cell body

Peripheral axon
to skin and
muscle

Dendrites
Dendrites

Cell body

Axon

Dendrites

Cell body

Axon

D  Three types of multipolar cells

Basal
dendrite

Cell
body

Axon

Motor neuron of spinal cord Pyramidal cell of hippocampus Purkinje cell of cerebellum

Dendrites Cell body

Axon

Apical
dendrite

Axon terminals

Dendrites

Axon

Axon
terminals

Cell body

Figure 1. Neurons are characterized as unipolar (A), bipolar (B), or multipolar (D) based on the

number of processes that originate from the cell body (Adapted from Kandel et al. [6]).

Unipolar neurons are the most basic since they have a single fundamental mechanism that gives rise

to several branches. One branch functions as the axon, while the others serve as receiving structures.
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The oval soma of bipolar neurons gives rise to two separate processes: a dendritic structure that receives

signals from neighbouring neurons and an axon that transports information to the central nervous system.

One axon conveys information from sensory receptors in the skin, joints, and muscle to the cell body, while

the other carries same sensory information to the spinal cord. In vertebrate nervous systems, multipolar

neurons predominate. A single axon and several dendritic structures protrude from various locations

around the cell body. Multipolar cells differ significantly in morphology, particularly in the length of their

axons and the amount, size, and complexity of their dendritic branching [6].

Sensory neurons, motor neurons, and interneurons are the three major functional types of nerve

cells. Sensory neurons transport data from the body’s peripheral sensors into the nervous system for

perception and muscular coordination. Some basic sensory neurons are referred to as afferent neurons,

and the words are interchangeable. The term afferent (carried toward the central nervous system) refers

to all information transported from the periphery to the central nervous system, regardless of whether or

not it results in sensation. The term sensory refers to afferent neurons that carry information from the

sensory epithelia, joint sensory receptors, or muscle to the central nervous system [6]. The term efferent

refers to all information conveyed from the central nervous system to the peripheral organs, regardless of

whether or not it results in action [4]. Motor neurons provide instructions from the brain or spinal cord

to muscles and glands (efferent information). The classic definition of a motor neuron (or motoneuron) is

a neuron that stimulates a muscle, although the term increasingly encompasses additional neurons that

do not directly innervate muscle but command movement indirectly [6]. The most prevalent functional

category is interneurons [4].

When an action potential reaches a neuron’s terminal, it causes the cell to release chemical

compounds. Neurotransmitters can be small chemical compounds like l-glutamate and acetylcholine, or

peptides like substance P or LHRH (luteinizing hormone–releasing hormone) [5]. Neurotransmitter

molecules are stored in subcellular organelles known as synaptic vesicles, which accumulate in axon

terminals at specialized release locations known as active zones. Exocytosis occurs when vesicles travel

up to and merge with the neuron’s plasma membrane, then burst open to release the transmitter into

the synaptic cleft. The neurotransmitter molecules that are released are the neuron’s output signal

[4–6]. The amount of transmitter released is thus graded in the output signal, which is governed by the

number and frequency of action potentials that reach the presynaptic terminals. When the transmitter

molecules are released, they diffuse across the synaptic cleft and bind to receptors on the postsynaptic

neuron. The postsynaptic cell generates a synaptic potential as a result of this binding. The type of

receptor in the postsynaptic cell determines whether the synaptic potential is excitatory or inhibitory [6].
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Neurons can be excitable both electrically and chemically [4]. The cell membrane of neurons contains

specialized proteins called ion channels and receptors that allow certain inorganic ions to flow across the

membrane, redistributing charge and causing electrical currents that change the voltage across the

membrane [4]. These charge alterations can cause a wave of depolarization in the form of action

potentials along the axon, which is how a signal normally travels within a neuron [6].

In the central nervous system, glial cells outnumber neurons by a large margin [7]. They encircle

neurons’ cell bodies, axons, and dendrites [6]. Glia differ from neurons in that they do not develop

dendrites or axons. Glia differ functionally as well. Although they develop from the same embryonic

precursor cells as neurons, they lack the same membrane characteristics and so are not electrically

excitable [6]. They help electrical signals flow swiftly through the axons of neurons, and they appear to

be vital in regulating connectivity during early development and sustaining new or changed connections

between neurons that emerge as a result of learning [6].

1.1.2 Glia cells

Glial cells form a tissue network that offers nourishment and operational support to neurons [8]. There

are three main types of macroglia: oligodendrocytes, Schwann cells, and astrocytes (Figure 2). Neurons

and glia communicate by releasing molecules and receptors-ligands interactions [9].

The insulating myelin sheaths of some axons in the central nervous system are produced by

oligodendrocytes [4, 5]. Oligodendrocytes are smaller cells with a limited number of processes [6].

They form the myelin sheaths that insulate axons in the white matter [5]. A single oligodendrocyte’s can

insulate numerous axons [6]. Perineural oligodendrocytes surround and support the cell bodies of

neurons in the gray matter [6].

Astrocytes are characterized for their irregular, star-shaped cell bodies and vast number of

processes. Astrocytes perform a variety of roles necessary for appropriate neuronal growth, synapse

formation, neural circuit function, and action potential propagation [11–13]. Astrocytes are assumed to

have a nutritive function since their end-feet make touch with both capillaries and neurons [14].

Astrocytes are also vital in the maintenance of the blood-brain barrier [6]. As physical barriers in healthy

tissue, astrocytes prevent the invasion of foreign cells and pollutants from blood arteries or the meninges

[15]. This barrier also prevents the transmission of neurotoxic inflammation, which can result from

either peripheral infections or injured CNS tissue [16].

Microglia are resident immune cells and phagocytes in the CNS, and are responsible for locating

and eliminating invading infections [14]. Microglia make up roughly 5–12% of glia in the CNS [16].
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Figure 2. Glial cells in the central nervous system are classified as astrocytes, microglia (active

phase), oligodendrocytes, and oligodendrocyte precursor cells (OPCs, also known as NG2 glia)

(Adapted from Liu et al. [10]).

Following injury or disease, microglia suffer a major increase in the motility of their processes, as well

as changes in shape and gene expression, and can be swiftly drawn to areas of damage where it can

play helpful or detrimental roles. Microglia, for example, bring lymphocytes, neutrophils, and monocytes

into the CNS and enlarge the lymphocyte population, performing significant immunological activities in

infection, stroke, and immunologic demyelinating illness [6]. Microglia also help to lessen the harm

brought on by CNS assaults by removing dead and dying tissue following an injury [14] and coordenate

the response of astrocytes after trauma [17]. This procedure prepares the area for later healing processes.

Microglia constantly survey the environment for signals of either infection by a pathogen or the requirement

for the intrinsic components of the CNS to be broken down in order to better fulfil its function [18].

The microglia’s scanning state is referred as resting microglia even though it involves CNS-preserving

functions [16]. Microglia, while important for the immune response to infection or trauma, also contribute

to pathological neuroinflammation by producing cytokines and neurotoxic proteins and causing neurotoxic

reactive astrocytes [6]. Microglia play crucial roles in the development of the CNS and are the main

agents used to carry out neural remodelling in addition to their functions as macrophages [19]. They can
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accomplish this by eliminating immature neurons and dismantling particular neuronal networks according

to activity [16].

1.2 Physiology and Anatomy of the Spinal Cord

The SC resides within the spinal canal of the vertebral column and is surrounded by cerebrospinal

fluid and meninges [3]. It extends from the base of the brain - in the medulla oblongata - through the

foramen magnum of the skull to the first lumbar vertebra L1 – L2 [3, 20]. The SC is protected by the

vertebral column, which is composed of individual vertebrae (Figure 3).

Figure 3. The gross anatomy of the spinal cord, demonstrating its interactions with bony

structures and other body parts. The axial spinal slices (a and b) on the left represent each spinal

level and demonstrate the distribution of white and gray matter. The vertebrae on the right (c) are

color-coded to aid in the identification of the various levels. Each spinal cord segment (c) innervates

a specific region of the skin (d), muscle (e), or organ group (Adapted from Ahuja et al. [21]).
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It follows the curvature of the vertebral column and has different thicknesses depending on the

vertebral levels [22]. The spinal cord is separated into four core areas throughout its length: cervical,

thoracic, lumbar, and sacral. The widest segments of the SC are found in the cervical region, followed by

the lumbar, thoracic and sacral segments [23].

Cervical spinal nerves control sensory perception and motor function at the back of the head, neck,

and arms; thoracic spinal nerves control the upper trunk; and lumbar and sacral spinal nerves control the

lower trunk, back, and legs [6]. There are 31 pairs of spinal nerves: 8 cervical, 12 thoracic and dorsal, 5

lumbar, 5 sacral and 1 coccygeal. However, at the cervical level, there are only 7 vertebrae [22]. In the

cervical area, spinal nerves leave above their corresponding vertebrae, with the C1 spinal nerves emerging

between the C1 vertebra and the skull. C8 exits above T1 as there is no corresponding vertebra [1]. The

spinal nerves exit under their respective vertebrae, starting from T1 [1]. Each segment has a pair of dorsal

(sensory) and ventral (motor) roots that join to form the spinal nerve, except for C1 which has no sensory

dorsal root [1]. The spinal nerves leave the vertebral column through their corresponding intervertebral

foramina – or neural foramina – [1, 20].

Because of two organizational properties, the spinal cord changes in size and shape along its

rostrocaudal axis. First, only a small number of sensory axons enter the cord at the sacral level. At

higher levels, the quantity of sensory axons entering the cord rises (lumbar, thoracic, and cervical). In

contrast, the majority of descending axons from the brain terminate at cervical levels, with fewer

descending to lower levels of the spinal cord. Thus, the number of fibers in the white matter is greatest

at cervical and lumbar levels (where both ascending and descending fibers are greatest) and lowest at

sacral levels. As a result, the sacral levels of the spinal cord contain far less white matter than gray

matter, whereas the cervical cord contains significantly more white matter than gray matter [6]. The size

of the ventral and dorsal horns varies as the second organizational trait. At the levels where motor

neurons innervate the arms and legs, the ventral horn is bigger. As a result, a greater number of motor

neurons are required to innervate the greater number of muscles and govern the greater complexity of

movement in the limbs than in the trunk, resulting in larger ventral regions. Similarly, where sensory

nerves from the limbs enter the cord, the dorsal horn is larger. Limbs have a higher density of sensory

receptors, which allows for finer tactile discrimination and, as a result, sends more sensory fibers to the

cord. These cord enlargements are known as lumbosacral and cervical enlargements [6].

The meninges act as a protective layer, constituting three membranes of connective tissue. It also acts

as a support for the structure of the SC and provides stability [3]. From the outside in, the meninges are the

dura mater, arachnoid mater and pia mater [20]. These are separated by the subdural and subarachnoid
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spaces. The subarachnoid spaces (between arachnoid and pia) are filled with cerebrospinal fluid and a

loose network structure of collagen fibers and fibroblasts [3, 20]. The epidural space (between dura and

periosteum) is filled with loose fibrous and adipose connective tissue [20].

1.2.1 Gray and White Matter

The SC is composed of gray matter and white matter. The gray matter of the SC is located in the

center, while the periphery is composed of white matter [24]. The butterfly – or H-shaped – gray matter

divides into posterior (dorsal), anterior (ventral) and lateral (intermediate) horns [1]. These horns divide

the white matter into dorsal, lateral and ventral columns. Interneurons, efferent neuron cell bodies and

dendrites, afferent neuron entering fibers, and glial cells make up the gray matter [1, 24]. Secondary

sensory neurons (sensory nuclei) in the dorsal horn receive stimulus information from main sensory

neurons that innervate the skin, muscles, and joints [6]. The ventral horn contains clusters of motor

neurons (motor nuclei), the axons of which exit the spinal cord and innervate the skeletal muscles [6].

Groups of myelinated axons make up the majority of the surrounding white matter, with the exception

of where the dorsal horns touch the spinal cord margins [20, 24]. Bundles of ascending and descending

axons are split into dorsal, lateral, and ventral columns in the white matter that surrounds the gray matter

[6]. Only ascending axons carry somatosensory information to the brain stem in the dorsal columns,

which are located between the two dorsal horns of gray matter [6]. Both ascending and descending

axons from the brainstem and neocortex innervate spinal interneurons and motor neurons in the lateral

columns [6]. Ascending and descending axons are also found in the ventral columns [6].

These bundle of axons are called fiber tracts or pathways. A tract is a collection of nerve fibers that

have a similar function, beginning, course and ending. Fiber tracts run longitudinally through the SC with

ascending or descending information from the brain to the periphery, or vice-versa (Figure 4a) [1, 20].

The fiber tracts are critical in the communication between the spinal cord and the brain (Figure 4b)

[6]. Afferent (sensory) fiber groups enter the spinal cord from the peripheral nerves via the dorsal roots

on the dorsal side of the cord [20]. Efferent (motor) neuron axons exit the spinal cord on the ventral side

via the ventral roots [20]. The dorsal root ganglia (DRG) is a small enlargement on the dorsal roots that

contain the cell bodies of afferent pseudounipolar neurons, with one process transmitting sensory input

from the tissues to the cell body and the other from the cell body to the spinal cord [1, 6]. When the dorsal

and ventral roots combine, from the same level, they form a spinal nerve on each side of the spinal cord

[20].
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Figure 4. (a) The central nervous system will be described along two major axes; Caudal means

near the tail and rostral means toward the nose. In the spinal cord, rostral refers to the direction of

the head, caudal refers to the direction of the coccyx (the lower end of the spinal column), ventral

(anterior) refers to the direction of the belly, and dorsal (posterior) refers to the direction of the back.

Above the spinal cord, rostral refers to the nose, caudal to the back of the head, ventral to the

mouth, and dorsal to the top of the skull. Superior is frequently used interchangeably with dorsal,

and inferior is synonymous with ventral. (b) Dorsal root ganglia and spinal nerve roots. The cell

bodies of neurons that carry sensory information from the skin, muscles, and joints are found in the

dorsal root ganglia, which are clusters of cells located near the spinal cord. (Adapted from Kandel

et al. [6]).

1.3 Spinal Cord Injury

Spinal Cord Injury (SCI) occurs when the spinal cord is damaged and subsequently leads to loss of

sensory, autonomic and/or motor function [2, 25, 26]. Spinal cord neurologic damage impacts almost

every physiologic system, and patients might present with a wide range of symptoms that have a significant

impact on their day-to-day life [24, 25].

In spinal cord injuries, lesions of various sizes can damage motor or sensory pathways located in

dorsal, lateral or ventral regions. As a result, there is a disruption in the efferent and afferent pathways

from the peripheral nervous system to the spinal cord and brain, particularly descending motor neurons

and ascending somatosensory fibers [25]. The symptoms will largely be correlated to the injured tracts
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and the level of injury [22, 25]. A SCI has been demonstrated to have a highly heterogeneous lesion and

cellular organization, which results in a very unique injuries in each patient [22, 26]. However, SCI can

be characterized in a succession of events which go from a primary injury, to a secondary injury (acute

and sub-acute) and stabilizing in a chronic phase (Figure 5). Rowland et al. [27] defined the stages of SCI

as acute (<48 h), subacute (2 d – 2 w), intermediate (2 w – 6 m), and chronic (> 6 m). The development

of successful therapy must be linked to a full understanding of the pathophysiology associated with the

aspects of primary and secondary injury of the individuals affected.

SCI is caused by an insult to the spinal cord, which can be classified as non-traumatic or traumatic

[28]. Non-traumatic injury occurs when the spinal cord is damaged by an acute or chronic condition, such

as a tumor, infection, or degenerative disease [29]. The most common are traumatic SCI, and is caused

by a violent impact that fractures or dislocates vertebrae [30]. A primary injury is characterized by the

neurological damage caused by a sharp penetrating forced, contused or compressed by a blunt force, or

tissue death due to a vascular insult [24, 31]. Neurons perish soon after SCI due to initial damage. The

number of NeuN-positive cells is reduced by 21% two hours after SCI. At 24 hours, very few neurons are

found, and just a few neurons are detected in the dorsal horn’s periphery region [32].

Following the initial trauma, a series of biological events begin, designated as secondary injury. This

injury spans the course of minutes to weeks and leads to more neurological damage in the surrounding

tissue, resulting in additional loss [22, 24]. This phase is characterized by ionic imbalances, excitotoxicity,

dysfunction vascular and inflammatory events that lead to necrosis and apoptotic cell death [22, 24].

Hemorrhage, vasospasm, thrombosis, disruption of the blood-brain barrier and infiltration of

inflammatory cells are all examples of vascular disruptions that lead to a decrease of spinal cord blood

flow and result in edema, necrosis and ischemia [24, 31]. These events contribute to free radical

production and lipid peroxidation that cause further damage [20]. Depolarization of cell membranes,

ATPase failure, and a rise in intracellular Ca2+ occur when the ionic balance of K+, Na+, and Ca2+ is

disrupted [20, 29]. Moreover, after SCI, there is an increase in the release of extracellular amino acids,

specifically glutamate, which causes excessive activation of glutamate receptors, resulting in

excitotoxicity and additional neuronal cell death [33]. Apoptosis – a form of programmed cell death –

also occurs after SCI in neural and glial cell population, which may be caused by microglia activation

[20]. Microglia cells retract their processes and adopt an amoeboid shape, preparing for phagocytosis

and debris clearance [28].

Inflammation has been found to be beneficial after SCI for neural tissue repair, as it may lead to cellular

debris removal, extracellular matrix remodelling and axonal regeneration [20]. However, the timing and
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scale of immune response may be a significant factor in whether it is damaging or therapeutic [20].

Weeks to years after the injury, the patient is in a chronic phase, characterized by neurological

impairments in SC, as well as possible reorganization of brain regions [20]. This phase includes processes

such as white matter demyelination, gray matter disintegration, connective tissue deposition, which results

in the formation of glial scars [24, 28, 31]. The glial scar is a physical barrier formed mainly by reactive

astrocytes, microglia, macrophages and extracelullar matrix molecules, that prevent axons to grow through

[24]. Furthermore, in around 25% of SCI patients, the glial scar surrounds a cystic cavity that gradually

grows, resulting in a disease known as syringomyelia [20]. The lesion ceases to progress further and

deficits are stabilized within 1 to 2 years after the injury [22].

Figure 5. A summary of secondary injury events that occur after traumatic SCI, highlighting

significant pathophysiological processes that occur throughout the acute, subacute, and chronic

stages of injury (Adapted from Dorrian et al. [34]).

Because many neurons have long axons and small cell bodies, most injuries to the central or peripheral

nervous system ultimately mean axon damage. Axotomy is the removal of an axon by cutting or crushing,

and the implications are varied [6]. Axotomy separates the axon into two segments: a proximal segment

that remains linked to the cell body and a distal segment that has lost this critical attachment [6]. When

axons are transected, the distal segment degenerates, a process called Wallerian degeneration [35]. The

proximal segment and cell body alter, as do the synaptic inputs and targets of the damaged neuron.

Synaptic transmission is disrupted at damaged nerve terminals, and calcium levels within the axon rise.

Calcium activates proteases, resulting in cytoskeletal disintegration and degradation, as well as physical

axon degeneration [6]. Even though the proximal end of the axon is still linked to the cell body, it suffers

as well. In rare situations, the neuron itself dies of apoptosis [6].
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The distal segment of an axona in the central nervous system disintegrates and myelin fragments

after it is sectioned. Furthermore, reactive astrocytes and macrophages are drawn to the lesion site. A

glial scar is a complicated biological environment that limits axonal regrowth. Neuronal degeneration can

spread through a circuit in both anterograde and retrograde directions as a result of these transsynaptic

processes [6]. The scar, on the other hand, inhibits regeneration in two ways: works as a mechanical

barrier to axon regrowth and has growth-inhibiting proteins produced by cells within the scar [6].

The regeneration of cut axons is robust in the peripheral nervous system and in lower vertebrates’

central nervous systems, but very weak in mammals’ central nervous systems [6], usually resulting in

permanent functional deficits [25, 26, 31, 36].

Central neuronal tissue is a poor source of growth-promoting molecules, containing low levels of

trophic molecules. One explanation is because the environment experienced by severed core axons is both

deficient in growth-promoting chemicals and abundant in growth-inhibiting substances, some of which are

generated from myelin (e.g. NOGO) [6]. Therefore, supplementing the central environment with growth-

promoting molecules might improve regeneration.

Environmental factors cannot fully explain the inadequate regeneration of central axons. Central

neurons’ growth capacity declines with age, whereas mature peripheral neurons grow axons robustly in a

suitable environment. Variation in the expression of proteins known to be important for proper axon

elongation is one possible explanation for this disparity. The 43 kDa growth-associated protein, or

GAP-43, is one example. The amount remains high in mature peripheral neurons and grows even more

after axotomy, whereas it declines in central neurons as development progresses [6].

1.3.1 Incidence, prevalence and causes

Every year, around 1 million new SCI cases are reported worldwide [37], with a prevalence of 27.04

million cases worldwide [14, 24, 31]. Although the global prevalence is equivalent between genders, men

have a higher incidence than women between the ages of 20 and 40 [24].

There is no national database for SCI injuries in Portugal, therefore it is difficult to predict the true

nature of the prevalence of SCI. In 1988, Martins et al. [38] claims the annual incidence rate was estimated

at 57.8 per million inhabitants, with an annual survival rate of 25,4 per million inhabitants. However, this

study was done in Portugal’s central region and not representative of the country’s overall SCI population.

Furthermore, the major causes of injury were traffic accidents and falls, representing 57.3% and 37.4%,

respectively [24, 38].
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1.3.2 Classification of Neurological Injury

The current international standard method of classification is the American Spinal Injury Association

Impairment Scale (AIS). SCI can be complete or incomplete according to the extent of the damage to

the spinal cord [2, 25]. Complete SCI are characterized by a cease of all neural communications across

the transection site [26]. Meanwhile, incomplete SCI are formed by smaller or discontinuous lesions that

maintain sufficient neural tissue to guarantee neural communication [26].

Grade A patients have complete spinal cord injuries and hence no motor or sensory function (including

sacral roots) below the site of lesion. Grade B patients have sensory function but no motor function. If a

patient has a motor strength of less than 3/5 in more than half of the major muscle groups below lesion,

it is classified as Grade C. On the other hand, patients that have motor strength of 3/5 or more have a

Grade D. Grade E patients have complete motor and sensory function after SCI [25, 39, 40]. The most

common injury is currently incomplete tetraplegia (45%), followed by incomplete paraplegia (21.3%), total

paraplegia (20%), and complete tetraplegia (13.3%) [41].

1.3.3 Consequences of Spinal Cord Injury

The level of SCI is significant because sensory and/or motor dysfunction occurs below the level of

injury, with higher lesions affecting a broader portion of the body [2]. In addition to the loss of control

in the upper and lower limbs, SCI can lead to various problems, such as infections of the bladder and

kidneys, as well as bowel, heart, sexual and respiratory system disorders [42].

Lower cervical (C5 – C8) SCI can result in varying degrees of upper extremity function loss. SCI

from C1 to C4 frequently results in tetraplegia (paralysis of the four limbs). The C5 nerve root primarily

innervates the deltoid muscle, which is in charge of shoulder abduction as well as elbow flexion. As a

result, C5 complete SCI (ASIA A) is the most dependant on assistance with everyday life. The C6 nerve

root controls wrist extension and biceps flexion, the C7 nerve root controls elbow extension and wrist

flexion, and the C8 nerve root controls finger flexion. Individuals with incomplete SCI below C6 have

significantly greater independence, with patients able to move autonomously with (C6) or without (C7 or

C8) the use of a transfer board [2, 24].

Patients with paraplegia or tetraplegia do not pressure their spines or limbs due to movement

restrictions, resulting in mechanical unloading that disrupts bone homeostasis. In some patients, losing

weight causes increased bone resorption and inhibits bone formation. The resulting osteoporosis is

largely limited to the long bones that have been damaged, increasing the risk of fragility fractures.
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[2, 25]. On the other end, ulceration develops as a result of continuous pressure over a bony

prominence caused by immobility, poor nutrition, and changes in skin physiology [25]. The annual

incidence of pressure ulcers in SCI patients ranges from 20% to 31%, resulting in quadrupling annual

costs when compared with SCI patients without ulcers [25].

SCI in the cervical or upper thoracic regions can impair respiratory muscle function, resulting in

exercise intolerance or even severe respiratory failure necessitating mechanical ventilation [25]. Moreover,

because of the higher prevalence of coronary artery disease and hypertension following SCI, patients are

at an elevated risk of ischemic heart disease [25]. The sedentary nature of SCI patients aggravates this

condition.

SCI also interferes with both bladder storage and emptying. As a result of these disorders, many

patients require intermittent catheterisation or indwelling catheters, which raises the risk of urinary tract

infection [25].

Sexual dysfunction frequently results after SCI, in addition to urological difficulties [1]. Impotence

affects around 75% of males following SCI, with the severity of the damage dictating the kind of sexual

dysfunction [25]. If there is a lesion at the sacral roots level, the parasympathetic innervation will be

ceased and erections from tactile stimulation are impacted (reflexogenic erections) [25]. Psychogenic

erections are also affected when lesions affect sympathetic pathways originating from T10 – T12 [25].

Moreover, women with SCI have been reported to have a reduced capacity to experience orgasm following

SCI [25].

Finally, in many cases, SCI results in the development of pain syndromes, anxiety and depression

[20, 24].

1.4 Spinal Cord Injury Therapies

Neurons are the most important components of the spinal cord, and neuron loss is the primary cause

of poor functional recovery following SCI. The fundamental goal of SCI therapy is to reduce secondary

neuronal loss or regenerate neurons. To restore the lost function due to the injury, scientific innovations

have been put in place. Therapies can target a variety of issues, such as improving strength and range of

motion [2].

The discovery that the spinal cord possessed plastic characteristics led to the development of novel

rehabilitation treatments for SCI in humans [20]. Patients with incomplete SCI benefited significantly

from regular training on a moving treadmill [20]. Physical training is standard practice for incomplete SCI
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patients all around the world [24]. Current treatment techniques are restricted and mainly focused on

the use of anti-inflammatory drugs such as methylprednisolone, although recent trials have failed to show

compelling beneficial results [42].

Significant evidence from animal models show that spinal cord decompression promotes functional

recovery and reduces secondary injury following SCI [20]. However, there are currently no effective and

reliable clinical treatments available for SCI patients. The most common surgical procedures performed

by physicians are spinal cord stabilisation and decompression combined with a high dosage of

methylprednisolone therapy [20].

Animal research has made advances in recent decades toward preventing subsequent damage after

injury, repairing the axons of injured neurons in the spinal cord, and promoting the regeneration of severed

axons through and beyond the site of injury. In many cases, axon regeneration has been linked to recovery

of locomotor function. However, none of the regeneration procedures have progressed to the point where

they may be employed safely in patients with spinal cord injuries [6].

In recent years, the function of rehabilitation in SCI treatment has grown in importance. Appropriate

rehabilitation training aids in the amelioration of cardiorespiratory dysfunction and the prevention of muscle

atrophy following SCI, implying its value in improving residual functions and regaining lost functions [14].

Repetitive, weight-supported stepping on a treadmill is a particularly effective strategy for improving walking

in patients with partial spinal cord injury [6].

1.4.1 Cell Therapies

Cell transplantation into the spinal cord, such as olfatory ensheating glia cells, neural stem/progenitor

cells (NSPCs), mesenchymal stem cells (MSCs), and more recently, induced pluripotent stem cells (iPSCs),

is one method currently under development for regeneration of lost tissue following SCI [24, 31, 42, 43].

Controlling the differentiation of stem cells into neural cells with precision and efficacy is a precondition

for using stem cells in nerve tissue creation [43].

a) Mesenchymal Stem Cells

MSCs are immunogenic and immunomodulator multipotent cells, that do not form malignancies, and

have a pathotropic – moves towards site of lesion – function [20]. These cells are also simple to isolate and

expand from easily accessible sources of adult or post-natal tissues, such as bone marrow (BM-MSCs),

adipose tissue (ASCs), umbilical cord, and others [44]. Furthermore, they can be readily applied in
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autologous transplants and secrete neurotrophic factors, anti-inflammatory cytokines, extracelullar matrix

proteins, neuroprotective and neurodifferentiation agents that aids tissue repair [44].

Although the mechanism of action is not fully understood. Various studies point to secreted proteins

and vesicles – their secretome – as agents for cellular differentiation rather than differentiation into new

neural tissue [44]. The concept of secretome is subject to change, however it is recognized that, in addition

to soluble components, the secretome contains lipids and extracellular vesicles (EVs) containing essential

molecules [16, 44]. Growth factors that have been reported in BM-MSCs and ASC secretome include:

glial-derived neurotrophic factor (GDNF); vascular endothelial growth factor (VEGF); nerve growth factor

(NGF); brain-derived neurotrophic factor (BDNF); basic fibroblast growth factor (bFGF); hepatocyte growth

factor (HGF); insulin-like growth factors 1 and 2 (IGF-1 and IGF-2); transforming growth factor beta 1 (TGF-

β1) [16, 44]. The effects of these cytokies are presented in table 1.

Table 1. Main effects of MSC secretome composition [14, 16, 44–46].

Growth Factor Effect

VEGF Neurogenesis, Neuromaturation, Neuroprotection, Neuroregeneration,

Angiogenesis, Cell Survival and Immunomodulation

GDNF Neuroprotection

bFGF Cell survival, Cell growth, Immunomodulation, Cell Migration, Development, and

REgulating Apoptosis

NGF Axonal Growth, Vascularogenesis and Cell survival and Cell growth

HGF Axonal Growth, Vascularogenesis, Angiogenesis, Differentiation, Cell growth and

survival

BDNF Axonal Growth, Vascularogenesis, Synaptogenesis

IGF Cell survival, Cell growth and Angiogenic

Moreover, MSCs can release a number of soluble molecules with anti-inflammatory properties, such

as tumor necrosis factor (TNF)-β1, interleukin (IL)-13, IL-18 binding protein, ciliary neurotrophic factor

(CNTF), neurotrophin 3 factor (NT3), IL-10-, IL-12p70, IL-17E, and IL-27 [47]. Furthermore, MSCs can

suppress the release of pro-inflammatory cytokines such as interferon, TNF, and IL-10, resulting in a

regulated host cytokine output [46].

Extracellular vesicles play a crucial role in transporting materials from donor cells to recipient cells and

acting as intercellular communication mediators [16]. The EVs contain nucleic acids, bioactive lipips and
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proteins that are released to the extracellular space via membranal fusion [16, 44]. However, the genetic

and epigenetic memory of the cells, their pathogenic state, etc., as well as the source of the MSCs, donor-

related characteristics like age and health status, etc., determine the composition of the EVs [16]. EVs can

influence the activity of target cells by interacting directly with the cell membrane via antibody receptors

or releasing their biologic content on cell cytoplasm, ultimately promoting angiogenesis, neurite outgrowth

and regulation of inflammatory responses [44]. ASC secretome, for example, has previously been shown

to be a potent modulator of neuronal and glial cell survival and differentiation, as well as a promoter of

neurite formation and inducer of new vascularization [48]. Therefore, it is of interest to investigate the

effects of these secretome components on CNS cells survivability and differentiation. Additionally, it has

been shown that the secretome of MSCs affects axonal function by stimulating their growth via the action

of trophic factors such BDNF, HGF, and VEGF and by strengthening neuronal connections [16]. Studies

have demonstrated that injecting secretome into injured animals increases neuroprotection, attenuates

cavity development, and preserves the spinal tracts [16].

MSC-based therapies are not regarded as the norm at the clinic due to a number of barriers to their use.

First, the lack of regular practices for cell culture, ex vivo growth, cryopreservation, and differentiation alters

the characteristics of MSCs and, as a result, causes stemness attenuation and replicative senescence [16].

To make a noticeable difference in transplanting, a large number of cells are needed [16]. In addition

to having a low survival rate after this surgery, MSCs also seldom integrate into the damaged location,

as previously discovered by cell tracking research [16]. When choosing these cells for transplantation,

it is also important to take into account challenges in developing a proper therapeutic rationale, such as

choosing the best dosage type, frequency of administration, mode of infusion, and efficient delivery route

[16].

Given the aforementioned drawbacks, the use of MSCs as a whole has recently been put on hold, and

in their place, a direct application of their secreted trophic factors is being investigated as part of a rapidly

developing cell-free therapy approach. These factors may be the fundamental building blocks needed to

develop effective cellular strategies [16].

b) Neural Stem Cells

Neural Stem Cells (NSC) have self-renewing capabilities and are able to differentiate in to neurons

and glial cells in the nervous system (Figure 6) [31, 36, 42, 49]. Therefore they have the capacity to

renew the lost tissue at neuronal injury sites. NSCs can influence the inflammatory and immunological

microenvironments, polarizing macrophages to the anti-inflammatory M2 subtype [31]. They can also
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produce growth factors to promote axonal development in motor and sensory neurons [6, 31].

Neural stem cell therapy appears to be a promising option for regenerating damaged neurons,

assisting functional restoration via stem cell differentiation into neurons and glial cells, secreting

cytokines and growth factors, activating endogenous repair via immunomodulation, and inhibiting cell

apoptosis and fibrosis [50].

Stem cell

NeuronAstrocyte

Glial
progenitor

Neuronal
progenitor

Oligodendrocyte
precursor

Notch signal
inhibits 

Notch signal
promotes 

Oligodendrocyte

Notch signal
inhibits

Figure 6. Neural Stem Cell Differentiation (Adapted from Kandel et al. [6]).

NSCs can be sourced from differentiation of pluripotent stem cells – such as iPSCs – and

transdifferentiation from somatic cells [24, 31, 36].

NSCs can be isolated and grown into single-cell suspensions, which eventually form normal
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neurospheres [24]. These non-adherent neurospheres are particularly intriguing due to their potential to

self-renew and to produce a favorable extracellular-matrix that aids in stemness maintenance [24].

Furthermore, neuspheres can be subcultured and grown to increase the available cell pool [24]. Adult

NSCs, on the other hand, have the disadvantage of not being able to be used as an autologous cell

source [24].

The spinal cord contains a niche of NSCs which do not demonstrate multipotency or undergo neural

differentiation in vivo [20, 51]. Spinal cord derived-NSCs, on the other hand, are capable of generating

neurons when extracted and injected into the brain. This led to the theory that the spinal cord

microenvironment inhibits the stemness capability of these cells [51].

c) Induced Pluripotent Stem Cells

One of the most significant breakthroughs in regenerative medicine and biological research was the

finding of iPSCs [24]. The idea of converting adult somatic cells, such as blood cells or skin fibroblasts,

into NSCs via iPSCs sparked a flurry of research in the subject [24]. iPSCs-derived-cells have an

advantage in being adult-derived and can be transplanted autologously, avoiding both ethical problems

and immunological rejection [31, 36]. Skin fibroblasts are the most common source of human iPSCs. A

skin biopsy, however, may not be the best source due to the risk of infection and scarring. As a result,

different less invasive somatic cell sources, such as peripheral blood, have been investigated because of

the minimal procedures necessary to collect it [24]. iPSCs are regarded as substitute embryonic stem

cells (ESCs) with infinite proliferation in culture since they have the same potential for differentiation as

ESCs (both spontaneously and in response to particular signals). From the three layers of embryonic

germ cells, they can develop into all known cell types (ectoderm, mesoderm, and endoderm) [16].

After transplanting iPSC-derived NSCs into SCI animal models, promising results were seen in terms of

cell survival, tissue preservation, and neural development of cells [24]. Furthermore, functional recovery

was found in the spinal cord via axon remyelination and activation of supporting neurotrophic factors

[24]. Preliminary animal investigations, however, indicate that tumor growth is a severe issue caused

by undifferentiated iPSCs [31]. Furthermore, these are very expensive, and more research is needed to

understand their truly therapeutic potential and safety after SCI [31].

NSCs can also be created from somatic cells using iPSC-derived NSCs and iNSCs. Somatic cell

candidates include astrocytes, fibroblasts, and human umbilical cord blood cells. Somatic reprogramming

can be triggered by specific transcription factors and/or pharmacological compounds. Finally, iNSCs are

obtained by direct reprogramming, bypassing the iPSC stage. When compared to iPSC-derived NSCs,
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iNSCs have the distinct advantages of less expensive preparation techniques and lower tumorigenic risk,

making them attractive candidates for NSC-based therapy [31].

1.4.2 Pharmacological and Molecular Therapies

The purpose of molecular therapeutic intervention is to promote axonal regeneration and sprouting,

protect neurons from cell death, and improve nerve fiber transmission [52]. There are numerous

chemicals that can be employed to either mitigate the harm caused by secondary injury or to encourage

regeneration and restore lost connections and functions in the spinal cord following injury [52]. Some

molecular compounds that have been used after SCI will be discussed in this chapter.

a) Anti-inflammatory Molecules

Methylprednisolone is a synthetic glucocorticoid agonist that is useful in the early stages of acute SCI

due to its anti-inflammatory and neuroprotective properties, primarily in the prevention of lipid peroxidation

[14, 53]. However, these clinical trials demonstrated only minimal functional improvement, which was

linked with significant immunodepression and recurring infections, discouraging its usage [53].

Minocycline is a clinically accessible anti-inflammatory drug that works by inhibiting neuroinflammation

and neurodegeneration via retinoic acid signaling [52]. It has been found in preclinical studies to limit

subsequent growth of the lesioned region, hence lowering autonomic dysreflexia [52]. Minocycline can

improve the local inhibitory microenvironment after SCI, mostly by slowing cell death and lowering levels

of free radicals, inflammatory cytokines, and MMPs [28, 54, 55]. SCI is frequently associated with the

activation of numerous cell death signals, which results in the death of neurons and oligodendrocytes.

Minocycline therapy not only opposes the inflammatory environment by raising interleukin-10 expression

and decreasing tumor necrosis factor-alpha expression, but it also prevents further apoptosis development

following injury by drastically decreasing caspase-3 activity [14].

b) Voltage-Gated Cation Channels Antagonists

Riluzole is an FDA-approved sodium channel blocker used to slow the course of amyotrophic lateral

sclerosis. The negative consequences following SCI eventually lead to an increase in cell mortality due

to the progression of cell edema, glutamine excitotoxicity, and acidosis [14]. In animal models, riluzole-

induced voltage-gated sodium channel blockage lowers both glutamate release and excitotoxicity following

SCI [28, 52, 56]. Nonetheless, in the high-dose administration experiment, some unanticipated adverse
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effects, including as locomotor ataxia and lethargy, occurred [57].

Diazoxide is a potassium channel activator that is often used to treat hyperinsulinemic hypoglycemia

[58]. Yamanaka et al. [59] demonstrated that Diazoxide injection resulted in considerable activation of

STAT3, which resulted in retained neuronal viability, motor function, and protection against the intrinsic

apoptotic pathway, hence attenuating spinal cord ischemia-reperfusion injury.

c) Growth and Neurotrophic Factors

Growth factors and neurotrophic factors are neuronal cell secreted biomolecules that promote

neuronal cell development, differentiation, and survival, neurite outgrowth, synaptic plasticity, and

neurotransmission by influencing the topography of axonal projections during development and

regeneration. Most neurotrophic factors belong to one of the three families: (A) neurotrophins (NGF,

BDNF, NT3, and NT4), (B) glial cell-line derived neurotrophic factor family ligands (GDNF, Neurturin,

Artemin, Persephin), and (C) neuropoietic cytokines (CNTF, leukemia inhibitory factor (LIF), IL6, and

others) [14, 52].

1.4.3 Electrical Stimulation

Endogenous electrical stimulation occurs in vivo. Impermeable membranes separate ions and other

charged biomolecules from the extracellular and intracellular regions. Ions can move within the cell and

be selectively transported by ion channels located in the membrane. The asymmetric distribution of ion

channels at the apical and basal membranes results in a unique pattern of ions and biomolecules, as well

as separate charge domains. This causes an electrical potential differential between the cell membrane

and the extracellular space, known as a membrane potential (Vmem) [51]. This endogenous electrical

stimulation has been found to induce tissue regeneration, recruit NSC to the injury site and improve healing

[49]. It is also possible to apply an exogenous electrical stimulation (ES) that allows for artificial stimulation

of action potentials by inducing electrical charge to the cell and manipulate ion channels [49, 51].

While glial cells are not classically excitable by electrical stimulation (they do not generate action

potentials), they are extremely sensitive to both the direct effects of electrical stimulation on nervous

tissue and the indirect effects on nearby neurons affected by stimulation [60]. Although microglia do

not conduct action potentials like neurons, their activities are influenced by membrane potentials and ion

channels [61, 62]. Similarly, astrocytes have ion channels that control the flow of ions (e.g., K+, Na+, Ca2+)

between the cytosolic and extracellular areas [63, 64]. Transient elevations in calcium ion concentrations

in astrocytes, for example, have been shown to influence processes such as plasticity and neurotransmitter
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and gliotransmitter release at the synapse [65, 65]. Ishibashi et al. [66] found that astrocytes promoted

myelination in response to biphasic electrical impulses.

There are three types of ES delivery methods in vitro: direct coupling, capacitive coupling, and

employing an electromagnetic field (Figure 7) [67].

Figure 7. (a) Direct Coupling; (b) Capacitive Coupling; (c) Inductive (Adapted from Chen et al.

[67]).

To provide ES, electrodes are inserted directly into the growth media and linked to the scaffold by

direct connection [67]. This approach is the most common for its simple application. Some drawbacks

must be addressed such as: insufficient biocompatibility of the electrodes, temperature increase of the

medium when in contact with the electrodes; pH changes; creation of hazardous byproducts [67].

On the other hand, capacitive coupling is considered more safe as it the device does not come in

contact with the cells. Two electrodes are placed on opposite ends to apply a uniform electric field to

cells seeded on the scaffold. Additionally, this system does not need a conductive scaffold to provide the

uniform ES [67].

Finally the inductive coupling allows for the use of a controllable electromagnetic field generated by

a conductive coil placed around the cell culture [67]. This device is called pulsed electromagnetic field

stimulation (PEMF).

a) Generating ES Signals

An electrical stimulation signal can be varied depending on the waveform and intensity by altering its

parameters, according to the application [51]. The intensity of the electrical impulses is controlled by three

parameters: the duration, amplitude and frequency of the pulse (Figure 8) [2, 25]. The pulse duration

or pulse width is the amount of time the stimulation is present. The pulse amplitude is the magnitude of

the stimulation and determines which type of nerve fibers respond to the stimulation [2, 25]. The rate at

which stimulation pulses are given is defined as pulse frequency (1/Frequency).
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Figure 8. Electrical stimulation parameters: pulse duration, pulse amplitude, and pulse frequency.

Electrostimulation pulses can be monophasic, also known as direct current, or biphasic, also known

as alternating current. Monophasic pulses are unidirectional, whereas biphasic pulses are bidirectional

having a positive and negative phase [25]. ES can produce monophasic and biphasic waveforms with

pulse, sinusoidal, square, triangle, and sawtooth patterns (Figure 9) [67]. EFs can be further divided

according to the direction of current with time, these can be categorized as direct current electrical fields

(DCEFs) where magnitude and direction do not change with time, alternating current electrical fields

(ACEFs) where magnitude and direction change periodically with time, pulse current electrical fields

(PCEFs) where the current is unidirectional or bidirectional for a short duration, and biphasic electrical

currents (BECs) where the current is bidirectional.

This process is non chemical and allows for change of parameters to vary according to stem cell and

has been used in vivo and in vitro [49].

The ES affects the physiology of the cell surface such as enzyme activity, membrane protein functions,

membrane receptor complex and ion-transporting channels by changing charge distribution [49]. ES can

be divided in two categories: Electrical Fiels (EF) and Electromagnetic Fields (EMFs).

Neuromodulation methods have since changed their focus to attaining functional recovery following

SCI. Post-SCI, epidural electrical stimulation (EES), peripheral nerve stimulation (PNS), and functional

electrical stimulation (FES), among other forms of stimulation, have been used with encouraging outcomes

[34].
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Figure 9. Examples of electrical stimulation waveforms.

b) Epidural Electrical Stimulation

The use of epidural electrical stimulation (EES) on SCI has been present for over half a century [25].

In the 1960s, one of the earliest applications of electrical stimulation was to stimulate the peroneal nerve

to activate muscle action and correct foot drop in patients of stroke-related hemiplegia [25].

Due to damaged pathways, complete SCI prevents any signal from descending below the level of the

lesion [25]. Some pathways are intact even in complete SCI injuries, albeit these circuits are frequently

insufficient to produce an adequate level of excitability to excite motor neurons caudal to the lesion [25].

Electrical stimulation is thought to act by causing neuroplastic changes at synapses in the spinal cord

[25].

Several trials utilizing epidural electrical stimulation (EES) have recently demonstrated promising

outcomes in facilitating mobility and carrying weight following severe SCI [68–72]. Nonetheless, the

neurophysiological processes behind EES are mainly unclear [34, 72]. The neuromodulatory potential of

ES to drive motor output originates from its ability to bring spinal neural networks closer to excitation

threshold levels, allowing residual descending supraspinal input and afferent feedback to enable

intentional movements [73]. Even in patients who have ”clinically complete” injuries, evidence of

remaining supraspinal connections below the injury site is detected post-SCI [34].

EES is administrated over the spinal cord through an implanted paddle electrode array. To stimulate

mobility, stimulation is typically given across the lumbosacral spinal cord. However, cervical EES may also

be employed depending on the intended goal [74]. A paddle electrode array is surgically placed across
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the spinal cord by a laminectomy to deliver EES, with electrode location validated using x-ray, fluoroscopy,

and electrophysiology [75].

Harkema et al. [70] found that EES and intense rehabilitation allowed full weight-bearing locomotion

on a patient with chronic, motor-complete and sensory incomplete SCI (AIS B). There is evidence that

electrical stimulation of the cord can increase expression of BDNF/ TrkB in spinal motor neurons [74].

Electrical stimulation of the nervous system can cause intracellular calcium influx, resulting in an increase

in BDNF expression in the spinal cord that is ERK-dependent. As a result, EES might possibly promote

neuroplasticity via comparable biological mechanisms [76].

Baba et al. [77] discovered that epidural electrical stimulation of the rat brain has neuroprotective

effects after ischemic stroke. Neurotrophic factors (glial cell line-derived neurotrophic factor,

brain-derived neurotrophic factor, vascular endothelial growth factor) were shown to be upregulated.

Electrical stimulation also increased angiogenesis while suppressing the growth of microglia and

astrocytes.

EES has certain limitations, despite the anticipated improvements in motor and autonomic functioning.

Notably, electrode implementation necessitates an intrusive surgical procedure that, while normally absent

of consequences, can harm spinal stability and increase the risk of infection [78]. EES requires a surgical

implant to be placed on the dorsal surface of the spinal cord, making it more invasive than transcranial

direct current stimulation (tDCS), but it lacks the target specificity provided by penetrating electrodes used

in procedures such as deep brain stimulation (DBS) and intraspinal microstimulation (ISMS) [60].

An invasive implant triggers a foreign body reaction mediated by microglia and astrocytes. This might

potentially worsen any tissue reaction to the device where gliosis will ensue and a scar will form that

encapsulates the implant.[60]. The magnitude of this reaction is partially determined by the stiffness of

the material with stiffer materials such as metals, mechanical mismatch between the implants and tissue

is exacerbated by micromotion-induced stresses [79]. The materials are typically inert, meaning they do

not leak harmful particles into the surrounding tissue on their own [60]. The material used to manufacture

the implant, as well as the characteristics of the paradigm itself, determine whether electrical stimulation

results in electrochemical reactions at the interface that produce hazardous chemicals [79, 80].

Stimulation settings are frequently patient-specific, and adjusting activation patterns takes time and

may cause rehabilitation to be delayed [74]. According to studies in animal models and people, the most

efficient EES stimulation frequencies for permitting standing are 5-20 Hz, whereas frequencies in the range

of 25-60 Hz are better for locomotion [34, 74]. Finally, participants in EES research frequently undergo

intensive physical rehabilitation that far beyond what is routinely offered post-SCI [78]. Rowald et al. [81]
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did a study with EES and participants received 1 to 3 hours of personalized rehabilitation for 4 to 5 days

each week over 5 months, accumulating 80 to 300 hours. In contrast, the average rehabilitation received

by individuals is an average of 55.3 hours during inpatient programs [34].

1.4.4 Tissue Engineering

Tissue Engineering (TE) is a field that aims to combine cells and molecules into functional structures

that have the potential to repair, replicate or replace an injured or diseased tissue [14, 67]. It involves the

knowledge from material science, engineering, physics, chemistry, biology and medicine. As a result, TE

usually combines cells, bioactive molecules and biomaterials [20]. The primary function of biomaterials

in TE is to encapsulate and support living cells. For this very reason, many of the biomaterials used are

sourced or resemble the extracellular matrix [82].

Cell–cell and cell–extracellular matrix interactions within a native tissue generate a communication

network via biochemical and biophysical cues, which is critical in maintaining tissue specificity and

homeostasis. These interactions allow for proliferation, migration and apoptosis [83]. TE seeks to

replicate the shape and function of tissues or organs by using designed scaffolds that improve

cell–biomaterial interaction and mimic the original environment [67].

In order to ensure the success of the therapy, scaffolds need to possess a number of properties. The

biomaterials chosen should: be biocompatible, as not to elicit an immune response post implantation;

have mechanical properties that resemble the tissue to be replaces, which includes a large surface

area, high porosity, interconnected geometry and mechanical strength; be biodegradable, as to degrade

over time after implantation as new tissue is regenerated; surface properties that improve the chemical

and topographical signals that modulate cell organization and behaviours [20, 67, 82, 83].

The mechanical properties of the native spinal cord must be considered when designing and fabricating

scaffolds for SCI: favorable surface chemistry, sufficient pore size, porosity, and surface area for cell

loading and cell surface interaction, as well as axon regrowth, nutrient transport, and a biodegradation

profile that produces adequate residence time [84]. Hydrogels, due to their physical qualities, may be the

best biomaterial for repairing soft tissues such as nerve tissue [85].

In neural tissue engineering, natural polymers can be modified to have different roles, such as matrix

formers, gelling agents and drug release modifiers [86]. Furthermore, the use of these biomaterials of

natural origin are beneficial for their biocompatibility, biodegradation and modifiable chemically properties

[86]. A successful scaffold structure has shown to improve neurite growth, inhibition of formation of scar

tissue, provide guidance for axonal growth, promote regeneration and stimulate the integration of existing
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healthy tissue [86].

Lu et al. [87] treated SCI with NSCs and discovered that NSCs alone did not fill the transection site.

As a result, they employed fibrin matrices containing a mixture of growth factors and NSCs. The graft’s

axons extended into the host tissue, and the host’s axons likewise extended into the graft. Based on these

findings, fibrin matrices loaded with NSCs and a combination of growth factors may be able to change the

unbalanced microenvironment to promote regeneration.

Polysaccharides are a group of biomaterials with a significant potential to be utilized in TE for being

processable and biocompatible [82].

a) Gellan-Gum

Gellan gum (GG) is a polysaccharide produced as a fermentation product of Pseudomonas elodea

as a major constituent of their extracelullar matrix [82, 88]. GG is a linear, anionic and high molecular

weight polysaccharide composed of repeating tetrasaccharide unit consisting of two glucose residues, one

glucuronic acid and one rahmnose residue (Figure 10) [42, 89]. Due to its chemical composition multiple

hydroxyl groups are available for chemical modification [42]. GG exists in the acetylated (native) form and

in the deacetylated form. Both these forms are capable of forming a gel after transition from a coiled

form to a double helix structure when cooled [88]. The mechanical properties and gelation of the GG can

be modulated according to the degree of deacetylation [88, 89]. The junction zones of GG networks are

strongly stabilised by divalent cations, such as Ca+2 and Mg+2 in a process known as ionic crosslinking

[82, 88].

Characteristics such as noncytotoxicity, heat and acid resistance, biodegradability make for a desirable

material in the use of neural tissue engineering. However some limitations have been shown on these

hydrogels, such as insufficient mechanical proprieties, high gelling temperature and the absence of specific

anchorage sites for cells [88]. To overcome these issues, chemical modifications allow for a tuning of

physicochemical and biological properties.

To better mimic the extracellular matrix, Silva et al. [42] modified GG with a fibronectin-derived peptide

sequence GRGDS via Diels-Alder click chemistry. GRGDS has been found to improve cell–biomaterial

interactions, promote cell survival, and impact cell morphology [42]. The GG–GRGDS demonstrated a

profound positive effect on NSPCs morphology and proliferation, however the differentiation profile was

unchanged. Silva et al. [91] reported GG-GRGDS to be biocompatible and nontoxic after injection in a

hemisection SCI rat model. Subsquent works demonstrated that GG-GRGDS implantation in lumbar or

cervical injuries of the spinal cord lead to locomotor and respiratory recovery [92, 93].
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Figure 10. Structure of native (A) and deacetylated form (B) (Adapted from Osmałek et al. [90]).

The gellan gum hydrogel is also appealing because it may be injected to form a gel in situ in a minimally

invasive process by filling the lesion cavity [28, 42].

Having into account the complexity of the pathophysiology and the different therapeutic approaches

mentioned above, the main aim of this thesis is to test different therapeutic combinations for SCI repair.
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2 Objectives

The main objective is to develop a multidisciplinary approach that targets the major aspects of the

pathology around the SCI. Not only promoting neuroregeneration and foster neuroplasticity of the injured

tissue but also the development of an artificial extracellular matrix to support cell growth and survival. A

diagram with the proposed therapies can be seen on Figure 11. To achieve this therapy, the specific aims

of this thesis are:

Objective 1: Study how Electric Stimulation can modulate the 2D hNSCs differentiation in vitro;

Objective 2: Study how Electric Stimulation can modulate the secretome of ASCs in vitro;

Objective 3: Study the effect of Electrically Stimulated ASCs secretome on glial cells.

Objective 4: Study the effect of Electrical Stimulation in the growth and morphology of ASCs

encapsulated in the Gellan Gum hydrogel;

Figure 11. Diagram of proposed therapy. Autologous NSCs and ASCs are expanded. Two therapies

are proposed: Therapy A) Encapsulating NSCs with secretome from ASCS in GG-GRGDS; Therapy B)

Encapsulate NSCs and ASCs in GG-GRGDS. Then, the biomaterial is transplanted in situ in the glial scar.

Finally, EES is applied to allow for a greater cell survival and differentiation. (Made with Biorender)
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3 Materials and Methods

In this chapter, all the procedures and materials used are described. From the isolation and culture

of the cells to differentiation, electrical stimulation, immunocytochemistry and finishing with imaging and

statistical analysis.

3.1 Cell Isolation and Expansion

3.1.1 Human Neural Progenitor Stem Cells

hNPCs were kindle provided by Dr Leo A. Behie. Human Neural Stem Cells (hNSCs) were isolated from

the telencephalon region of a 10-week postconception (gestational age) fetus (Dalhousie University, Halifax,

Nova Scotia, Canada [94]) using the protocols developed at the Queen Elizabeth II Health Sciences Centre

under strict ethical guidelines; Ethical consent was approved by the Conjoint Health Research Ethics Board

(CHREB), University of Calgary (ID: E-18786). These cells were thawed at 37º and transferred into a T-25

cm2 cell culture flask. Two days later, the cell sample was mechanically dissociated, in a consistent rhythm

approximately 40 – 50 times, until single–cell suspension was achieved. This suspension was centrifuged

at 200 x g for 10 minutes. The supernatant was discarded. Trypan Blue and a Neubauer chamber were

used to count the cells. Then, the cells were seeded at a density of 1 x 104 viable cells/cm2. The culture

was incubated at 37ºC and 5% of CO2 in a humidified incubator.

Complete NeuroCult™ Proliferation Media was prepared according to the STEMCELL Technologies™

protocol [95]. The prepared medium was then supplemented with the following cytokines: Human

Recombinant EGF (Sigma Aldrich) 1:1000 (V/V%), Human Recombinant bFGF (Sigma Aldrich) 1:2000

(V/V%) and Heparin Solution (Sigma Aldrich) 1:1000 (V/V%).

The morphology of neurospheres and medium color changes were monitored daily. The medium was

replenished every 2 days, with 1 mL of fresh Complete NeuroCult™ Proliferation Media with supplements,

until the cells were ready for subculture.

3.1.2 Adipose Stem Cells

ASCs were purchase from Obatala Sciences (New Orleans, LA, USA), thawed at fifth passage (P5).

Each condition was seeded in cell culture flasks with a density of 4.0 x 103 cells per cm2 and expanded

in αMEM medium (Minimum Essential Medium α) (α αMEM, GIBCO, USA) supplemented with 10% of

Fetal Bovine Serum–FBS (FBS,Invitrogen, USA), 1% Penicillin-Streptomycin (P/S, Invitrogen USA). Every 3
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days the medium was changed and cells were passed by dissociation with 0.05% trypsin-EDTA (Invitrogen,

USA) once 80 – 90% of cells were confluent. The cells were maintained in a 37º humid atmosphere with

5% CO2.

a) hASCs Secretome Collection

hASCs were plated at a density of 12 x 103 cells per cm2. After 72h, the medium was removed, cells

were washed 4 times with phosphate-buffered saline (PBS) without Ca2+ and Mg2+. For the electrically

stimulated group, hASCs were electrically stimulated for 30 minutes in Neurobasal-A (NbA, Thermo Fisher

Scientific, USA). After stimulation, the medium was replaced and the cells conditioned with 0.74 mL of new

Neurobasal-A with 1% Kanamycin (Invitrogen USA), for 24h. Following this conditioning period, medium

containing the factors secreted by hASCs – conditioned medium or secretome – was collected and stored

at – 80ºC to preserve its biological features.

3.1.3 Isolation of Cortex Cells

A mixed population of glial cell (Microglia and Astrocyte) was obtained from newborn Wistar pups

(P5 – P7). The pup’s brains were dissected in Hanks’ Balanced Salt Solution (HBSS). The meninges

were removed and the cortex collected. After mechanical dissociation with the use of scapels, DNAse (30

U/mL) and trypsin-EDTA (Invitrogen, USA) were added and incubated for 15 min at 37ºC. This allows for

improved cell separation from surrounding tissue. The enzymatic digestion was stopped by adding 40%

of FCS into the cell suspension that is further centrifuged at 800rpm for 2min to obtain the glial cells.

In case of tissue debris being present, a second centrifugation is done to remove it. The cells were then

suspended in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS and 1% P/S. Cell

counting was performed in a dilution of 1:1 of cells and Trypan Blue (Sigma, USA) in a light microscope

(Olympus IX51, USA) using a Neubauer chamber (Marienfeld, Germany). Isolated cells were then platted

on poly-D-lysine-coated coverslips at a density of 4 x 104 cells/cm2 and allowed to grow for 7 days in a

humidified incubator with 5% CO2 at 37ºC. The medium was replaced every 2 days.
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3.2 Electrical Stimulator

The stimulation of the cells was done using an in vitro stimulator, developed by INL (Iberian

Nanotechnology Laboratory, Portugal) and ICVS (Life and Health Sciences Research Institute, Portugal).

A visual schematic of the stimulation can be seen on Figure 12. An electrical field is generated at the

bottom of the well plate with field strengths of 10 to 150 V/m with pulse length of 0.5 to 10 ms and

frequencies of 2 to 600 Hz. Several defined parameters can be used for stimulation, however the one

selected was 25 V/m, 125 ms pulse, 4 Hz.

Figure 12. Setup for delivering electrical stimulation to the cells. (Made with Biorender)

The electrodes are composed of Titanium (Ti) stripes coated with Platinum (Pt) for electrochemically

stability and biocompatible electrode surface. Noble metals (platinum, gold, iridium, and corresponding

oxides/alloys) have emerged as preferred electrode materials due to their corrosion resistance [96, 97].

Prior to usage of this stimulator in a flux chamber the device is left on UV lights for 1 hour to reduce the

likelihood of contamination.

3.2.1 Electrical Field Strength Measurements

In order to ensure the exact electrical field being applied at the bottom of the well where the cells are

located (Figures 13a and 13b). A Multicomp Pro™ MP720776 Oscilloscope was used for the measurement

of the electrical field with the use of a wire, as shown on Figure 13c.

Volumes of 1mL and 2mL were used to find potential differences in the field being applied to the cells.

NeuroBasal-A was used for the electrical stimulation.
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(a)

(b)

(c)

Figure 13. a) Orthogonal view of the diagram of the electrical circuit used; b) Front view of the

diagram of the electrical circuit used; c) Setup used to measure the strength of the electrical field;

(Schematic figures were created with Biorender).

3.3 Temperature Measurements

Due to the potential of increased temperature caused by the electrical stimulation, temperature was

measured for the time points used in the assays (10 and 30 minutes), before and after each stimulation.

This was done using two different media, PBS and Neurobasal-A. The measurements were done using

IKA™ Hot Plate Stirrer, 310°C, Aluminum Alloy with the aid of an included PT 1000 temperature sensor
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(PT 1000.60).

3.4 hNSC Differentiation with ES Exposure

Neurospheres were mechanically dissociated and transferred to differentiation medium consisting of

Neurobasal A (Thermo Fisher), 2% B-27 (Thermo Fisher), 1% Glutamax (Thermo Fisher), 1% Kanamycin

(Kan, Thermo Fisher Scientific) and 0,05% bFGF (Sigma Aldrich). Then, these were seeded in a 12 well

culture plate treated with poli-D-lysin (Sigma Aldrich) and laminin (Sigma Aldrich), with a cell density of

60.000 cells per well. The cells were maintained in a 37º humid atmosphere with 5% CO2 in this condition

for 24 hours.

In order to have a correlation between the electrical stimulation and differentiation of hNSCs, an

experiment containing 4 groups was done. Two groups were maintained in the differentiation media,

which only one of these groups was electrically stimulated. The remaining two groups were cultivated in a

negative control media (without differentiation factors), which only one group was stimulated. The negative

control contains 98% Neurobasal-A (Thermo Fisher), 1% Glutamax (Thermo Fisher) and 1% Kanamycin

(Kan, Thermo Fisher Scientific). The setting 1 was used for the electrical stimulation of NSCs for 10

minutes, every 24 hours, for two days. After 24 hours passed since the last stimulation, the cells were

fixed for immunocytochemistry.

Figure 14. Diagram of E.S. assay on NPCs. (Made with Biorender)

3.5 hNSC Differentiation with MSC Secretome

To assess the impact of electrical stimulation on ASC secretome, hNSCs were incubated with

secretome from hASCs during 24h. hASCs secretome was obtained following the protocol mentioned at
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”hASCs Secretome Collection”. Afterwards three groups were defined: NSCs cultured in stimulated

secretome; NSCs cultured in control secretome (no electrical stimulation); and NSCs cultured in negative

control containing 98% Neurobasal-A (Thermo Fisher), 1% Glutamax (Thermo Fisher) and 1%

Penicillin-Streptomycin (Invitrogen USA).

Figure 15. Diagram of E.S. assay on MSCs. (Made with Biorender)

3.6 Secretome from Electrically Stimulated ASCs on Mixed

Glial Cell Population

Mixed glial cell cultures were incubated with hASCs secretome for 24h. hASCs secretome was

obtained following the protocol mentioned on section a). Three experimental groups were defined: Glial

cells cultured in control secretome (no electrical stimulation); Glial cells cultured in stimulated secretome

(from electrically stimulated hASCs); and cultured in control medium Neurobasal-A and 1% Kanamycin.

3.7 Gellan Gum Formulation

Gellan gum (GG, Sigma, USA) was modified with the fibronectin-derived peptide (GRGDS) as described

by Silva et al. [42]. The following protocol was used to prepared GG-GRGDS hydrogel for in vitro 3D cultures:

1. Gellan Gum-GRGDS lyophilized powder was weighed in order to prepare a solution at 1.25 % w/v

in MiliQ Ultrapure Water.

2. Before adding the appropriate volume of water, the gel was sterilized by exposure to UV lights for

20 – 30 min.

3. After the addition of water, the gel preparation was heated in a water bath at 38 °C with constant

agitation until an homogenous solution was obtained.
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Figure 16. Diagram of secretome from electrically stimulated ASCs on Mixed Glial Cell Population

assay. (Made with Biorender)

3.8 Encapsulation and Electrical Stimulation of hASCs in GG-

GRGDS

Cultures of hASCs were done in GG-GRGDS hydrogel to find potential morphological changes in the

cells while in a 3D environment. hASCs were obtained with the protocol used in section 3.1.2 and the

hydrogel with the protocol in section 3.7. A total of 60 x 103 of ASCs per 100 µL of GG-GRGDS was

placed on each well of a 12 well cell plate. After 72h ASCs were electrically stimulated for 30 minutes in

Neurobasal-A and afterwards conditioned in Neurobasal-A with 1% Kanamycin. After 24h secretome was

collected. Afterwards, phalloidin and DAPI protocol on section 3.10 was performed and sampled were

analysed by an Olympus FV1200 confocal microscopy.
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Figure 17. Diagram of hASCs encapsulated in GG-GRGDS assay. (Made with Biorender)

3.9 Immunocytochemistry

The cells were fixed with a solution of 4% PFA for 30 minutes, at room temperature (RT). After washing

with PBS, the cell membranes were permeabilized with 0,5% Triton-X (Sigma) for 5 minutes at RT. Non-

specific binding sites were blocked with 10% Fetal Calf Serum (FCS) in PBS for 1 hour at RT. Primary

antibodies were diluted with 10% FCS in PBS and incubated for 1 hour at room temperature. Washes with

0,5% FCS in PBS were done to remove excess antibodies. Afterwards, the secondary antibodies, diluted

in 10% FCS in PBS, were added for 1 hour at RT. Another wash with 0,5% FCS in PBS was done. Cell

nucluei were counterstained with 4-6-diamidino2-phenylindole-dihydrochloride (DAPI) for 5 minutes at RT.

Utilizing an Olympus BX61 fluorescence microscope 5 images were obtained per sample.

3.9.1 hNSC Differentiation with MSC Secretome

The immunocytochemistry was done to assess the differentiation of NPSC into Neurons in assay

described on section 3.5. For this purpose MAP-2 (Mature Neuronal Marker, Sigmam Aldrich, mouse,

1:500) and DCX (Immature Neuronal Marker, Abcam, rabbit, 1:300) antibodies were used to identify

neurons, respectively.

Corresponding secondary antibodies Alexa Fluor 488 anti-mouse or Alexa Fluor 594 anti-rabbit

(1:1000, Invitrogen) were utilized.

3.9.2 hNSC Differentiation with ES Exposure

Likewise, for assay described on section 3.4, MAP-2 (Sigma Aldrich, mouse, 1:500) and GAP-43

(Axonal Regeneration Marker, Abcam, rabbit, 1:500) antibodies were used to identify neurons and axonal
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regeneration, respectively.

Corresponding secondary antibodies Alexa Fluor 488 anti-mouse or Alexa Fluor 594 anti-rabbit

(1:1000, Invitrogen) were utilized.

3.9.3 Secretome from Electrically Stimulated ASCs on Mixed Glial Cell

Population

On section ”Secretome from Electrically Stimulated ASCs on Mixed Glial Cell Population”, IBA-1

(FUJIFILM Wako Pure Chemical Corporation, rabbit, 1:1000) and O4 (Sigma-Aldrich, mouse, 1:1000)

antibodies were used to mark microglia and oligodendrocytes, respectively.

Corresponding secondary antibodies Alexa Fluor 488 anti-mouse or Alexa Fluor 594 anti-rabbit

(1:1000, Invitrogen) were utilized.

3.10 Phalloidin/DAPI staining

ASCs were fixed in 4% PFA for 20 minutes at room temperature. The cells’ membranes were then

permeabilized with 0.3% Triton X-100 before being rinsed three times with PBS (1x). Following the washes,

the cells were treated with a 10% FCS in PBS (1x) solution containing Phalloidin (1:500, Sigma) and DAPI

(1:1000, Invitrogen) for 30 minutes at RT. Phalloidin and DAPI staining was done for 45 minutes.

3.11 Imaging Analysis with ImageJ Software

Imaging analysis was performed with Image J (NIH). A Cell Counter (Kurt De Vos,University of Sheffield,

Academic Neurology) plugin was used to count the number of cells marked with the used antibodies, as

well as to perform morphological analysis such as circularity, cell area and neurite length.

3.12 Statistical Analysis

The statistical analysis was carried out using GraphPad Prism version 9 (GraphPad Software, USA).

Before applying any test, normal distribution was evaluated with D’Agostino & Pearson test,

Anderson-Darling test, Shapiro-Wilk test and Kolmogorov-Smirnov test for normality distribution. If all

samples followed a normal distribution, a One-way ANOVA was used followed by the Tukey post-hoc test.

If the samples did not follow a normal distribuition, a Kruskal-Wallis was used followed by a Dunns’
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post-hoc test. A Mann-Whitney test was done between two samples if one failed a normality test. A T-test

was done between two samples if both followed a normal distribution.

Values were accepted as significant if the p-value was higher than 0.05 (95% confidence level). All

data is presented as mean ± standard error of mean (SEM).
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4 Results and Discussion

4.1 Electrical Field Measurements

A measurement of the electrical signal at the bottom of the well was done to confirm the electrical

field being applied to the cells. Two different volumes of medium were used being 1mL and 2mL. The

voltage, frequency and pulse duration were analysed for each medium volume (Table 2).

Table 2. Results of the E.S. Readings

Medium Volume [mL] Voltage [mV] Frequency

[Hz]

Pulse

Duration [ms]

Electric Field

[V/m]

2 10 4 125 2.78

1 15 4 125 4.19

The geometry of the well and the electrodes is generally ignored in this approach, and the field is

assumed to be spatially uniform, which is only a reasonable approximation for parallel plate capacitor

designs with accurately big electrodes. The estimate of the field strength is: E = U

d
.The electrical field

was measured as a relation between the voltage (U ) and the known distance between the wires (d), 3.6

mm (Figure 13).

As such, the electric field was measured at 2.78 V/m and 4.19 V/m for 2 mL and 1 mL,

respectively. The electrical field seems to decrease as there is a volume increase. As the medium

volume increased, the voltage measured decreased, whereas the frequency and pulse duration remained

constant. Zimmermann et al. [96] and Pavesi et al. [98] found a decrease in the field strength with

increasing volume during electrical stimulation. Based on Pouillet’s law, the electrical resistance (R) of

the culture medium decreases with the increase of the height/thickness of the medium on the well

[99, 100]. It is also important to note that the conductivity of the culture medium used can influence the

resistivity, being inversely proportional (Appendix A). The conductivity of Neurobasal-A was measured to

be 1.069 – 1.38 S·m-1 at 37°C [96, 101]. DMEM medium was also found to have a greater electrical

conductivity at 1.593 S·m-1 [101]. Furthermore, it was found that supplemented antimicrobial drugs

(penicillin/ streptomycin 1%; amphotericin 0.2%) on culture medium does not affect conductivity [101].

Therefore, it is important to use the same culture medium throughout the different assays to maintain

consistency in the electrical stimulation parameters. Basing on Ohm’s law, the electrical potential

difference measured across the culture medium is U = R · I , where R is the electrical resistance of
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the culture medium. Being that the electrical resistance is inversely proportional to the height of the

medium volume (Appendix A), the potential difference decreases as the medium volume increases.

An electric field of 2.78 V/m was used for the stimulation, therefore a volume of 2mL was the one

selected for the stimulation of both hNSCs and MSCs. This wave used can be characterized as symmetric

and biphasic (Figure 18).
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Figure 18. Waveform with 10 V, 125 ms pulse and 4 Hz.
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4.2 Effect of Electrical Stimulation on Medium Temperature

Analyzing the effect of AC stimulation on the culture medium is a critical step in excluding changes in

liquid characteristics, such as pH value, as a cause of the subsequent cellular adaption/behavior.

Even though human cells can sustain a 1 – 3 °C rise in temperature, accumulation of Joule heating

energy remains a key barrier for therapeutic use of electrical stimulation [102]. Staehlke et al. [103]

analysed the temperature, %H2O2 and the pH of medium after 10 minutes of stimulation and found

differences in temperature after stimulation with 5V but not with 1V with DMEM medium. This may be due

to the electric energy deposited into each well, which increases with electric field strength. A temperature

reading was done at 0, 10 and 30 minutes of electrical stimulation with an electric field of 2.78 V/m with

NB-A and PBS medium (Figure 19).
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Figure 19. Temperature readings after E.S. (a) Temperatures after 10 and 30 minutes of E.S. on

NB-A medium. (b) Temperatures after 10 and 30 minutes of E.S. on PBS medium. n = 4.

It is important to note that constant direct current stimulation can produce electrothermal and

electrochemical damage in cells and tissue [25, 49]. Prolonged contact with DC EFs causes charge

buildup at the electrode-tissue interface. Such charge accumulation causes electrochemical processes

that can lead to electrode degradation, the creation of hazardous chemical species, and tissue injury

[79, 104]. In addition, excessive charge buildup at the electrodes may obstruct current passage from

the stimulating electrodes [105]. Likewise, a monophasic stimulation may create reactive oxygen

species via the oxidation-reduction process at the surface of a metal electrode [67]. Biphasic stimulation

may be more beneficial because it prevents charge accumulation, by alternating anode and cathode

electrodes, generates lower levels of electrolysis products at the electrodes and can be used for longer

periods of time and at greater voltages [2, 25, 67, 106].
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The Joule heating effect may cause cell injury when large current pulses are applied at prolonged

durations and/or high frequency [67]. Joule’s first law states that the amount of heat (Joule heating)

generated by and electric current through a bulk material is Q = I2 · R [99]. Assuming a constant

electrical current (I ), we can assume that the electrical energy deposited will increase as the resistance

(R) increases, which is the case as the volume of the culture medium decreases (Appendix A). However,

no statistical differences (Table 3) were found between the groups, which concludes that the electric energy

deposited during the electrical stimulation is efficiently thermally lost to the environment.

Table 3. Statistical analysis of the temperature readings done after 10 and 30 minutes of electrical

stimulation on PBS and NB-A medium.

Group n Mean ± SEM P value

Medium Temperature

after 10 min. of E.S.

NB-A
Control 4 18.68 ± 0.3425

>0.9999a

E.S. 4 18.78 ± 0.3301

PBS
Control 4 20.28 ± 0.1109

0.7921b

E.S. 4 20.23 ± 0.1436

Medium Temperature

after 30 min. of E.S.

NB-A
Control 4 20.03 ± 0.06292

0.5183b

E.S. 4 19.93 ± 0.1315

PBS
Control 4 20.25 ± 0.02887

0.0857a

E.S. 4 20.08 ± 0.04787

n, Number of temperature readings.

a P values were determined by a Mann-Whitney test.

b P values were determined by an unpaired t-test.

The layer at the electrode surface where the concentrations of the charged species deviate from their

bulk value is typically in the order of µm and has a pH value differing from the bulk solution [96]. A change

in pH value caused by electrical stimulation would be detected by a color change in the cell culture media,

due to the presence of phenolphthalein. During and after the stimulation, no color change was detected

in the medium which indicates that no drastic pH alteration was happening.

Srirussamee et al. [107] electrically stimulated MSCs (DC, 2.2 V) for 1 hour and found no changes

pH, whereas electrically generated H2O2 was detectable. Extracellular H2O2 concentrations greater than

10 µM have been linked to oxidative stress and cellular damage [108].

However, the potential for faradic byproducts such as H2O2 to be generated is not of concern since

the medium is changed after stimulation, removing any potential for cell death caused by H2O2.
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4.3 Effect of Electrical Stimulation on NSC differentiation

The effect of ES on neuronal differentiation of hNPCs was first assessed by immunostaining for neural

regeneration (GAP-43) and mature neurons (MAP-2) (Figure 20). The number of cells was obtained by

quantification of DAPI+ marked neurons (Figure 21). The population obtained for %GAP-43+ and %MAP-

2+ refers to the number of GAP-43+ and MAP-2+ relative to the total number of DAPI+ cells (Figure 22).

The mean neurite length per Neuron refers to the length of each neurite, from the soma to the end of a

bifurcation, marked morphologically by MAP-2 (Figure 21).
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Figure 20. Representative fluorescence microscopy images of NPCs when electrically stimulated

and cultured with and without growth factors. Scale bar: 50 µm

No significance difference was found for the number of DAPI+ cells in each group (p = 0.1714 and p =

0.1123, Table 4), suggesting that neither the electrical stimulation or medium supplemented with growth

factors influenced the proliferation of the cells.

The mean neurite length per neuron was statistically different between the groups without growth
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factors (p < 0.0001, Table 4), which seems to suggest that the electrical stimulation induced greater

neurite growth. When growth factors and present there is no statistical difference between the groups (p =

0.6049, Table 4), which could possibly suggest that the presence of growth factors eliminates the neurite

length growth promoted by the electrical stimulation.
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Figure 21. hNSCs were exposed to intermittent (10 minutes) ES for 2 days. (a) Represents the

population of DAPI+ cells without growth factors. (b) Represents the population of DAPI+ cells with

growth factors. (c) Represents the mean neurite length per neuron without growth factors. (d)

Represents the mean neurite length per neuron with growth factors. ’C.’ denotes the control group.

’E.S’ denotes the group that was electrically stimulated. ****p value < 0,0001.

However, for the %MAP-2+, statistical difference was found between the control and E.S. groups (p =

0.0009, Table 4) without growth factors. No statistical difference was found between the control and E.S.

(p = 0.7668, Table 4) with growth factors. This suggests that the presence of growth factors seems to be

enough to cause a maturation of neurons, where there isn’t a change caused by the presence of electrical
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stimulation. When no growth factors are present, the electrical stimulation seems to allow for a greater

number of mature neurons, as compared with the control.

Without Growth Factors With Growth Factors

C. E.S.
0

20

40

60

80

100

%
MA

P-2
+

(a)

C. E.S.
0

20

40

60

80

100

%
MA

P-2
+

(b)

C. E.S.
0

20

40

60

80

100

%
GA

P-4
3+

(c)

C. E.S.
0

20

40

60

80

100
%
GA

P-4
3+

(d)

Figure 22. hNSCs were exposed to intermittent (10 minutes) ES for 2 days. (a) Represents the

population of MAP-2+ cells relative to the population of DAPI+ cells without growth factors. (b)

Represents the population of MAP-2+ cells relative to the population of DAPI+ cells with growth

factors. (c) Represents the population of GAP-43+ cells relative to the population of DAPI+ cells

without growth factors. (d) Represents the population of GAP-43+ cells relative to the population of

DAPI+ cells with growth factors. ’C.’ denotes the control group. ’E.S’ denotes the group that was

electrically stimulated. ***p value < 0,001; ****p value < 0,0001.

Statistical difference was found between the control vs. E.S. groups (p = 0,0201, Table 4) groups with

growth factors for %GAP-43+. The expression of GAP-43 is high in both groups without growth factors (≈

80%). However, only the electrically stimulated group had significant increase in mean neurite length per

46



Results and Discussion

neuron. Whereas with the presence of growth factors, the expression of GAP-43 was significantly greater

in the electrical stimulated group when compared to the control (p < 0.0001, Table 4). In comparison

with the mean neurite length per neuron on the groups with growth factors, no difference was found. A

possible explanation could be that the timepoint used for this assay (3 days) is not enough to find the

neurite outgrowth when growth factors are present, whereas without growth factors this is not the case.

Table 4. Statistical analysis of the number of cells, mean neurite length per neuron and percentage of

neuronal markers on NPCs culture.

Group n Mean ± SEM P value

Number of Cells

Without Growth Factors
Control 20 73.15 ± 5.548

0.1714a

E.S. 15 90.00 ± 11.83

With Growth Factors
Control 15 82.67 ± 8.088

0.1123a

E.S. 20 97.50 ± 5.037

Mean Neurite

Length per Neuron

(µm)

Without Growth Factors
Control 100 31.27 ± 1.206

< 0.0001b

E.S. 75 39.54 ± 1.677

With Growth Factors
Control 65 31.46 ± 1.122

0.6049a

E.S. 105 31.12 ± 0.908

% MAP-2 +

Without Growth Factors
Control 20 86.50 ± 1.230

0.0009a

E.S. 15 86.90 ± 0.718

With Growth Factors
Control 15 85.28 ± 5.352

0.7668a

E.S. 20 90.96 ± 1.069

% GAP-43 +

Without Growth Factors
Control 20 84.85 ± 1.400

0.6199a

E.S. 15 85.87 ± 1.417

With Growth Factors
Control 15 67.14 ± 3.590

<0.0001a

E.S. 20 85.68 ± 1.190

n, Number of photos analysed per group.

a P values were determined by an unpaired t-test.

b P values were determined by a Mann-Whitney test.

Throughout embryonic development, NSCs develop and progress to proliferation and differentiation

in the presence of a physiological electric field of 75-450 V/m formed by the trans-epithelial potential and

trans-neural tube potential across the developing neural tube [109, 110]. Many biophysical techniques

have been developed to improve the efficiency of stem cell neuronal development, particularly electrical
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stimulation. ES has been shown to improve stem cell proliferation and differentiation, induce directed

cell migration, and promote neurite development and elongation [43]. Furthermore, low-frequency ES

has been shown clinically to be beneficial in regenerating nerves, resulting in regeneration and functional

recovery [43].

The influence of an EF can be seen on the differentiation, survival and maturation of NCS, including

migration direction and speed of NSC, proliferation, alignment and differentiation [49, 51, 67]. Stewart

et al. [111] obtained an increase in cells expressing neuron marker MAP-2 with exogenous electrical

stimulation, indicating neuron differentiation.

The migration rate increased in EFs with a range between 0 and 250 V/m [49]. This effect can be

particularly useful for the recruitment of NSC to the injury site. Du et al. [112] improved the viability

of NSC cultured on PCEFs with a field strength of 200 V/m, frequency of 20 Hz and 100 µs pulse.

In comparison to alternating and pulse currents, continuous current can promote NSC alignment and

become perpendicular to the EF vector. Constant current can generate a rather uniform ionic distribution

of the cell membrane [49, 67].

Long stimulation times or high field strengths might have harmful impacts, such as decreased neurite

length or unorganized morphology [49]. Biphasic pulses have a net charge of zero as the initial phase

elicits an action potential in nearby nerves and the second phase balances the charge injection to protect

surrounding tissue [25].

Cell death appears to be related to the duration and quantity of electrical stimulation pulses when

cells are stimulated in vitro. Furthermore, electrical stimulation at higher voltages promotes the formation

of pores in cell membranes (electroporation), which can result in the triggering of apoptosis or necrosis

[51, 67].

The potential mechanism of the effect of ES on NSCs differentiation or proliferation may lie on the

influence of the electric field on microfilament recombination, surface receptor redistribution and

intracellular Ca2+ changes [49]. Some studies have pointed to the Ca2+ fluctuations to activate several

important downstream cellular mechanisms including neuron extension, differentiation and plasticity

[113, 114].

Calcium ions produce varied intracellular signals that can elicit reactions such as altered gene

expression and neurotransmitter release from synaptic vesicles, hence influencing essential neuronal

activities [45]. Ca2+ is an important element in NSC functional activities as migration, proliferation, and

differentiation. ES may enhance intracellular Ca2+, including Ca2+ inflow and intracellular Ca2+ release

[49, 67]. Ca2+ influx has been proven in studies to be critical for stem cell fate determination. By
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elevating cytoplasmic Ca2+ and cyclic adenosine monophosphate (cAMP), ES can promote neuronal

development toward neurotrophic growth factors [43]. Additionally, an applied external EF may induce

an actin cytoskeleton reorganization by causing a cell membrane redistribution. This allows for growth

factors, such as EGF, GFG and TGF-b1, to bind to specific receptors and activate signaling pathways,

causing localized alterations in actin dynamics [49].

The processes underlying cell alignment and migration are assumed to involve voltage-gated ion

channels, G-protein coupling receptors, integrins, cell polarization, and endogenous electric fields [67].

Ca2+ is normally an ion that only penetrates the plasma and ER membranes via channel proteins. When

pulsed electric fields are applied to cells in a medium containing Ca2+ (among other substances), Ca2+

enters the cell from the outside and, if the electric field amplitude and pulse length are large enough,

Ca2+ is released from the cell’s inner reserves [115]. Exogenous ES can offer artificial stimulation that

directly conveys electrical charge to neurons because they are electrically active cells [43].

Electric stimulation directly impacts the cytoskeleton by converting electrical stimulation into

mechanical activity, producing cytoskeletal filament reconfiguration and actin redistribution and

regulating a variety of cellular functions, particularly migration [49].

Kobelt et al. [116] found that applying DC EFs of 0.53 and 1.83 V/m for 10 minutes a day, for 2 days,

produced morphologically mature neurons with longer neurite lengths compared to no stimulation and a

change in the intracellular Ca2+ levels upon stimulation. This is consistent to the results obtained in this

experiment with the groups which were electrically stimulated without growth facts that had a greater MAP-

2 value than the corresponding control group. Tomaskovic-Crook et al. [117] and Stewart et al. [111] both

obtained a larger population of cells expressing neuron marker MAP-2 and increased neurite outgrowth

after applying an exogenous electrical stimulation. However, this was not the case when growth factors

were present. This finding seems to suggest that the presence of growth factors alters or attenuates the

influence of electrical stimulation on the MAP-2 expression. Furthermore, Kobelt et al. [116] observed an

initial retraction after applying an electric field, followed by neurite extension after stimulation. Xiong et al.

[118] found elevated intracellular calcium levels in neuroblast cell line SH-SY5Y during stimulation with 5

V square waves and, stimulation with 150 mV/mm DC field.

Wang et al. [119] studied the effect of biphasic pulsed 25 V/m and 50 V/m on NPCs and found a

decrease of apoptosis and necrosis when cultured in serum-free conditions. An upregulation of BDNF was

also registered despite the absence of growth factors in culture conditions. BDNF is known to contribute

to neural cell survival, growth, differentiation and maturation [51].

Wood and Willits [120] applied a 25 V/m DC EF for 10 minutes, during 3 days and found an increase
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and sustained DRG neurite outgrowth and growth rates for up to 2 days following stimulation. The neurite

outgrowth registered in several studies points seems to suggest that an analysis of the neurites may provide

additional information of the effect of the ES on hNSCs.

Liu et al. [121] found that NPCs show a cathodal migration upon electrical stimulation (DC, 400

mV/mm, 2 to 6 h) and that reversing the ES direction resulted in a reversed direction of NPCs migration.

Additionally, Babona-Pilipos et al. [106] found a cathodal migration with NPCs electrically stimulated with

DC EF (≈288 V/m) for 2.5 to 6 hours and found no migration when applying a balanced biphasic

bipolar 250 V/m pulse. Ariza et al. [122] found that the majority of NPCs in the 437 V/m DC EF aligned

perpendicular to the EF vector when compared with alternating EF. Therefore, symmetrical biphasic

pulses would presumably elicit identical cellular responses during each phase but in opposing directions,

yielding no net bias in migratory behavior [123]. This is consistent with the findings in the present work,

where no directional bias was identified.

Overall, ES promoted NSC differentiation into neurons of high maturity and electrophysiological activity

in the absence of the chemical mediators ordinarily required for neurogenesis, as shown previously on

literature [45]. In conclusion, ES is a promising technique to promote NSC differentiation and maturation

in order for it to be a viable clinical option to use in addition to NSC transplantation therapies. Furthermore,

electrical stimulation has the ability to control neuroinflammation, a significant cause of neuronal death

after spinal cord injury [51]. ES can also be used in combination with other techniques to form a broader

therapy and solve problems that exist in tissue engineering [67]. However there is still more need of

research in optimizing electric field parameters for ideal NSC stimulation.
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4.4 Effect of Electrical Stimulation on ASCs Morphology

After the electrical stimulation of ASCs and collection of secretome, the cells were marked with

phalloidin and DAPI for further analysis (Figure 23 and Figure 24).
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Figure 23. Representative fluorescence microscopy images of ASCs when electrically stimulated

and control group. Scale bar: 100 µm.

No statistical difference was found in the number of cells, which are DAPI+ (p = 0.8064, Table 24a).
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This seems to suggest that the electrical stimulation does not influence the ASCs proliferation.
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Figure 24. ASCs 2D after 30 minutes of electrical stimulation. (a) Represents the population of

DAPI+ cells. (b) Represents the circularity of the cells based on the morphology of phalloidin

staining. ’C.’ denotes the control group. ’E.S’ denotes the group that was electrically stimulated.

Pavesi et al. [98] electrically stimulated six chambers with monophasic (8 V for 2 ms, 1 Hz), and six

chambers with biphasic square-wave pulses (+4 V for 1 ms, –4 V for 1 ms, 1 Hz) for 72 h and found no

change in cell number.

In order to know the effect of electrical stimulation on the ASCs morphology, the circularity was

calculated for each ASC marked with phalloidin. The circularity is a relation between the area and

perimeter, where the closer the circularity is to 1.0, the more circular is the shape (Appendix B). The

normal morphology of ASCs is spindle-shaped [124], where a circularity value is very low.

Table 5. Statistical analysis of the number of ASCs and corresponding circularity.

Group n Mean ± SEM P value

Number of Cells
Control 11 123.3 ± 13.02

0.8064a

E.S. 12 119.4 ± 8.895

Circularity
Control 11 0.2573 ± 0.02018

0.8918b

E.S. 12 0.2528 ± 0.01642

n, Number of photos analysed per group.

a P values were measured by an unpaired T-test.

b P values were measured by a Mann–Whitney test.

In both the control and electrically stimulated group, the average value of circularity is around 0.25,

which suggests that the stimulation does not affect greatly the morphology of the ASCs. Furthermore, no
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statistical difference was found between both groups (p = 0.8918, Table 5). Tandon et al. [125] found

that hASCs demonstrated alignment in a direction perpendicular to the applied electric field within 2 hours

of the onset of stimulation (DC, 2 hours, 6 V/cm). However, no preferential alignment was found in the

current experiment. This could possibly be explained by the fact that AC is used as opposed to DC, as

well as a shorter electrical stimulation timeframe (30 minutes).
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4.5 Effect of Electrically Stimulated ASCs secretome on NSCs

culture

The effect of ES on the secretory profile of ASCs was assessed by incubating the secretome of these

cells with hNSCs (Figure 25). Neuronal differentiation of hNSCs was assessed by immunostaining for early

and mature neurons, with DCX and MAP-2, respectively (Figure 26). The number of cells was obtained

by quantification of total DAPI+ cells (Figure 26a). The population obtained for %MAP-2+ (Figure 26c)

and %DCX+ (Figure 26d) refers to the number of DCX+ and MAP-2+ relative to the total number of DAPI+

cells. The average neurite length per neuron (Figure 26b) was obtained by measuring the neurites from

the soma to a bifurcation on MAP-2 marked morphology.

No significance difference was found between the groups in number of DAPI+ ceells (p = 0.1021),

suggesting that the stimulated secretome did not influence the total hNSCs population. However, a

significant difference (p = 0.0015) was obtained between the electrically stimulated secretome group

(E.S) and control for the population of MAP-2+ cells.

Moreover, the number of DCX+ cells was very low in all groups and significant difference was identified

(p = 0.0534), which indicates a very small population of immature neurons and that most of neurons

successfully matured.

Hlavac et al. [126] found that secretome from ASCs stimulated for 24 h at 1 Hz (20 mV/mm) has a

significance increase in BDNF concentration. Furthermore, this secretome when applied on SH–SY5Y

neuroblastomas cells two days after seeding, achieved an increase in neurite extension when compared

to non-stimulated group. However, it was found that ASCs are sensitve to ES parameters such as pulse

frequency and stimulation duration. The stimulation used in this project consists of 10 minutes of

stimulation at 4Hz for 2 days and the NSCs used in this assay were incubated in secretome for 1 day

after seeding. This indicates that an increase in the application of ES on ASCs may produce a secretome

that could possibly induce an increase in neurite outgrowth on NSCs. However, the timeframe used in

this project may not be sufficient to find a greater average neurite length per neuron when compared to

secretome from ASCs that were not electrically stimulated.

Although E.S. has been proven to mostly increase the rate of cell proliferation, there are contradictory

data that demonstrate E.S. can also decrease or have no effect on cell proliferation [50, 127]. Several

studies have shown that when cultivated in 2D or 3D (with scaffolds), daily administration of 50-150

mV/mm DC E.S. has no effect on rat BM-MSC and ASC growth [128–130]. The effect of E.S. on cell

proliferation and death appears to be strongly dependent on cell type and origin, stimulation regimen, and
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Figure 25. Representative fluorescence microscopy images of NPCs when incubated with

secretome from electrically stimulated ASCs. Scale bar: 50 µm.

culture conditions [131, 132].

Cell alignment has been demonstrated to be considerably affected by DCES. Several in vitro 2D-culture

experiments show that DCES causes MSC to retract and elongate, resulting in the realignment of the long

cellular axis perpendicular to the electric field [125, 133, 134].

Two proposed cell mechanisms involve the asymmetric redistribution/diffusion of electrically charged

cell membrane receptors in response to electric fields, which activates a variety of downstream signaling

cascades and/or cell membrane depolarization caused by direct activation of voltage-gated Ca2+ channels,

which results in an increase in intracellular calcium ion concentration, a cellular response that has been
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Figure 26. Secretome from ASCs exposed to intermittent (30 minutes) ES for 1 day was

incubated on hNSCs. (a) Represents the population of DAPI+ cells. (b) Represents the population of

MAP-2+ cells relative to the population of DAPI+ cells. (c) Represents the population of DCX+ cells

relative to the population of DAPI+ cells. ’C-’ denotes the control group. ’S’ denotes the group with

non-stimulated secretome. ’E.S.’ denotes the group with electrically stimulated secretome. *p value

< 0,05; **p value < 0,01; ****p value < 0,0001.

frequently described in response to electric stimulation [50]. Hanna et al. [135] was able to induce

Ca2+ spikes caused by the penetration of Ca2+ from the extracellular medium, through the transiently

electropermeabilized plasma membrane when applying electrical stimulation in hASCs.

DCES has been found to activate major angiogenic responses in vascular endothelial cells and to

selectively regulate the production of angiogenesis-related growth factors and cytokines via a feedback

loop mediated by VEGF receptors [136, 137].

Beugels et al. [138] found significantly augmented concentrations of the pro-angiogenic proteins VEGF-

A on ASCs secreted proteins following E.S. (biphasic electrical current of 4 V/cm, 6ms pulse duration with
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Table 6. Results of the number of cells on electrically stimulated ASCs.

Group n Mean ± SEM P value

Number of Cells

Control 20 88.75 ± 7.152

0.1021aSec. 34 94.29 ± 6.473

E.S. 34 76.59 ± 5.445

% MAP-2 +

Control 20 45.13 ± 4.513

0.0015aSec. 34 58.13 ± 4.222

E.S. 34 68.64 ± 3.650

% DCX +

Control 20 1.268 ± 0.2767

0.0534aSec. 20 0.9066 ± 0.2416

E.S. 20 1.953 ± 0.3742

n, Number of photos analysed per group.

a P values were measured by an ordinary one-way ANOVA test.

b P values were determined by a Kruskal-Wallis test.

a frequency of 2 Hz, after 72h). Tandon et al. [125] found an upregulation of vascular endothelial growth

factor (VEGF) and fibroblast growth factor (FGF) genes after 2 hours of E.S. (DC, 2 hours, 6 V/cm).

These findings corroborated with those obtained in this study. The possible greater concentration of

VEGF and FGF on secreted proteins by ASCs could explain the greater %MAP-2+ found after incubating

secretome from E.S. ASCs on hNSCs.
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4.6 Effect of Secretome from Electrically Stimulated ASCs on

Mixed Glial Cell Population

Following a SCI not only NSCs are affected, but also glial cells. A potential therapy involving secretome

must not only allow for a regenerative effect on NSCs but also glial cells.
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Figure 27. Representative fluorescence microscopy images of glial cells when incubated with

secretome from electrically stimulated ASCs. Scale bar: 100 µm.

To better understand the effect of secretome from E.S. and non-E.S. ASCs, glial cells obtained from

cortex were incubated with the secretome for 24h. The glial cells were identified by immunostaining for
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microglia (IBA-1) and Oligodendrocytes (O4) (Figure 28). The number of cells on each group was not

statistically significant (p = 0.1398, Table 7). This seems to indicate that the secretome overall did not

influence the total number of cells marked by DAPI and does not have a proliferate effect.
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Figure 28. Secretome from ASCs exposed to intermittent (30 minutes) ES for 1 day was

incubated on glial cells isolated from cortex. (a) Represents the population of DAPI+ cells. (b)

Represents the population of IBA-1 + cells relative to the population of DAPI+ cells. (c) Represents

the circularity of IBA-1 + cells based on the morphology of IBA-1 staining. (d) Represents the

population of IBA-1 and O4 + cells relative to the total population of IBA-1 + cells. (d) Represents

the population of O4 + cells relative to the population of DAPI+ cells. ’C.’ denotes the control group.

’S.’ denotes the group with non-stimulated secretome. ’E.S..’ denotes the group with electrically

stimulated secretome. *p value < 0,05.

On the contrary, the number of cells marked with IBA-1 was significantly lower in the group with

secretome from ASCs that had been E.S. when compared to the control (p = 0.0458, Table 7). No further

significant differences were observed between the remaining groups.

MSC-produced cytokines that influence neuroinflammation by suppressing microglial activation as well
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Table 7. Statistical analysis of the number of cells, percentage of microglia and oligodendrocytes,

shape and behavior of microglial cells present on mixed glial cultures from cortex.

Group n Mean ± SEM P value

Number of Cells

Control 12 292.5 ± 32.11

0.1398aSec. 20 233.9 ± 28.32

E.S. 28 228.5 ± 20.16

% IBA-1

Control 12 23.58 ± 4.236 –

Sec. 20 16.55 ± 2.949 0.4901b

E.S. 28 13.00 ± 2.158 0.0458b

IBA-1 Circularity

Control 12 0.6288 ± 0.02058

0.2773cSec. 20 0.6128 ± 0.02153

E.S. 28 0.5575 ± 0.02332

% IBA-1 O4 + / IBA-1+

Control 12 80.92 ± 4.427

0.5141cSec. 20 86.15 ± 5.029

E.S. 28 82.75 ± 4.333

% O4 +

Control 12 0.9167 ± 0.3362

0.0167cSec. 20 0.7500 ± 0.2891

E.S. 28 1.286 ± 0.3406

n, Number of photos analysed per group.

a P values were determined by an ordinary one-way ANOVA test.

b P values were measured by an unpaired T-test with respect to the control group.

c P values were determined by a Kruskal-Wallis test.

as modulating microglial activation [46]. Which seems to indicate that a smaller number of microglia are

activated, due to a possible greater anti-inflammatory cytokine presence in the secretome from E.S. ASCs.

The cell body to cell size ratio correlates strongly with microglial activity as evaluated by the visual

characterisation approach [139]. Microglia have a ramified shape and monitor the CNS in order to respond

properly to danger signals under steady-state environments [46]. Immunologically active microglia have an

amoeboid shape, with larger somas and fewer ramified processes. Surface proteins linked with traditional

immunological activities (e.g., antigen presentation, phagocytosis) are related with microglia activation

and vary greatly depending on the kind and intensity of insult [28, 140]. A mechanism to analyse the

active microglia involves analysing the shape of the microglia, where a circularity above 0.5 is considered
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a more spherical shape, rather than elongated. Herein, no statistical differences were found between the

circularity of the microglia between the groups (p = 0.2773, Table 7). This seems to suggest that the

secretome did not alter the activation of the microglia.

Furthermore, phagocytosis behavior can be seen on the immunostaining assay by the marking of O4

inside the microglia. No differences of %(IBA-1 O4 + / IBA-1 +) were found between the groups in this

assay (p = 0.5141, Table 7), showing that the percentage of microglia phagocytizing myelin debris was

similar in all groups.

Likewise, the % O4+ is rather constant between the groups and not significantly different. It is important

to note that the percentage of oligodendrocytes in all groups is rather small. This could possibly be due

to the isolation process of the cells from the cortex which could result in a lower yield of oligodendrocytes.
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4.7 Effect of Electrical Stimulation on ASCs in GG-GRGDS

To study if electrical stimulation influence the 3D cultures of ASCs, an assay was done using GG-

GRGDS hydrogels and the analysis were focused on proliferation and morphology of the cells (Figure 29

and Figure 30).
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Figure 29. Representative fluorescence microscopy images of ASCs encapsulated in GG–GRGDS

when electrically stimulated and control group. a) Scale bar: 100 µm; b) Scale bar: 50 µm.

A total number of cells was calculate on each group and results shown that there were no difference

in total number (p = 0.8804, Table 8). This suggests that electrical stimulation does not influence the

proliferation of the ASCs when culture in 3D conditions.

As for the shape of the ASCs, a more oval morphology was identified with a circularity close to 0.6
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Figure 30. ASCs in 3D culture after 30 mintes of electrical stimulation. (a) Represents the

population of DAPI+ cells. (b) Represents the circularity of the cells based on the morphology of

phalloidin staining. (c) Represents the average area of the cells based on the morphology of

phalloidin staining. ’C.’ denotes the control group. ’E.S’ denotes the group that was electrically

stimulated.

(Appendix B). No significant differences were found between the groups (p = 0.1192, Table 8). A more

oval morphology, as opposed to spindle, seems to suggest a lower adhesion of the cells to the biomaterial.

However, a star shape around the cells is observed as possible anchorage points to the GRGDS peptide

(Figure 29b). These results indicate that the hydrogel modification on this batch may not has been as

successful as previous modifications.

Silva et al. [141] found that BM-MSCs encapsulated in GG-GRGDS were able to migrate and

successfully expand throughout the hydrogel and with a typical spindle like cell morphology. Oliveira

et al. [85] encapsulated ASCs in GG-GRGDS and found spindle-like shaped morphologies after cultured

for 7 days. However, the attempt for the ASCs to bind to the hydrogel may also suggest that 72h of

encapsulation used in this assay may not be enough to allow ASCs to proper adhere and spread in the

hydrogel.

As for the overall size of each cell, no statistical differences were found between the groups (p =

0.8274, Table 8). Which seems to indicate that the size of each cell is not affected by the electrical

stimulation.

Yang et al. [134] found cell galvanotaxis responses were subject to the synergistic effect of applied

EF (6 V/cm EF for 6 h) and scaffold materials. Fast cell movement and intracellular calcium activities

were observed in ASCs encapsulated in a collagen hydrogel. Moreover, Silva et al. [141] found that the

secretome obtained from BM-MSCs encapsulated in GG-GRGDS hydrogels, is able to protect CNS neurons
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Table 8. Statistical analysis of the number, circularity and average area of ASCs encapsualted in

GG-GRGDS when electrically stimulated.

Group n Mean ± SEM P value

Number of Cells
Control 3* 40.33 ± 6.489

0.8804a

E.S. 4* 38.25 ± 10.13

Circularity
Control 121** 0.5636 ± 0.01548

0.1192a

E.S. 153** 0.5963 ± 0.01401

Average Area (µm2)
Control 121** 282.8 ± 11.45

0.8274b

E.S. 153** 284.4 ± 11.32

* n, Number of photos analysed per group.

** n, Number of cells analysed per photo.

a P values were measured by an unpaired T-test.

b P values were measured by a Mann–Whitney test.

significantly higher than the secretome obtain from cells in unmodified gels. This trend was also observed

with cell metabolic viability.

Ideal 3D in vitro models include not just the right cell types and biomimetic ECM, but also biochemical

(e.g. growth factors) and biophysical cues, like mechanical or electrical stimuli [83]. These findings may

indicate that secretome from ASCs encapsulated in GG-GRGDS could produce a better secretome than

in a 2D culture, however, more experiments are needed using proper modified GG-GRGDS hydrogels to

draw such conclusions.
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5 Conclusions and Future Work

Patients with spinal cord injuries still have a poor prognosis. Despite all of the efforts made in this

field, single therapies frequently fail when they are tested in clinical trials. In this sense, it is important to

test combinatorial treatments like the one presented herein in order to understand if synergetic effect can

be obtain.. The present work aims at studying the effect of electrical stimulation on the differentiation

and proliferation of hNSCs and on the secretome of ASCs. The first step involved the study of the impact

of the electrical stimulation on the culture medium, with parameters of 2.78 V/m, 125 ms pulse and

4Hz. No statistical difference was found between the temperature, as the deposition of electrical energy

could give rise to the temperature of the medium. Having established that the parameters used are safe

for the cells, the effect of direct electrical stimulation was assessed on hNSCs. Results indicated a

greater MAP-2 expression and greater neurite outgrowth when no growth factors were present. However,

when growth factors are added, the expression of GAP-43 is significantly increased, indicating a possible

delay on the differentiation and outgrowth which was not apparent with the time frame used of 3 days of

total differentiation. As for the direct stimulation of ASCs, no difference was found between the number

of cells or the circularity, indicating that the parameters used for electrical stimulation did not affect the

proliferation nor the morphology of the ASCs. However, the secretome of ASCs was clearly affected by

the electrical stimulation. This was assessed by incubating the secretome of electrically stimulated ASCs

on hNSCs. Results demonstrated a greater expression of MAP-2 on the hNSCs incubated with secretome

from electrically stimulated ASCs, when compared to the control. This indicates the a change in

secretory profile of the ASCs. However, no neurite outgrowth was found with the group with secretome

from electrically stimulated ASCs. In fact, the group with the greatest neurite outgrowth was in the

secretome from ASCs that had not been electrically stimulated. This finding further indicates a change in

the constituents of the secretome when electrical stimulation is applied. Furthermore, the secretome

from electrically stimulated ASCs were incubated with glial cells isolated from cortex. This assay revealed

that the secretome did not influence the population of oligodendrocytes (O4), but did reveal a lower

presence of microglia (IBA-1) when compared to the control. The morphology and phagocytic behavior of

the microglia was not statistically different between the groups. As a potential therapeutic approach for

transplantation of ASCs, gellan gum functionalized with a GRGDS peptide was used to encapsulate ASCs.

Furthermore, electrical stimulation was applied to assess the effect on the morphology of the cells. The

results demonstrated that neither the proliferation or morphology of the cells were altered when electrical

stimulation was applied. However, it is important to note that the ASCs did present a more rounded

morphology rather than spindle-like. This indicates a poor adhesion to the biomaterial on the time frame
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used of 3 days. Nonetheless, some problems arise from the use of electrical stimulation. The applied

electric current and field are likely to fluctuate, resulting in poor stability and reliability, as well as

presenting barriers to scaling up for cell treatment. Furthermore, the use of metal electrodes produced a

risk of electrolysis of the cell culture medium. There is great debate over the effectiveness of ES as a

regenerative strategy, largely due to a lack of agreed upon stimulation type (DC/AC) and parameters.

Therefore, significant work remains to be done to better understand these findings and to find optimal

protocols. Our results shown that electrical stimulation is able to influence NSCs differentiation and

ASCs secretome. However, more studies are needed in order to understand if an approaches that

combines NSCs, ASCs secretome, functional hydrogels and electrical stimulation is able to repair the

injured spinal cord and promote functional recovery. Future studies will be focused on analysing the

secretome of ASCs using proteomics as well as on using complex in vitro models of SCI, then the

neurological benefits of our therapeutic approach may be tested in animals models.
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Appendices

A Culture Medium Electrical Resistance Calculation

According to Pouillet’s law:

R = ρ ·
l

A

where R is the electrical resistance of a uniform specimen of the material (measured in ohms, Ω);

ρ is the electrical resistivity of a uniform specimen of the material (measured in ohms·meter, Ω·m); l is

the depth of the piece of material (measured in metres, m); A is the cross-sectional area of the specimen

(measured in square metres, m2). In this case study (Figure 31a), the cross-section is a rectangle with

the approximate length of the electrodes (b) and culture medium height (h): A = b · h (Figure 31b).

d

h

b

(a)

b

D

Homogenous

Electrical Field

(b)

Figure 31. (a) Diagram used for the calculation of R as a function of h. (b) Top view of the well

with an approximation of the area where the electrical field is homogenous.

Between the electrodes the electrical field can be considered uniform [142]. The depth (l) of the area

where the electrical field is uniform is the distance between the electrodes (d). Therefore, the resistance

of this rectangle is:

R = ρ ·
d

b · h

Knowing that the conductivity (σ) is the inverse of resistivity (ρ):

σ =
1

ρ

Finally, the total resistance of the medium:

R =
d

b · h · σ
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B Circularity in ImageJ software

Circularity can be calculated as a shape parameter index in the ImageJ software. The definition of

circularity (C) in the ImageJ software is as follows:

C = 4π ·
A

P 2

where A and P are the area and perimeter measured using ImageJ, respectively. For example, when

supplied with two different P values for digital photographs with the identical A values, the image with high

circularity will have a shorter perimeter than the other image [143]. The shapes of cells based into four

categories: Spindled (circularity values ∈ [0, 0.35]), elongated (circularity ∈ ]0.35, 0.6]), oval (circularity

∈ ]0.6, 0.8]), and round (circularity ∈ ]0.8, 1.0]) (Table 9) [144].

Table 9. Shape of the cell based on its circularity value.

Shape Spindle Elongated Oval Round

Circularity [0, 0.35] ]0.35, 0.6] ]0.6, 0.8] ]0.8, 1.0]

Example
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