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VIEWS AND REVIEWS

Stem cells in neurology - current perspectives

Células-tronco em neurologia - perspectivas atuais

Chary Ely Marquez Batista’, Eric Domingos Mariano’, Suely Kazue Nagahashi Marie', Manoel
Jacobsen Teixeira’, Matthias Morgalla®, Marcos Tatagiba?, Jun Li?, Guilherme Lepski"?

ABSTRACT

Central nervous system (CNS) restoration is an important clinical challenge and stem cell transplantation has been considered a promising
therapeutic option for many neurological diseases. Objective: The present review aims to briefly describe stem cell biology, as well as to
outline the clinical application of stem cells in the treatment of diseases of the CNS. Method: Literature review of animal and human
clinical experimental trials, using the following key words: “stem cell”, “neurogenesis”, “Parkinson”, “Huntington”, “amyotrophic lateral
sclerosis”, “traumatic brain injury”, “spinal cord injury”, “ischemic stroke”, and “demyelinating diseases”. Conclusion: Major recent advances
in stem cell research have brought us several steps closer to their effective clinical application, which aims to develop efficient ways of

regenerating the damaged CNS.
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RESUMO

Restauracao do sistema nervoso central (SNC) é um importante desafio clinico e o transplante de células-tronco tem sido considerado
uma opcao terapéutica promissora para muitas doencas neurolégicas. Objetivo: O presente trabalho tem como objetivo descrever
brevemente a biologia das células-tronco, assim como sua aplicagdo clinica no tratamento de doencas do SNC. Método: Revisao da
literatura de experimentacédo animal e ensaios clinicos com humanos, usando as seguintes palavras chave: “células-tronco”,
“neurogénese”, “Parkinson”, “Huntington”, “esclerose lateral amiotréfica”, “lesao cerebral traumatica”, “lesdo da medula espinal”, “acidente
vascular cerebral isquémico” e “doencas desmielinizantes”. Conclusao: Grandes avancos em pesquisas com células-tronco nos

conduziram a novas perspectivas para uma aplicacao clinica efetiva, visando desenvolver formas eficazes de regeneracao do SNC.

Palavras-chave: células-tronco, neurogénese, doengas neurolégicas, terapia com células-tronco.

The central nervous system (CNS) is responsible for the
control and coordination of organs and systems in the
human body, as well as for integrating the organism with
its environment, interpreting the stimuli it receives and gen-
erating appropriate responses. This system is made up of
noble and highly specialized structures, whose damage
may result in serious physical and mental repercussions.

It was previously believed that the adult CNS was fixed
and immutable, unable to generate new neurons. In the
early twentieth century, Santiago Ramén y Cajal published
his work on the regeneration of the nervous system
following injury'. More recent scientific and technological
advancements have shown that the CNS has a considerable
regenerative capacity; however, this capacity is not strong
enough to single-handedly induce full neuroregeneration.

Several strategies have been developed in an attempt to
restore the CNS, including cell therapy, which has shown

promise. The development and organization of stem cells
is a dynamic and functional process, and its peculiar charac-
teristics, described below, make these cells unique, with
great potential for therapeutic applications.

NEURAL STEM/PROGENITORS CELLS

Stem cells are immature cells with the capacity for self-
renewal, i.e., they are able to proliferate extensively through
cell division, give rise to two identical daughter cells, and dif-
ferentiate into several types of mature and specialized cells.
These cells can be found in all multicellular organisms and
are responsible for the growth, repair and homeostasis of
various tissues>.

Stem cells are classified into embryonic stem cells (ESCs),
fetal stem cells (FSCs) or adult stem cells (ASCs), depending
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on their origin. They may also be categorized according to
their degree of plasticity (i.e. their potential to differentiate
into various tissues), as follows: (1) totipotent, (2) pluripo-
tent, or (3) multipotent. Totipotent cells include the zygote
and their first progeny cells. These cells are able to generate
all types of cells, including embryonic and extra-embryonic
tissues. Pluripotent cells are found in the inner cell mass
of the blastocyst, and are also known as embryonic stem
cells. These cells have the ability to generate cells of all three
germ layers: ectoderm, mesoderm and endoderm. Finally,
multipotent cells are cells that make up the three germ
layers. They are capable of generating different cell types
of the tissue in which they reside, are present during embry-
onic life and, in some tissues, remain in the adult organism.
They participate in tissue repair and regeneration, and
include mesenchymal stem cells, neural stem cells, bone
marrow stromal cells, and olfactory ensheathing cells®.

A new line of stem cells known as induced pluripotent
stem cells (iPSC) has recently been the focus of intense
research. These cells are believed to have the same charac-
teristics as pluripotent ESCs, and are derived from genetic-
ally-reprogrammed adult somatic cells. These cells have
the potential to produce human iPS from biopsies of any
mature somatic tissue, thus generating patient-specific
compatible cells. An advantage of iPSCs is that they are
exempt from the ethical concerns regarding the use of
human embryos. Although results using these cells so far
have been promising, some limitations must be overcome
before using iPSCs in regenerative medicine, e.g, possible
teratoma formation®.

Stem cell performance is regulated by the interaction
between intrinsic factors and extrinsic signals from the sur-
rounding microenvironment, which is known as the stem
cell niche. The stem cell niche is a limited and specialized
anatomic compartment where the stem cells reside, and is
formed by cellular and molecular components that integrate
local and systemic factors, thereby regulating cell prolifera-
tion, differentiation and survival. The niche components,
as well as the detailed mechanisms underlying their func-
tion, are extremely varied. These components include: the
stem cell itself; support stromal cells that directly interact
with the stem cells through cell surface receptors; gap junc-
tions and soluble factors; extracellular matrix proteins that
provide structure, organization and mechanical signals to
the niche; blood vessels that carry systemic signs and pro-
vide a channel for the recruitment of inflammatory and
other circulating cells to the niche; and neural inputs that
can communicate distant physiologic signals to the stem cell
microenvironment®.

ASCs usually remain in a quiescent or low proliferation
state and play an important role in tissue homeostasis.
They are activated following external injury, leaving their
niche to regenerate lost tissue. To maintain the critical
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balance between stem cell populations and differentiating
cells, stem cells have the potential to divide asymmetrically;
in other words, one daughter cell remains in the niche as
a stem cell and the other daughter cell leaves the niche to
differentiate, eventually becoming a functionally mature
cell’. In the CNS, neural stem cells (NSCs) and their progeni-
tors are commonly referred to as neural precursor cells
(NPCs)". NSCs are self-renewing and have the capacity to
differentiate into the three neural lineages: neurons, astro-
cytes and oligodendrocytes. They can be found in the
embryonic, neonatal and adult CNS, and participate in the
maturation and maintenance of the physiological integrity
of this system®.

IN VIVO NEUROGENESIS: LOCALIZATION AND
FUNCTION

The process of neurogenesis, which consists in the
formation of new neurons from NPCs, normally occurs
throughout the brain during prenatal life, and in two major
brain regions during adulthood: within the subventricular
zone (SVZ) of the frontal horns of the lateral ventricles
and in the antero-lateral region of the subgranular layer of
the hippocampal dentate gyrus (DG). In these regions, a
special type of star-shaped astrocyte (double positive for glial
fibrillary acidic protein (GFAP) and nestin), is considered the
true physiological NSC. These astrocytes divide asymmetric-
ally at a low duplication rate, producing a cell resembling
itself and another small rounded cell, known as a transient
amplifying cell (TAC). TACs divide at a very high rate, pro-
ducing neuroblasts (neural progenitors), and migrate to their
definitive places in the CNS while differentiating. In the
mature CNS, these new neurons are integrated into the
pre-existing neuronal circuitry and take on various func-
tions, thereby contributing to the system’s structural and
functional plasticity®. It is commonly believed that neurogen-
esis is very limited in other regions of the adult CNS under
normal physiological conditions. However, it can be induced
after injury™.

Adult neurogenesis is a dynamic and functional process.
Several intrinsic as well as extrinsic factors can regulate the
performance of NSCs, as well as the different stages of their
development. These factors include 1) signaling molecules
such as Notch, bone morphogenetic protein (BMP), Wnt,
sonic hedgehog (Shh) and cAMP response element binding
protein (CREB); 2) neurotrophic and growth factors, such
as brain-derived neurotrophic factor (BDNF), neurotro-
phin-3 (NT-3), epidermal growth factor (EGF) and basic
fibroblast growth factor (bFGF), and 3) neurotransmitters,
such as GABA (y-aminobutyric acid) and glutamate'"".

Different types of physiological or pathological stimuli
can interfere with the process of neurogenesis by increasing



or decreasing the production of new neurons in the adult
individual. For example, rats raised in an enriched envir-
onment with different stimulating objects or a running
wheel show increased production of new neurons in the
DG, which stimulates learning'®. Similarly, the exposure of
adult mice to an environment with complex odors increases
cells’ survival rate as well as the integration of newborn
neurons in the olfactory bulb, thus improving olfactory
memory'". It is interesting to note that adult female rats pro-
duce more cells in the DG than their male counterparts'.
Furthermore, various pathological conditions such as
trauma, ischemia and neurodegenerative diseases, can affect
neurogenesis in the adult brain. Stem cells and neural pro-
genitors have the intrinsic ability to respond to such insults,
increasing their proliferation and generating neurons that
appear in the ischemic penumbra surrounding the affected
area. This spontaneous response of the adult brain indicates
its regenerative potential, but NSCs are not able to induce
full neuroregeneration on their own'. Other factors that
may influence adult neurogenesis by decreasing the produc-
tion of new hippocampal cells are aging", opioids'®, stress
and depression'’.

Understanding the mechanisms involved in the genera-
tion of new neurons in the adult animal is of great import-
ance. If it were possible to accelerate or stimulate this
process, we might be able to promote neurorestoration with-
out the need for biological implants.

TRANSPLANTATION OF EXOGENOUS STEM CELLS

Stem cells in degenerative diseases
Parkinson’s disease

In 1817, British surgeon James Parkinson published a
detailed description of a disease which French neurologist
Jean Martin Charcot would later call “Parkinson’s disease”
(PD);
characterized by shaking, e.g., multiple sclerosis®. PD is a

distinguished from other neurological diseases
progressive, hypokinetic, and neurodegenerative disease,
characterized by motor symptoms such as bradykinesia,
rigidity, akinesia, abnormal posture, and residual shaking
at rest. It is associated with the loss of dopaminergic neu-
rons (DA) from the substantia nigra (SN). There is some
evidence that alterations of several metabolic pathways
may cause chronic “neuronal suffering” (i.e., when neurons
work harder to make up for cellular death), but the
pathogenic sequence of events that leads to DA loss is
still unknown®".

In recent years, work with humans has grown exponen-
tially. In two important studies by Freed et al® and
Olanow et al®, fetal mesencephalic tissue containing
dopamine neurons was transplanted into the putamen of
patients. Important questions to consider within this line

of work include: the amount of tissue needed to have effi-
cient results, the region of transplant, the local immunologic
influence, and the side effects that may appear during the
period off medication. In their 2005 review, Winkler et al**
address these questions and reinforce the importance of ser-
otoninergic neurons, which can induce a hyperinervation of
the implant. This hyperinervation ensures functional activity
and generates sites for the storage and release of dopamine
(formed by levodopa, or L-dopa), thus reducing the phar-
macological effects of the drug and consequently reducing
the risk of dyskinesia. Further work is required to fully
understand the safety and efficacy of transplanting fetal tis-
sue containing dopamine cells. It is clear that this type of
transplant is an optimal therapeutic strategy for the treat-
ment of Parkinson’s disease; however, it is also known that
the affected areas go beyond the putamen, so this type of
transplantation must be tailored to each patient. It is
difficult to establish a safe therapeutic technique for
Parkinson’s disease because the trigger mechanisms of PD
are still unknown. Currently, we know that it is not simply
a loss of dopaminergic cells, but a combination of several
factors, such as a genetic predisposition, a local neuroinflam-
matory condition, the influence of protein aggregates, and
the participation of other neural cells in the degeneration
of dopaminergic neurons®.

In addition to the selected treatment, the basic criteria
that must be met prior to starting a new clinical trial include
the following: developing further in vitro assays, transplant-
ing contaminant-free cells derived from animal cells, recruit-
ing the appropriate patients, and determining regulatory
standards. Stem cell transplantation is a promising choice
for the treatment of neurological diseases, and gaining a dee-
per understanding of disease mechanisms and the neurores-
torative capacity of these cells is essential for the future of
cell transplantation, cultivation and expansion®. According
to Lindvall and Kokaia, investigators should focus on 3 main
tasks: 1) generate large numbers of dopaminergic neurons or
neuroblasts in standardized preparations; 2) improve graft
efficacy, and 3) minimize the risk of tumor formation and
off-medication dyskinesias to start new clinical trials™.

Huntington’s disease

Huntington’s disease has a genetic, hereditary and dom-
inant character; it is caused by a mutation in the IT15 gene
on the short arm of chromosome 4 (4p16.3). It is a lethal pro-
gressive disease, characterized by the triad of movement dis-
orders (chorea, dystonia, myoclonus and parkinsonism),
behavioral disorders and dementia. The average age of onset
is 40-50 years old. Chorea comes on slowly and gradually
over a period of several years until it becomes evident. In
late/classic manifestations, it involves the face, trunk and
limbs. Parkinsonism and dystonia predominate in the earli-

est manifestations of the disease. Cicchetti et al*® performed
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autopsies on patients who underwent transplantation of
fetal NSCs. These authors observed that 2 years after sur-
gery, patients who underwent transplants did not show sig-
nificant activity. In other words, the presence of an implant
did not correlate significantly with patients’ improvement. In
fact, the immune response seemed to have impaired the
functionality of these grafts and patients developed demen-
tia at least 5-years before dying. The transplanted cells
remained functionally intact whether or not Lewy bodies
were included.

Another issue to consider is how long a transplant may
be clinically effective, as it has also been observed that trans-
planted neurons undergo apoptosis even when they do not
contain huntingtin aggregates that are different from the
surrounding host tissue®. In a histological study performed
by Capetian et al®, a probable maturation pattern was
observed in the graft. The nucleus was composed of imma-
ture and highly proliferative cells that produced a supply of
migratory cells; these cells in turn, after crossing the graft-
host barrier, migrated to other regions; after they traveled
some distance, differentiation took place. Another point to
consider is that striata neurons that have not degenerated
can reinnervate some reconstituted neurons and thus
restore the defective parts of the neuronal network™.

There are several open questions regarding neural tissue
or stem cell transplantation. Some authors believe that using
combined techniques slows down disease progression and
promotes neuronal and tissue regeneration®.

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is the most common
motor neuron disease in adults. It is also known as Charcot
disease, as it was first described by Jean-Martin Charcot in
1869. Currently, there are two classifications for ALS -
Familial ALS (FALS) and sporadic ALS (SALS) - which are
clinically similar and are caused by genetic mutations
in SOD1, UBQLN2, VCP/p97, TDP-43, FUS/TLS and
C90RF72. ALS begins focally and spreads contiguously. It
may first appear in the hands and/or legs, or as dysarthria
and/or dyspnea, and then spreads to other body regions. It
affects the lower motor neurons of the ventral horn of the
spinal cord and the motor nuclei in the brainstem (such
as the superior motor cortex) causing an axonal connection
failure. These heterogenic mutations alter the cellular physi-
ology of nerve cells and the microenvironment, resulting in
excess glutamate, astrocytes and microglial dysfunction, as
well as mitochondrial disorders and protein degradation def-
icits that become natural barriers for therapies®.

Due to several of the issues presented in this review,
some researchers are not confident about the benefits of
autologous stem cell transplantation in patients with ALS.
The main concern is the extent to which these cells have
been affected by gene mutations. Some groups around the
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world have conducted clinical trials in humans and have
obtained encouraging and surprising results with MSCs;
others have opted for using trophic factors to enhance the
action of stem cells in preventing neural degeneration (i.e.,
the neuroprotection theory), rather than properly replacing
the lost neurons. Yet another technique involves genetically
manipulating neural precursors to overcome the limitations
associated with differentiation into motor neurons®.

In 2012, Riley and colleagues® published a Phase I trial in
which they implanted neural fetal cells at the lumbar level in
12 patients. The group reported no problems with the trans-
plants, thus confirming the safety of this transplantation
technique. The existing techniques have had outstanding
results in animal models, and a few clinical trials published
so far have yielded promising results with humans, but there
is still much work to be done to establish a reliable and
effective clinical translation of this line of work.

TRAUMATIC BRAIN INJURY (TBI)

Acute neuropathological conditions such as TBI are a sig-
nificant cause of death and disability around the world, sec-
ond only to cancer and cardiovascular disease in Europe and
the United States®. Diseases where there is loss of one or a
few cell types seem to be more responsive to cell trans-
plantation. It is unclear whether the generation of new neu-
rons contributes to the restoration of functions, axonal
sprouting, dendritic arborization, synaptic plasticity or neo-
synaptogenesis. It is known that neurogenesis is restricted
to two specific regions during adulthood, and after a TBI,
the rate at which these new neurons are generated and func-
tionally integrated is quite low™.

As mentioned above, much of what is known about cell
transplantation is due to observations from previous studies
in patients with Parkinson’s and Huntington’s disease, which
have shown some positive (even if somewhat limited)
results. This indicates that future studies will involve trans-
plantation of NPCs and NSCs expanded in culture.

Although the primary focus of their study on TBI was
neuronal restoration, Shear et al.*” showed that 1 year after
NPC transplantation into mice striatum, the animals showed
a high capacity for long-term survival and motor improve-
ment, but no tumor formation. However, histochemical ana-
lyses revealed no presence of neuronal markers, only
oligodendroglial markers. By contrast, when NPS trans-
plantation is made into uninjured brains, one can observe
the differentiation into functional mature neurons®.
Furthermore, immortalized NSCs derived from fetuses
secreting GDNF and transplanted into peri-injured cortex
trigger improvement in motor functions but no cognitive
improvement®. When transplanted into the hippocampus,
on the other hand, cognitive improvement is observed, but



no motor improvement. This is probably influenced by
changes in the time of transplantation and the number of
transplanted cells”. In another study, the transplantation
of ESCs pre-differentiated into neuronal and glial precursors
resulted in great sensory and motor improvements, but no
cognitive improvement”, whereas in a similar study with
GABAergic neuron transplantation, a greater sensorimotor
recovery was observed, which was not seen when astrocytes
were transplanted®. In yet another study, Gao et al.** showed
that human fetal NSCs pre-differentiated into neurons and
then implanted into the hippocampus of TBI animals, were
able to differentiate into neurons 1-day after injury, and the
animals showed cognitive improvement. An interesting find-
ing was that some transplanted cells in all animals migrated
to the DG, which was explained by the theory that the DG
attracts transplanted cells and aids in their differentiation®.
These findings and those of Gaillard" suggest that the region
of the implant appears to exert great influence on cell
differentiation; however, the specificity of the transplanted
tissue seems to have an even greater influence on functional
recovery, because the transplanted cells are capable of cap-
turing cues that influence their differentiation and matura-
tion, cues that may be present in the transplanted region
or released after TBL

NSCs derived from SVZ, expanded in vitro and pre-differ-
entiated into neurons, maintained their neuronal fate and
differentiated into functional mature neurons after being
transplanted into rat hippocampus. This was confirmed
through electrophysiological tests and the presence of
GABAergic and glutamatergic synapses. This finding sup-
ports the theory that the activity of transplanted neurons
can be regulated by host tissue neurons®.

In two studies published in 2005 and 2006, Zhu and col-
leagues™*® transplanted NSCs in patients with TBIL In both
studies, the transplanted cells migrated from the region of
implant to the periphery of the lesion. Furthermore, when
the experimental group began to show increased recovery
latency relative to the control group, functional magnetic res-
onance (fMRI) imaging showed increased activity in areas
damaged by injury, positron emission tomography (PET)
showed significant improvement in transplanted patients,
and somatosensory evoked potentials (SEP) showed no sig-
nificant improvement until 6 months after transplantation.
The experimental group showed rapid recovery beginning
at month 6 following transplantation, as measured on the
DRS (Disability Rating Scale).

Another factor influencing stem cell transplantation is
the route of administration. Intra-arterial MSC administra-
tion can cross the blood-brain-barrier, migrate to the border
of the injured area, survive and differentiate”. In a study
conducted by Lu et al, MSCs were found in large numbers
14-days post-transplant. Once again, they were found mostly
in the border zone of the injured area, which according to

the authors, occurs because the regulation of adhesion mole-
cules can be chemotactic for MSCs. Some motor improve-
ment was observed, yet it was not directly attributed to
the MSCs, but to the ability of MSCs to stimulate glial cells
to secrete neurotrophic factors, thus decreasing host cell
apoptosis and stimulating plasticity*.

In a clinical study by Cox et al, 10 children (aged 5-14
years) with post-resuscitation Glasgow Coma Scale scores
of 5 to 8 were treated with bone marrow mononuclear cell
transplantation. The group reported no adverse effects dur-
ing the 6-months following transplantation. All patients were
also evaluated with the PELOD (The Pediatric Logistic
Organ Dysfunction) test, and no deleterious or reductive
effects on white matter, gray substance or cerebrospinal fluid
(CSF) were observed, even though these are commonly
observed in TBI*.

MSCs are good candidates for therapies that focus prim-
arily on preserving cells and host tissue, and do not require
immunosuppressive treatment. They are able to differentiate
and reach mature stages from local signs post-injury, stimu-
late the secretion of neurotrophic factors and decrease
induced apoptosis. They can also maintain these effects
for long periods due to their ability to survive. All of these
factors are crucial in the activation of plasticity and local
functional restoration.

The major challenge of cell transplantation in TBI is
reaching the objectives of recovering motor functions, mem-
ory and cognition, as this depends directly on the region
where cells are transplanted. For example, when implanted
into the hippocampus, transplanted cells tend to survive
longer and achieve a higher neuronal fate than when they
are transplanted into different regions of the neocortex. It
may also be possible to transplant different cells for different
results, e.g., progenitor oligodendrocytes for remyelination in
white matter, MSCs for neurotrophic support, and neural
progenitors for cell replacement.

SPINAL CORD INJURY

Spinal cord injury (SCI) is a devastating condition of the
CNS, with great physical and psychological repercussions.
The disconnection of tracts and bundles of nerve fibers
responsible for the ascendant and descendent communica-
tion of the spinal cord results in sensorimotor deficits, as
well as loss of organ control in the body segments below
the lesion. According to the National Spinal Cord Injury
Statistical Center, approximately 12,000 new cases of SCI
occur each year in the United States, affecting mostly men
between the ages of 16 and 30. Despite the damage caused
by the primary lesion to the spinal cord tissue, the patho-
physiological mechanisms involved in the secondary phase
(such as inflammatory, cytotoxic and vascular events and
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edema at the injury site) determine the extent of neurological
deficits™. Moreover, the formation of glial scars at the site of
injury and the expression of several inhibitory molecules
restricts fiber growth®. Considering the complex nature of
SCIs, alternative treatments such as stem cell transplantation
have been proposed as possible treatment options.

Olfactory ensheathing cells (OECs) are excellent candi-
dates for cell transplantation. Other than myelinating axons
and promoting axonal regeneration, there is strong evidence
that OECs indirectly promote the endogenous capacity of
Schwann cells to invade the injured site, thus creating a per-
missive microenvironment for axonal regeneration in the
CNS. This interesting finding has motivated several clinical
studies. One pilot study reported an improvement in overall
(from A to C) and sensory and motor ASIA scores, changes
in voluntary muscle control, bowel and bladder functions or
sensation, and a reduction in the lesion cavity, as measured
with MRI. Some adverse effects were reported: 1 patient had
a lower ASIA score for the sensory component, and 2 other
patients had increased trunk pain that lasted 2-3 months™.

In another study conducted by the same group, partici-
pants were 20 patients with complete motor injuries, AIS
grades A and B, all with chronic traumatic SCI (more the
1 year) and varying in age from 18-40 years old. The protocol
the authors adopted emphasized an extensive preoperative
rehabilitation program. Results showed improvements of 1-
2 grades in AIS levels; only 1 patient had a lower AIS grade,
and the group also reported improvements in FIM and walk-
ing index for SCI*.

Another clinical trial also suggested that promising
results can be achieved with the combined transplantation
of OECs and fragments of fetal spinal cord into the site of
the lesion. Among all patients enrolled in the trial, 2 cases
showed improvements in motor function and sensitivity,
as well as overall control of the pelvic organs™.

Transplantation of mesenchymal stem cells (MSCs) in
SCI animal models has been applied to promote sensorimo-
tor and bladder function recovery via neural lineage differ-
entiation, neurotrophic paracrine effects and post trauma
inflammation regulation®. Some clinical trials have pro-
duced promising results: MSCs showed a great capacity to
restore neurological deficits when administered intra-arte-
rially or intravenously immediately following traumatic
SCL Sykova et al. reported 1-year outcomes following trans-
plantation of unmanipulated autologous bone marrow in 20
patients with complete SCIL Patients were treated both
acutely (10-30 days after SCL n=7) and chronically (2-17
months post-injury; n=13). When intra-arterial administra-
tion was used, 83% of patients reported neurological
improvement within 3 months. The authors correlated
neurological improvement with the therapeutic intervention,
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as 71% of acute patients showed neurological improvement
while only 8% of chronic patients showed results®. In
another study, Yoon and colleagues analyzed the timing of
intervention in 35 patients with complete SCI (time since
SCL less than 14 days to more than 8 weeks) and noticed
neurological recovery with earlier intervention: 30.4% in
patients that were within 8 weeks of the injury, and none
in patients more than 8 weeks post-injury®’.

Two major conclusions can be made about MSCs: 1) it is
safe and feasible to transplant MSCs via different routes; and
2) despite recent advancements, MSCs are still better at
ensuring and stimulating local regeneration than properly
differentiating into neurons®.

Another group of cells used for this kind of study are
embryonic stem cells. All et al. transplanted oligodendrocyte
progenitor cells (OPCs) derived from human ESC about 2
hours after the lesion. The OPCs were able to minimize
the effects of the secondary injury, resulting in a partial res-
toration of ascending sensory pathways. The electrophysio-
logical analyses showed an increase in latency by week 6
that was similar to the baseline analysis. The OPCs probably
contributed to the remyelination of the spared axons™.
Keirstead et al. transplanted OPCs at 7 days post-injury
and noticed an improvement in axon remyelination and
locomotor functions. However, when the cells were trans-
planted 10 months after injury, the group did not obtain
the same results: there was cell survival and differentitation,
but no remyelination or motor function improvement®. A
major concern about the use of ESCs is tumor formation;
when transplanted in the undifferentiated state, the remain-
ing cells may form teratomas®.

STEM CELLS IN ISCHEMIC STROKE

In 2011, Lindvall and Kokaia®, published a review in
which they discuss how far we are from using stem cells
in stroke patients. In the paper, they describe some animal
model studies in which functional recovery was obtained
using NSCs derived from embryonic stem cells. The authors
also reported functional recovery after transplantation of
other non-neuronal cells, such as umbilical cord blood cells
and cells from bone marrow. Although some studies have
clearly produced positive results, the mechanisms behind
these advances remain to be elucidated. Several hypotheses
have been suggested, such as local increased energy meta-
bolism or even a local change caused by the transplanted
cells to stimulate endogenous repair. Failure to understand
the mechanisms behind recovery may lead the scientific
community to the erroneous belief that stem cell trans-
plantation does not work.



STEM CELLS IN DEMYELINATING DISEASES

Demyelinating diseases are pathological conditions in
which there is a loss of myelin, sometimes due to repetitive
episodes of small focal inflammatory reactions. These dis-
eases include multiple sclerosis, transverse myelitis, Devic’s
disease, progressive multifocal leukoencephalopathy, optic
neuritis and leukodystrophies. They may be idiopathic, gen-
etic, autoimmune, or caused by infectious agents.

One possible solution is to transplant myelin-producing
cells at the site of injury in order to repair the damage
caused by inflammation. However, it is very difficult to cul-
tivate and expand this particular type of cell, so one strategy
is to transplant adult NPCs to differentiate into neurons,
astrocytes and oligodendrocytes. Despite having critical
characteristics of somatic cells, they may be subjected to lar-
ger expansions in vitro to become a renewable source of
neural precursors and suitable for the treatment of various
CNS disorders. In a model of experimental encephalomyelitis
(EAE), adult NPCs showed high migration and directioning;
they were found in greater numbers in places where there
was demyelination, next to demyelinated cells or cells that
had undergone remyelination. In addition to showing a
capacity to differentiate into astrocytes, oligodendrocytes
and neurons, they were also able to reduce glial scar forma-
tion. Adult NPCs seem to acquire a neurorestorative destina-
tion in vivo, ie., when transplanted into an environment
where neurodegeneration is predominant, they survive and
acquire a functional mature phenotype and replenish
damaged neural cells. However, when neuroinflammation
is prevalent, they remain undifferentiated, retaining this
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phenotype and their ability to proliferate. This indicates that
inflammation seems to be responsible for recruiting these
cells and ensuring they remain in the affected areas for long
periods. This occurs because NPCs have the same molecular
pathway that lymphocytes patrolling the CNS, infiltrating
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