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Abstract

Before a half century, regeneration of neurons has been admitted as an impossible event. Thus,
neurodegenerative disorders (e.g. Parkinson’s disease, Alzheimer's disease, multiple sclerosis), vascular events
(e.g. stroke) and traumatic diseases (e.g. spinal cord injury) have been admitted as incurable diseases. Afterward,
tissue reparative and regenerative potential of stem cell researches for these disorders drew attention of the scientist
to replacement therapy. Now, there are hundreds of current experimental and clinical regenerative treatment
studies. One of the most popular treatment methods is cell transplantation. For this purpose many types of stem
cells such as mononuclear stem cells, mesenchymal stem cells, and olfactory ensheathing cells can be used. As a
result, cell transplantation has become a promising therapeutic option for these neurologic disorders. In this article,
we reviewed stem cell treatment modalities for neurological disorders in the light of current literature.
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Introduction
Until the middle of the 20th century, regeneration of nerve tissue

was considered to be impossible, however, nowadays in many studies
especially developments in stem cells technology showed that new
neurons can be obtained from different stem cells. For this reason, a
glimmer of hope was emerged for some neurotraumatic and
neurodegenerative disease such as spinal cord injury, Parkinson’s
disease (PD), Huntington’s disease (HD), Alzheimer’s disease (AD),
and amytrophic lateral sclerosis (ALS). In this article, we will provide
current information about neurological disorders associated with the
use of stem cells.

Stem cells are those cells that have the ability to continuously divide
and differentiate into various other kinds of cells and tissues [1]. There
are three types of stem cells based on the differentiation potential;
Totipotent cell has the power to create an organism alone, pluripotent
cells can be converted into all cell types, and multipotent cells can be
converted into cell types in their own tissues [2,3]. If we look for origin
of stem cells, we can mentioned three types as embryonal, fetal and
adult stem cells [4]. For using neurological trial, neurons and glial cells
have been generated from stem cells as embryonic stem cells (ESCs),
induced pluripotent stem cells (iPSCs), mesenchymal stem cells
(MSCs) and neural stem cells (NSCs). ESCs are one of pluripotent
stem cells derived from a blastocyst. iPSCs are reprogrammed from
adult somatic cells, this genetic reprogramming process can be made
with various agents (viral agents, epigenetic factors or plasmid). MSCs
display pluripotent characteristic and can different ectomesenchymal
derivatives, including not only smooth muscle or endothelium but also
neurons and glial cells [5]. Contrary to them, NSCs are multipotent
cells that generate into neurons, astrocytes and oligodendrocytes [6].

A Brief History
The presence of blood cells that can renew themselves was shown

for the first time in the 1950s. The definition of stem cells that we use
today is built on conducted studies in experimental animals in 1961.
With the success of bone marrow transplants, it came up that only the
basic cell transplant without the bone marrow in the 1970s. Starting
from this date, stem cell transplantations increasingly more began to
be implemented and stem cells first used only for the repair of bone
marrow, have been introduced to though for other organs and tissues.
Embryological origin stem cells were identified in 1998, after then,
embryonic germ cells are obtained from human primordial germ cells
[7]. iPSCs has initially produced by Shinya Yamanaka at Kyoto
University in 2006 [8]. In It has created quite excitement that these
stem cells can be used to treat diseases in the future.

Usage of Stem Cells in Neurological Diseases
Neurological diseases are caused by a loss of neurons and glial cells

in the central nervous system (CNS) or peripheral nervous system.
Effective treatment of these neurological diseases is currently
impossible. Stem cell therapy is a promising treatment option for these
neurological diseases [2,9].

Spinal cord injury
Traumatic spinal cord injuries are one of the challenging problems

all around the world. Spinal cord is the main circuit, which transfers
motor and sensorial signals between brain and body. After major
spinal cord injury, ascending and descending neural systems lost their
integrity with motor and sensorial structures in spinal cord and
paralysis and anesthesia occur under lesion site [10]. With this type
central nervous system injury, serious cell losses in tissues occur,
significant myelin loss is seen and it becomes almost impossible to
repair neural connections. So it is not possible to gain appropriate
results with only decompression and physiotherapy/rehabilitation. On
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the other hand, it has been shown that transplanted hematopoietic
stem cells gained from bone marrow regenerate injured cells and
repair myelin sheath [11-21]. Spinal cord regeneration was tested in
cell cultures and animal experiments firstly. To induce regeneration of
injured spinal cord, some methods like reducing scar size, X-
irradiation, electrical stimulation, neurotropic factors, grafting,
omentum transplantation, and neutralization of neurite growth
inhibitors were tested. In recent years, transplanting cells like Schwann
cells, olfactory glial cells, embryologic or adult stem cells have become
popular and all this methods are named as cell therapy. As a result of
these animal experiments, ideal cell type to transplant in spinal cord
injuries is not known but strong evidences shows us that site-specific
neural progenitor stem cells have to be [12,14,15]. McDonalds et al.
showed that, neural differentiated mice embryogenic stem cells
transplanted to rat spinal cord could stay alive 9 days after traumatic
spinal cord injury and these cells’ differentiation to astrocyte,
oligodendrocyte and neurons [13].

In recent years, it is advised also to use especially cytokine to
improve regeneration. Parr and Tator have used cytokine GM-CSF
with MSC for regeneration of spinal cord. The mechanism of this
protocol is not known exactly but quite good clinical results have been
seen and factors that may affect mechanism of action are thought as
below; a. Transdifferentiation to injured neural tissues, transformation
to neurons, astrocytes and oligodendrocytes, b. Neural protection;
Decreasing apoptosis, inflammation, demyelinization and increasing
astrocyte survival c. Creating ideal media for regeneration;
Proliferation of endogen neural progenitors and oligodendrocytes,
forming intercellular bridges, increasing intercellular communication
of astrocytes, decreasing glial scar thickness and increasing fibronectin
production that prevents glial scar, d. MSC or expression of growth
factor or cytokine by host; BDNF, NGF, FGF 2 VEGF, TGF-β, IGF-1,
BNP, SCF 1 e. Vascular effects; Regulation of blood flow, repairing
blood-brain barrier, reducing edema, reducing increased intracranial
or intraspinal pressure and improving angiogenesis, f. Remyelinization
by MSC or host cell, oligodendrocytes, Schwann cells, g. Increasing cell
fusion [20]. As a conclusion the actual repair of the spinal cord was
being thought as impossible a few years ago. Today, although still cure
is not found; but animal and latest human experiments and researches
are promising. Recently discovered methods that facilitate axonal
regeneration such as transplantation, bridging, and application of
exogenous growth factors and also presence of stem cells, which can
migrate and proliferate in the adult spinal cord, makes clear and
significant improvement in neurological function achievable after
spinal cord injury. Based on the results of the present experiments, the
possibility of effective regenerative treatment of human spinal cord
injury is a realistic goal, not speculation.

Stroke
Stroke is the most important cause of adult disability in developed

and developing countries [22,23]. With the increase in the elderly
population, the incidence and prevalence is increasing with each
passing day [24]. Central nervous system contains more than 100
billion cells. There are also more than 10,000 subtypes of these cells.
These cells communicate with each other by links that are almost too
numerous to count. All kinds of cells found in the brain may be
affected in stroke and also their connections may be [25]. Until
recently, it was considered that there can be no regeneration in the
brain of adults. Researches made in the past 10-15 years have showed
that neurons and astrocytes can be regenerated from adult mammalian
cells [26]. As a result of the highly developed ability of stem cells to

transform into neurons, astrocytes and oligodendrocytes, their usage is
promising. The aim is starting of the repair process by stimulating the
repair function. Thus, neurogenesis, angiogenesis and synaptogenesis
is required to be stimulated. In preclinical studies, it has been shown
that stem cells stimulate endogenous repair mechanisms and also
increase the vascularization of the damaged area. Bone marrow-
derived mesenchymal stem cells are utilized effectively in the
treatment of stroke. In preclinical studies with mesenchymal cells, it is
clarified that administration of these cells intracerebral, intraarterial
and intravenous ways is possible and functional improvement with all
may be provided [27-31]. The resulting functional gains in good
directions are due to endogenous trophic effects of stem cells and their
stimulation of repair processes more than development of new cells
[32]. Among many stem cell mobilizing agents, granulocyte-colony
stimulating factor (G-CSF) is particularly come to the fore. Which was
approved by the FDA, with the administration of G-CSF, stem cells
mobilize from the bone marrow to peripheral blood and may show
corrective or protective actions in brain. In addition, G-CSF has
neuroprotective effects as well in addition to the known anti-
inflammatory and angiogenesis properties. An experimental study of
the middle cerebral artery occlusion and stroke in mice, when
administered within 30 minutes G-CSF has been shown to reduce the
infarct area by 47% [33]. Intracerebrally given peripheral blood stem
cells have been demonstrated to enhance neuroplasticity by creating
angiogenesis with beta-1 integrin [34]. In many studies of stem cell
transplantation after stroke, significant contribution to neurological
recovery has been shown both clinically and histopathologically [35].

Parkinson’s disease
Parkinson's disease a progressive neurodegenerative disease

characterized by rigidity, tremor and bradykinesia and associated with
in loss of function of dopaminergic neurons in the substantia nigra.
Prevalence studies show that PD affects over 1% of the population over
the age of 60 [36,37].

There are many different treatment methods of PD. L-DOPA is still
fundamental drug in early periods of PD, dopaminergic agonists,
rasagiline use in initial treatment for the disease, Catechol-O-
methyltransferase inhibitors are effective with motor fluctuations.
Apomorphine is another drug that can be used non-oral. Deep brain
stimulation is also a widely used treatment method [38]. None of this
treatment provides a cure for PD. Moreover, although their effects
decrease, side effects are emerging but stem cell therapy would induce
long-term clinical improvement [39].

Fetal mesencephalic tissue replacement studies were being
performed since 1987 in order to increase dopaminergic neuron level
in striatum [39,40]. Until todays, in human, dopaminergic cell
transplantation was performed more than 300 cases in Parkinson's
disease. The implants adapted with tissue and their continued viability
has been proven with PET-scan and clinical improvement [41,42].
Embryonic stem cells (ESCs) also had been source for cell replacement
therapy in PD. Kim et al. encouraged us about ESC replacement due to
renewal ability and pluripotent nature of ESCs [43]. In addition to
pluripotent stem cells, adult stem cells have been used as a source for
cell replacement therapy, for example MSCs. Although MSCs are
obtained bone, muscle tissue, maxillary tissue, dental pulp, liver,
placenta, amniotic fluid, cord blood and synovial fluid, even mainly
derived from the bone marrow [44]. With the reprogramming
methods, scientist can convert fibroblast or other types of somatic cells
into neural precursors. Werning at al. have derived DA neurons from
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iPSCs and observed improvement in rodent model of PD after
engrafting iPSCs [2].

Furthermore, continue testing with different cells except ESCs,
MSC or iPSCs, Murrell et al. were generated dopaminergic neurons
from olfactory mucosa in vitro and transplanted to hemiparkinsonian
rat model [45]. Olfactory neuroepithelial cells have some advantage as
a source of stem cell for example, easy biopsy, regenerative capability,
neurogenic differentiation potential; so, scientists may be mostly want
to use olfactory neuroepithelial cells in future.

Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis; associated with the common upper

and lower motor neuron degeneration, generally resulting in death
due to respiratory failure an average of three years after the beginning
of symptoms [46]. Microglial activation, astrocytosis, lymphocyte
infiltration and dendritic cells are accompanied with progressive
degeneration of motor neurons [47]. Cause of the disease is not known
but glutamate excitotoxicity and oxidative stress, viral infections,
autoimmune mechanisms, glial abnormal activity and reduction in
trophic factor hypothesis are involved in etiopathogenesis [48].

Definitive diagnosis of ALS is usually confirmed after a period of
1-2 years from the start of symptoms. Riluzole is a glutamate
antagonist and the only known treatment of the disease. About 20% of
life was found to be prolonged in patients using this drug [46]. With
other agents around 20 clinical studies have been conducted to date.
Although some molecules results with promising studies in animal,
however, riluzole is the only therapeutic drug approved for ALS with
regard to prolonging survival time [49].

Stem cell therapy is one of the treatment methods in order to stop
the progression of the disease and if possible return loss of function. It
is not a realistic expectation that stem cells integrate to neural network
by replacing lost motor neurons. The hope is the halting of motor
neuronal death [9]. Stem cell transplantation studies have been shown
to be effective in animal. The studies continue about how stem cell
effects in ALS [50]. Stem Cell therapies for ALS utilize various types of
stem cells to regenerating neurons and support surrounding cells
through release of neurotrophic factors, and study disease physiology.
Different sources of stem cells include bone marrow, neural stem cells,
mesenchymal stem cells, astrocyte precursor cells, and induced
pluripotent stem cells [51]. Autologous MSCs were isolated from bone
marrow and most of cell-based clinical trials for ALS are based on the
use of MSCs. Mazzini et al. has placed the autologous bone marrow-
derived hematopoietic cells into the spinal cord at TH7-TH9 level for 7
patients. They have showed that in patients with significant gains in
the three-year follow-up results and reported that direct injection of
autologous MSCs into the spinal cord in ALS patients is a safe method
which does not show significant acute or chronic toxicity and is well
tolerated [52].

Dimos et al. have generated iPSCs from an ALS patient. These
patient-specific iPSCs have properties of embryonic stem cells and
were able to differentiate into motor neurons [53].

There are currently ongoing trials of various types of stem cell
transplantation (for e.g. Olfactory ensheathing cell, human neural
stem cell transplantation) in the USA, Italy, Spain, Canada, Israel and
China (for more information www.clinicaltrials.gov). Overall, these
trials provide important data about the safety and feasibility of cell-
based therapies in ALS patients.

Multiple sclerosis
Multiple sclerosis (MS); It is an autoimmune central nervous system

disease characterized with inflammation, demyelinization and axone
injury. In MS pathogenesis; the existence of abnormal immune
response against the myelin antigens in CNS is considered. Young
women suffer from the disease more frequently [54,55]. Its prevalence
varies between 2 to 200 in 100.000 depending on the geographical
features. Around 15% of multiple sclerosis patients have another
family member who has been influenced by the disease [56]. Multiple
sclerosis is a chronic disease whose one part proceeds with the attacks
and the other part proceeds progressively. The most frequent
symptoms are motor symptoms, prostration, vision loss, brain stem
symptoms, cerebellar symptoms, cognitive disorders; bladder,
intestine and sexual disorders [54,55,57].

Nowadays, there is no pathognomonic reagent that can be used for
the diagnosis of multiple sclerosis. The diagnosis relies on supporting
the clinical symptoms with the laboratory data [56]. The diagnosis of
the disease constitutes the Mc Donald criteria, which is widely
accepted by an international panel. Two clinical attacks and two
lesions have been regarded as the proof for the spread of the disease in
time and space, which also forms the main principle of MS diagnosis
[58]. The publications about the use of stem cell in MS disease
treatment are commonly available in literature and the number of
them increases gradually. In literature, there are vast series that
constitutes hundreds of symptoms [59-61]. Autologous hematopoietic
stem cell transplantation (HSCT) treatment effect can be summarized
as the re-programming of the immune system. Supposing that
retraining the immune system cells can also prevent the possible MS
attacks, it has been attempted in MS disease. In addition, there are also
forms that allogenic HSCT applications and MSCS are used. It is
striking that in MS disease, nowadays; the stem cell applications in the
form of transplantations mainly focus on the oligodendrocyte
progenitor cells (OPG). In this approach, the goal is to let the
transplanted cells to acquire the capability of forming new myelin,
replace the damaged myelin and overtake the functions of healthy
myelin and in this way prevent axone destruction. Therefore, in
literature, the stem cells are advised for the diseases showing
demyelinization such as MS, not only because they have strong anti-
inflammatory effects but also they have direct repairing effects on the
remyelinization and they are more commonly used in time [62,63].
Together with the transplantation, OPG or undifferentiated stem cells
can manage to have the components that will protect the tissue. Thus,
making a neuroprotective effect on the CNS tissue, which is being
damaged due to the ongoing disease activity, has a crucial role in the
application of treatment. The stem cells provide trophic recover, and
by stimulating endogenic neurons, astrocytes and veins, they let the
growth factors to be released and provide multi faceted recovery. It is
impossible to say that the stem cells form recovery only by changing
into neurons in the complex neural system. Thus, the stem cells will
certainly be used more commonly in the neurological diseases in the
future [64].

Other neurological diseases
Congenital metabolic diseases are a vast diagnosis group, which

constitutes genetic diseases including metabolism disorders. It is a vast
group including carbohydrate metabolism disorders, amino acid
metabolism disorders, organic acid metabolism disorders, fatty acid
oxidation and mitochondrial metabolism disorders, porphyrine
metabolism disorders, purine or pyrimidine metabolism disorders,
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steroid metabolism disorders, mitochondrial malfunction,
peroxisomal malfunction, lysosomal storage disorder. Most of them
stem from the single gene mistakes encoding the enzymes, which
facilitate a substance's conversion into another substance. In most
disorders, the troubles are caused by the accumulation of toxic
substances or the substance's reduced functions for the normal
procedure due to inability of synthesizing. Congenital metabolic
diseases are progressive and fatal, so they do not have a distinct and
efficient treatment. The strategy of the treatment is to put back the
enzymes that have to be in the central neural system. In 2004, Krivit
stated that allogenic hematopoietic stem cells were used for the
patients with lysosomal storage disease and leukodystrophy [65]. The
results are rather satisfactory. Similarly, successful stem cell
applications on people with Krabbe's disease have been reported [65].
The reason why stem cells are beneficial in these types of diseases is
that the stem cells penetrated into the brain accompany the infiltration
of microglial cells and their consequent help to replace the lost
enzymes.

When the literature is examined, the stem cell applications for
many neurological diseases are increasingly taking place as an
alternative treatment method. Intracranial trauma, Alzheimer disease,
Huntington’s chorea and even the treatment of epilepsy can be
accepted among the possible diseases stem cell applications will be
used onwards [66-72].

In conclusion, it is quite difficult to treat and cure of neurological
diseases because of limited neuron regeneration. Unfortunately,
current treatments cannot provide effective solutions to regenerate
neurons, at the same time cannot prevent loss of neurons. So, neural
stem cell therapies have caused quite a stir with hope to treatment of
neurodegenerative disorders. Todays, selection, generation and
transplantation of stem cell, all of these major challenges but in the
very near future we can say hopefully that stem cell therapies can be
applied effectively. In light of these findings, stem cell treatment is a
cell substitution for the destroyed spinal cord or CNS, axon
regeneration and/or application of a neurotrophic factor to recover the
neural tissue. These data are promising, but future studies must
continue to establish whether stem cells can serve as a safe and
functional autologous source for treatment of the neurological
disorders.
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