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The belief in the inability of neurogenesis, that is the inability to create new neurons after embryonic and early
postnatal development of the central nervous system, was rejected in the mid-nineties, when the existence of neuro-
genesis in restricted areas of CNS adult mammals, including humans, was discovered.Transplantation of stem cells or
their derivatives into respective tissues or organs is considered as one of the most promising remedies for many incur-
able diseases.In this review, we summarized current knowledge and present and future perspectives andchallenges re-
garding stem cells treatment for Parkinson's and Alzheimer's disease, as the most common age-related neurodegenera-
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tive diseases.
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INTRODUCTION

Stem cells are self-renewing,unspecialized cells ca-
pable of differentiating into any specialized cell type in
the human body [1].Stem cells are important for embry-
onic development and organogenesis, but also for tissue
homeostasis and regeneration in the post-natal and adult
stages of life [2].Stem cells have three important charac-
teristics: self-renewal, clonality and differentiation po-
tential into multiple cellular lineages [3-5].

According to the source, stem cells can be classified
into embryonic (ESCs), fetal (FSCs), and adult stem cells
(ASCs) [6]. ESCs are the most undifferentiated cells found
in early development,first derived from the inner cell
mass of the blastocyst.After fertilization and first two di-
visions, formed cells are totipotent, and they are capable
of differentiating into three germ layer cells and ex-
traembryonic tissues [7]. Recently, Takahashi and Yama-
naka generated pluripotent cells by reprogramming so-
matic cells through overexpression of Oct4, Sox2, Klf4,
and c-Myc. These cells are called induced pluripotent
stem cells (iPSCs) and share similar characteristics with
ESCs [8]. FSCs are undifferentiated cells found in the or-
gans of fetuses, such as neural crest, hematopoietic sys-
tem and pancreatic islet. These cells have a low poten-
tial compared to theESCs, but greater potential com-
pared to the ASCs [9].Although the activity of stem cells
in many tissues and organs is proven, the exact localiza-
tion of ASCs is still not known because of current lack of
well-defined tissue-specific markers. It is assumed that
adult stem cells are in mobile niches and thus provides

tissue homeostasis [10]. Hematopoietic stem cells (HSCs)
and mesenchymal stem cells (MSCs) are the most recog-
nized ASCs. ASCs are adherent to cell culture dishes and
are characterized by specific surface cell markers. These
cells can differentiate into mesoderm-derived tissue,
such as adipose tissue, bone, cartilage, and muscle. Re-
cently, ASCs were differentiated into neuronal tissue
which derive from the ectoderm. This is an example of
transdifferentiation, i.e. when a cell from one germ
layer (mesoderm) differentiates into neuronal tissue
(ectoderm) [11-13].

In addition to ability to differentiation, stem cells
can modulate the immune response and thereby a thera-
peutic effect against many diseases, including neurologi-
cal disorders. With the advancement of stem cell tech-
nologies and the ability to generate different types of
neuronal and glial cells from stem cells, there is hope for
stem cell therapeutics as novel treatments for neurologi-
cal diseases [14].

NEUROGENESIS

There are several major challenges in the treatment
of incurable neurological disease. The nervous system
remains till today the least understood system of all,
even with most research concentrating on it for the past
few decades. Another factor is that neuronal cells are
one of the very few body cells that remain almost post-
mitotic. A third reason is the scarcity and restriction of
the endogenous pool of neuronal stem cells [15]. Neuro-
genesis occurs in a specialized microenvironment estab-
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lished by both the neurogenic and non-neurogenic cells
within the neurogenic area, and from cells and compart-
ments in direct contact with the niche [16]. Carriers of
neurogenesis in the adult CNS are stem cells - neural
progenitor cells (NPC), which are capable of self-re-
newal, i.e. creating identical daughter cells, and differ-
entiation of cells towards a neuronal or glial type [17-
19]. The number of these cells is relatively small and
limited to few regions of adult CNS, where they reside in
“stem cell niches” - the hippocampus, and subgranular
zone[20], the dentate gyrus and the subventricular zone
of the lateral chamber[21].However, in the past decade
researchers have showed that neurogenesis and gliogene-
sis are widely spread in the adult brain, particularly after
injury [22, 23]. In niches ruled optimal conditions for
self-renewal of NPC. Adult neurogenesis is not static, and
its rate may fluctuate in response to environmental
change, even subtle microenvironmental alterations.
Stressors modify this microenvironment, whereas NPCs
are not spared by the systemic stress responses driving
adaptation. Hypoxia, inflammation, metabolic or psy-
chological stressors have been shown to provoke the al-
tered NPCs “behavior” as a reaction to the modified en-
vironment [24]. The amount of stem cells, as well as the
speed of neurogenesis in the adult CNS are not sufficient
for the regeneration and repair of defects that exist in
neurological diseases, although shown to stimulate neu-
rogenesis of brain tissue damage, as well as the particu-
lar hormones and neurotransmitters, but also that there
is a circulating population of stem cells in the blood, that
could perform supplementation of NPC of adult CNS[25].
Possible therapeutic exogenous sources of stem cells are
ESCs, FSCs, ASCs and iPSCs [26-28].

PARKINSON'S DISEASE

Parkinson's disease (PD) is most frequently neuro-
degenerative disorder which affects elderly individuals.
During the course of the pathogenesis of PD there is a
decrease of neurotransmitters dopamine in the basal
ganglia: pars compacta substantia nigra with consequent
denervation of the striatum, which results bradykinesia,
rigidity, tremor and postural instability [29].Existing
therapies for PD only treat symptoms but do not address
the underlying cause. Currently, the PD is treated with
pharmacological substances and/or neurosurgical ap-
proach. The major treatment for PD is dopamine precur-
sor, L-DOPA, with carbidopa to prevent systemic effects
of the drug. Besides this cure, other drugs can also be
used for example dopaminergic agonists (e.g., pramipex-
ole and ropinirole) and drugs that slow the catabolism of
DA in the brain (e.g., entacapone) [30]. Additionally,
Olanow et al. showed that drug rasagiline, a selective ir-
reversible inhibitor of monoamine oxidase-type B, can
slow or delay disease progress and may offer disease
modification [31]. Taken together, these drugs are con-
sidered the gold standard of pharmacological treatment
to restore dopaminergic function, although, with time,
patients no longer respond to these treatments. In pa-
tients who are nonresponsive to pharmacological inter-
ventions, neurosurgical approaches and enzymatic en-
hancement therapy are considered. Unfortunately, a re-
liable long-term treatment to halt the progression of the
disease and restore motor and cognitive function remains
elusive [30, 31].

PRAXIS MEDICA

Progress in the field of stem cells “opens the door”
to potential use of these cells in the treatment of PD
[32]. The results of the first, small clinical trials with in-
trastriatal transplantation of fetal dopaminergic neurons
have shown that the transplanted neurons to survive and
the dopamine released and reinnervation of the striatum
[33-35]. However, there were some disappointing results
in terms of frequent untoward side effects, such as
dystonia and dyskinesia [35]. Soon initiated a series of
clinical studies [34-36]. Kordower et al. treated 40 pa-
tients with a severe form of PD (at 20 he performed the
implantation of fetal mesencephalic tissue in the puta-
men bilaterally, and in the other 20 “false neurosurgery -
without implantation”)[34]. The results were unexpect-
edly modest. In fact, some improvement has been
achieved in patients younger than 60 years, but there has
been development of dystonia and dyskinesia in 15% of
transplant patients after one year.At the same time, sur-
vival and preservation of function of the transplanted
stem cells rich in dopamine was confirmed [34, 35]. In
another placebo - controlled study led by Olanow, a
clinical improvement was achieved on the border of sta-
tistical significance, 56 % of patients have developed dy-
skinesia [36]. For graft-induced dyskinesia was found
that is not the result of excessive release of dopamine
from the graft, but the possible consequences of the un-
even and partial reinnervation of the striatum[37]. Thus,
the better the selection of patients or the selection of
those with less advanced disease, would provide a better
clinical effect after transplantation. The use of stem
cells from bone marrow that have been amplified in vitro
and differentiation to the dopaminergic neurons, would
significantly improve the transplantation in PD, because
of the ethical constraints which carries the application of
fetal stem cells and the fact that a larger number of fe-
tuses for transplantation one[35]. Also, it is necessary to
locate the transplant prior to the degeneration of dopa-
minergic neurons by using 18 F - dopa uptake using posi-
tron emission tomography (PET), and then perform mul-
tiple target implantations of stem cells in these parts,
which would result in better clinical recovery and lack of
dyskinesia [36]. However, owing to limited tissue avail-
ability and other issues surrounding cell therapy, the use
of fetal tissue is unlikely to become a routine treatment
for PD. Currently, the major focus in this area is on de-
veloping pluripotent/reprogrammed cell-based strate-
gies.

Recently, encouraging results have been published
application line derived glial cell neurotrophic factor,
GDNF, in the form of direct infusion of the putamen of
patients with PD during one year[38]. This growth factor-
expressing stem cells transplanted into the experimental
model of PD.It has been shown that it exhibits a powerful
neuroprotective action, affecting the recovery of dys-
functional dopaminergic neurons, which opens the possi-
bility of its application in combination with the trans-
plantation of stem cells in a PD [38].

However some questions remain unanswered, such
as: the low survival rate of dopaminergic neurons in
grafts, difficulty in integrating transplanted cells into the
host brain’s circuitry, defining the number of dopaminer-
gic neurons needed for a transplant, site of injection,
and graft-induced dyskinesia. Solving these issues will
require properly controlled animal and human studies
using a well characterized cell product made with de-
fined protocols and reagents.



ALZHEIMER'S DISEASE

Alzheimer’s disease (AD) is neurological disease,
which is characterized by progressive deterioration of
neurons and neural synapses in different parts of the
brain, such as cortex, hippocampus, amygdale and nu-
cleus basalis of Meynert. Typically, several years passes-
between the initial onset of symptoms and eventual
death. Increased extracellular amyloid plaques and in-
tracellular neurofibrillary tangles in the brain seem to
play essential role in pathogenesis of AD. Particularly
significant is the deficiency of cholinergic neurons in the
nucleus basalis of Meynert given that this region is re-
sponsible for cholinergic innervations of the cortex and
hippocampus, and just a lack of acetylcholine is consid-
ered crucial for the development and manifestation of
AD [39]. Clinical characteristics are progressive loss of
memory and other cognitive functions with dementia and
progressive depletion of daily-living activities as conse-
quence. Available therapy is based on enhancing cho-
linergic function in the brain by using an inhibitor of ace-
tyl cholinesterase, which has a limited effect, although
cognitive improvement and psychiatric repairment are
possible. In this regard, cell-replacement therapies, such
as ESC, FSC, ASC or iPSC derived neural cells, hold poten-
tial for treating AD patients who may be beyond the help
of pharmacological therapies [40, 41].

AD models in rats that received NPC exhibited an in-
creased hippocampal volume and synaptic density, which
improved cognitive function, learning and memory [42-
45]. Thus, the therapeutic target in the treatment of AD
could be a stimulation of neurogenesis in the hippocam-
pus. Neurogenesis stimulates learning, social contacts,
physical activity, high levels of estrogen, diet, corticos-
teroids, stress, inflammation and subordinate, inferior
position of the individual as an inhibitor. Interestingly,
neurogenesis is reduced in depression, and all known
anti-depressants, even electroconvulsive therapy,
stimulate neurogenesis according to the data obtained in
studies [46-49]. Intraventricular transplantation of hu-
man NPC overexpressing choline acetyltransferase suffi-
ciently restored learning and memory ability of AD rats
[44]. In addition, a recent study demonstrated that hu-
man MSCs can enhance autophagy in amyloid B-treated
neurons and mice, thus promoting amyloid B clearance
and increasing neuronal survival against amyloid B toxic-
ity [50]. Transplantation of human adipose tissue-derived
MSCs into the brains of aged mice enhance the levels of
acetyltransferase, thereby significantly improve the cog-
nitive ability and locomotor functions of the mice [51].
Furthermore, in patients with AD reduced number of cir-
culating HSCs (CD34+ cells) were found [52]. Bearing in
mind the potential of hematopoietic stem cells to differ-
entiate to neurons, this finding could speak in favor of
the failure of these particular cells under conditions of
heightened need for repairing the damaged parts with AD
[53]. In this way, even systemic application of hemato-
poietic stem cells or mesenchymal stem cells would have
justification in treating AD.

Grafted NPCs can also be significantly influenced in
their migration and differentiation by the microenviron-
ment in recipient brains. Nerve growth factors (NGF) are
thought to promote survival and differentiation of trans-
planted NPCs. Accordingly, it is shown that the use of
NGF, which prevents depletion of cholinergic neurons,

REVIEW ARTICLES

have a neuroprotective effect and leads to the improve-
ment of memory in an animal model of AD [54, 55].

New studies show potential of medial ganglionic
eminence (MGE) cells. MGE is an embryonal structure of
ventral telencephalon which can be dissected and trans-
planted into adult animals. MGE-derived interneurons
have high capacity of migration and autonomous integra-
tion. Also, these inhibitory neurons show a possibility of
connecting and influence on a large number of excitatory
cells and, therefore, they could improve memory and
learning [41].

It appears that future studies and clinical trials in
AD can go in different directions - stimulation of neuro-
genesis in the SVZ and hippocampus, but also in parts of
the brain where it does not occur spontaneously, but
where there are stem cells that can be induced to fur-
ther differentiation; use of a growth factor that has neu-
roprotective potential of using the genetically modified
stem cells. Due to the diffusion process and the diversity
of damaged neurons local or systemic application of stem
cells is the most therapeutic challenge.

FUTURE PERSPECTIVES AND CHALLENGES

The field of stem cell research in the area of neu-
rodegenerative disorders is highly promising and still in
its infancy. Neurodegenerative diseases affect human
health due to their devastating nature, cost, and lack of
effective therapies. Although stem cells offer a great
promise of treating these ailments, there are still several
issues needed to be solved prior to the translation of
stem cells into clinical setting. Success of stem cell ther-
apy depends on several critical issues, including route
and accuracy of cell transplantation, long-term function-
ality of engrafted cells, and, most importantly, how cells
interact with the host microenvironment. Currently there
are several options for stimulating neurogenesis in ther-
apy for neurodegenerative diseases and injuries, but
none of it actually gave a long-term effect. Further
studies examining the effectiveness of stem cells overex-
pressing various growth factors to reduce degeneration
neurons and improve clinical outcomes will help to
maximize the positive effects of cell therapy. Further-
more, the affinity for stem cells, especially MSCs, to mi-
grate to the brain make them attractive for gene and
drug delivery [56]. In clinics, although the use of stem
cell therapy for neurodegenerative diseases has gained
considerable momentum in the recent past, there are
still numerous hurdles that must be overcome. It is ex-
tremely important that these stem cell-based therapies
must pass vigorous safety and quality control testing. To
date, most countries do not have established standard
protocols for cell expansion and storage, handling and
shipping of stem cells, to check quality of cells at the
time of administration, and evaluate long-term safety. It
is necessary to introduce aguidelines for more rigorous
research practices, encourage more scientific clarity,
and create stringent scientific standards that could guide
the commercial development of stem cell-based thera-
pies in the future. Altogether, while number of questions
for stem cell application remain unanswered, the con-
certed efforts on stem cell research have already made a
great progress toward cell replacement therapy in order
to assure the best safety for patients.
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CONCLUSION molecules will be required. In some disorders, the thera-

peutic gain is likely to be achieved by transplanting the
The development of neurological disease therapy cells generated from stem cells in vitro, while in some

with stem cells requires a detailed knowledge of the ot.her di;orders therapeutic benefit may be obtained by
pathogenesis of these diseases, as well as which cell stimulation of endogenous stem cells of CNS.

types are affected. In the treatment, depending on the

disorder, a variety of cell types and neuroprotective
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SAZETAK

Verovanje u nemogucénost neurogeneze, tj. nemogucnost stvaranja novih neurona posle rodenja i ranog postnatalnog perioda, od-
bacdeno je sredinom devedesetih godina proslog veka, kada je dokazana neurogeneza u odredenim podruéjima CNS-a odraslih sisara,
ukljucujudi i Coveka. Transplantacija maticnih ¢elija ili njihovih derivate u odgovarajuca tkiva ili organe smatra se jednim od lekova
buducnosti za mnoge, za sada, neizleCive bolesti. U ovom preglednom radu, sumirali smo trenutno znanje, buduce perspektive i iza-
zove u primeni maticnih celija za le¢enje Parkinsonove | Alchajmerove bolesti, kao najées¢ih neurodegenerativnih bolesti vezanih za
starenje.

Kljucne reci: maticne celije, Parkinsonova bolest, Alchajmerova bolest
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