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Abstract

Parkinson’s disease (PD), a chronic neurodegenerative disorder, is characterized as a
movement disorder with resting tremor, dyskinesia, gait disturbance, etc. The main
pathology is based on the progressive loss of dopaminergic neurons in the substan‐
tia nigra of the midbrain.  These motor symptoms can be treated by dopaminergic
drugs, but over time, the drug’s effect has less efficacy, and side effects develop such
as involuntary movements. As there is no gold standard long-term treatment for this
condition, there is a strong need to develop new drugs and therapies. The clinical
and experimental findings of successful intrastriatal transplantation of fetal mesence‐
phalic  dopaminergic  neurons  into  the  brains  of  patients  with  PD have  been  well
established. The development of human stem cell  technology including embryonic
stem (ES)  cells  or  induced pluripotent  stem (iPS)  cells  opened a  new field  called
clinical cell therapy, especially for PD. In this chapter, we cover the scientific progress
of  the clinical  and experimental  trials  of  cell  therapy for patients  with PD. It  also
contains the recent advances in the clinical application of stem cells including neural
stem cells, mesencephalic stem cell, ESC, and iPS cells and unsolved problems in the
clinical  setting.  The  combination of  gene therapy and gene-manipulated stem cell
application in PD therapy will be the most discussed in this area.

Keywords: Parkinson’s disease, neurodegenerative disorder, dopaminergic neuron,
stem cell, cell therapy

1. Introduction

The principal pathological features of Parkinson’s disease (PD) is the progressive degenera‐
tion of dopaminergic (DA) neurons located in the substantia nigra in the midbrain and their
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projections to the striatum, leading to a major loss of striatal dopamine that controls motor
functions [1]. The degeneration of DA neurons in many patients with PD also results in non-
motor symptoms, such as mood problems and cognitive impairment [2]. The etiology of PD
remains unknown in the vast majority of cases, and there are no disease-modifying treat‐
ments in the clinic. Characteristic motor symptoms, including rigidity, hypokinesia, tremor,
and postural instability, can be treated effectively with the DA precursor L-dopa, DA ago‐
nists,  monoamine oxidase-B inhibitors,  and Catechol-O-methyl transferase inhibitors that
reduce the breakdown of DA. The current pharmacologic treatments, including L-dopa, mostly
target symptoms only. However, the effect of these drugs decreases over time, and patients may
acquire side effects such as motor disturbances along with behavioral and neuropsychiatric
problems. Deep brain stimulation (DBS), in the subthalamic nucleus or globus pallidus, has
been introduced as an advanced surgical intervention that works electrically to enhance the
motor output. However, none of these treatments reverse the progress of DA neuron degener‐
ation. A new treatment is cell transplantation therapy to replace lost DA neurons and accom‐
panied tissues in PD [3]. Treating PD with cell transplantation began over three decades ago [4].
Cell transplantation trials for DA cell replacement and restoration used a variety of different
catecholaminergic cells, but the beneficial effect was minimal [5]. So, there have been many
efforts to find an available source of nigral DA cells for grafting, including DA neurons from
different species [6] and various types of stem cells. Neurorestorative approaches to PD, based
on stem cell technology, have been improved to make a large number of nigral DA cells from a
stem cell source safe. With two main features (i) the ability of self-renewal and (ii) the capaci‐
ty to differentiate into specialized cell types, stem cell therapy is in the spotlight for PD treatment,
and new studies are being developed recently. The advanced trials of stem cell-based DA cell
production have also opened the possibility of developing novel reprogramming strategies [7].
In this chapter, we discuss how stem cells are currently used in research and are translated into
clinical trial for the future treatment of PD.

2. Advent of cell transplantation for treatment of Parkinson’s disease

The fundamental principle of cell replacement therapy is simple. The strategy is to restore
brain function by replacing dead cells with new healthy cells through intracerebral transplan‐
tation. Until the late 1970s, it was believed that repairing the central nervous system might
never be possible and then experimental trials showed that intracerebral grafts of fetal
mesencephalic DA-rich tissue in rats could ameliorate the symptoms of experimental PD [8,
9]. These preclinical data raised the possibility of transplantation therapy for patients with PD
using a human fetal mesencephalic tissue. Although there was much enthusiasm for human
cell transplantation, the translation into clinical practice was hindered by three main issues.
First, there are practical problems of collecting enough human fetal tissue and identifying the
ventral mesencephalon, containing the dopaminergic neurons to graft into the brain of patients
with PD. Second, there are ethical problems regarding whether it is morally justified to use
human fetal tissues derived from dead, aborted human fetuses. Finally, there were inconsis‐
tent results of trials and development of graft-induced dyskinesias in some patients [10, 11].
The initial clinical transplantations in patients with PD were not performed with human fetal
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tissue. Backlund and Lindval performed pioneering work to implant autologous adrenal
medulla cells into the striatum of patients with PD as a local catecholamine source [4, 12].
However, there were adverse effects and low efficacy that led researchers to abandon this
method. Clinical trials continued until the early 2000s. Even though there were some reports
of improvements, overall there was no significant change in treated patients as compared to
controls [13–15].

Clinical cell therapy for PD now has renewed interest due to recent scientific advances in the
development of a method for producing dopaminergic neurons from stem cells and reprog‐
rammed cells. In addition to human fetal mesencephalic tissue, human embryonic stem (ES)
cells and human-induced pluripotent stem (iPS) cells are being planned for clinical applica‐
tion. These new cell sources have the potential to prepare dopaminergic neurons in large
numbers for cell transplantation therapy for PD [16]. Local factors within the microenviron‐
ment of transplanted neural stem cells affect the fate of the transplanted cells, long-term
survival, proliferation, and differentiation [17]. Further studies for cell delivery route, cell dose,
and patient selection are also required and need to be evaluated in greater depth to establish
Backlund pre-conditional evaluation system for the successful clinical application of cell-based
therapies [18].

3. Application of stem cells in Parkinson’s disease

There are several types of stem cells that are under consideration for therapeutic purposes,
including embryonic stem cells (ES cells), neural stem cells (NSCs), mesenchymal stem cells
(MSCs), and induced pluripotent stem cells (iPSCs).

3.1. Embryonic stem (ES) cells

ES cells are pluripotent cells which are derived from the inner cell mass (ICM) of blastocysts.
The indefinite self-renewal ability and plasticity of ES cells allows for in vitro generation of an
unlimited number of distinct cell types [19]. In neuronal systems, previous studies have found
that functional neurons, astrocytes, and oligodendrocytes could be derived from ES cells in
vitro [20, 21]. Therefore, ES cells are believed to be able to generate specialized cells to replace
damaged tissue in patients suffering from various degenerative diseases [22].

ES cells are one of the promising sources that might differentiate into DA neurons. Rodent and
human ES cell-derived DA neurons have been shown to repair brain circuitry and restore
cerebral function after transplantation into the striatum of rats with PD [23, 24]. Primate ES
cell-derived DA neurons were successfully placed into the putamen of 1-methyl-4-phenyl-1,
2, 3, 6-tetrahydropyridine (MPTP)-lesioned monkeys [25]. In that study, 14 weeks after
transplantation, the uptake of [18F]-DOPA increased, suggesting the functional recovery of ES
cell-derived DA neurons. However, the differentiation rate and the survival rate of these
neurons after transplantation are still low [23, 26]; less than 300 tyrosine hydroxylase (TH)-
positive cells survived after transplantation of 1 ∼ 4 × 105 ES cells into the striatum [27, 28].
Furthermore, residual undifferentiated ES cells may potentially cause tumors, especially
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teratomas [29]. Ethical and political concerns regarding ES cell origin are another major
limitation. Isolating ICM from blastocysts destroys embryos and increases moral concerns [30].
Therefore, non-ES cells have become the focus for cell-based therapies.

3.2. Neural stem cells (NSCs)

NSCs are multipotent stem cells that are isolated from either fetal brains or specific regions in
adult brains [31]. In the adult brain, neural stem cells have been found in two major niches:
the subgranular zone (SGZ) in the dentate gyrus of the hippocampus and the subventricular
zone (SVZ) of the lateral ventricles [32]. NSCs might differentiate into neurons, astrocytes, and
oligodendrocytes [33]. Due to the specific lineage restriction of NSGs, the risk of potential
tumor formation is reduced, and NSCs retain their regional specificity [31].

Recent reports have shown the potential ability of NSCs to differentiate into DA neurons [34,
35]. Overexpression of several genes, such as Brn4, TH, glial cell line-derived neurotrophic
factor (GDNF), and Lmx1a, may contribute to the maturation and survival of differentiated
DA neurons from NSCs [35–37]. Transplantation of NSC-derived DA neurons or NSC-derived
DA neurons overexpressing Wnt5a or Nurr1 has led to functional improvement in animal
models of PD [38, 39]. However, the survival rate for TH-positive DA neurons after trans‐
plantation was very low, less than 4.3%, and the transfection of Wnt5a into NSCs increased
10-fold over TH-positive DA neurons [38]. The transplantation of NSCs from SVZ improved
the symptoms of PD, but the survival rate of these cells was still low [40, 41]. Therefore, new
methods to increase the cell number and survival rate of transplanted cells must be devel‐
oped for successful NSC transplantation.

3.3. Mesenchymal stem cells (MSCs)

MSCs are typically defined as multipotent stromal cells that can differentiate into all cells of
mesodermal origin [42]. MSCs are commonly sourced from the bone marrow, but there has
been successful isolation of MSCs from the adipose tissue, umbilical cord blood, amniotic fluid,
and synovial membranes [42]. MSCs have several advantages; first, these cells are easily
collected from patients’ own tissue. Second, ethical concerns for MSCs are decreased be‐
cause they can be retrieved from adult tissues or umbilical cord blood donations. Third, MSCs
are an immunologically favorable source for transplantation. MSCs have a property of
immunomodulation to suppress inflammation and downregulate pathogenic immune
responses to limit graft-versus-host disease [43]. This characteristic would be an important
benefit for use in transplantation.

3.3.1. Bone marrow MSCs (BMSCs)

Bone marrow is the most common source of MSCs. Important features of BMSCs are that they
are a resource with easy access for harvesting, and they have the ability to migrate into the
brain across the blood-brain barrier [44]. This important advantage suggests the possibility
that MSC transplantation may be applicable with noninvasive and peripheral delivery tools.
Several reports promote the possible potentials of neuronal differentiation of BMSCs [45–47].
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Although these results support the therapeutic potential of BMSCs for treating neurological
disease, their rate of differentiation into neuronal cells is low, and these cells can be main‐
tained for a few passages [48]. However, only 0.8% of grafted cells expressed TH immunor‐
eactivity [48]. Transfection with Notch1 intracellular domain (NICD), basic fibroblast growth
factor (bFGF), forskolin, ciliary neurotrophic factor (CNTF), or GDNF increased the propor‐
tion of tyrosine hydroxylase-positive and dopamine-producing cells [45]. In a clinical trial,
advanced patients with PD unilaterally transplanted with bFGF-treated BMSCs in the SVZ
showed clinical improvement after 12–18 months of follow-up without being teratogenic [49].

However, this result suggests that while BMSCs may be a good source for patient health and
harvesting safely, their low differentiation rate limits the potency of BMSCs for transplanta‐
tion.

3.3.2. Umbilical cord blood (UCB) cells

UCB cells are MSCs that are derived from umbilical cord blood attached to the placenta. The
amount of cells that could be collected from cord blood is limited after delivery. However,
UCB cells have many potencies for transplantation such as easy expandability and tolerance
to human leukocyte antigen (HLA) disparities, which significantly decrease the risk of immune
rejection [50].

Although several reports showed that UCB cells could be differentiated into neuronal and glial
cells [51, 52], the differentiation potential of UCB cells is similar to that of BMSCs. To induce
neuronal differentiation of UCB, UCB cells were cultured with sonic hedgehog (SHH) and
fibroblast growth factor-8 (FGF-8), increasing the neuronal differentiation to 12.7%. Howev‐
er, transplantation of both undifferentiated MSCs and differentiated UCBs improved the
symptoms of PD in 6-OHDA PD models [53, 54].

3.3.3. Adipose-derived stem cells (ASCs)

ASC has an advantage due to easy access to adipose tissue and abundance with prolifera‐
tion and differentiation potential [55]. ASCs have a high proliferation capacity in vitro and
differentiate into cells with several neuronal and glial characteristics [55]. The implantation of
human ASCs leads to no adverse side effects such as tumorigenicity, chromosomal abnormal‐
ities, or immune rejection [56]. In an in vitro study, the LIM homeobox transcription factor 1,
alpha (LMX1A)- and neurturin (NTN)-infected ASCs showed a dopaminergic differentia‐
tion by secreting the dopamine [57].

The therapeutic efficacy of ASCs has been assessed in various animal models with PD. The
ASCs were intravenously injected into the tail vein of a PD mouse model induced by 6-
hydroxydopamine (6-OHDA) [58]. After the injection of ASC, the behavioral performances
were significantly improved, and dopaminergic neurons were rescued [58]. In a rotenone-
induced PD rat model, transplantation with ASCs increased the serum level of BDNF and the
brain levels of dopamine and TH [59]. This study suggests that ASC transplantation might be
advantageous due to their immunomodulatory, anti-inflammatory, and neurotrophic effects.
A recent study found that the transplantation of neuronal-primed ASCs derived from rhesus
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monkey tissue combined with adenovirus containing NTN and TH improved PD behavior
including tremor recovery and motility in MPTP-lesioned hemi-parkinsonian rhesus mon‐
keys [57]. In postmortem analysis, combined transplanted ASCs with NTN and TH could
replace lost neurons and reconstruct the nigrostriatal pathway in the brain [57]. Overall, this
study underscores that transplanted ASCs may have therapeutic potential for PD.

3.4. Induced pluripotent stem cells (iPSCs)

iPSCs were recently focused one as a potential cell source to repair neuronal networks in
various neurological diseases. Since iPSCs are derived from adult tissues, complicated ethical
issues and the risk of immune rejection can be avoided when used as a substrate for trans‐
plantation. For the production of iPSCs, retroviral transduction of four transcription factors
Oct3/4, Sox2, Klf4, and c-Myc were needed [60]. Since c-Myc is well defined as an oncogene,
and Oct4 and Sox2 are also overexpressed or activated in various types of cancer, reactiva‐
tion of these genes increases the risk of tumor formation [60–62]. Therefore, one major
weakness of the iPSC is an increased risk of tumor formation.

In a recent report, disease-specific iPSC derived from patients suffering from PD showed
disease-specific cellular pathological phenotypes, such as abnormal pathological ;-synuclein
protein and accumulation and alterations in autophagy [63]. The use of iPSC in patients
suffering from sporadic or genetic forms of PD can offer a PD iPSC-based model for drug
discovery, earlier diagnosis and development of individualized treatment in the preclinical
phase of the disease [63].

DA neurons generated from mouse iPSCs were first transplanted into the striatum of a rat PD
model, improving the symptoms of PD [64, 65]. DA neurons differentiated from iPSCs of
patients with PD were transplanted into the striatum of a PD transgenic rat, and these neurons
survived for several months and further improved the symptoms of PD [66]. Most important‐
ly, these transplanted cells did not display signs of teratoma formation in the grafts [66].

4. Challenging points

The trials of cell transplantation to treat PD were first tested three decades ago [4]. Despite
long time basic and clinical studies, there still is no cure of dopaminergic cell therapy for PD.
Since the first trial of cell transplantation with autologous adrenal medulla cells into the
striatum of patients with PD, cell sources of implants have been developed into fetal mesen‐
cephalic tissue, which was rich in dopaminergic neurons [67, 68]. However, the minimal
beneficial effects of transplantation, lack of efficacy, and occurrence of troublesome graft-
induced dyskinesia (GID) have halted the clinical application of cell therapy for a while [13,
69, 70]. The translational trial of fetal ventral mesencephalon (fVM) has raised arguments about
ethical decisions to use human fetal tissue. In addition, collecting enough fetal tissue to graft
has been a problem in practical aspects and not promising for PD therapy due to their low
efficacy.

Challenges in Parkinson's Disease262



The development of human stem cell technology including human embryonic stem (hES) cells
or induced pluripotent stem cells (iPSCs) opens a new era to the field of clinical cell therapy,
especially for PD in the restoration and replacement of degenerated dopaminergic neurons
and DA neural circuit. Scientists are investigating which stem cells (e.g., embryonic, neural
stem cells, mesenchymal stem cells, induced pluripotent stem cells, umbilical cord blood cells,
etc.) are best for developing a potential therapy for PD. Translating animal model results into
human trials requires controlling many factors including the type of stem cells, culture
conditions, the protocols for injecting cells into the brain, and the method of activation into
DA neuronal differentiation. Although stem cells have the best potential to become a future
treatment for PD, there are some challenging points to overcome before application into human
trials.

Point 1: Ethical issue regarding their origin

ES cells are inner cell mass (ICM) of blastocyst-derived pluripotent cells. For the isolation of
ICM, it is inevitable to destroy early embryos, which leads to a moral concern [30]. This moral
concern has been overcome by the ability to harvest adult stem cells and iPSCs. Thus, the
number of basic and clinical studies has been increased. Therefore, this inherent ethical issue
needs to be solved before launching the practical application of hES cells in PD cell therapy.
This is very complicated due to multiple concerns such as regional, religious, and social
interests. That is why scientists keep trying to find a common ground for future research. Since
the iPSCs may be derived directly from adult tissues, complicated ethical issues may be
avoided when they are used as a potential cell source for cell therapy.

Point 2: Development of large numbers of dopaminergic neurons in standardized prepara‐
tions

It is estimated that for successful implantation into the human brain, the number of dopami‐
nergic neurons needed will be >100,000. The overexpression of transcription factors in‐
volved in DA neuron development has been used in hES cell-derived DA neurons in culture.
Lmx1A, Nurr1, and Pitx3 have been shown to expand the number of DA neurons in culture
[71, 72]. GSK3β inhibitor and FGF8 also showed reliable production of DA neurons [73]. iPSCs
can be produced as patient-specific cells potentially used for transplantation. However, the
reprogrammed dopaminergic neurons are still incomplete regarding their functional effica‐
cy. The majority of generated neurons were glutaminergic and GABAergic. Several recent
studies developed neuronal subtype-specific transcription factors that are involved in the
direct conversion process into DA neurons [74, 75].

Point 3: Risk of tumor formation

The tumorigenicity of stem cell-derived cells should be assessed, and all cell types in the
implants must be identified. The high capacity of self-renewing and pluripotency of ES cells
increases the risk of tumor formation, especially teratoma [29]. The major drawback of the
iPSCs is also tumor formation because of the reactivation of c-Myc, one of the major onco‐
genes [60]. With a modified reprogramming protocol that eliminates c-Myc, it can reduce the
tumorigenicity and also significantly decrease iPSC formation [60]. Recently, poly(ADP-
ribose) polymerase I (ParpI) reported significantly decreased tumor formation in iPSC
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production [76], but the teratoma formation after transplantation could not be completely
excluded [16]. However, these trials are promising regarding the potential to overcome major
drawbacks before clinical use. Tumor formation also reduces the efficacy of stem cell produc‐
tion in these patients. To generate better-defined stem cell populations free from tumor tumor
cells, fluorescence-activated cell srting (FACS) and/or magnetic-activated cell sorting (MACS)
techniques can be applied. The sorter can select transplantable safe stem cells, and thus deplete
tumor cells simultaneously [77, 78].

Point 4: Improvement of efficacy of the graft

After reviewing all of the previous points, cell potency of stem cell-derived dopaminergic
neurons must be analyzed and compared to fetal dopaminergic neurons before application in
patients. This comparison can be considered as the gold standard and can be used to esti‐
mate the number of cells to be implanted. The growth capacity of the dopaminergic neurons
needs to be analyzed to determine the distribution of implants required to reinnervate human
striatum. The recovery after cell therapy also depends on patient selection. For successful
transplantation, it will be advantageous if patients are in an early stage of the disease.

5. Perspectives

Stem cells are unique in that they can self-renew and differentiate into specialized cell types,
especially all neural lineage cells. These two key features have drawn the interest to develop
and apply these cells in basic and translational research for cell therapy strategies. Despite
three decades of DA neuron cell replacement research, transplantation of DA neurons into
striatum has not yet been established as a competitive therapy for patients with PD. However,
there have been several scientific advances in clinical trials. The grafted neurons survive over
time, and neuronal growth with functional connections in adult human brain has been
established for potential clinical applications. Dopaminergic innervation by cell replacement
therapy shows major relief of motor symptoms. However, the patients developed non-motor
symptoms such as anxiety, mood fluctuations, and sleep problems and were detected with a
progressive loss of serotonergic neurons that occur concomitantly with the graft-induced
dopaminergic regeneration. There are still significant challenges for the successful clinical
application of stem cells as a treatment for PD. The issue regarding the risk for tumorigenici‐
ty and graft-induced dyskinesias should be assessed seriously. In this evaluation, the deter‐
mination of identity of all cell types in the implants will be essential. Theoretically, cell sorting
can eliminate tumor-forming cells and serotonergic neurons to improve the safety of cell
transplantation. Combined with recent development in stem cell fields, cell-replacement
strategy provides optimistic options. Human ES and iPSC-derived DA neurons are in
development for clinical applications. With these new sources of cells, there will be a great
development of clinically competitive cell therapy for patients with PD. Many challenges still
remain for successful clinical trials; many research groups provide scientific progress and
significant clinical advances in these fields.

Challenges in Parkinson's Disease264



Author details

Keun-A Chang1* and Seonghan Kim2

*Address all correspondence to: keuna705@gachon.ac.kr

1 Department of Pharmacology, College of Medicine, Gachon University, Yeonsu-gu, Incheon,
South Korea

2 Department of Anatomy, Inje University, College of Medicine, Busanjin-gu, Busan, South
Korea

References

[1] P.C. Buttery, R.A. Barker, Treating Parkinson's disease in the 21st century: can stem cell
transplantation compete? J Comp Neurol 522 (2014) 2802–2816.

[2] K.R. Chaudhuri, D.G. Healy, A.H. Schapira, E. National Institute for Clinical, Non-
motor symptoms of Parkinson's disease: diagnosis and management, Lancet Neurol 5
(2006) 235–245.

[3] R. Savica, W.A. Rocca, J.E. Ahlskog, When does Parkinson disease start? Arch Neurol
67 (2010) 798–801.

[4] E.O. Backlund, P.O. Granberg, B. Hamberger, E. Knutsson, A. Martensson, G. Sedvall,
A. Seiger, L. Olson, Transplantation of adrenal medullary tissue to striatum in
parkinsonism. First clinical trials, J Neurosurg 62 (1985) 169–173.

[5] R.A. Barker, S.B. Dunnett, Functional integration of neural grafts in Parkinson's disease,
Nat Neurosci 2 (1999) 1047–1048.

[6] R.A. Barker, Porcine neural xenografts: what are the issues? Novartis Found Symp 231
(2000) 184–196; discussion 196–201, 302–306.

[7] A. Shaltouki, R. Sivapatham, Y. Pei, A.A. Gerencser, O. Momcilovic, M.S. Rao, X. Zeng,
Mitochondrial alterations by PARKIN in dopaminergic neurons using PARK2 patient-
specific and PARK2 knockout isogenic iPSC lines, Stem Cell Reports 4 (2015) 847–859.

[8] A. Bjorklund, U. Stenevi, Reconstruction of the nigrostriatal dopamine pathway by
intracerebral nigral transplants, Brain Res 177 (1979) 555–560.

[9] M.J. Perlow, W.J. Freed, B.J. Hoffer, A. Seiger, L. Olson, R.J. Wyatt, Brain grafts reduce
motor abnormalities produced by destruction of nigrostriatal dopamine system,
Science 204 (1979) 643–647.

Clinical and Experimental Cell Therapy in Parkinson’s Disease
http://dx.doi.org/10.5772/63764

265



[10] R.A. Barker, W.L. Kuan, Graft-induced dyskinesias in Parkinson's disease: what is it all
about? Cell Stem Cell 7 (2010) 148–149.

[11] W.R. Galpern, J. Corrigan-Curay, A.E. Lang, J. Kahn, D. Tagle, R.A. Barker, T.B.
Freeman, C.G. Goetz, K. Kieburtz, S.Y. Kim, S. Piantadosi, A. Comstock Rick, H.J.
Federoff, Sham neurosurgical procedures in clinical trials for neurodegenerative
diseases: scientific and ethical considerations, Lancet Neurol 11 (2012) 643–650.

[12] O. Lindvall, E.O. Backlund, L. Farde, G. Sedvall, R. Freedman, B. Hoffer, A. Nobin, A.
Seiger, L. Olson, Transplantation in Parkinson's disease: two cases of adrenal medul‐
lary grafts to the putamen, Ann Neurol 22 (1987) 457–468.

[13] C.R. Freed, P.E. Greene, R.E. Breeze, W.Y. Tsai, W. DuMouchel, R. Kao, S. Dillon, H.
Winfield, S. Culver, J.Q. Trojanowski, D. Eidelberg, S. Fahn, Transplantation of
embryonic dopamine neurons for severe Parkinson's disease, N Engl J Med 344 (2001)
710–719.

[14] O. Lindvall, Developing dopaminergic cell therapy for Parkinson's disease—give up
or move forward? Mov Disord 28 (2013) 268–273.

[15] C.W. Olanow, C.G. Goetz, J.H. Kordower, A.J. Stoessl, V. Sossi, M.F. Brin, K.M.
Shannon, G.M. Nauert, D.P. Perl, J. Godbold, T.B. Freeman, A double-blind control‐
led trial of bilateral fetal nigral transplantation in Parkinson's disease, Ann Neurol 54
(2003) 403–414.

[16] G.H. Petit, T.T. Olsson, P. Brundin, The future of cell therapies and brain repair:
Parkinson's disease leads the way, Neuropathol Appl Neurobiol 40 (2014) 60–70.

[17] H.C. Fan, S.J. Chen, H.J. Harn, S.Z. Lin, Parkinson's disease: from genetics to treat‐
ments, Cell Transplant 22 (2013) 639–652.

[18] V. Misra, M.M. Ritchie, L.L. Stone, W.C. Low, V. Janardhan, Stem cell therapy in
ischemic stroke: role of IV and intra-arterial therapy, Neurology 79 (2012) S207–S212.

[19] J.A. Thomson, V.S. Marshall, Primate embryonic stem cells, Curr Top Dev Biol 38 (1998)
133–165.

[20] H. Wichterle, I. Lieberam, J.A. Porter, T.M. Jessell, Directed differentiation of embry‐
onic stem cells into motor neurons, Cell 110 (2002) 385–397.

[21] S.C. Zhang, M. Wernig, I.D. Duncan, O. Brustle, J.A. Thomson, In vitro differentia‐
tion of transplantable neural precursors from human embryonic stem cells, Nat
Biotechnol 19 (2001) 1129–1133.

[22] A. Aleynik, K.M. Gernavage, Y. Mourad, L.S. Sherman, K. Liu, Y.A. Gubenko, P.
Rameshwar, Stem cell delivery of therapies for brain disorders, Clin Transl Med 3 (2014)
24.

[23] J.H. Kim, J.M. Auerbach, J.A. Rodriguez-Gomez, I. Velasco, D. Gavin, N. Lumelsky,
S.H. Lee, J. Nguyen, R. Sanchez-Pernaute, K. Bankiewicz, R. McKay, Dopamine

Challenges in Parkinson's Disease266



neurons derived from embryonic stem cells function in an animal model of Parkin‐
son's disease, Nature 418 (2002) 50–56.

[24] D. Yang, Z.J. Zhang, M. Oldenburg, M. Ayala, S.C. Zhang, Human embryonic stem cell-
derived dopaminergic neurons reverse functional deficit in parkinsonian rats, Stem
Cells 26 (2008) 55–63.

[25] Y. Takagi, J. Takahashi, H. Saiki, A. Morizane, T. Hayashi, Y. Kishi, H. Fukuda, Y.
Okamoto, M. Koyanagi, M. Ideguchi, H. Hayashi, T. Imazato, H. Kawasaki, H. Suemori,
S. Omachi, H. Iida, N. Itoh, N. Nakatsuji, Y. Sasai, N. Hashimoto, Dopaminergic
neurons generated from monkey embryonic stem cells function in a Parkinson primate
model, J Clin Invest 115 (2005) 102–109.

[26] J.A. Rodriguez-Gomez, J.Q. Lu, I. Velasco, S. Rivera, S.S. Zoghbi, J.S. Liow, J.L.
Musachio, F.T. Chin, H. Toyama, J. Seidel, M.V. Green, P.K. Thanos, M. Ichise, V.W.
Pike, R.B. Innis, R.D. McKay, Persistent dopamine functions of neurons derived from
embryonic stem cells in a rodent model of Parkinson disease, Stem Cells 25 (2007) 918–
928.

[27] T. Ben-Hur, M. Idelson, H. Khaner, M. Pera, E. Reinhartz, A. Itzik, B.E. Reubinoff,
Transplantation of human embryonic stem cell-derived neural progenitors improves
behavioral deficit in Parkinsonian rats, Stem Cells 22 (2004) 1246–1255.

[28] A. Brederlau, A.S. Correia, S.V. Anisimov, M. Elmi, G. Paul, L. Roybon, A. Morizane,
F. Bergquist, I. Riebe, U. Nannmark, M. Carta, E. Hanse, J. Takahashi, Y. Sasai, K. Funa,
P. Brundin, P.S. Eriksson, J.Y. Li, Transplantation of human embryonic stem cell-
derived cells to a rat model of Parkinson's disease: effect of in vitro differentiation on
graft survival and teratoma formation, Stem Cells 24 (2006) 1433–1440.

[29] O.F. Gordeeva, Pluripotent cells in embryogenesis and in teratoma formation, J Stem
Cells 6 (2011) 51–63.

[30] A.S. Daar, L. Sheremeta, The science of stem cells: ethical, legal and social issues, Exp
Clin Transplant 1 (2003) 139–146.

[31] S. Horiguchi, J. Takahashi, Y. Kishi, A. Morizane, Y. Okamoto, M. Koyanagi, M. Tsuji,
K. Tashiro, T. Honjo, S. Fujii, N. Hashimoto, Neural precursor cells derived from human
embryonic brain retain regional specificity, J Neurosci Res 75 (2004) 817–824.

[32] V.G. Kukekov, E.D. Laywell, O. Suslov, K. Davies, B. Scheffler, L.B. Thomas, T.F.
O'Brien, M. Kusakabe, D.A. Steindler, Multipotent stem/progenitor cells with similar
properties arise from two neurogenic regions of adult human brain, Exp Neurol 156
(1999) 333–344.

[33] S. Kelly, T.M. Bliss, A.K. Shah, G.H. Sun, M. Ma, W.C. Foo, J. Masel, M.A. Yenari, I.L.
Weissman, N. Uchida, T. Palmer, G.K. Steinberg, Transplanted human fetal neural stem
cells survive, migrate, and differentiate in ischemic rat cerebral cortex, Proc Natl Acad
Sci U S A 101 (2004) 11839–11844.

Clinical and Experimental Cell Therapy in Parkinson’s Disease
http://dx.doi.org/10.5772/63764

267



[34] K.K. Tan, J.Y. Tann, S.R. Sathe, S.H. Goh, D. Ma, E.L. Goh, E.K. Yim, Enhanced
differentiation of neural progenitor cells into neurons of the mesencephalic dopami‐
nergic subtype on topographical patterns, Biomaterials 43 (2015) 32–43.

[35] X. Tan, L. Zhang, H. Zhu, J. Qin, M. Tian, C. Dong, H. Li, G. Jin, Brn4 and TH synerg‐
istically promote the differentiation of neural stem cells into dopaminergic neurons,
Neurosci Lett 571 (2014) 23–28.

[36] D.R. Wakeman, D.E. Redmond, Jr., H.B. Dodiya, J.R. Sladek, Jr., C. Leranth, Y.D. Teng,
R.J. Samulski, E.Y. Snyder, Human neural stem cells survive long term in the mid‐
brain of dopamine-depleted monkeys after GDNF overexpression and project neu‐
rites toward an appropriate target, Stem Cells Transl Med 3 (2014) 692–701.

[37] J. Wu, C. Sheng, Z. Liu, W. Jia, B. Wang, M. Li, L. Fu, Z. Ren, J. An, L. Sang, G. Song, Y.
Wu, Y. Xu, S. Wang, Z. Chen, Q. Zhou, Y.A. Zhang, Lmx1a enhances the effect of iNSCs
in a PD model, Stem Cell Res 14 (2015) 1–9.

[38] C.L. Parish, G. Castelo-Branco, N. Rawal, J. Tonnesen, A.T. Sorensen, C. Salto, M.
Kokaia, O. Lindvall, E. Arenas, Wnt5a-treated midbrain neural stem cells improve
dopamine cell replacement therapy in parkinsonian mice, J Clin Invest 118 (2008) 149–
160.

[39] C.H. Park, J.S. Kang, Y.H. Shin, M.Y. Chang, S. Chung, H.C. Koh, M.H. Zhu, S.B. Oh,
Y.S. Lee, G. Panagiotakos, V. Tabar, L. Studer, S.H. Lee, Acquisition of in vitro and in
vivo functionality of Nurr1-induced dopamine neurons, FASEB J 20 (2006) 2553–2555.

[40] K.K. Meissner, D.L. Kirkham, L.C. Doering, Transplants of neurosphere cell suspen‐
sions from aged mice are functional in the mouse model of Parkinson's, Brain Res 1057
(2005) 105–112.

[41] R.M. Richardson, W.C. Broaddus, K.L. Holloway, H.L. Fillmore, Grafts of adult
subependymal zone neuronal progenitor cells rescue hemiparkinsonian behavioral
decline, Brain Res 1032 (2005) 11–22.

[42] J.J. Minguell, A. Erices, P. Conget, Mesenchymal stem cells, Exp Biol Med (Maywood)
226 (2001) 507–520.

[43] J.D. Glenn, K.A. Whartenby, Mesenchymal stem cells: emerging mechanisms of
immunomodulation and therapy, World J Stem Cells 6 (2014) 526–539.

[44] Y. Li, J. Chen, L. Wang, M. Lu, M. Chopp, Treatment of stroke in rat with intracarotid
administration of marrow stromal cells, Neurology 56 (2001) 1666–1672.

[45] M. Dezawa, H. Kanno, M. Hoshino, H. Cho, N. Matsumoto, Y. Itokazu, N. Tajima, H.
Yamada, H. Sawada, H. Ishikawa, T. Mimura, M. Kitada, Y. Suzuki, C. Ide, Specific
induction of neuronal cells from bone marrow stromal cells and application for
autologous transplantation, J Clin Invest 113 (2004) 1701–1710.

Challenges in Parkinson's Disease268



[46] H. Haragopal, D. Yu, X. Zeng, S.W. Kim, I.B. Han, A.E. Ropper, J.E. Anderson, Y.D.
Teng, Stemness enhancement of human neural stem cells following bone marrow MSC
coculture, Cell Transplant 24 (2015) 645–659.

[47] Y. Zhao, H. Jiang, X.W. Liu, L.B. Xiang, D.P. Zhou, J.T. Chen, MiR-124 promotes bone
marrow mesenchymal stem cells differentiation into neurogenic cells for accelerating
recovery in the spinal cord injury, Tissue Cell 47 (2015) 140–146.

[48] J.Y. Li, E. Englund, J.L. Holton, D. Soulet, P. Hagell, A.J. Lees, T. Lashley, N.P. Quinn,
S. Rehncrona, A. Bjorklund, H. Widner, T. Revesz, O. Lindvall, P. Brundin, Lewy bodies
in grafted neurons in subjects with Parkinson's disease suggest host-to-graft disease
propagation, Nat Med 14 (2008) 501–503.

[49] N.K. Venkataramana, S.K. Kumar, S. Balaraju, R.C. Radhakrishnan, A. Bansal, A. Dixit,
D.K. Rao, M. Das, M. Jan, P.K. Gupta, S.M. Totey, Open-labeled study of unilateral
autologous bone-marrow-derived mesenchymal stem cell transplantation in Parkin‐
son's disease, Transl Res 155 (2010) 62–70.

[50] R. Danby, V. Rocha, Improving engraftment and immune reconstitution in umbilical
cord blood transplantation, Front Immunol 5 (2014) 68.

[51] L. Buzanska, M. Jurga, K. Domanska-Janik, Neuronal differentiation of human
umbilical cord blood neural stem-like cell line, Neurodegener Dis 3 (2006) 19–26.

[52] Y.K. Jang, J.J. Park, M.C. Lee, B.H. Yoon, Y.S. Yang, S.E. Yang, S.U. Kim, Retinoic acid-
mediated induction of neurons and glial cells from human umbilical cord-derived
hematopoietic stem cells, J Neurosci Res 75 (2004) 573–584.

[53] P. Mathieu, V. Roca, C. Gamba, A. Del Pozo, F. Pitossi, Neuroprotective effects of
human umbilical cord mesenchymal stromal cells in an immunocompetent animal
model of Parkinson's disease, J Neuroimmunol 246 (2012) 43–50.

[54] M.L. Weiss, S. Medicetty, A.R. Bledsoe, R.S. Rachakatla, M. Choi, S. Merchav, Y. Luo,
M.S. Rao, G. Velagaleti, D. Troyer, Human umbilical cord matrix stem cells: prelimi‐
nary characterization and effect of transplantation in a rodent model of Parkinson's
disease, Stem Cells 24 (2006) 781–792.

[55] B. Zavan, V. Vindigni, C. Gardin, D. D'Avella, A. Della Puppa, G. Abatangelo, R.
Cortivo, Neural potential of adipose stem cells, Discov Med 10 (2010) 37–43.

[56] J.C. Ra, I.S. Shin, S.H. Kim, S.K. Kang, B.C. Kang, H.Y. Lee, Y.J. Kim, J.Y. Jo, E.J. Yoon,
H.J. Choi, E. Kwon, Safety of intravenous infusion of human adipose tissue-derived
mesenchymal stem cells in animals and humans, Stem Cells Dev (2011) 1297–1308.

[57] Y. Zhou, M. Sun, H. Li, M. Yan, Z. He, W. Wang, W. Wang, S. Lu, Recovery of behavioral
symptoms in hemi-parkinsonian rhesus monkeys through combined gene and stem
cell therapy, Cytotherapy 15 (2013) 467–480.

Clinical and Experimental Cell Therapy in Parkinson’s Disease
http://dx.doi.org/10.5772/63764

269



[58] H.S. Choi, H.J. Kim, J.H. Oh, H.G. Park, J.C. Ra, K.A. Chang, Y.H. Suh, Therapeutic
potentials of human adipose-derived stem cells on the mouse model of Parkinson's
disease, Neurobiol Aging 36 (2015) 2885–2892.

[59] H. Ahmed, A. Salem, H. Atta, M. Ghazy, H. Aglan, Do adipose tissue-derived
mesenchymal stem cells ameliorate Parkinson's disease in rat model? Hum Exp
Toxicol 33 (2014) 1217–1231.

[60] M. Nakagawa, M. Koyanagi, K. Tanabe, K. Takahashi, T. Ichisaka, T. Aoi, K. Okita, Y.
Mochiduki, N. Takizawa, S. Yamanaka, Generation of induced pluripotent stem cells
without Myc from mouse and human fibroblasts, Nat Biotechnol 26 (2008) 101–106.

[61] S. Peng, N.J. Maihle, Y. Huang, Pluripotency factors Lin28 and Oct4 identify a sub-
population of stem cell-like cells in ovarian cancer, Oncogene 29 (2010) 2153–2159.

[62] L.M. Sholl, J.A. Barletta, B.Y. Yeap, L.R. Chirieac, J.L. Hornick, Sox2 protein expres‐
sion is an independent poor prognostic indicator in stage I lung adenocarcinoma, Am
J Surg Pathol 34 (2010) 1193–1198.

[63] R. Torrent, F. De Angelis Rigotti, P. Dell'Era, M. Memo, A. Raya, A. Consiglio, Using
iPS cells toward the understanding of Parkinson's disease, J Clin Med 4 (2015) 548–566.

[64] S.P. Peng, S. Copray, Comparison of human primary with human iPS cell-derived
dopaminergic neuron grafts in the Rat model for Parkinson's disease, Stem Cell Rev 12
(2016) 105–120.

[65] M. Wernig, J.P. Zhao, J. Pruszak, E. Hedlund, D. Fu, F. Soldner, V. Broccoli, M.
Constantine-Paton, O. Isacson, R. Jaenisch, Neurons derived from reprogrammed
fibroblasts functionally integrate into the fetal brain and improve symptoms of rats
with Parkinson's disease, Proc Natl Acad Sci U S A 105 (2008) 5856–5861.

[66] G. Hargus, O. Cooper, M. Deleidi, A. Levy, K. Lee, E. Marlow, A. Yow, F. Soldner, D.
Hockemeyer, P.J. Hallett, T. Osborn, R. Jaenisch, O. Isacson, Differentiated Parkinson
patient-derived induced pluripotent stem cells grow in the adult rodent brain and
reduce motor asymmetry in Parkinsonian rats, Proc Natl Acad Sci U S A 107 (2010)
15921–15926.

[67] P. Brundin, O. Pogarell, P. Hagell, P. Piccini, H. Widner, A. Schrag, A. Kupsch, L. Crabb,
P. Odin, B. Gustavii, A. Bjorklund, D.J. Brooks, C.D. Marsden, W.H. Oertel, N.P. Quinn,
S. Rehncrona, O. Lindvall, Bilateral caudate and putamen grafts of embryonic mesen‐
cephalic tissue treated with lazaroids in Parkinson's disease, Brain 123 (Pt 7) (2000)
1380–1390.

[68] O. Lindvall, P. Brundin, H. Widner, S. Rehncrona, B. Gustavii, R. Frackowiak, K.L.
Leenders, G. Sawle, J.C. Rothwell, C.D. Marsden, et al., Grafts of fetal dopamine
neurons survive and improve motor function in Parkinson's disease, Science 247 (1990)
574–577.

Challenges in Parkinson's Disease270



[69] P. Hagell, P. Piccini, A. Bjorklund, P. Brundin, S. Rehncrona, H. Widner, L. Crabb, N.
Pavese, W.H. Oertel, N. Quinn, D.J. Brooks, O. Lindvall, Dyskinesias following neural
transplantation in Parkinson's disease, Nat Neurosci 5 (2002) 627–628.

[70] C.W. Olanow, J.M. Gracies, C.G. Goetz, A.J. Stoessl, T. Freeman, J.H. Kordower, J.
Godbold, J.A. Obeso, Clinical pattern and risk factors for dyskinesias following fetal
nigral transplantation in Parkinson's disease: a double blind video-based analysis, Mov
Disord 24 (2009) 336–343.

[71] S. Friling, E. Andersson, L.H. Thompson, M.E. Jonsson, J.B. Hebsgaard, E. Nanou, Z.
Alekseenko, U. Marklund, S. Kjellander, N. Volakakis, O. Hovatta, A. El Manira, A.
Bjorklund, T. Perlmann, J. Ericson, Efficient production of mesencephalic dopamine
neurons by Lmx1a expression in embryonic stem cells, Proc Natl Acad Sci U S A 106
(2009) 7613–7618.

[72] C. Martinat, J.J. Bacci, T. Leete, J. Kim, W.B. Vanti, A.H. Newman, J.H. Cha, U. Gether,
H. Wang, A. Abeliovich, Cooperative transcription activation by Nurr1 and Pitx3
induces embryonic stem cell maturation to the midbrain dopamine neuron pheno‐
type, Proc Natl Acad Sci U S A 103 (2006) 2874–2879.

[73] S. Kriks, J.W. Shim, J. Piao, Y.M. Ganat, D.R. Wakeman, Z. Xie, L. Carrillo-Reid, G.
Auyeung, C. Antonacci, A. Buch, L. Yang, M.F. Beal, D.J. Surmeier, J.H. Kordower, V.
Tabar, L. Studer, Dopamine neurons derived from human ES cells efficiently engraft
in animal models of Parkinson's disease, Nature 480 (2011) 547–551.

[74] R.C. Addis, F.C. Hsu, R.L. Wright, M.A. Dichter, D.A. Coulter, J.D. Gearhart, Efficient
conversion of astrocytes to functional midbrain dopaminergic neurons using a single
polycistronic vector, PLoS One 6 (2011) e28719.

[75] M. Caiazzo, M.T. Dell'Anno, E. Dvoretskova, D. Lazarevic, S. Taverna, D. Leo, T.D.
Sotnikova, A. Menegon, P. Roncaglia, G. Colciago, G. Russo, P. Carninci, G. Pezzoli,
R.R. Gainetdinov, S. Gustincich, A. Dityatev, V. Broccoli, Direct generation of func‐
tional dopaminergic neurons from mouse and human fibroblasts, Nature 476 (2011)
224–227.

[76] S.H. Chiou, B.H. Jiang, Y.L. Yu, S.J. Chou, P.H. Tsai, W.C. Chang, L.K. Chen, L.H. Chen,
Y. Chien, G.Y. Chiou, Poly(ADP-ribose) polymerase 1 regulates nuclear reprogram‐
ming and promotes iPSC generation without c-Myc, J Exp Med 210 (2013) 85–98.

[77] H. Fukuda, J. Takahashi, K. Watanabe, H. Hayashi, A. Morizne, M.Koyanagi, Y. Sasai,
N. Hasgimoto, Fluorescence-activated cell sorting-based purification of embryonic
stem cell-derived neural precursors averts tumor formation after transplantation, Stem
Cells 24 (2006) 763–771.

[78] M. Geens, H.V. Velde, G.D. Block, E. Goossens, A.V. Steirteghem, H. Tournaye, The
efficiency of magnetic-activated cell sorting in the decontamination of testicular cell
suspension in cancer patients, Human Repro 22 (2007) 733–742.

Clinical and Experimental Cell Therapy in Parkinson’s Disease
http://dx.doi.org/10.5772/63764

271




