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Abstract Parkinson’s disease (PD) is the most common
movement disorder. The neuropathology is characterized by
the loss of dopamine neurons in the substantia nigra pars
compacta. Transplants of fetal/embryonic midbrain tissue
have exhibited some beneficial clinical effects in open-label
trials. Neural grafting has, however, not become a standard
treatment for several reasons. First, the supply of donor
cells is limited, and therefore, surgery is accompanied by
difficult logistics. Second, the extent of beneficial effects
has varied in a partly unpredictable manner. Third, some
patients have exhibited graft-related side effects in the form
of involuntary movements. Fourth, in two major double-
blind placebo-controlled trials, there was no effect of the
transplants on the primary endpoints. Nevertheless, neural
transplantation continues to receive a great deal of interest,
and now, attention is shifting to the idea of using stem cells
as starting donor material. In the context of stem cell
therapy for PD, stem cells can be divided into three
categories: neural stem cells, embryonic stem cells, and
other tissue-specific types of stem cells, e.g., bone marrow
stem cells. Each type of stem cell is associated with
advantages and disadvantages. In this article, we review
recent advances of stem cell research of direct relevance to
clinical application in PD and highlight the pros and cons of
the different sources of cells. We draw special attention to
some key problems that face the translation of stem cell
technology into the clinical arena.
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Introduction

Parkinson’s disease (PD) is the most common movement
disorder. About 1% of the population older than 60 years is
affected. Although a number of brain regions are affected in
PD, the neuropathology that has received the most attention
is the loss of dopamine (DA) neuron in the substantia nigra
pars compacta. This leads to a decrease of DA in the
striatum. The patients exhibit bradykinesia, rigidity, and
tremor (Samii et al. 2004). Currently, there are three main
approaches to treat PD; drug therapy, deep brain stimulation
(DBS), and cell transplantation.

Most patients start with medication that enhances
dopaminergic neurotransmission in the failing nigrostriatal
system, such as L-3,4-dihydoroxyphenylalanine (L-dopa)
and DA agonists. In the long-term, however, drug treatment
loses its efficacy (wearing-off phenomenon), and the patient
develops dramatic fluctuations in motor function, despite
high blood levels of L-dopa (on-off phenomenon), and
drug-induced involuntary movements (dyskinesia). With
continued disease progression, many patients also suffer
from neuropsychiatric symptoms.

Surgical treatment with DBS can partially circumvent
these problems. Especially stimulations in the subthalamic
nucleus (STN) can improve motor function and reduce off-
time dyskinesias and medication usage (Pahwa et al. 2006).
The key to the beneficial outcome of DBS is to select the
patients carefully. A robust preoperative response to L-dopa
is a good predictor of successful outcome of DBS in the
STN. In general, DBS is the most effective in PD patients
that are at Hoehn and Yahr stage 2–4 and display intact
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cognition (Samii et al. 2004). As with any neurosurgical
procedure, DBS is also associated with certain risk, such as
infection, intracranial hemorrhage, and seizures. Some
patients also develop post-operative depression. On the
whole, however, serious adverse events are relatively rare
with DBS (Umemura et al. 2003; Kenney et al. 2007).
Whereas DBS can provide long-term symptomatic relief
and is definitely an important addition to the therapeutic
arsenal in PD, the procedure neither slows down disease
progression, nor is reparative in nature.

Outline of various types of donor cells
for transplantation

Three major sources of cells have been considered as donor
cells for PD (Fig. 1, Table 1). The first source is represented
by the cells of the embryonic/fetal ventral mesencephalon
(VM) as presently used in the clinical trials. The second and
third sources are various types of stem cells. Stem cells are
defined as undifferentiated cells that are capable of self-
renewal and that can differentiate into different cell types,
i.e., they are multipotent (Gage 2000). Stem cell research
has received much attention, both in scientific circles and
also in the media, because they show potential for being
applied in regenerative medicine. The second candidate
donors for PD are thus the neural stem cells (NSC), which
can be derived from embryonic/fetal or adult brains. This
stem cell type is most probably restricted to differentiating

along neural cell lineages, i.e., into neurons, astrocytes, or
oligodendrocytes. The third potential source of donor tissue
is represented by embryonic stem cells (ESC) obtained
from the inner cell mass of the blastocyst. This cell type is
pluripotent and can theoretically produce all tissues in the
body. A number of human ESC lines have been established
during the last decade, and technologies to control and
direct their differentiation have emerged. Another possibil-
ity is the use of somatic stem cells obtained from tissues
outside the central nervous system. These cell types are
derived from specific mature tissues, such as bone marrow
and skin, and from umbilical cord (Li et al. 2001; Joannides
et al. 2004; Fu et al. 2006). Several well-debated studies
over the past 8 years have claimed that these somatic stem
cells retain a remarkable plasticity and can “transdifferen-
tiate” into cell types not normally found in the tissues in
which they reside (Priller et al. 2001; Cogle et al. 2004).
There is still no strong evidence that these stem cells can
really differentiate into neurons and function as such in
vivo, and certainly, no demonstration has shown that they
can differentiate into DA neurons. Should there be a
breakthrough in this research field and should somatic stem
cells from non-neural sources prove able to differentiate
into DA neurons, major implications would have to be
addressed. Such cells would definitely be useful for the
therapy of PD and could provide an ethically uncontrover-
sial and inexhaustible source of donor cells that could even
be obtained from the patients themselves (i.e., autologous
grafting). At least for now, however, the former three cell

Fig. 1 Strategy of cell therapy
for Parkinson’s disease (PD).
Three types of cells are consid-
ered as possible donor sources
of transplantation for PD:
embryonic/fetal ventral mesen-
cephalic cells, neural stem cells,
and embryonic stem cells. The
primary goal is to obtain high
enough numbers of DA-neuron
progenitors that are functional in
the host brain and have no risk
of tumor formation
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types, namely VM tissue, NSC, and ESC, have more
possibilities for clinical application. Therefore, we will
focus on these three sources of cells in this review.

Embryonic/fetal VM transplantation

After several years of systematic animal studies (Brundin
and Hagell 2001), the first clinical trial with cell transplan-
tation in PD was performed in 1987. The graft tissue was
derived from human VM of aborted embryos (Brundin et
al. 1987). Up to now, about 400 PD patients worldwide
have received this treatment. In several small open-label
trials, some grafted patients have exhibited dramatic
improvements in general performance, increased speed of
movement, and reduction of rigidity. 18F-fluorodopa and
11C-raclopride positron emission tomography (PET) scans
have indicated long-lasting survival and functionality of the
grafts in those patients (Brundin et al. 2000b; Hagell and
Brundin 2001; Hauser et al. 1999; Mendez et al. 2000).
However, two double-blind placebo-controlled trials spon-
sored by the National Institutes of Health have failed to
improve symptoms at the primary endpoints. In addition,
some patients have developed graft-induced dyskinesias
(GID; Freed et al. 2001; Olanow et al. 2003). A subsequent
reevaluation of some of the open-label trials has revealed
that the patients in these studies also occasionally develop
involuntary movements that persist in the absence of L-
dopa therapy (Hagell and Cenci 2005). As a consequence
of the unexpectedly poor outcome of the controlled trials
and the observations of GID, neural transplantation in PD
has virtually been halted. Nevertheless, these reports have
initiated useful discussions regarding the future of neural
transplantation as a whole. For example, crucial technical
factors for successful cell transplantation and how to avoid

side effects such as severe GID are areas of active debate.
Two main topics are in focus, i.e., patient selection and
surgical issues. Disease stage and preoperative response to
L-dopa are thought to be important predictors of transplant
outcome (Olanow et al. 2003, 2004; Freed et al. 2004).
Recently, several different genetic forms of PD have been
identified (Hardy et al. 2006), even though familial PD
patients represent a minority of all PD cases. The emerging
complexity of PD genetics suggests that the various grafted
PD patients have suffered from diverse underlying patho-
genetic processes. Thus, not all patients suffering from PD
might be suitable for cell therapy. In the first reported
double-blind trial, younger patients (less than 60 years old)
exhibited a better response to the grafts than older subjects
(Freed et al. 2001). Recent animal experimental studies
(Breysse et al. 2007) and these clinical data indicate that
more severe pathology at baseline reduces the chances of a
successful outcome after transplantation. Several surgical
aspects have also varied between studies, e.g., tissue
preparation, number of cells transplanted, graft implantation
techniques, and immunosuppression regimens. In some
studies, solid pieces of embryonic donor tissue have been
grafted, whereas in others, the tissue has been mechanically
dissociated into a cell suspension before injection. Most
trials have used freshly dissected fetal VM tissue. However,
VM tissue was stored in cell culture for up to 4 weeks
before transplantation in the “Denver-Columbia” trial
(Freed et al. 2001). The number of donor embryos used
for one side of the putamen and/or caudate nucleus has
ranged from 1 to 8 (Hagell and Brundin 2001). In many
open-label trials, combinations of different immunosup-
pressive drugs have been given to the patients for more than
6 months after surgery. In the “Tampa-Mount Sinai” trial,
the second published double-blind trial, cyclosporine Awas
given alone and only for 6 months post-surgery (Olanow et

Table 1 Profiles of each type of cell as transplantable donors for Parkinson’s disease (PD). Embryonic/fetal ventral mesencephalic tissue (VM)
transplantation has been performed in PD patients, but the donor supply and ethical problem are the major obstacles. Embryonic stem cells (ESC)
have the highest proliferation and differentiation rates, but tumor formation may constitute a real safety risk. Neural stem cells (NSC) undergo
neural differentiation but less commonly to dopamine (DA) neurons. The advantage of NSC is its lower risk of tumor formation. Other stem cells
such as bone marrow stem cells have the advantage of the possibility of autologous grafting. Whether transdifferentiation can occur across the
border of the germ layers remains controversial (? unknown, − none, ± poor, + some, ++ readily observable, +++ extensive)

Mode of donor cells Proliferation Differentiation
DA neuron

Post–grafted
survival

Tumor
formation

Advantage

Embryonic/fetal
VM tissue

± +++ + − Experience of clinical application

NSC + + ± − Less possibility of tumor formation
ESC +++ ++ ± + High expandability and differentiation

potential
Stem cells from
other tissue

+ ? or ± ? ? Possibility of autologous grafting
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al. 2003). Interestingly, this study showed that the grafted
patients started losing the functional benefit of the grafts
6 months after transplantation, which implied that immune
rejection might occur once immunosuppression is stopped.
Some patients from the “Tampa-Mount Sinai” patients died
several years after surgery because of unrelated causes.
Interestingly, the grafts contained many normal-looking DA
neurons that were, however, typically surrounded by
numerous immunocompetent cells that may be indicative
of an immune response (Kordower et al. 1997). By contrast,
the “Denver-Columbia” trial did not use any immuno-
suppression at all, which may have contributed to the
poor survival of the grafts. Only 7,000 to 40,000
surviving tyrosine hydroxylase (TH)-immunopositive
neurons per side were observed in one of the cases
(Freed et al. 2001). This is far below the minimal number
(>100,000) of TH-immunopositive neurons per side of the
brain suggested to be necessary to elicit a good clinical
response (Hagell and Brundin 2001). As mentioned briefly
above, GIDs have also become an important issue that
jeopardize the continued development of not only neural
transplantation in PD, but also the future use of stem cells
in PD. Virtually all patients on anti-Parkinson medication
eventually develop L-dopa-induced dyskinesias. The
frequency of GIDs in grafted patients is much lower, i.e.,
fewer than 50% of patients exhibit some involuntary
movements, which only trouble a small minority. There-
fore, we could argue that GIDs should not be viewed as a
greater source of concern than L-dopa-induced dyskine-
sias. The fundamental difference, however, is that GIDs do
not disappear simply by changing or removing the
medication, but potentially they represent a permanent
change of brain function. As is also largely the case for L-
dopa-induced dyskinesias, the mechanisms underlying
GID are still unknown. Rats grafted with VM from embryos
can exhibit abnormal involuntary movements in response to
amphetamine (Lane et al. 2006; Carlsson et al. 2006) or
L-dopa (Maries et al. 2006). Interestingly, these movements
primarily occur in rats that have received L-dopa prior to
grafting and have displayed L-dopa-induced involuntary
movements. Both the size of the implants and their precise
location within the striatum seem to influence the risk of
drug-induced abnormal involuntary movements (Lane et al.
2006; Carlsson et al. 2006; Maries et al. 2006).

Taken together, these data suggest that cell transplanta-
tion has great potential to provide symptomatic relief in PD,
but that many issues need to be clarified, and that
techniques accordingly should be optimized before this
method can be developed into a therapy. Further clinical
trials are definitely needed to address some of these issues.
Moreover, relying on tissue from aborted embryos/fetuses
is not sustainable in the long run, and an alternate source of
donor cells needs to be developed.

In this context, the strategy of using stem cells as a
source of cells for transplantation in PD is both theoreti-
cally feasible and attractive from both practical and ethical
standpoints.

Neural stem cells

The term “neural stem cell” (NSC) has been used loosely to
describe cells that can generate neural tissue or are derived
from the neural systems. In this review, we use the term
NSC to define a multipotent cell type that is derived from
neural tissues and is committed to the neural linage. This
type of cells is found in the developing nervous system and
in the mature brain. In human adult brain, NSCs are
enriched in the subventricular zone and subgranular zone
of the hippocampal dentate gyrus (Eriksson et al. 1998;
Roy et al. 2000; Sanai et al. 2004). Recently, the human
equivalent of the rodent rostral migratory stream has been
described, suggesting that neurogenesis also takes place in
the adult human subventricular zone, and that the newly
born neurons migrate to the olfactory bulb (Curtis et al.
2007). Thus, there are two potential sources of human
NSCs for cell therapy: immature brain tissue (e.g., from an
aborted embryo) or adult brain tissues (e.g., from a
patient’s brain). One potential advantage of NSCs over
ESCs is that they are less prone to form tumors after
transplantation. Importantly, NSCs appear to be genomi-
cally more stable than ESCs, which often exhibit chromo-
somal changes (Cowan et al. 2004; Maitra et al. 2005;
Herszfeld et al. 2006; Draper et al. 2004). Nevertheless,
NSCs can exhibit signs of senescence (e.g., telomere short-
ening) after repeated passaging (Ostenfeld et al. 2000).

Regional specificities of neural stem cells Typically, NSCs
proliferate in a culture medium supplemented with specific
mitogenic growth factors, such as basic fibroblast growth
factor (bFGF) and epidermal growth factor (EGF; Gage et
al. 1995; Ostenfeld and Svendsen 2004). Regardless of
which part of the immature central nervous system from
which they are derived, NSCs proliferate in response to
similar growth factors. However, they are not all equivalent
to each other, so that they maintain certain specific
properties related to their origins, even after being main-
tained for prolonged periods in vitro (Hitoshi et al. 2002;
Ostenfeld et al. 2002; Parmar et al. 2002). Consequently,
when exposed to optimal culture conditions, NSC obtained
from VM produce more DA neurons than NSC from other
parts of the central nervous system (Ostenfeld et al. 2002;
Horiguchi et al. 2004; Schwarz et al. 2006). Apart from
regional specificity, the proportion of DA neurons generat-
ed from NSCs is also highly dependent upon the age of
donor tissue, the length of culture in vitro, and details of the
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culture conditions (Jensen and Parmar 2006). In general,
the proportion of NSCs that differentiates into DA neurons
is low. The number of TH-immunopositive cells is less than
2% out of the total number of cells, even if the NSCs are
derived from the rat embryonic midbrain and are geneti-
cally modified to express transcription factors associated
with DAergic differentiation (Svendsen et al. 1997; L.
Roybon et al., in preparation). Attempts to generate large
quantities of DA neurons from NSCs originally obtained
from the embryonic human nervous system have not
provided more encouragement (Christophersen et al. 2006;
Yang et al. 2004). With regard to NSCs harvested from the
adult human nervous system, the generation of DA neurons
is apparently even more difficult, and to date, there is no
convincing demonstration that functional DA neurons have
been obtained from such NSCs.

Protocols for inducing DA neurons from neural stem cells
A combination of defined soluble factors is one of the most
common approaches to promote the differentiation of DA
neurons from NSCs. Carvey et al. (2001) have reported that
a combination of interleukin-1 (IL-1), interleukin-11 (IL-11),
leukemia inhibitory factor, and glial cell line-derived neuro-
trophic factor (GDNF) yields TH expression in 20%–25% of
cells derived from rodent mesencephalic progenitors. By
treating the cells with these factors, the authors have
generated and expanded a clone in which 98% of the cells
express TH. Transplants of these cells are able to reverse
asymmetric motor behavior in the hemiparkinsonian rat
model, indicating that the cells are functional DA neurons.
Despite the apparent success of this culture protocol, it is not
widely used by other groups.

As mentioned above, there are no reports of culture
protocols supporting the generation of large numbers of DA
neurons from human NSCs derived from the immature
brain (Christophersen et al. 2006; Yang et al. 2004). We
have previously demonstrated that a cocktail of several
factors, e.g., acidic fibroblast growth factor, forskolin,
phorbol 12-myristate 13-acetate, dibuturyl cyclic AMP,
GDNF, insulin-like growth factor-I, and IL-1α, induce the
differentiation of neural progenitors into DA neurons. The
efficiency is still very limited and only 4%–10% of the cells
are TH-immunopositive at the end of the differentiation
period (Christophersen et al. 2006).

For successful transplantation in PD, the donor neurons
should not only express TH, but the neurons should also
be of the midbrain DA neuronal phenotype that is found
in the substantia nigra pars compacta (A9 region). TH-
immunopositive cells are also found in the olfactory bulb,
and these cells co-express γ-aminobutyric acid, which A9
neurons in substantia nigra do not. According to studies of
VM transplants in animals (Thompson et al. 2005) and PD
patients (Mendez et al. 2005), only A9 DA neurons can

effectively innervate the striatum. Grafts of primary mid-
brain tissue contain a mixture of DA neurons, including
those derived from the A9 and those coming from the
adjacent ventral tegemental area (A10). Thus, the distinc-
tion of A9 DA neurons from both olfactory bulb and A10
DA neurons is highly important and possible to achieve by
using multiple markers. The A9 DA neurons express a
unique G-protein-coupled inwardly rectifying potassium
channel (Girk2) and are negative for calbindin that, on the
other hand, is expressed in the ventral tegmental DA
neurons (A10). In order to verify that neurons are truly of
the A9 DA neuronal phenotype, they should express
additional marker proteins, such as Nurr1, Pitx3, En-
grailed1/2 (En1/2), Lmx1a, Lmx1b, and DA transporter
(Andersson et al. 2006).

The delivery of genes encoding transcription factors has
also been pursued to regulate the differentiation of DA
neurons. Rat forebrain precursors have been reported to
differentiate into DA neurons in vitro merely after being
genetically modified to co-express Nurr1, Sonic hedgehog
(SHH), and Bcl-XL (Nurr1/SHH/Bcl-XL) or Nurr1 and the
proneural bHLH transcription factor Mash1 (Nurr1/Mash1).
Such precursors engineered with Nurr1/SHH/Bcl-XL or
Nurr1/Mash1 also survive grafting into the striatum and
reverse asymmetric motor behavior in rats with unilateral
6-hydroxydopamine (6-OHDA)-lesions of the nigrostriatal
pathway (C.H. Park et al. 2006). However, in our own
recent studies, we have not found a similar approach to be
as effective. We used retroviral vectors to transduce rat
embryonic neural stem cells with one of several key
midbrain transcription factors (Lmx1a, Msx1, neurogenin
2, and Pitx3). Individually, none of these genes increased
the proportion of cells that differentiated into DA neurons,
and overexpressing Lmx1a in combination with any one of
the others also did not improve the differentiation into DA
neurons (L. Roybon et al., in preparation). Others have
reported that, if Nurr1 is overexpressed in neural stem cells,
around 5% of the transduced cells will express TH, but that
the simultaneous overexpression of Neurogenin2 has no
additional effect in this regard (H.J. Kim et al. 2007;
Andersson et al. 2007). We believe that neural stem cells
harvested from the mid-late stage embryonic brain have
passed the developmental window when they are able to
“drive” into a specific neuronal phenotype. We need to
develop protocols that more closely mimic the conditions in
the developing brain. In such protocols, several transcrip-
tion factors should be expressed in a carefully co-ordinated
fashion, and the stem cells could differentiate into specific
types of neurons. Furthermore, additional problems need to
be addressed in order to transfer the technologies developed
in rodent cells to clinical use. Generally, human NSCs
display a longer doubling time than those of rodents. In
addition, the telomeres of human NSCs are significantly
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shorter than their rodent counterparts (12 kb vs. 40 kb),
which suggests that they will reach senescence more
rapidly (Ostenfeld et al. 2000).

An alternative approach to obtaining large numbers of
transplantable human DA neurons is to immortalize NSCs
or partially committed progenitors by genetic modification
(Liste et al. 2004; Paul et al. 2007). Human progenitors
derived from 8-week-old VM have been immortalized by
the regulated expression of v-myc. Under certain culture
conditions, around 19% of these cells develop into TH-
immunopositive neurons (Lotharius et al. 2002; Paul et al.
2007). When these cells are grafted into the brains of
immunosuppressed hemiparkinsonian rats, however, they
either die or cease to express TH (Paul et al. 2007). The
study of this type of immortalized cell line is, of course,
worthwhile for basic research. On the other hand, such lines
are unlikely to be used clinically for safety reasons, even if
the issue of survival of the TH neurons is solved.

Risk of tumor formation of NSCs Although cultured NSCs
are often found still to divide at the time of transplantation,
tumor formation after grafting to the brain has not been
reported. However, recent studies have demonstrated
similarities between NSCs and glioma stem cells; this
indicates that NSCs can potentially form tumors after
transplantation. Both glioma stem cell and NSC can form
spheres, express the surface molecule CD133, and differ-
entiate into many different cell types (Zhang et al. 2006;
Bao et al. 2006; Sim et al. 2006). Therefore, one has to be
cautious when considering NSCs as a potential source of
donor tissue for transplantation in PD patients, as these
cells may still retain the potential to generate tumors.
Culture protocols will almost definitely have to eliminate
dividing NSC cells from cell populations intended for
transplantion into patients.

Embryonic stem cells

The first ESC line was established from the inner cell mass
of a mouse blastocyst in 1981 (Evans and Kaufman 1981;
Martin 1981). It took an additional 17 years before the first
human ESC was established (Thomson et al. 1998). The
findings that ESCs proliferate readily and are pluripotent
make them an interesting potential source of DA neurons
for transplantation in PD.

Modes of protocols for inducing DA neurons One method
to induce a neural fate in ESCs utilizes the so-called
“default pathway” (Fig. 2). This means that embryonic
ectoderm will become neuroectoderm when transforming
growth factor-β (TGF-β) family signaling is inhibited

(Wilson and Edlund 2001). Several groups have shown
that Noggin, a bone morphogenic protein antagonist,
increases neural differentiation from human ESCs (Pera et
al. 2004; Ben-Hur et al. 2004; Sonntag et al. 2007; Iacovitti
et al. 2007). Two main approaches are commonly used to
generate DA neurons from ESCs. One protocol starts by the
generation of embryoid bodies, from which neural progen-
itors are selected. These are subjected to several defined
growth factors in order to stimulate their differentiation into
DA neurons (Lee et al. 2000). The other type of protocol is
based on co-culturing the ESCs on special forms of feeders
(Kawasaki et al. 2000; Barberi et al. 2003; Yue et al. 2006;
Ueno et al. 2006).

a) Regarding soluble factors that promote differentiation
of ESCs into DA neurons, specific midbrain factors,
such as SHH, FGF8, and ascorbic acid, were originally
shown to be able to induce the development of DA
neurons from murine ESCs (Lee et al. 2000). A wide
range of factors applied in different combinations has
subsequently been reported to promote further the
development of DA neurons from mouse or monkey
ESCs. They include IL1-β, GDNF, neurturin, TGF-β3,
dibutyryl cyclic AMP, vitamin B12, brain-derived
neurotrophic factor, neurotrophin3, FGF20, and TGF-
α (Rolletschek et al. 2001; C.H. Park et al. 2005;
Yamazoe et al. 2006; Takagi et al. 2005; S. Park et al.
2004). The downstream signaling pathways used by
these factors to induce a DAergic phenotype are not
well understood.

b) Regarding the effects of feeders on ESCs, several types
of cells have been reported to have similar inducing

Fig. 2 Dopamine neurons differentiated from human ESCs in vitro
when co-cultured on PA6 stromal cells for 3 weeks. Immunohisto-
chemical staining with antibodies against tyrosine hydroxylase
(TH; red) and beta-tubulin type III (TuJ1; green) shows that many of
the double-positive cells are DA neurons. Bar 200 μm
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activities. The original finding was that PA6 mouse
stromal cells promote the differentiation of mouse
ESCs into DA neurons (Kawasaki et al. 2000).
Subsequently, other types have been reported to exert
similar effects, namely bone marrow stromal (MS5)
cells, Sertoli cells, and amniotic membrane (Barberi et
al. 2003; Yue et al. 2006; Ueno et al. 2006). Human
fetal midbrain astrocytes immortalized by overexpres-
sion of telomerase have recently been reported to
facilitate the development of DA neurons from human
ESCs (Roy et al. 2006). The advantage of all these co-
culture techniques is that they are simple and fast. One
disadvantage is that the cellular mechanisms underly-
ing the effects of the feeder cells are completely
unknown. Therefore, it is difficult to devise rational
strategies to optimize the results. Moreover, several of
the feeder cells are non-human in origin, which
precludes their use in clinical protocols.

c) Genetic modification of ESCs is another approach to
promote their differentiation into DA neurons. Specific
transcription factor genes have been overexpressed in
ESCs, in attempts to differentiate the pluripotent cells
into DA neurons. Several kinds of genes have been
tested in murine ESCs, e.g. Nurr1, Pitx3, Mash1,
Lmx1a, and Msx1 (J.H. Kim et al. 2002; Chung et al.
2005; Kanda et al. 2004; Andersson et al. 2006). Nurr1
has long been known to be crucial for DA neuron
development. Mice that are null mutants for Nurr1 lack
a normal substantia nigra (Zetterstrom et al. 1997).
Therefore, the overexpression of Nurr-1 has been
extensively tested as a strategy to increase the numbers
of DA neurons obtained from ESCs (J.H. Kim et al.
2002; Chung et al. 2002; D.W. Kim et al. 2006;
Martinat et al. 2006). Notably, even in non-neuronal
cells, Nurr1 can induce the expression of TH, aromatic
amino acid decarboxylase, retinaldehyde dehydroge-
nase, and calbindin (Sonntag et al. 2004). In ESCs, the
overexpression of Nurr1 alone is not sufficient,
additional factors such as SHH and FGF8 being
required to induce proper midbrain DA neurons.
Recently, Andersson et al. (2006) have shown that the
overexpression of Lmx1a itself generates proper mid-
brain DA neurons; they have identified, two genes,
Lmx1a and Msx1, as major upstream regulators of DA
neuron specification. Expression of Lmx1a induces the
maturation of mouse ESC into ventral midbrain DA
neurons when FGF2, FGF8, and low concentrations of
SHH are added to the medium.

The best protocol for inducing DA neurons so far In murine
ESCs, the highest percentage of TH-immunopositive cells
(about 90%) among beta-tubulin type III (TuJ1)-positive

cells has been achieved by a protocol involving the
combination of Nurr1 overexpression, PA6 co-culture,
and soluble factors (SHH, FGF8, ascorbic acid; D.W. Kim
et al. 2006). A similar protocol with a combination of co-
culture (MS5 or astrocyte) and soluble factors (SHH,
FGF8) has generated 64%–79% of TH-expressing cells
among TuJ1-immunopositive cells from human ESCs
(Perrier et al. 2004; Roy et al. 2006). Interestingly,
transduction of Lmx1a in the mouse ESC-derived neural
progenitor cells alone can enhance the generation of
midbrain DA neurons in the presence of FGF2, FGF8,
and SHH to a higher percentage (about 60% colonies are
positive for TH), even under feeder-free conditions,
indicating that Lmx1a plays a key role in the differenti-
ation of DA neurons with a midbrain identity (Andersson
et al. 2006).

As mentioned in the section describing NSCs (see
above), the full characterization of the phenotype of DA
neurons is also important. Immunopositivity for TH is a
prerequisite if the cell is going to be relevant for
transplantation studies, but this is not sufficient. The cells
should also express additional markers (mentioned previ-
ously) characteristic of midbrain A9 DA neurons.

Grafting cells derived from mouse and monkey ESCs DA
neurons derived from murine ESCs have been frequently
reported to survive transplantation into the striatum of
immunosuppressed rats with a unilateral 6-OHDA lesion
of the nigrostriatal pathway. In some cases, the grafts
promote behavioral recovery in the recipients (J.H. Kim et
al. 2002; Nishimura et al. 2003; Barberi et al. 2003; Baier
et al. 2004; Rodriguez-Gomez et al. 2007). Most of the
studies have focused on drug-induced rotation, but some
reports also describe improved spontaneous neurological
functions in the grafts (J.H. Kim et al. 2002). Primate ESCs
can also differentiate into DA neurons when co-cultured
with PA6 feeder cells (Kawasaki et al. 2002). Monkeys
with lesions of the DA system, following 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine administration, have
been reported to recover with regard to motility and posture
when grafted with DA neurons derived from primate ESCs.
The same monkeys also exhibit increased 18F-flurodopa
uptake in the striatum on positron emission tomography
scans after transplantation (Takagi et al. 2005); histological
examination has revealed an average of around 2,100
surviving TH-immunopositive grafted neurons on each side
of the brain. In comparison with the post-mortem analyses
of the clinical studies of embryonic/fetal mesencephalic
transplantations (see above), the number of surviving
grafted DA neurons is much lower in monkeys. Neverthe-
less, this study (Takagi et al. 2005) is the first to report
functional effects of grafted neurons derived from primate
ESCs.

Cell Tissue Res (2008) 331:323–336 329



Grafting cells derived from human ESC Several groups
have reported that human ESCs can differentiate into DA
neurons in vitro (Schulz et al. 2004; Zeng et al. 2004; Perrier
et al. 2004; S. Park et al. 2004; C.H. Park et al. 2005; Ben-
Hur et al. 2004; Yan et al. 2005; Sonntag et al. 2007; Ueno
et al. 2006; Brederlau et al. 2006; Roy et al. 2006; Iacovitti
et al. 2007). This has been documented by using immuno-
cytochemistry, reverse transcription/polmyerase chain reac-
tion, electrophysiology, and measurements of DA by high
performance liquid chromatography. However, the evidence
that DA neuron derived from human ESC can effectively
reduce neurological deficits following transplantation into
rats is sparse. The majority of the few reports that have
directly addressed this issue have either described no effects
(Brederlau et al. 2006; C.H. Park et al. 2005) or only small
changes following grafting (Ben-Hur et al. 2004). Specif-
ically, Ben-Hur and coworkers (2004) have induced neural
progenitors by treatment with Noggin in human ESCs, with
0.56% of the cells expressing TH. The authors describe
some reductions in amphetamine- and apomorphine-
induced rotation in addition to improvements of stepping
adjustments and forelimb placing. Histological analysis has
revealed that each graft contains an average of 389 TH-
immunopositive neurons (only 0.18% of the total number
of surviving human cells). The small number of DA
neurons in relation to the relatively large grafts implies
that the data should be interpreted with some caution and
that it is not absolutely certain that the observed functional
changes are attributable to the grafted DA neurons. A
recent paper has reported not only the survival of large
numbers of grafted DA neurons derived from human ESCs,
but also functional recovery in hemiparkinsonian rats; the
DA neurons were obtained from human ESCs by using a
combination of soluble factors (SHH and FGF8) and co-
culture with immortalized human midbrain astrocytes (Roy
et al. 2006). However, several unusual features regarding
the nature and speed of functional recovery in this study
have been discerned. We have suggested that the behavioral
effects of the grafts are not attributable to DA release but
arise because the ESC-derived implants grow extensively
and damage the host striatum (Christophersen and Brundin
2007). The authors have subsequently published a corri-
gendum (Goldman et al. 2007) stating that the grafts were
not as large as they had originally reported in their paper.
There remain, however, several issues regarding the
functional evaluation of the grafts that weaken claims that
the transplants cause functional recovery. For example, an
intraventricular route of 6-OHDA administration was used,
giving rise to only partial striatal DA depletion. This level
of depletion is not certain to elicit robust rotational behavior
in response to apomorphine. The dose of apomorphine
was fifty-fold higher than that normally used to evaluate

supersensitive DA receptors (Marshall and Ungerstedt
1977). The authors (Roy et al. 2006) claim that the
apomorphine-induced asymmetry recovers rapidly and
completely, which has never been reported before with
other types of grafts (Brown and Dunnett 1989; Herman et
al. 1988). Amphetamine-induced turning behavior, which is
a more reliable indicator of graft function, has not been
reported by Roy et al. (2006). Changes in spontaneous
behavior (the “stepping test”) were reported to occur on the
same side of the body of the rat in which the unilateral
lesion and grafts were located, which is also at variance
with all prior literature (Olsson et al. 1995). Taken together,
the study by Roy et al. (2006) does not convincingly show
that the grafted human ESC-derived cells can affect
behavior in a DA-dependent fashion.

With the exception of the study by Roy et al. (2006), the
survival of human ESC-derived neurons is poor following
transplantation. Whereas the transplanted grafts can still
contain numerous neurons that express a marker for
neuronal nuclei (NeuN; Schulz et al. 2004; C.H. Park et
al. 2005; Brederlau et al. 2006), the number of TH-
immunopositive neurons is several-fold lower than would
be expected based on earlier intracerebral transplantation
research. Either the human ESC-derived DA neurons die
during the transplantation procedure or they down-regulate
TH expression once they are grafted. Differences seem to
exist between embryonic/fetal mesencephalon-derived pro-
genitors, which typically survive at a rate of around 10%
(Brundin et al. 2000a), and human ESC-derived progeni-
tors/neurons. Indeed, the instability of stem-cell-derived
DA neuron is a problem for both human ESCs and NSCs
(Ostenfeld et al. 2000; C.H. Park et al. 2005; Zeng et al.
2004; Christophersen et al. 2006; Schulz et al. 2004).
Moreover, genetically modified human midbrain progeni-
tors also appear to suffer from the drawback of unstable TH
expression (Paul et al. 2007). Thus, the progenitors
differentiate into neurons and seem to survive transplanta-
tion well, but the subpopulation that is TH-immunopositive
no longer remains in the grafts. The mechanisms underly-
ing this selective vulnerability or instability of phenotype
are not understood. Possibly, the cells have not matured
sufficiently and can somehow “dedifferentiate”, thus return-
ing to a more immature state. Further studies are needed to
devise strategies to resolve this important issue.

Genetic instability in human ESCs Although ESCs have
several features that make them a promising cell source for
cell therapy, they also exhibit several unique problems. One
such issue is that ESCs are genetically unstable. Karyotypic
changes in several human ESC lines have been reported
(Cowan et al. 2004; Maitra et al. 2005; Herszfeld et al.
2006; Draper et al. 2004). These abnormalities often make
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them proliferate more rapidly and shorten the doubling
times of the cells. The changes commonly occur in
chromosomes 12 and 17. Chromosomal abnormalities are
also common in human embryonal carcinoma cell lines.
These abnormalities might affect the differentiation of the
cells and thereby the results after transplantation, although
this remains to be clarified. Certainly, the likelihood of
tumor formation after grafting is probably influenced by
chromosomal abnormalities.

Tumor and teratoma formation after transplantation One
advantage of ESCs is that they are readily expanded
(Fig. 3). Human ESCs double every 20–72 h (Amit et al.
2000; Cowan et al. 2004; Herszfeld et al. 2006). In
comparison, NSCs have doubling times of 60–106 h (Mori
et al. 2006; Horiguchi et al. 2004). The high proliferative
capacity of ESCs may also be a disadvantage in some
circumstances, as they could continue to grow rapidly after
being grafted into the brain. Some human ESC-derived
grafts have been reported to form tumor-like structures
consisting of neuroepithelial cells, rather than teratomas
that contain tissues from all germ layers (Roy et al. 2006).

The pluripotency of ESCs can pose an additional
practical problem. It is often difficult to exclude undiffer-
entiated ESCs and non-neural cells completely from an
ESC culture. Because undifferentiated ESC can generate
teratomas after transplantation, this risk also applies to
intracerebral implants of ESC-derived cells (Thinyane et al.

2005; Fukuda et al. 2006; Chung et al. 2006; Bjorklund et
al. 2002). Several strategies have been tried to eliminate
pluripotent or partially differentiated ESCs in order to avoid
tumor formation. Fluorescence-activated cell sorting has
been employed in two studies describing the protocols for
selecting neural precursors from mixed populations includ-
ing undifferentiated ESCs, viz., from ESCs derived from
Sox1-green fluorescent protein (GFP) knock-in mice; the
sorted Sox1-positive cells do not form tumors after
intracerebral transplantation, whereas grafted Sox1-negative
cells frequently generate large tumors (Fukuda et al. 2006;
Chung et al. 2006). Another approach to reduce the risk of
teratoma formation is to induce the selective death of
undifferentiated cells. For example, the ceramide analog
N-oleoyl serinol (S18) can induce apoptosis in undifferen-
tiated cells that express Oct-4 and prostate apoptosis
response-4. After neural induction from murine ESCs,
treatment with S18 increases the proportion of Nestin-
positive progenitors and decreases tumorigenicity (Bieberich
et al. 2004). Another approach is to manipulate Cripto. This
is one of the EGF-CFC signaling molecule family proteins
and plays an important role in the neural differentiation of
ESCs and tumor generation after transplantation. It is
expressed in the inner cell mass and trophoblast cells of the
mouse blastocyst and in a wide range of epithelial cancers.
When low numbers of Cripto knockout (Cr−/−) ESCs are
transplanted into the striatum of rats with 6-OHDA lesions,
they differentiate into DA neurons without forming tumors.
On the other hand, wild-type ESCs frequently generate
teratomas under the same conditions (Parish et al. 2005).

Undifferentiated ESC do not always cause tumor after
transplantation into the brain. Small numbers of undiffer-
entiated mouse ESCs have been shown to differentiate into
DA neurons after being dissociated into a single cell
suspension and grafted to the striatum of imunosuppressed
rats. In 56% of the recipients, grafts survive transplantation
with no signs of tumors 14–16 weeks after surgery, whereas
20% of the animals exhibit prominent teratomas, and 24%
of them exhibit no graft survival (Bjorklund et al. 2002).
The dissociation of the cells into a single cell suspension
has been suggested to be important in promoting their
“default” differentiation into neurons, as opposed to
retaining their pluripotency. Apparently, the local environ-
ment at the site of transplantation also influences the risk of
teratoma formation. When human ESCs are grafted into the
developing brains of rat embryo (embryonic day 14), they
do not generate tumors but migrate, differentiate into
neurons, and form a chimeric brain with the host neurons
(Muotri et al. 2005). The immune system is also likely to
affect the risk of tumor growth from transplanted ESCs.
Generally, allografts yield tumors more frequently than
xenografts (Erdo et al. 2003). In summary, when evaluating

Fig. 3 Tumorigenicity of human embryonic stem cells. Hematoxylin
and eosin staining. Tumor formation was detected 2 weeks after
transplantation of undifferentiated human ES cells (HUES-3) into the
rat striatum (inset). Cells appeared immature and generated a large mass
with some rosette formations indicating that undifferentiated ESCs can
survive and continue to divide (higher magnification of boxed area in
inset). For clinical use, the undifferentiated ESCs must be eliminated
from the donor population prior to transplantation. Bar200 μm
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the risk for tumor generation, we need to take the following
sorts of factors into consideration: contamination of
undifferentiated cells; karyotypic changes in the ESC-
derived donor cells; number of cells transplanted; state of
the host environment (e.g., mature versus developing or
inflamed versus quiescent); host immune response.

The risk of tumor formation from stem-cell-derived
grafts is one of the major hurdles that prevent clinical
application in PD. Therefore, more research is clearly
needed to unravel mechanisms underlying tumor formation
from ESCs. Until these are fully understood, methods that
exclude dividing cells and select only post-mitotic DA
neurons might be the strategies that can bring us closest to
clinical application.

Other problems related to ESCs Another issue, which is
particularly difficult to overcome regarding the use of
human ESC-derived neurons for clinical transplantation, is
that of animal contaminants in the culture protocols.
Typically, human ESCs are cultured on mouse feeder cells
with animal-derived “serum replacements”. Exposing hu-
man ESCs to animal derivatives leads them to incorporate
N-glycolyl-neuraminic acid residues (Neu5Gc) that are
present in most mammals, except humans. Humans have
circulating antibodies against Neu5Gc (Martin et al. 2005).
Several attempts have been made to establish methods to
culture and differentiate human ESCs under “feeder-free”
and “xeno-free” conditions by using only human-derived
products (Klimanskaya et al. 2005; Mallon et al. 2006;
Iacovitti et al. 2007; Ellerstrom et al. 2006).

Human ESCs are also inherently connected to ethical
issues because of their origin in a blastocyst, and the
potential that the technology can be used to clone human
beings. Recently, the International Society for Stem Cell
Research has published ethical guidelines for human ESC
research (Daley et al. 2007). Researchers should retain open
communication with the general public and policy makers
with regard to the direction to be taken concerning stem-
cell-based therapies. With the brain being a particularly
controversial transplantation site from an ethical standpoint,
dialogue with society is extremely important for scientists
working on stem cell therapies for PD.

ES-like cells from reprogrammed somatic cells In 2006, a
Japanese group succeeded in inducing pluripotent stem
cells from mouse fibroblasts by retrovirally transducing the
cells with the four transcription factors Oct3/4, Sox2, c-
Myc, and Klf4. They called the resulting cells “induced
pluripotent stem (iPS) cells” and demonstrated that they
exhibited certain features of pluripotent ESC, including
neural differentiation (Takahashi and Yamanaka 2006). This
strategy can be classified as a “de-differentiation” or
“reprogramming” approach. Recently, independent studies

have confirmed the initial study and carried the findings
one step further (Maherali et al. 2007; Okita et al. 2007;
Wernig et al. 2007). For example, iPS cells derived from
fibroblasts clearly have the ability to become incorporated
into a blastocyst and to generate chimeric mouse offspring.

This groundbreaking work suggests that it will be
possible to generate pluripotent cells directly from patients’
own somatic cells in the future. Tests of whether the iPS
cell technique can be applied to human cells, and whether
the resulting cells can be differentiated into DA neurons
will be of great interest. If these tests provide positive
results, several practical issues are likely to emerge, such as
the need to control the proliferative activities of these cells.
This, however, does not distract from the fact that iPS cells
are en extremely exciting future option for cell therapy in
PD.

Concluding remarks

The backbone of stem cell therapy for PD is the knowl-
edge and experience obtained from embryonic/fetal VM
transplantation in the context of both basic research and
clinical studies. The central concept of mesencephalic
tissue transplantation is that the donor cells include post-
mitotic progenitors with the phenotype of the DA neurons
of the substantia nigra pars compacta (A9). Thus, the first
step to a new cell therapy in PD is to generate these cells
from stem cells, instead of from embryonic/fetal brains.
The cells generated from stem cells have to be safe and
have no risk of generating tumors after transplantation. We
also need (1) to devise better criteria regarding patient
selection; (2) to establish the optimal numbers of cells to
inject; (3) to find a mild and yet effective mode of
immunosuppression; (4) to learn how to avoid unwanted
side-effects, such as GIDs. Thus, many problems remain
to be solved before we have a successful clinical protocol
for stem cell therapy in PD. An important issue for clinical
application will be the balance of benefit and safety.
Nevertheless, continued research on the cell transplanta-
tion strategy should be encouraged because some PD
patients have shown dramatic improvement of their
symptoms following embryonic/fetal mesencephalic trans-
plantation. Taking all the data together, we believe that
stem cell therapy will become one of the treatment options
for PD patients in the future.
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