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Abstract
Neurodegenerative diseases are characterized by the
irreversible loss of neurons involved in networks, important for specific physiological functions. At present,
several renewable cell sources stand in line to replace
fetal brain cells as potential cell source for transplantation in the damaged brain. Recent developments raise
the hope that selective populations of different neuronal
phenotypes could be made “on demand”. However, for
every potential cell source there are still a lot of questions and drawbacks, which need to be resolved before a
cell source could become the standard for clinical neuronal transplantation. The recent finding that the brain
responds to damage by increased endogenous neurogenesis could prelude new “neurothrophic therapies”,
based on stimulating this endogenous repair. From preclinical studies it is evident that different disease mechanisms require different cell therapy approaches,
depending on the underlying factor of the disease, the
identity of neuronal systems that are involved and the
complexity of networks that are affected. In this review
the potential of different cell sources, including the
endogenous progenitor cells, are discussed. Also results
of preclinical and clinical transplantation studies in
three different disease models are critically evaluated.
Key words : Neurodegenerative diseases ; fetal brain ;
stem cell ; cell therapy ; stroke ; Parkinson’s disease ;
epilepsy.

system has weak capabilities for both endogenous
cell replacement and pattern repair. The reason for
this defective self repair is that adult neuronal cells
cannot regenerate after being damaged and that
endogenous neural stem cells have only a very
limited potential to generate new neuronal cells to
replace degenerated neurons. Therefore there is
great interest in restoring the damaged nervous system by stimulating endogenous repair or by transplanting new cells into the damaged brain. These
cells can be selected on the base of their phenotype,
the neurotransmitter they release or by the way
they are genetically engineered. Before cell therapy can be a routinely done practice in the clinic, a
lot of questions will have to be answered by preclinical research. At this moment different cell
sources are tested for their potential to mediate
functional repair of brain damage. The goal of this
review is to critically evaluate the potential of different candidate cell sources for transplantation.
The possibility of stimulating endogenous self
repair will be discussed. Three selected neurodegenerative diseases will be presented and the
progress and possibilities of cell therapy will be
discussed.
Cell sources

Introduction

FETAL BRAIN TISSUE

Current therapies for neurodegenerative diseases
provide effective symptomatic relief, particularly
in early stages of the disease. However, there are
too few therapies, if any, that affect the underlying
disease processes. Therefore disease-modifying
therapies that halt, slow down or reverse disease
progression are sorely needed. Some of the possible treatment options would be : immunological
responses, neurotrophic or anti-apoptotic treatment, gene therapy and cell therapy. Replacement
of the lost cells seems to be a vital step for functional repair of the brain damage, since in most
cases the spared systems cannot replace the
function of the lost cells. In contrast to other
mammalian tissues the adult mammalian nervous

Most studies in neurodegenerative diseases have
used fetal brain tissue for implantation. Cells are
isolated at a time point on which the cells, that have
to be implanted, are already fully differentiated in
the appropriate cell type. There is a critical time
window for the isolation of the population of neurons for implantation. If the relevant neurons are
too young, they are not yet differentiated. If they
are too old, they have developed extensive connections so that dissection involves axotomy and trauma. This optimal time window, however, varies
between different neuronal populations (Dunnett
and Bjorklund, 1992). This implies that a lot of
fetal brains are necessary to obtain sufficient tissue
to be implanted and mostly only one neuronal
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phenotype can be isolated from one single fetus.
STEM CELLS
The ethical and practical problems around fetal
tissue transplantation have led to the search for
alternative cell sources. Stem cells seem to be ideal
candidates for transplantation. Stem cells are
broadly defined as progenitor cells which produce
differentiated progeny and are capable to selfrenew (Morrison et al., 1997). Stem cells could
become an almost unlimited source for the generation of specific neurons. The cell preparations
could be standardized and quality-controlled with
respect to viability and purity. Different types of
stem cells could be used for neuronal transplantation.
Neural stem cells
Neural stem cells (NSCs) can be isolated from
different regions of the embryonic central nervous
system (CNS) or from restricted areas in the adult
brain. Technical advances in recent years, including the use of bromodeoxyuridine (BrdU) and
retroviral reporter mitotic labeling, have shown
that the hippocampal dentate gyrus and the forebrain subventricular zone (SVZ), with a rostral
migratory stream (RMS) of neuroblasts towards
the olfactory bulbs, are germinative regions in
which neurogenesis is ongoing throughout life
(Cameron et al., 1993 ; Lois et al., 1996 ; Lois and
Alvarez-Buylla, 1994 ; van Praag et al., 2002). It is
presumed that this ongoing neurogenesis is an integral part of ongoing plasticity in the adult mammalian brain. NSCs have been isolated from rodent
central nervous system (Galli et al., 2003 ; Galli et
al., 2003 ; Gobbel et al., 2003 ; Gritti et al., 1999 ;
Kim et al., 2003 ; Palmer et al., 1995 ; Palmer et
al., 1997 ; Palmer et al., 1999 ; Reynolds and
Weiss, 1996 ; Seaberg and van der Kooy, 2002 ;
Shihabuddin et al., 1997 ; Shihabuddin et al., 2000
; Temple and Alvarez-Buylla, 1999 ; Toda et al.,
2000 ; Vicario-Abejon et al., 2000 ; Weiss et al.,
1996 ; Weiss, 1999) and human brain (Akiyama et
al., 2001 ; Flax et al., 1998 ; Fricker et al., 1999 ;
Nunes et al., 2003 ; Svendsen et al., 1999 ;
Svendsen and Caldwell, 2000 ;Vescovi et al.,
1999). NSCs are defined by three main characteristics : they can self-renew, give rise to all of the
major neural cells types, i.e. neurons, oligodendrocytes and astrocytes (Song et al., 2002b) and when
transplanted into the brain they are able to survive,
migrate and integrate in a functionally active way
(Auerbach et al., 2000 ; Englund et al., 2002 ; Flax
et al., 1998 ; Gage et al., 1995). When NSC are
transplanted into the damaged brain, they migrate
preferentially towards the damaged areas, where
they also seem to integrate and replace the lost cells
(Barker and Dunnett, 1999 ; Bjorklund et al., 2002
; Dziewczapolski et al., 2003 ; Pluchino et al.,
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2003 ; Yandava et al., 1999). However, precursors
isolated from adult telencephalon and propagated
as neurospheres generate disappointingly few neurons, both in transplantation paradigms as well as
in differentiating conditions in vitro (Fricker et al.,
1999 ; Song et al., 2002a). Also the kind of differentiated cell types that they can generate is limited
depending upon the developmental stage and
region from which they are isolated and the in vitro
conditions in which they are grown thereafter
(Hack et al., 2004 ; Horiguchi et al., 2004 ; Parmar
et al., 2002).
Embryonic stem cells
Embryonic stem cells are also an attractive cell
source for transplantation into the damaged brain.
These cells are truly pluripotent and have an unlimited capacity for in vitro expansion. The cells can
easily be genetically manipulated. Several differentiation protocols have already been developed for
differentiation of embryonic stem cells towards
neurons and neuronal-restricted precursors
(Carpenter et al., 2001 ; Gokhan and Mehler, 2001 ;
Kim et al., 2002 ; Li et al., 1998 ; Mujtaba et al.,
1999 ; O’Shea, 2001 ; Okabe et al., 1996 ; Strubing
et al., 1995 ; Temple, 2001 ; Westmoreland et al.,
2001 ; Wichterle et al., 2002). ES cell-derived neural precursors incorporate into the CNS and differentiate into neurons and glia (Brustle et al., 1997 ;
McDonald et al., 1999 ; Zhang et al., 2001).
Electrophysiological studies have demonstrated
that transplanted embryonic derived neurons
(ESNs) display electrophysiological properties similar to endogenous cells (Kim et al., 2002).
Embryonic stem cell-derived glial precursors
(ESGPs), have been used successfully for myelin
repair (Brustle et al., 1999 ;Liu et al., 2000) and dye
coupling studies showed that the ESGP-derived
astrocytes formed gap junctions with each other but
also with host astrocytes after transplantation in
hippocampal slices (Scheffler et al., 2003).
Although embryonic stem cells seem to have an
unrestricted potential to differentiate towards neuroectodermal phenotypes, embryonic stem cells
cannot be readily transplanted into the brain.
Because of the enormous random in vitro differentiation potential of embryonic stem cells, any remaining non-neural (Tabar and Studer, 2002) pluripotent
embryonic stem cell could give rise to teratomas
upon transplantation, resulting in significant concerns as to the clinical safety of this approach. When
ES cells are transplanted into the striatum of an animal model for PD, they differentiate into a significant number of dopamine neurons but the incidence
of ES-mediated tumor formation in this study was
high (20%) (Bjorklund et al., 2002).
Adult non-neuronal somatic stem cells
Several recent reports suggest that adult somatic
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stem cells isolated from non-neuronal tissues may
“transdifferentiate” across tissue lineage boundaries,
thus offering an accessible source for therapeutic
applications even for neural tissue repair. Human
and animal bone marrow (BM) transplantation
studies have shown that donor derived neurons and
glial cells can be found in the brain of the host
(Brazelton et al., 2000 ; Eglitis and Mezey, 1997 ;
Mezey et al., 2000 ; Mezey et al., 2003). However,
the number of these “transdifferentiated” cells is
extremely low and recent works have demonstrated that donor BM cells contribute to adult Purkinje
neurons through cell fusion (Alvarez-Dolado et al.,
2003 ; Weimann et al., 2003). This is in contrast to
another study which demonstrated that human
hematopoietic cells could contribute to long term
adult human neuropoiesis without fusing (Cogle et
al., 2004). It seems that fusion as well as transdifferentiation can explain the presence of donorderived cells in the brain of the recipient. Also purified mesenchymal stem cells, isolated from the
bone marrow, seem to be capable of differentiating
in vitro (Black and Woodbury, 2001 ; Deng et al.,
2001 ; Dezawa et al., 2004 ; Kohyama et al., 2001 ;
Rismanchi et al., 2003 ; Sanchez-Ramos et al.,
2000 ; Sanchez-Ramos, 2002 ; Woodbury et al.,
2000 ; Woodbury et al., 2002) and in vivo (Chopp
and Li, 2002 ; Kopen et al., 1999) towards cells
expressing neuronal and glial markers. Expression
of neuronal and glial markers, on the contrary, cannot be seen as an absolute proof of neuronal differentiation since it has been demonstrated that undifferentiated mesenchymal stem cells also express
markers for neural lineage (Woodbury et al., 2002).
Moreover only one study has been able to demonstrate that MSC can differentiate towards neurons
displaying appropriate electrophysiological characteristics (Kohyama et al., 2001). In addition to
hematopoietic and MSC stem cells, rare pluripotent
stem cell subsets have been isolated from BM. A
rare cell, called multipotent adult progenitor cell
(MAPC), has been co-isolated with mesenchymal
stem cells and is able to differentiate towards cells
from the endodermal, mesodermal and ectodermal
phenotypes (Jiang et al., 2002). This MAPC cell is
capable of differentiating toward cells with morphological and electrophysiological properties of
midbrain neurons (Jiang et al., 2003). Recently a
new pluripotent, CD45 negative population from
human cord blood, termed unrestricted somatic
stem cells (USSCs), has been described (Kogler et
al., 2004). It has been demonstrated that these cells
can be differentiated towards neuronal cell types.
Implantation of these cells in rat brain revealed that
human tau-positive neurons persisted in the rat
brain for up to 3 months. In this study, though, no
electrophysiological experiments were done to
confirm that the cells were indeed functionally
active neurons. Other cells that display a presumed
neurogenic potential are adipose-derived stem cells

(Safford et al., 2002) and stem cells derived
from the dermis of mammalian skin (Toma et al.,
2001).
BIO-ENGINEERED CELLS
Cells can be genetically engineered to overcome
problems such as senescence or to induce cells to
release neurotrophic or neuromodulating factors.
For example, neuroepithelial precursor cells,
derived from defined regions and prior to their terminal mitosis, have been infected with a retrovirus
encoding a temperature sensitive immortalizing
oncogene. When transplanted into the intact brain,
most of these cell lines will differentiate towards
neurons, astrocytes and oligodendrocytes. They
even seem to respond to local microenvironmental
cues, since the cells differentiate with morphologies indistinguishable from those of local endogenous neurons (Martinez-Serrano and Bjorklund,
1997 ; Whittemore and Onifer, 2000). These
immortalized cell lines have been utilized in a variety of ex vivo gene therapy experiments, in which
they have been genetically modified in order to
release different disease modifying molecules. As
an example NGF-secreting cells from the HiB5 cell
line have been implanted into the adult rat striatum.
One week after transplantation a stroke was
induced by middle cerebral artery occlusion. The
graft prevented striatal degeneration of both projection neurons and cholinergic interneurons
(Andsberg et al., 1998). Different other growth factor-, neurotransmitter- or metabolite-releasing
immortalized cell lines have been created by genetic engineering. For example, cell lines releasing
brain derived neurotrophic factor (BDNF) (Rubio
et al., 1999) ; neurotrophin 3 (Liu et al., 1999) ;
neurotransmitters, such as GABA (Eaton et al.,
1999) ; or metabolites, such as b-glucuronidase
(Snyder et al., 1995) have been developed. Next to
these immortalized cell lines other cell sources
have been engineered to release disease-modifying
substances. Commonly used cell types are fibroblasts (Blesch et al., 2001 ; Liu et al., 2002 ; Pizzo
et al., 2004 ; Tobias et al., 2003) and stem cells
(Arnhold et al., 2003 ; Behrstock and Svendsen,
2004 ; Zhao et al., 2004).
STIMULATING ENDOGENOUS REPAIR
The finding that there is ongoing neurogenesis in
dentate gyrus of the hippocampus and the forebrain
SVZ, has led to the idea that stimulation of neurogenesis could enhance endogenous brain repair.
There is some suggestion that neurogenesis also
can exist in other brain regions such as the neocortex (Gould et al., 2001 ; Magavi et al., 2000), the
amygdala (Bernier et al., 2002) and the substantia
nigra (Zhao et al., 2003). These findings are controversial, however, (Koketsu et al., 2003 ;
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Kornack and Rakic, 2001) and if neurogenesis
exists in these regions it is probably at much lower
degree or may only be induced after insults
(Mohapel and Brundin, 2004). Evidence from in
vivo studies suggests that specific growth and neurotrophic factors influence neural precursor proliferation in the adult rodent dentate gyrus and SVZ,
and in some cases in other brain regions such as
striatum, thalamus, hypothalamus, septum and
parenchymal regions lining the ventricles. These
factors include basic fibroblast growth factor
(bFGF), insulin growth factor-1 (IGF-1), epidermal
growth factor (EGF), vascular endothelial groth
factor (VEGF) and cilliary neurotrophic factor
(GDNF) (Aberg et al., 2000 ; Benraiss et al., 2001
; Emsley and Hagg, 2003 ; Kuhn et al., 1997 ;
Schanzer et al., 2004 ; Wagner et al., 1999b).
Several lines of evidence suggest that astrocytes
play important roles in the migration, differentiation, integration and survival of neuroblasts
derived from SVZ and dentate gyrus. (Doetsch et
al., 1999 ; Galli et al., 2003 ; Lim and AlvarezBuylla, 1999 ; Song et al., 2002a). Because astrocytes are activated by most brain insults, they are
most likely also involved in injury-induced neurogenesis.
A lot of work has been done on damaged
induced neurogenesis in several models of stroke.
Two recent reports indicate that forebrain SVZ
neurogenesis increases ispilateral to the infarct
after adult rat transient middle cerebral artery
occlusion (tMCAO) (Arvidsson et al., 2002 ;
Parent et al., 2002). The neuroblasts generated after
stroke form chains closely apposed to astrocytes
that extend from the SVZ to the injured striatum
although it seems that only a small portion of the
newly formed striatal neurons survive. When selective damage is induced to the hippocampal CA1
region, by inducing transient four vessel ischemia
in rats, and subsequently bFGF and EGF are
infused for three days in the first week after stroke,
40 % of the CA1 pyramidal neurons are regenerated. The source for the newly generated neurons is
demonstrated to be the SVZ in the posterior
periventricular region (Nakatomi et al., 2002).
Transient global ischemia in young adult macaque
monkeys also induces a significant postischemic
increase of the number of newly formed cells in the
hippocampal dentate gyrus, subventricular zone of
the temporal horn of the lateral ventricle and temporal neocortex (Tonchev et al., 2003).
Cell therapy for different neuronal disease
mechanisms
It seems that the potential of cell therapy to
restore neuronal damage mostly depends on the
complexity of the disease. This ranges from focal
cell death of only one neural or glial phenotype to
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more extensive cell death of different neuronal
phenotypes throughout the brain. In the next chapter three different disease models of an increasing
complexity are presented and the possibilities for
developing cell therapy are evaluated.
REPLACING SINGLE NEURONAL PHENOTYPES :
PARKINSON’S DISEASE (PD)
CNS diseases affecting specific neuronal cell
populations are Parkinson’s disease (PD, loss of
striatal dopaminergic neurons), Huntington’s disease (HD ; loss of GABAergic striatal spiny projection neurons) and amyotrophic lateral sclerosis
(ALS, loss of cholinergic motorneurons). These
neurodegenerative diseases are the most attractive
ones to be treated with cell therapy and therefore a
considerable amount of research has been done to
investigate the possibilities of repair by cell transplantation. The reader is referred to excellent
reviews of these studies (Bjorklund and Lindvall,
2000 ; Isacson, 2003 ; Lindvall et al., 2004). In this
review only progress in cell therapy for PD will be
discussed. In PD there is specific loss of the majority of midbrain dopaminergic neurons projecting
towards the striatum. Clinical trials for transplantation of human embryonic mesencephalic tissue into
the striatum of patients with severe Parkinson’s disease have shown that neuronal replacement can
work in the human brain. The grafted neurons survive and reïnnervate the striatum for as long as 10
years despite an ongoing disease process
(Kordower et al., 1995 ; Piccini et al., 1999). These
open trials have shown that after transplantation
dopamine release is elevated and clinical benefit
becomes evident (Piccini et al., 2000). A systematic review of 11 studies reporting 95 graft studies
was made by Polgar et al., 2003. Two double blind
sham surgery-controlled trials, however, showed
no statistically significant improvement in behavioral score. It seems that the outcome of transplantation is dependent on the age of the donor, the
severity of the disease (Freed et al., 2001 ; Olanow
et al., 2003) and the variation in composition of the
graft. Several studies reported the occurrence of
dyskinesias as an important side effect of transplantation, which became troublesome in 7-15% of
grafted patients (Freed et al., 2001 ; Hagell et al.,
2002 ; Olanow et al., 2003). These rather disappointing results and the occurrence of dyskinesias,
next to the limited tissue availability and the wide
variation in functional outcome, impelled the
search for alternative sources from which large
numbers of dopaminergic neurons can be generated. Several recent publications provide a good
review of the different studies in which dopaminergic differentiation of several types of stem cells
was investigated (Bjorklund and Lindvall, 2000 ;
Brundin and Hagell, 2001 ; Lindvall, 2003 ;
Lindvall et al., 2004 ; Lindvall and Hagell, 2002 ;
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Lindvall and McKay, 2003). Functionally active
dopaminergic neurons can be generated from
mouse (Kim et al., 2002 ; Morizane et al., 2002)
and monkey embryonic stem cells (ECSs)
(Kawasaki et al., 2002) and from neural stem cells
(NSCs) derived from the fetal rodent (Carvey et al.,
2001 ; Wagner et al., 1999a ; Yan et al., 2001) and
human brain (Storch et al., 2001), using different
neuronal differentiation protocols. However, up to
now there is only one report describing differentiation of adult neural stem cells towards dopaminergic neurons (Daadi and Weiss, 1999). Also there is
little evidence that functional dopaminergic neurons can be obtained from non-neural stem cells.
One study described differentiation of mesenchymal stem cells towards functionally active
dopaminergic neurons but when these cells where
transplanted into the diseased brain they did not
differentiate towards neurons (Jiang et al., 2003 ;
Zhao et al., 2002). Dopaminergic neurons derived
from stem cells have been transplanted into
Parkinson’s models and in some cases clear behavioral recovery could be demonstrated (Lindvall,
2003).
CELL THERAPY FOR DISEASES AFFECTING MULTIPLE
BRAIN REGIONS AND NEURONAL PHENOTYPES

Probably the most difficult to treat are diseases
where transplanted cells should be able to generate
multiple phenotypes and reform long distance connections such as in the case of cerebral ischemic
insults (Rossi and Cattaneo, 2002) and epilepsy
(Grisolia, 2001).
Cerebral ischemic insults
There are two main types of ischemic insults that
affect the brain in a specific way. First, cardiac
arrest or coronary artery occlusion causes an abrupt
and near-total interruption of total cerebral blood
flow. This global ischemia causes selective neuronal death of certain vulnerable neuronal populations such as the pyramidal neurons of CA1 hippocampal subregion. In the case of global
ischemia, fetal hippocampal CA1 tissue and conditionally immortalized neuroepithelial MHP36 cells
have been transplanted into the damaged CA1
region. In the case of transplantation of fetal CA1
tissue behavioral recovery is dependent on the
establishment of some afferent and efferent connections. In the case of MHP36 cells there was also
a behavioral improvement but only a small portion
of the grafted cells displayed neuronal or glial
markers. So it remains unclear whether behavioral
recovery was caused by restoration of functional
connectivity or by secretion of trophic substances
(Sinden et al., 1995 ; Sinden et al., 1997 ; Virley et
al., 1999).
The second type of ischemic insult, stroke, is

caused by occlusion of a cerebral artery and leads
to irreversible damage in a core region, which is
surrounded by a zone of partially reversible injury,
the penumbra zone. The majority of cases with
stroke in humans are caused by occlusion of the
middle cerebral artery, which leads to infarction in
the cerebral cortex, basal ganglia and internal capsule. In the only reported clinical trial, neurons
generated from the human teratocarcinoma cell line
NT-2 have been implanted in the infarcted area of
patients, who had experienced a stroke in the basal
ganglia. Behavioral improvements were seen in
some patients (Kondziolka et al., 2000) and autopsy in one patient revealed the presence of grafted
cell expressing neuronal markers 2 years after
grafting (Nelson et al., 2002). Next to this human
trial, cells from different origins (fetal cortical and
striatal tissue, neural precursor cells, cell lines with
neurogenic potential, bone marrow stromal cells)
have been transplanted in different affected regions
in the brain (cortex, striatum), in the ventricles or
intravenously (Lindvall et al., 2004 ; Savitz et al.,
2002). In most cases the transplanted cells survived
and a partial behavioral recovery could be seen.
However, in few studies there is evidence for a
functional integration of these cells into the damaged networks. It is possible that transplantation
may enrich the local neural environment through
region-specific synaptic connections and trophic
factors. Alternatively, grafts may upregulate
endogenous recovery mechanisms and induce surviving cells to establish new circuits.
Epilepsy
Epilepsy has many etiologies, all leading to an
imbalance between excitation and inhibition.
Unlike in the two other disease mechanisms presented so far, there is no identifiable defect to be
restored by cell therapy. Nevertheless, in temporal
lobe epilepsy (TLE) there is a common lesion : hippocampal sclerosis (Blumcke et al., 1999 ; Liu et
al., 1995). Hippocampal sclerosis is characterized
by a selective loss of hippocampal neurons, axonal
sprouting and dense gliosis. However, it is still
unproven whether seizures are a cause or an effect
of hippocampal sclerosis. Grafting of fetal hippocampal tissue for repair of hippocampal networks in the intrahippocampal kainic acid model
for TLE led to the partial reversal of some of the
characteristic anatomopathological changes of hippocampal sclerosis, such as mossy fiber sprouting
and loss of GABAergic interneurons. (Shetty et al.,
2000 ; Shetty and Turner, 1996 ; Shetty and Turner,
1997a ; Shetty and Turner, 1997b ; Shetty and
Turner, 2000 ; Zaman et al., 2000 ; Zaman and
Shetty, 2001 ; Zaman and Shetty, 2003). A major
caveat in these studies is that the authors have not
investigated the influence of transplantation on the
occurrence of epileptic seizures (personal commu-
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nication, Ashok Shetty, 2002). Another transplantation strategy consists of grafting neurotransmitter
releasing cells to modulate network excitability.
When GABA-rich fetal striatal tissue is transplanted into the substantia nigra (SN) of fully amygdala
kindled rats this leads to a significant increase in
the threshold to electrically evoke focal discharges
(after discharge threshold [ADT]) and a significant
reduction of seizure severity (Loscher et al., 1998).
However, this seizure-suppressing effect was only
transient and disappeared over the weeks after
transplantation. Noradrenaline-rich locus coeruleus
(LC) tissue has been transplanted in the damaged
hippocampus of status epilepticus models. Grafting
led to a reduction of the number of spontaneous
seizures from (Bortolotto et al., 1990). But if the
transplanted rats were subjected to kindling stimulations approximately eight months after transplantation, no difference in afterdischarge threshold and
kindling rate could be demonstrated (Holmes et al.,
1991). Next to neurotransmitter rich fetal brain tissue, cells have been engineered to release agents
for the inhibition of in vivo seizure activity.
Thompson et al. engineered conditionally immortalized mouse neurons to deliver GABA by driving
GAD65 expression under the control of a tetracycline regulatable promoter (Thompson et al.,
2000). This cell line has been transplanted into the
SNr (Thompson et al., 2000) or the pyriform cortex
(Gernert et al., 2002) of rats prior to kindling. In
both cases the transplantation had only weak
effects on ADT and kindling rate. These GABA
releasing cells have also been transplanted in the
lithium pilocarpine status epilepticus model for
TLE, which displays spontaneous seizures. The
animals were transplanted into the anterior SN 4565 days after SE (Thompson and Suchomelova,
2004). Seven to 10 days after transplantation a
robust suppression of seizures and the reduction in
epileptiform spikes emerged in the group that was
transplanted with GABA releasing cells. The evaluation of the seizure suppressant effect of GABA
releasing transplants was ended 13 days after transplantation, while it would have been interesting to
investigate whether this anticonvulsant effect was
long lasting.
Adenosine and its analogues also have powerful
antiseizure and neuroprotective activities
(Fredholm, 1997 ; Lee et al., 1984). Therefore
baby hamster kidney cells have been engineered to
release adenosine in the environment by inactivating of the adenosine metabolizing enzyme adenosine kinase (ADK). These adenosine-releasing
cells have been encapsulated and transplanted into
the ventricles of the rat kindling model of epilepsy
(Huber et al., 2001). After transplantation of the
cells, behavioral seizure activity was almost completely suppressed during four days after transplantation. This strong protection lasted for three weeks
after transplantation after which there was a signif-
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icant loss of the transplanted cells and the seizure
suppressant effect. Embryonic stem cell derived
glial cells have been engineered for adenosine
delivery (Fedele et al., 2004). These cells still have
to be transplanted into an epilepsy model but it is
expected that the survival of these glial cells will be
greater compared to the kidney and fibroblast cells,
which will probably lead to a more long term
seizure suppressant effect.
Conclusion
From the evaluation of different cell sources for
transplantation it is evident that grafting of fetal
cells will not become the standard to treat neurodegenerative diseases because of ethical and practical
problems and the high diversity in functional outcome after transplantation. Embryonic and neural
stem cells are good alternatives for fetal tissue,
given that we learn more about the mechanisms
involved in control of cell proliferation and differentiation, neuronal integration and survival.
Genetic engineering provides a tool to modify the
cells in favor of their survival, integration and their
capacity to modify underlying disease mechanisms. Other strategies for reconstruction of damaged networks could be based on the stimulation of
endogenous neurogenesis and repair by means of
modulating neurotrophic mechanisms controlling
both. Another option could be to combine cell therapy with neurothrophic treatment in order to maximize the recruitment of newborn but also transplanted cells. The cell therapy strategy for a given
disease highly depends on the complexity of the
disorder. In a disease such as PD, where there is
selective loss of dopaminergic neurons, the ultimate goal is to replace the lost cells, repair connectivity and normalize neurotransmitter release. That
is why lots of efforts are made to selectively generate dopaminergic cells from different cells sources.
In more complex disorders, such as stroke and
epilepsy, reconstructive therapy seems to be much
further away and therefore other strategies seem to
be appropriate in first instance. In stroke, partial
recovery after transplantation sometimes occurs
without functional integration of transplanted cells.
Therefore neurotrophic responses of both donor
and host cells, evoked by the transplantation itself,
may play an important role. Transplantation of
cells, engineered to secrete neurotrophic factors,
could be a first option in the treatment of stroke. In
epilepsy most successes can be expected by transplanting cells, which secrete seizure suppressant
agents or neurotransmitters, in brain structures that
are presumed to play key roles in the generation or
spread of epileptic seizures (Aberg et al., 2000 ;
Benraiss et al., 2001 ; Emsley and Hagg, 2003 ;
Kuhn et al., 1997 ; Schanzer et al., 2004 ; Wagner
et al., 1999b).

164

R. RAEDT AND P. BOON

Acknowledgements
Robrecht Raedt is supported by a grant from the
Institute for Encouragement of Innovation through
Science and Technology in Flanders (IWT). Paul Boon
is a Senior Clinical Investigator of the FWO-Flanders
and is supported by grants 1.5236.99 and 6.0324.02
from the FWO-Flanders ; by grant 01105399 from BOF
and by the Clinical Epilepsy Grant, Ghent University
Hospital 2005.
REFERENCES
ABERG M. A., ABERG N. D., HEDBACKER H., OSCARSSON
J., ERIKSSON P.S. Peripheral infusion of IGF-I
selectively induces neurogenesis in the adult rat
hippocampus. J. Neurosci., 2000, 20 : 2896-903.
AKIYAMA Y., HONMOU O., KATO T., UEDE T., HASHI K.,
KOCSIS J. D. Transplantation of clonal neural precursor cells derived from adult human brain establishes functional peripheral myelin in the rat
spinal cord. Exp. Neurol., 2001, 167 : 27-39.
ALVAREZ-DOLADO M., PARDAL R., GARCIA-VERDUGO J. M.,
FIKE J. R., LEE H. O., PFEFFER K., LOIS C.,
MORRISON S. J., ALVAREZ-BUYLLA A. Fusion of
bone-marrow-derived cells with Purkinje neurons, cardiomyocytes and hepatocytes. Nature,
2003, 425 : 968-973.
ANDSBERG G., KOKAIA Z., BJORKLUND A., LINDVALL O.,
MARTINEZ-SERRANO A. Amelioration of ischaemiainduced neuronal death in the rat striatum by
NGF-secreting neural stem cells. European
Journal of Neuroscience, 1998, 10 : 2026-36.
ARNHOLD S., HILGERS M., LENARTZ D., SEMKOVA I.,
KOCHANEK S., VOGES J., ANDRESSEN C., ADDICKS K.
Neural precursor cells as carriers for a gene therapeutical approach in tumor therapy. Cell
Transplant., 2003, 12 : 827-837.
ARVIDSSON A., COLLIN T., KIRIK D., KOKAIA Z., LINDVALL
O. Neuronal replacement from endogenous precursors in the adult brain after stroke. Nat. Med.,
2002, 8 : 963-970.
AUERBACH J. M., EIDEN M. V., MCKAY R. D., 2000.
Transplanted CNS stem cells form functional
synapses in vivo. European Journal of Neuroscience 12 : 1696-704.
BARKER R. A., DUNNETT S. B. Functional integration of
neural grafts in Parkinson’s disease. Nat. Neurosci., 1999, 2 : 1047-1048.
BEHRSTOCK S., SVENDSEN C. N. Combining growth factors, stem cells, and gene therapy for the aging
brain. Ann. NY Acad. Sci., 2004, 1019 : 5-14.
BENRAISS A., CHMIELNICKI E., LERNER K., ROH D.,
GOLDMAN S. A. Adenoviral brain-derived
neurotrophic factor induces both neostriatal
and olfactory neuronal recruitment from endogenous progenitor cells in the adult forebrain.
J. Neurosci., 2001, 21 : 6718-31.
BERNIER P. J., BEDARD A., VINET J., LEVESQUE M.,
PARENT A. Newly generated neurons in the
amygdala and adjoining cortex of adult primates.
Proc. Natl. Acad. Sci. USA, 2002, 99 : 1146411469.
BJORKLUND A., LINDVALL O. Cell replacement therapies
for central nervous system disorders. Nature

Neuroscience, 2000, 3 : 537-544.
BJORKLUND L. M., SANCHEZ-PERNAUTE R., CHUNG S.,
ANDERSSON T., CHEN I. Y., MCNAUGHT K. S.,
BROWNELL A. L., JENKINS B. G., WAHLESTEDT C.,
KIM K. S., ISACSON O. Embryonic stem cells
develop into functional dopaminergic neurons
after transplantation in a Parkinson rat model.
Proc. Natl. Acad. Sci. USA, 2002, 99 : 2344-9.
BLACK I. B., WOODBURY D. Adult rat and human bone
marrow stromal stem cells differentiate into neurons. Blood Cells Mol. Dis., 2001, 27 : 632-6.
BLESCH A., CONNER J. M., TUSZYNSKI M. H. Modulation
of neuronal survival and axonal growth in vivo by
tetracycline-regulated neurotrophin expression.
Gene Ther., 2001, 8 : 954-960.
BLUMCKE I., BECK H., LIE A. A., WIESTLER O. D.
Molecular neuropathology of human mesial temporal lobe epilepsy. Epilepsy Res., 1999, 36 : 205223.
BORTOLOTTO Z. A., CALDERAZZO L., CAVALHEIRO E. A.
Some evidence that intrahippocampal grafting of
noradrenergic neurons suppresses spontaneous
seizures in epileptic rats. Braz. J. Med. Biol. Res.,
1990, 23 : 1267-1269.
BRAZELTON T. R., ROSSI F. M., KESHET G. I., BLAU H. M.
From marrow to brain : expression of neuronal
phenotypes in adult mice. Science, 2000, 290 :
1775-9.
BRUNDIN P., HAGELL P. The neurobiology of cell transplantation in Parkinson’s disease. Clinical
Neuroscience Research, 2001, 1 : 507-520.
BRUSTLE O., JONES K. N., LEARISH R. D., KARRAM K.,
CHOUDHARY K., WIESTLER O. D., DUNCAN I. D.,
MCKAY R. D. Embryonic stem cell-derived glial
precursors : a source of myelinating transplants.
Science, 1999, 285 : 754-756.
BRUSTLE O., SPIRO A. C., KARRAM K., CHOUDHARY K.,
OKABE S., MCKAY R. D. In vitro-generated neural
precursors participate in mammalian brain development. Proc. Natl. Acad. Sci. USA, 1997, 94 :
14809-14.
CAMERON H. A., WOOLLEY C. S., MCEWEN B. S., GOULD
E. Differentiation of newly born neurons and glia
in the dentate gyrus of the adult rat. Neuroscience,
1993, 56 : 337-344.
CARPENTER M. K., INOKUMA M. S., DENHAM J., MUJTABA
T., CHIU C. P., RAO M. S. Enrichment of neurons
and neural precursors from human embryonic
stem cells. Exp. Neurol., 2001, 172 : 383-97.
CARVEY P. M., LING Z. D., SORTWELL C. E., PITZER M. R.,
MCGUIRE S. O., STORCH A., COLLIER T. J. A Clonal
Line of Mesencephalic Progenitor Cells Converted to Dopamine Neurons by Hematopoietic
Cytokines : A Source of Cells for Transplantation
in Parkinson’s Disease. Experimental Neurology,
2001, 171 : 98-108.
CHOPP M., LI Y. Treatment of neural injury with marrow
stromal cells. Lancet Neurol., 2002, 1 : 92-100.
COGLE C. R., YACHNIS A. T., LAYWELL E. D.,
ZANDER D. S., WINGARD J. R., STEINDLER D. A.,
SCOTT E. W. Bone marrow transdifferentiation in
brain after transplantation : a retrospective study.
Lancet, 2004, 363 : 1432-1437.
DAADI M. M., WEISS S. Generation of Tyrosine
Hydroxylase-Producing Neurons from Precursors

CELL THERAPY FOR NEURODEGENERATIVE DISEASES

of the Embryonic and Adult Forebrain. J. Neurosci., 1999, 19 : 4484-4497.
DENG W., OBROCKA M., FISCHER I., PROCKOP D. J. In
vitro differentiation of human marrow stromal
cells into early progenitors of neural cells by conditions that increase intracellular cyclic AMP.
Biochem. Biophys. Res. Commun., 2001, 282 :
148-52.
DEZAWA M., KANNO H., HOSHINO M., CHO H.,
MATSUMOTO N., ITOKAZU Y., TAJIMA N., YAMADA
H., SAWADA H., ISHIKAWA H., MIMURA T., KITADA
M., SUZUKI Y., IDE C. Specific induction of neuronal cells from bone marrow stromal cells and
application for autologous transplantation. J. Clin.
Invest., 2004, 113 : 1701-1710.
DOETSCH F., CAILLE I., LIM D. A., GARCIA-VERDUGO J. M.,
ALVAREZ-BUYLLA A. Subventricular zone
astrocytes are neural stem cells in the adult mammalian brain. Cell, 1999, 97 : 703-716.
DUNNETT S. B., BJORKLUND A. Staging and dissection of
rat embryo’s. Rickwood D., Hames B.D. (Eds.)
Neural transplantation : A practical approach, 1
Ed. Oxford University Press, New York, pp. 1-19,
1992.
DZIEWCZAPOLSKI G., LIE D. C., RAY J., GAGE F. H.,
SHULTS C. W. Survival and differentiation of adult
rat-derived neural progenitor cells transplanted to
the striatum of hemiparkinsonian rats. Exp.
Neurol., 2003, 183 : 653-664.
EATON M. J., PLUNKETT J. A., MARTINEZ M. A., LOPEZ T.,
KARMALLY S., CEJAS P., WHITTEMORE S. R.
Transplants of neuronal cells bioengineered to
synthesize GABA alleviate chronic neuropathic
pain. Cell Transplant., 1999, 8 : 87-101.
EGLITIS M. A., MEZEY E. Hematopoietic cells differentiate into both microglia and macroglia in the brains
of adult mice. Proc. Natl. Acad. Sci. USA, 1997,
94 : 4080-5.
EMSLEY J. G., HAGG T. Endogenous and exogenous
ciliary neurotrophic factor enhances forebrain
neurogenesis in adult mice. Exp. Neurol., 2003,
183 : 298-310.
ENGLUND U., FRICKER-GATES R. A., LUNDBERG C.,
BJORKLUND A., WICTORIN K. Transplantation of
human neural progenitor cells into the neonatal rat
brain : extensive migration and differentiation
with long-distance axonal projections. Exp.
Neurol., 2002, 173 : 1-21.
FEDELE D. E., KOCH P., SCHEURER L., SIMPSON E. M.,
MOHLER H., BRUSTLE O., BOISON D. Engineering
embryonic stem cell derived glia for adenosine
delivery. Neurosci. Lett., 2004, 370 : 160-165.
FLAX J. D., AURORA S., YANG C., SIMONIN C.,
WILLS A. M., BILLINGHURST L. L., JENDOUBI M.,
SIDMAN R. L., WOLFE J. H., KIM S. U.,
SNYDER E. Y. Engraftable human neural stem cells
respond to developmental cues, replace neurons,
and express foreign genes. Nat. Biotechnol., 1998,
16 : 1033-9.
FREDHOLM B. B. Adenosine and neuroprotection. Int.
Rev. Neurobiol., 1997, 40 : 259-280.
FREED C. R., GREENE P. E., BREEZE R. E., TSAI W. Y.,
DUMOUCHEL W., KAO R., DILLON S., WINFIELD H.,
CULVER S., TROJANOWSKI J. Q., EIDELBERG D., FAHN
S. Transplantation of embryonic dopamine neu-

165

rons for severe Parkinson’s disease. N. Engl. J.
Med., 2001, 344 : 710-9.
FRICKER R. A., CARPENTER M. K., WINKLER C., GRECO C.,
GATES M. A., BJORKLUND A. Site-specific migration and neuronal differentiation of human
neural progenitor cells after transplantation in the
adult rat brain. J. Neurosci., 1999, 19 : 59906005.
GAGE F. H., COATES P. W., PALMER T. D., KUHN H. G.,
FISHER L. J., SUHONEN J. O., PETERSON D. A.,
SUHR S. T., RAY J. Survival and differentiation of
adult neuronal progenitor cells transplanted to the
adult brain. Proc. Natl. Acad. Sci. USA, 1995, 92 :
11879-83.
GALLI R., GRITTI A., BONFANTI L., VESCOVI A. L. Neural
stem cells : an overview. Circ. Res., 2003, 92 :
598-608.
GERNERT M., THOMPSON K. W., LOSCHER W., TOBIN A. J.
Genetically engineered GABA-producing cells
demonstrate anticonvulsant effects and long-term
transgene expression when transplanted into the
central piriform cortex of rats. Exp. Neurol., 2002,
176 : 183-92.
GOBBEL G. T., CHOI S. J., BEIER S., NIRANJAN A. Longterm cultivation of multipotential neural stem
cells from adult rat subependyma. Brain Res.,
2003, 980 : 221-232.
GOKHAN S., MEHLER M. F. Basic and clinical Neuroscience applications of embryonic stem cells.
Anat. Rec., 2001, 265 : 142-56.
GOULD E., VAIL N., WAGERS M., GROSS C. G. Adultgenerated hippocampal and neocortical neurons
in macaques have a transient existence. Proc.
Natl. Acad. Sci. USA, 2001, 98 : 10910-10917.
GRISOLIA J. S. Stem cell grafting for epilepsy : clinical
promise and ethical concerns. Epilepsy &
Behavior, 2001, 2 : 318-323.
GRITTI A., FROLICHSTHAL-SCHOELLER P., GALLI R., PARATI E.
A., COVA L., PAGANO S. F., BJORNSON C. R.,
VESCOVI A. L. Epidermal and fibroblast growth
factors behave as mitogenic regulators for a single
multipotent stem cell-like population from the
subventricular region of the adult mouse forebrain. J. Neurosci., 1999, 19 : 3287-3297.
HACK M. A., SUGIMORI M., LUNDBERG C., NAKAFUKU M.,
GOTZ M. Regionalization and fate specification in
neurospheres : the role of Olig2 and Pax6.
Molecular and Cellular Neuroscience, 2004, 25 :
664-678.
HAGELL P., PICCINI P., BJORKLUND A., BRUNDIN P.,
REHNCRONA S., WIDNER H., CRABB L., PAVESE N.,
OERTEL W. H., QUINN N., BROOKS D. J.,
LINDVALL O. Dyskinesias following neural transplantation in Parkinson’s disease. Nat. Neurosci.,
2002, 5 : 627-628.
HOLMES G. L., THOMPSON J. L., HUH K., HOLMES C.,
CARL G. F. Effect of neural transplants on seizure
frequency and kindling in immature rats following kainic acid. Brain Res. Dev. Brain Res., 1991,
64 : 47-56.
HORIGUCHI S., TAKAHASHI J., KISHI Y., MORIZANE A.,
OKAMOTO Y., KOYANAGI M., TSUJI M., TASHIRO K.,
HONJO T., FUJII S., HASHIMOTO N. Neural precursor
cells derived from human embryonic brain retain
regional specificity. J. Neurosci. Res., 2004, 75 :

166

R. RAEDT AND P. BOON

817-824.
HUBER A., PADRUN V., DEGLON N., AEBISCHER P.,
MOHLER H., BOISON D. Grafts of adenosine-releasing cells suppress seizures in kindling epilepsy.
Proc. Natl. Acad. Sci. USA, 2001, 98 : 7611-6.
ISACSON O. The production and use of cells as therapeutic agents in neurodegenerative diseases.
Lancet Neurology, 2003, 2 : 417-424.
JIANG Y., HENDERSON D., BLACKSTAD M., CHEN A.,
MILLER R. F., VERFAILLIE C. M. Neuroectodermal
differentiation from mouse multipotent adult
progenitor cells. Proc. Natl. Acad. Sci. USA,
2003, 100 Suppl 1 : 11854-60.
JIANG Y., JAHAGIRDAR B. N., REINHARDT R. L.,
SCHWARTZ R. E., KEENE C. D., ORTIZGONZALEZ X. R., REYES M., LENVIK T., LUND T.,
BLACKSTAD M., DU J., ALDRICH S., LISBERG A.,
LOW W. C., LARGAESPADA D. A., VERFAILLIE C. M.
Pluripotency of mesenchymal stem cells derived
from adult marrow. Nature, 2002, 418 : 41-9.
KAWASAKI H., SUEMORI H., MIZUSEKI K., WATANABE K.,
URANO F., ICHINOSE H., HARUTA M., TAKAHASHI M.,
YOSHIKAWA K., NISHIKAWA S., NAKATSUJI N.,
SASAI,Y. Generation of dopaminergic neurons and
pigmented epithelia from primate ES cells by
stromal cell-derived inducing activity. Proc. Natl.
Acad. Sci. USA, 2002, 99 : 1580-5.
KIM J. H., AUERBACH J. M., RODRIGUEZ-GOMEZ J. A.,
VELASCO I., GAVIN D., LUMELSKY N., LEE S. H.,
NGUYEN J., SANCHEZ-PERNAUTE R., BANKIEWICZ K.,
MCKAY R. Dopamine neurons derived from
embryonic stem cells function in an animal model
of Parkinson’s disease. Nature, 2002, 418 : 50-6.
KIM J. Y., KOH H. C., LEE J. Y., CHANG M. Y., KIM Y. C.,
CHUNG H. Y., SON H., LEE Y. S., STUDER L.,
MCKAY R., LEE S. H. Dopaminergic neuronal differentiation from rat embryonic neural precursors
by Nurr1 overexpression. Journal of Neurochemistry, 2003, 85 : 1443-54.
KOGLER G., SENSKEN S., AIREY J. A., TRAPP T.,
MUSCHEN M. FELDHAHN N., LIEDTKE S., SORG R. V.,
FISCHER J., ROSENBAUM C., GRESCHAT S., KNIPPER
A., BENDER J., DEGISTIRICI O., GAO J., CAPLAN A. I.,
COLLETTI E. J., ALMEIDA-PORADA G., MULLER H. W.,
ZANJANI E., WERNET P. A new human somatic stem
cell from placental cord blood with intrinsic
pluripotent differentiation potential. J. Exp. Med.,
2004, 200 : 123-135.
KOHYAMA J., ABE H., SHIMAZAKI T., KOIZUMI A.,
NAKASHIMA K., GOJO S., TAGA T., OKANO H.,
HATA J., UMEZAWA A. Brain from bone : efficient
“meta-differentiation” of marrow stroma-derived
mature osteoblasts to neurons with Noggin or a
demethylating agent. Differentiation, 2001, 68 :
235-44.
KOKETSU D., MIKAMI A., MIYAMOTO Y., HISATSUNE T.
Nonrenewal of neurons in the cerebral neocortex
of adult macaque monkeys. J. Neurosci., 2003,
23 : 937-942.
KONDZIOLKA D., WECHSLER L., GOLDSTEIN S., MELTZER C.,
THULBORN K. R., GEBEL J., JANNETTA P.,
DECESARE S., ELDER E. M., MCGROGAN M.,
REITMAN M. A., BYNUM L. Transplantation of cultured human neuronal cells for patients with
stroke. Neurology, 2000, 55 : 565-9.

KOPEN G. C., PROCKOP D. J., PHINNEY D. G. Marrow stromal cells migrate throughout forebrain and cerebellum, and they differentiate into astrocytes after
injection into neonatal mouse brains. Proc. Natl.
Acad. Sci. USA, 1999, 96 : 10711-6.
KORDOWER J. H., FREEMAN T. B., SNOW B. J.,
VINGERHOETS F. J., MUFSON E. J., SANBERG P. R.,
HAUSER R. A., SMITH D. A., NAUERT G. M.,
PERL D. P. Neuropathological evidence of graft
survival and striatal reinnervation after the transplantation of fetal mesencephalic tissue in a
patient with Parkinson’s disease. N. Engl. J. Med.,
1995, 332 : 1118-1124.
KORNACK D. R., RAKIC P. Cell proliferation without neurogenesis in adult primate neocortex. Science,
2001, 294 : 2127-2130.
KUHN H. G., WINKLER J., KEMPERMANN G., THAL L. J.,
GAGE F. H. Epidermal growth factor and fibroblast growth factor-2 have different effects on neural progenitors in the adult rat brain. J. Neurosci.,
1997, 17 : 5820-5829.
LEE K. S., SCHUBERT P., HEINEMANN U. The anticonvulsive action of adenosine : a postsynaptic,
dendritic action by a possible endogenous anticonvulsant. Brain Res., 1984, 321 : 160-164.
LI M., PEVNY L., LOVELL-BADGE R., SMITH A. Generation
of purified neural precursors from embryonic
stem cells by lineage selection. Curr. Biol., 1998,
8 : 971-974.
LIM D. A., ALVAREZ-BUYLLA A. Interaction between
astrocytes and adult subventricular zone precursors stimulates neurogenesis. Proc. Natl. Acad.
Sci. USA, 1999, 96 : 7526-31.
LINDVALL O. Stem cells for cell therapy in
Parkinson’s disease. Pharmacol. Res., 2003, 47 :
279-87.
LINDVALL O., HAGELL P. Cell replacement therapy in
human neurodegenerative disorders. Clinical
Neuroscience Research, 2002, 2 : 86-92.
LINDVALL O., KOKAIA Z., MARTINEZ-SERRANO A. Stem cell
therapy for human neurodegenerative disordershow to make it work. Nat. Med., 2004, 10 Suppl :
S42-S50.
LINDVALL O., MCKAY R. Brain repair by cell replacement
and regeneration. Proceedings of the National
Academy of Sciences of the United States of
America, 2003, 100 : 7430-7431.
LIU S., QU Y., STEWART T. J., HOWARD M. J.,
S.,
HOLEKAMP
T.
F.,
CHAKRABORTTY
MCDONALD J. W. Embryonic stem cells differentiate into oligodendrocytes and myelinate in culture
and after spinal cord transplantation. Proc. Natl.
Acad. Sci. USA, 2000, 97 : 6126-31.
LIU Y., HIMES B. T., MURRAY M., TESSLER A., FISCHER I.
Grafts of BDNF-producing fibroblasts rescue
axotomized rubrospinal neurons and prevent
their atrophy. Exp. Neurol., 2002, 178 : 150164.
LIU Y., HIMES B. T., SOLOWSKA J., MOUL J., CHOW S. Y.,
PARK K. I., TESSLER A., MURRAY M., SNYDER E. Y.,
FISCHER I. Intraspinal delivery of neurotrophin-3
using neural stem cells genetically modified by
recombinant retrovirus. Exp. Neurol., 1999, 158 :
9-26.
LIU Z., MIKATI M., HOLMES G. L. Mesial temporal

CELL THERAPY FOR NEURODEGENERATIVE DISEASES

sclerosis : pathogenesis and significance. Pediatr.
Neurol., 1995, 12 : 5-16.
LOIS C., ALVAREZ-BUYLLA A. Long-distance neuronal
migration in the adult mammalian brain. Science,
1994, 264 : 1145-1148.
LOIS C., GARCIA-VERDUGO J. M., ALVAREZ-BUYLLA A.
Chain migration of neuronal precursors. Science,
1996, 271 : 978-981.
LOSCHER W., EBERT U., LEHMANN H., ROSENTHAL C.,
NIKKHAH G. Seizure suppression in kindling
epilepsy by grafts of fetal GABAergic neurons in
rat substantia nigra. J. Neurosci. Res., 1998, 51 :
196-209.
MAGAVI S. S., LEAVITT B. R., MACKLIS J. D. Induction of
neurogenesis in the neocortex of adult mice.
Nature, 2000, 405 : 951-5.
MARTINEZ-SERRANO A., BJORKLUND A. Immortalized
neural progenitor cells for CNS gene transfer and
repair. Trends Neurosci., 1997, 20 : 530-8.
MCDONALD J. W., LIU X. Z., QU Y., LIU S., MICKEY S. K.,
TURETSKY D., GOTTLIEB D. I., CHOI D. W.
Transplanted embryonic stem cells survive, differentiate and promote recovery in injured rat
spinal cord. Nat. Med., 1999, 5 : 1410-2.
MEZEY E., CHANDROSS K. J., HARTA G., MAKI R. A.,
MCKERCHER S. R. Turning blood into brain : cells
bearing neuronal antigens generated in vivo from
bone marrow. Science, 2000, 290 : 1779-82.
MEZEY E., KEY S., VOGELSANG G., SZALAYOVA I.,
LANGE G. D., CRAIN B. Transplanted bone marrow
generates new neurons in human brains. Proc.
Natl. Acad. Sci. USA, 2003, 100 : 1364-9.
MOHAPEL P., BRUNDIN P. Harnessing endogenous stem
cells to treat neurodegenerative disorders of the
basal ganglia. Parkinsonism Relat. Disord., 2004,
10 : 259-264.
MORIZANE A., TAKAHASHI J., TAKAGI Y., SASAI Y.,
HASHIMOTO N. Optimal conditions for in vivo
induction of dopaminergic neurons from embryonic stem cells through stromal cell-derived
inducing activity. J. Neurosci. Res., 2002, 69 :
934-939.
MORRISON S. J., SHAH N. M., ANDERSON D. J. Regulatory
mechanisms in stem cell biology. Cell., 1997, 88 :
287-298.
MUJTABA T., PIPER D. R., KALYANI A., GROVES A. K.,
LUCERO M. T., RAO M. S. Lineage-restricted neural precursors can be isolated from both the mouse
neural tube and cultured ES cells. Dev. Biol.,
1999, 214 : 113-127.
NAKATOMI H., KURIU T., OKABE S., YAMAMOTO S.,
HATANO O., KAWAHARA N., TAMURA A., KIRINO T.,
NAKAFUKU M. Regeneration of hippocampal pyramidal neurons after ischemic brain injury by
recruitment of endogenous neural progenitors.
Cell., 2002, 110 : 429-441.
NELSON P. T., KONDZIOLKA D., WECHSLER L., GOLDSTEIN S., GEBEL J., DECESARE S., ELDER E. M.,
ZHANG P. J., JACOBS A., MCGROGAN M., LEE V. M.,
TROJANOWSKI J. Q. Clonal human (hNT) neuron
grafts for stroke therapy : neuropathology in a
patient 27 months after implantation. Am. J.
Pathol., 2002, 160 : 1201-1206.
NUNES M. C., ROY N. S., KEYOUNG H. M., GOODMAN R. R.,
MCKHANN G.2., JIANG L., KANG J., NEDERGAARD

167

M., GOLDMAN S. A. Identification and isolation of
multipotential neural progenitor cells from the subcortical white matter of the adult human brain. Nat.
Med., 2003, 9 : 439-47.
O’SHEA K. S. Neuronal differentiation of mouse embryonic stem cells : lineage selection and forced differentiation paradigms. Blood Cells Mol. Dis.,
2001, 27 : 705-12.
OKABE S., FORSBERG-NILSSON K., SPIRO A. C., SEGAL M.,
MCKAY R. D. Development of neuronal precursor
cells and functional postmitotic neurons from
embryonic stem cells in vitro. Mech. Dev., 1996,
59 : 89-102.
OLANOW C. W., GOETZ C. G., KORDOWER J. H.,
STOESSL A. J., SOSSI V., BRIN M. F.,
SHANNON K. M., NAUERT G. M., PERL D. P.,
GODBOLD J., FREEMAN T. B. A double-blind controlled trial of bilateral fetal nigral transplantation
in Parkinson’s disease. Ann. Neurol., 2003, 54 :
403-414.
PALMER T. D., MARKAKIS E. A., WILLHOITE A. R.,
SAFAR F., GAGE F. H. Fibroblast growth factor-2
activates a latent neurogenic program in neural
stem cells from diverse regions of the adult CNS.
J. Neurosci., 1999, 19 : 8487-97.
PALMER T. D., RAY J., GAGE F. H. FGF-2-responsive
neuronal progenitors reside in proliferative and
quiescent regions of the adult rodent brain. Mol.
Cell. Neurosci., 1995, 6 : 474-486.
PALMER T. D., TAKAHASHI J., GAGE F. H. The adult rat hippocampus contains primordial neural stem cells.
Mol. Cell. Neurosci., 1997, 8 : 389-404.
PARENT J. M., VEXLER Z. S., GONG C., DERUGIN N.,
FERRIERO D. M. Rat forebrain neurogenesis and
striatal neuron replacement after focal stroke.
Ann. Neurol., 2002, 52 : 802-813.
PARMAR M., SKOGH C., BJORKLUND A., CAMPBELL K.
Regional Specification of Neurosphere Cultures
Derived from Subregions of the Embryonic
Telencephalon. Molecular and Cellular
Neuroscience, 2002, 21 : 645-656.
PICCINI P., BROOKS D. J., BJORKLUND A., GUNN R. N.,
GRASBY P. M., RIMOLDI O., BRUNDIN P., HAGELL P.,
REHNCRONA S., WIDNER H., LINDVALL O. Dopamine
release from nigral transplants visualized in vivo
in a Parkinson’s patient. Nat. Neurosci., 1999, 2 :
1137-1140.
PICCINI P., LINDVALL O., BJORKLUND A., BRUNDIN P.,
HAGELL P., CERAVOLO R., OERTEL W., QUINN N.,
SAMUEL M., REHNCRONA S., WIDNER H.,
BROOKS D. J. Delayed recovery of movementrelated cortical function in Parkinson’s disease
after striatal dopaminergic grafts. Ann. Neurol.,
2000, 48 : 689-695.
PIZZO D. P., PABAN V., COUFAL N. G., GAGE F. H.,
THAL L. J. Long-term production of choline
acetyltransferase in the CNS after transplantation
of fibroblasts modified with a regulatable vector.
Brain Res. Mol. Brain Res., 2004, 126 : 1-13.
PLUCHINO S., QUATTRINI A., BRAMBILLA E., GRITTI A.,
SALANI G., DINA G., GALLI R., DEL CARRO U.,
AMADIO S., BERGAMI A., FURLAN R., COMI G.,
VESCOVI A. L., MARTINO G. Injection of adult
neurospheres induces recovery in a chronic model
of multiple sclerosis. Nature, 2003, 422 : 688-

168

R. RAEDT AND P. BOON

94.
POLGAR S., MORRIS M. E., REILLY S., BILNEY B.,
SANBERG P. R. Reconstructive neurosurgery for
Parkinson’s disease : a systematic review and preliminary meta-analysis. Brain Res. Bull., 2003,
60 : 1-24.
REYNOLDS B. A., WEISS S. Clonal and population analyses demonstrate that an EGF-responsive mammalian embryonic CNS precursor is a stem cell.
Dev. Biol., 1996, 175 : 1-13.
RISMANCHI N., FLOYD C. L., BERMAN R. F., LYETH B. G.
Cell death and long-term maintenance of neuronlike state after differentiation of rat bone marrow
stromal cells : a comparison of protocols. Brain
Res., 2003, 991 : 46-55.
ROSSI F., CATTANEO E. Opinion : neural stem cell therapy
for neurological diseases : dreams and reality.
Nat. Rev. Neurosci., 2002, 3 : 401-9.
RUBIO F., KOKAIA Z., ARCO A., GARCIA-SIMON M.,
SNYDER E., LINDVALL O., SATRUSTEGUI J.,
MARTINEZ-SERRANO A. BDNF gene transfer to the
mammalian brain using CNS-derived neural precursors. Gene. Ther., 1999, 6 : 1851-66.
SAFFORD K. M., HICOK K. C., SAFFORD S. D.,
HALVORSEN Y. D., WILKISON W. O., GIMBLE J. M.,
RICE H. E. Neurogenic differentiation of murine
and human adipose-derived stromal cells. Biochem. Biophys. Res. Commun, 2002, 294 : 371-9.
SANCHEZ-RAMOS J., SONG S., CARDOZO-PELAEZ F.,
HAZZI C., STEDEFORD T., WILLING A.,
FREEMAN T. B., SAPORTA S., JANSSEN W., PATEL N.,
COOPER D. R., SANBERG P. R. Adult bone marrow
stromal cells differentiate into neural cells in
vitro. Exp. Neurol., 2000, 164 : 247-56.
SANCHEZ-RAMOS J. R. Neural cells derived from
adult bone marrow and umbilical cord blood.
J. Neurosci. Res., 2002, 69 : 880-93.
SAVITZ S. I., ROSENBAUM D. M., DINSMORE J. H.,
WECHSLER L. R., CAPLAN L. R. Cell transplantation for stroke. Ann. Neurol., 2002, 52 : 266-275.
SCHANZER A., WACHS F. P., WILHELM D., ACKER T.,
COOPER-KUHN C., BECK H., WINKLER J., AIGNER L.,
PLATE K. H., KUHN H. G. Direct stimulation of
adult neural stem cells in vitro and neurogenesis
in vivo by vascular endothelial growth factor.
Brain Pathol., 2004, 14 : 237-248.
SCHEFFLER B., SCHMANDT T., SCHRODER W., STEINFARZ B.,
HUSSEINI L., WELLMER J., SEIFERT G., KARRAM K.,
BECK H., BLUMCKE I., WIESTLER O. D.,
STEINHAUSER C., BRUSTLE O. Functional network
integration of embryonic stem cell-derived astrocytes in hippocampal slice cultures. Development,
2003, 130 : 5533-5541.
SEABERG R. M., VAN DER KOOY D. Adult rodent neurogenic regions : the ventricular subependyma contains neural stem cells, but the dentate gyrus contains restricted progenitors. J. Neurosci., 2002,
22 : 1784-93.
SHETTY A. K., TURNER D. A. Development of fetal
hippocampal grafts in intact and lesioned hippocampus. Prog. Neurobiol., 1996, 50 : 597-653.
SHETTY A. K., TURNER D. A. Development of longdistance efferent projections from fetal hippocampal grafts depends upon pathway specificity
and graft location in kainate-lesioned adult

hippocampus. Neuroscience, 1997a, 76 : 1205-19.
SHETTY A. K., TURNER D. A. Fetal hippocampal cells
grafted to kainate-lesioned CA3 region of adult
hippocampus suppress aberrant supragranular
sprouting of host mossy fibers. Exp. Neurol.,
1997b, 143 : 231-45.
SHETTY A. K., TURNER D. A. Fetal hippocampal grafts
containing CA3 cells restore host hippocampal
glutamate decarboxylase-positive interneuron
numbers in a rat model of temporal lobe epilepsy.
J. Neurosci., 2000, 20 : 8788-801.
SHETTY A. K., ZAMAN V., TURNER D. A. Pattern of longdistance projections from fetal hippocampal field
CA3 and CA1 cell grafts in lesioned CA3 of adult
hippocampus follows intrinsic character of
respective donor cells. Neuroscience, 2000, 99 :
243-55.
SHIHABUDDIN L. S., HORNER P. J., RAY J., GAGE F. H.
Adult spinal cord stem cells generate neurons
after transplantation in the adult dentate gyrus.
J. Neurosci., 2000, 20 : 8727-35.
SHIHABUDDIN L. S., RAY J., GAGE F. H. FGF-2 is sufficient to isolate progenitors found in the adult
mammalian spinal cord. Exp. Neurol., 1997, 148 :
577-586.
SINDEN J. D., HODGES H., GRAY J. A. Neural Transplantation and Recovery of Cognitive Function.
Behavioral and Brain Sciences, 1995, 18 : 1035.
SINDEN J. D., RASHID-DOUBELL F., KERSHAW T. R.,
NELSON A., CHADWICK A., JAT P. S., NOBLE M. D.,
HODGES H., GRAY J. A. Recovery of spatial learning by grafts of a conditionally immortalized hippocampal neuroepithelial cell line into the
ischaemia-lesioned hippocampus. Neuroscience,
1997, 81 : 599-608.
SNYDER E. Y., TAYLOR R. M., WOLFE J. H. Neural
progenitor cell engraftment corrects lysosomal
storage throughout the MPS VII mouse brain.
Nature, 1995, 374 : 367-370.
SONG H., STEVENS C. F., GAGE F. H. Astroglia induce
neurogenesis from adult neural stem cells. Nature,
2002a, 417 : 39-44.
SONG H. J., STEVENS C. F., GAGE F. H. Neural stem cells
from adult hippocampus develop essential properties of functional CNS neurons. Nat. Neurosci.,
2002b, 5 : 438-445.
STORCH A., PAUL G., CSETE M., BOEHM B. O.,
CARVEY P. M., KUPSCH A., SCHWARZ J. Long-Term
Proliferation and Dopaminergic Differentiation of
Human Mesencephalic Neural Precursor Cells.
Experimental Neurology, 2001, 170 : 317-325.
STRUBING C., AHNERT-HILGER G., SHAN J., WIEDENMANN
B., HESCHELER J., WOBUS A. M. Differentiation
of pluripotent embryonic stem cells into the
neuronal lineage in vitro gives rise to mature
inhibitory and excitatory neurons. Mech. Dev.,
1995, 53 : 275-87.
SVENDSEN C. N., CALDWELL M. A. Neural stem cells in
the developing central nervous system : implications for cell therapy through transplantation.
Prog. Brain Res., 2000, 127 : 13-34.
SVENDSEN C. N., CALDWELL M. A., OSTENFELD T. Human
neural stem cells : isolation, expansion and transplantation. Brain Pathol., 1999, 9 : 499-513.

CELL THERAPY FOR NEURODEGENERATIVE DISEASES

TABAR V., STUDER L. Novel sources of stem cells for
brain repair. Clinical Neuroscience Research.,
2002, 2 : 2-10.
TEMPLE S. Stem cell plasticity – building the brain of our
dreams. Nat. Rev. Neurosci., 2001, 2 : 513-20.
TEMPLE S., ALVAREZ-BUYLLA A. Stem cells in the adult
mammalian central nervous system. Curr. Opin.
Neurobiol., 1999, 9 : 135-141.
THOMPSON K., ANANTHARAM V., BEHRSTOCK S.,
BONGARZONE E., CAMPAGNONI A., TOBIN A. J.
Conditionally immortalized cell lines, engineered
to produce and release GABA, modulate the
development of behavioral seizures. Exp. Neurol.,
2000, 161 : 481-9.
THOMPSON K. W., SUCHOMELOVA L. M. Transplants of
cells engineered to produce GABA suppress
spontaneous seizures. Epilepsia, 2004, 45 : 4-12.
TOBIAS C. A., SHUMSKY J. S., SHIBATA M.,
TUSZYNSKI M. H., FISCHER I., TESSLER A.,
MURRAY M. Delayed grafting of BDNF and NT-3
producing fibroblasts into the injured spinal cord
stimulates sprouting, partially rescues axotomized
red nucleus neurons from loss and atrophy, and
provides limited regeneration. Exp. Neurol., 2003,
184 : 97-113.
TODA H., TAKAHASHI J., MIZOGUCHI A., KOYANO K.,
HASHIMOTO N. Neurons generated from adult rat
hippocampal stem cells form functional glutamatergic and GABAergic synapses in vitro. Exp.
Neurol., 2000, 165 : 66-76.
TOMA J. G., AKHAVAN M., FERNANDES K. J., BARNABEHEIDER F., SADIKOT A., KAPLAN D. R., MILLER F. D.
Isolation of multipotent adult stem cells from the
dermis of mammalian skin. Nat. Cell. Biol., 2001,
3 : 778-84.
TONCHEV A. B., YAMASHIMA T., ZHAO L., OKANO H. J.,
OKANO H. Proliferation of neural and neuronal
progenitors after global brain ischemia in young
adult macaque monkeys. Mol. Cell. Neurosci.,
2003, 23 : 292-301.
VAN PRAAG H., SCHINDER A. F., CHRISTIE B. R., TONI N.,
PALMER T. D., GAGE F. H. Functional neurogenesis
in the adult hippocampus. Nature, 2002, 415 :
1030-1034.
VESCOVI A. L., PARATI E. A., GRITTI A., POULIN P.,
FERRARIO M., WANKE E., FROLICHSTHALSCHOELLER P., COVA L., ARCELLANA-PANLILIO M.,
COLOMBO A., GALLI R. Isolation and cloning of
multipotential stem cells from the embryonic
human CNS and establishment of transplantable
human neural stem cell lines by epigenetic stimulation. Exp. Neurol., 1999, 156 : 71-83.
VICARIO-ABEJON C., COLLIN C., TSOULFAS P.,
MCKAY R. D. Hippocampal stem cells differentiate into excitatory and inhibitory neurons.
European Journal of Neuroscience, 2000, 12 :
677-88.
VIRLEY D., RIDLEY R. M., SINDEN J. D., KERSHAW T. R.,
HARLAND S., RASHID T., FRENCH S., SOWINSKI P.,
GRAY J. A., LANTOS P. L., HODGES H. Primary CA1
and conditionally immortal MHP36 cell grafts
restore conditional discrimination learning and
recall in marmosets after excitotoxic lesions of the
hippocampal CA1 field. Brain, 1999, 122 : 232135.

169

WAGNER J., AKERUD P., CASTRO D. S., HOLM P. C.,
CANALS J. M., SNYDER E. Y., PERLMANN T.,
ARENAS E. Induction of a midbrain dopaminergic
phenotype in Nurr1-overexpressing neural stem
cells by type 1 astrocytes. Nat. Biotechnol.,
1999a, 17 : 653-659.
WAGNER J. P., BLACK I. B., DICICCO-BLOOM E.
Stimulation of neonatal and adult brain neurogenesis by subcutaneous injection of basic fibroblast growth factor. J. Neurosci., 1999b, 19 :
6006-6016.
WEIMANN J. M., JOHANSSON C. B., TREJO A., BLAU H. M.
Stable reprogrammed heterokaryons form
spontaneously in Purkinje neurons after bone
marrow transplant. Nat. Cell Biol., 2003, 5 : 959966.
WEISS S. Pathways for neural stem cell biology and
repair. Nat. Biotechnol., 1999, 17 : 850-1.
WEISS S., DUNNE C., HEWSON J., WOHL C., WHEATLEY M.,
PETERSON A. C., REYNOLDS B. A. Multipotent
CNS stem cells are present in the adult mammalian spinal cord and ventricular neuroaxis.
J. Neurosci., 1996, 16 : 7599-609.
WESTMORELAND J. J., HANCOCK C. R., CONDIE B. G.
Neuronal development of embryonic stem cells :
a model of GABAergic neuron differentiation.
Biochem. Biophys. Res. Commun., 2001, 284 :
674-80.
WHITTEMORE S. R., ONIFER S. M. Immortalized neural
cell lines for CNS transplantation. Prog. Brain
Res., 2000, 127 : 49-65.
WICHTERLE H., LIEBERAM I., PORTER J. A., JESSELL T. M.
Directed differentiation of embryonic stem cells
into motor neurons. Cell., 2002, 110 : 385-97.
WOODBURY D., REYNOLDS K., BLACK I. B. Adult bone
marrow stromal stem cells express germline, ectodermal, endodermal, and mesodermal genes prior
to neurogenesis. J. Neurosci. Res., 2002, 69 : 90817.
WOODBURY D., SCHWARZ E. J., PROCKOP D. J., BLACK I. B.
Adult rat and human bone marrow stromal cells
differentiate into neurons. J. Neurosci. Res., 2000,
61 : 364-70.
YAN J., STUDER L., MCKAY R. D. G. Ascorbic acid
increases the yield of dopaminergic neurons
derived from basic fibroblast growth factor
expanded mesencephalic precursors. Journal of
Neurochemistry, 2001, 76 : 307-311.
YANDAVA B. D., BILLINGHURST L. L., SNYDER E. Y.
“Global” cell replacement is feasible via neural
stem cell transplantation : evidence from the dysmyelinated shiverer mouse brain. Proc. Natl.
Acad. Sci. USA, 1999, 96 : 7029-34.
ZAMAN V., SHETTY A. K. Fetal hippocampal CA3 cell
grafts transplanted to lesioned CA3 region of the
adult hippocampus exhibit long-term survival in a
rat model of temporal lobe epilepsy. Neurobiol.
Dis., 2001, 8 : 942-52.
ZAMAN V., SHETTY A. K. Fetal hippocampal CA3 cell
grafts enriched with fibroblast growth factor-2
exhibit enhanced neuronal integration into the
lesioned aging rat hippocampus in a kainate
model of temporal lobe epilepsy. Hippocampus,
2003, 13 : 618-32.
ZAMAN V., TURNER D. A., SHETTY A. K. Survival of graft-

170

R. RAEDT AND P. BOON

ed fetal neural cells in kainic acid lesioned CA3
region of adult hippocampus depends upon cell
specificity. Exp. Neurol., 2000, 161 : 535-61.
ZHANG S. C., WERNIG M., DUNCAN I. D., BRUSTLE O.,
THOMSON J. A. In vitro differentiation of transplantable neural precursors from human embryonic stem cells. Nat. Biotechnol., 2001, 19 : 112933.
ZHAO L. R., DUAN W. M., REYES M., KEENE C. D.,
VERFAILLIE C. M., LOW W. C. Human bone marrow stem cells exhibit neural phenotypes and
ameliorate neurological deficits after grafting into
the ischemic brain of rats. Exp. Neurol., 2002,
174 : 11-20.
ZHAO L. X., ZHANG J., CAO F., MENG L., WANG D. M.,

ZHAO

LI Y. H., NAN X., JIAO W. C., ZHENG M., XU X. H.,
PEI X. T. Modification of the brain-derived neurotrophic factor gene : a portal to transform mesenchymal stem cells into advantageous engineering
cells for neuroregeneration and neuroprotection.
Exp. Neurol., 2004, 190 : 396-406.
M., MOMMA S., DELFANI K., CARLEN M.,
CASSIDY R. M., JOHANSSON C. B., BRISMAR H.,
SHUPLIAKOV O., FRISEN J., JANSON A. M. Evidence
for neurogenesis in the adult mammalian substantia nigra. Proc. Natl. Acad. Sci. USA, 2003, 100 :
7925-7930.

R. RAEDT, M.Sc.
Laboratory for Clinical and Experimental
Neurophysiology (LCEN),
Ghent University Hospital,
Blok B, second floor,
De Pintelaan 185,
B-9000 Ghent (Belgium).

