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ABSTRACT

Due to the limitations of pharmacological and other current therapeutic strategies, stem cell therapies have emerged as promising options for
treating many incurable neurologic diseases. A variety of stem cells including pluripotent stem cells (i.e., embryonic stem cells and induced
pluripotent stem cells) and multipotent adult stem cells (i.e., fetal brain tissue, neural stem cells, and mesenchymal stem cells from various
sources) have been explored as therapeutic options for treating many neurologic diseases, and it is becoming obvious that each type of stem
cell has pros and cons as a source for cell therapy. Wise selection of stem cells with regard to the nature and status of neurologic dysfunctions is
required to achieve optimal therapeutic efficacy. To this aim, the stem cell-mediated therapeutic efforts on four major neurological diseases,
Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis, and stroke, will be introduced, and current problems and future
directions will be discussed. J. Cell. Biochem. 114: 743-753, 2013. © 2012 Wiley Periodicals, Inc.
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N eurological diseases encompass any disorder in the central
nervous system (CNS) or the peripheral nervous system
(PNS) that is caused by structural, biochemical, and electrophysio-
logical dysfunctions of neurons or glial cells. Neurodegenerative
diseases are common types of neurological disorders resulting from
progressive degeneration or functional loss of neurons. Parkinson’s
disease (PD), Huntington’s disease (HD), and amyotrophic lateral
sclerosis (ALS) are included in the category of neurodegenerative
diseases. In contrast, neurological disorders that are caused by
dysfunctional blood circulation in the brain are categorized as
neurovascular diseases. Both ischemic and hemorrhagic strokes are
representative disorders for neurovascular disease.

Regardless of the type of neurological disease, all symptoms
result from the significant loss of neurons or glial cells in the
nervous system. For example, PD is caused by the death of
dopaminergic (DA) neurons in the substantia nigra pars compacta
of the midbrain, and HD results from the death of medium spiny
neurons in the basal ganglia. ALS, which is referred to as Lou
Gehrig’s disease after a famous baseball player in the US who
suffered the disease, is caused by the death of motoneurons.
Neurovascular diseases such as stroke are another form of
neurologic disease resulting from the death of neurons or

other brain cells near dysfunctional blood vessels, mostly in
the CNS.

Stem cell therapy draws attention as a promising therapeutic
option for the treatment of various neurologic diseases. Stem cells
by themselves are characterized as cells with the capability of self-
renewal as well as multipotency or pluripotency. Based on the
differentiation potential and origin of the stem cells, there are a
variety of stem cells, such as embryonic stem cells (ESCs), induced
pluripotent stem cells (iPSCs), adipose-derived stromal cells
(ADSCs), bone marrow-derived mesenchymal stem cells (BM-
MSCs), and neural stem cells (NSCs). In addition to direct cell
replacement, stem cells secrete various cytokines and growth factors
that elicit a variety of beneficial effects such as anti-inflammatory
effects, neural cell protection, and induction of the endogenic
recovery system.

The effective treatment of a specific neurological disorder using
stem cells requires an in-depth understanding of the etiopatho-
physiology of the disease and the functional characteristics of stem
cells in the disease condition because the type of stem cells needed
for efficient treatment of a certain type of neurological disease
depends on which neural cells are affected and how the stem cells
function in the disease condition.
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In this review, we will introduce basic, pre-clinical, and clinical
research performed on certain neurological diseases and discuss the
barriers that must be overcome to develop successful therapeutics to
treat patients with neurological diseases.

PD is a progressive neurodegenerative disease caused by the
preferential death of DA neurons in the substantia nigra pars
compacta of the ventral midbrain (Fig. 1A). PD patients often display
not only behavioral symptoms such as resting tremor, rigidity,
bradykinesia, and postural instability but also abnormalities in
speech, mood, and cognition. Current pharmacological therapy
using L-DOPA is effective for the first several years after disease
onset, although the drug begins to develop unwanted complications
such as dyskinesia, waning of therapeutic effects, and *“on-off”
fluctuations at later time points.

Cell replacement therapy using fetal ventral mesencephalic tissue
began approximately 30 years ago [Lindvall et al., 1992]. The main
idea of this therapeutic approach is to increase DA levels in the basal
ganglia by transplantation of the fetal DA precursors into the
striatum. When human fetal ventral mesencephalic tissue was

transplanted, a significant improvement in motor functions was
detected along with the survival and integration of grafts into
the host brain as examined by histopathological and radiological
methods. To date, more than 300 cases of the fetal tissue engraft-
ment have been performed worldwide, and the outcomes have been
variable. Two double-blind and placebo-controlled clinical trials
failed to prove the efficacy of fetal tissue transplantation in PD
patients [Freed et al., 2001; Olanow et al., 2003]. Because of these
unfavorable efficacy results, the ethical issues of using fetal tissues,
and unexpected side-effects such as graft-induced dyskinesia,
scientists began to evaluate stem cells as an alternative source for
transplantation.

Due to their self-renewal ability and their pluripotent nature,
ESCs are regarded as a promising candidate cell source for cell
replacement therapy for neurological disorders, including PD. As a
result, many differentiation protocols for ESCs into DA neurons
have been established. The establishment of efficient DA neurons
from ESCs was further facilitated by a deep understanding of the
neural developmental process in vivo. In 2002, Kim et al.
differentiated mouse ESCs (mESCs) into DA neural precursors and
transplanted the cells into a rodent model of PD. The implanted
neural precursors differentiated into neurons with midbrain DA
neuronal characteristics in vivo and reversed behavioral dysfunc-
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Illustrations comparing normal and diseased brains. A: Parkinson's disease, (B) Huntington's disease, (C) Amyotrophic lateral sclerosis, and (D) Stroke. Blue line,

excitatory neurons; Red line, inhibitory neurons; PUT, putamen; GPe, globus pallidus externa; GPi, globus pallidus interna; THA, thalamus; STN, subthalamic nucleus; SN,

substantia nigra.
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tion, showing the potential of ESC-mediated cell therapy for PD
treatment [Kim et al., 2002]. Subsequently, Perrier et al. [2004]
established a protocol for the efficient derivation of midbrain DA
neurons from three human ESC (hESC) lines and two primate ESC
lines. Roy et al. [2006] adopted a co-culture method in which hESCs
were induced to acquire a DA neuronal fate by signaling molecules
secreted from co-existing immortalized midbrain astrocytes. Further
improvements in DA neuronal derivation from ESCs were achieved
by the forced expression of exogenous Lmx 1a and by the generation
of midbrain floor-plate precursors using a floor-plate-based-
strategy.

The possibility of teratoma formation derived from undifferenti-
ated ESCs remaining after the differentiation process is a serious
problem in applying ESCs to cell therapy. Several approaches have
been attempted to resolve this issue. Schuldiner et al. demonstrated
that hESCs containing the HSV-tk gene were selectively eliminated
by the administration of the pro-drug ganciclovir in vitro.
Furthermore, tumors formed in mice by injection of HSV-tk"
hESCs regressed after ganciclovir treatment [Schuldiner et al., 2003].
The approach of sorting of midbrain DA neuronal precursors using
specific markers such as Otx2 and Corin was also tested in rodent
models of PD [Chung et al., 2011]. The undifferentiated ESCs in the
embryoid body-derived cells expressed both octamer-type tran-
scription factor (Oct4) and prostate apoptosis response 4 (PAR4) and
demonstrated that these Oct4"/PAR4" cells were removed by
apoptosis using N-oleoyl serinol, a ceramide analogue, before
transplantation [Bieberich et al., 2004]. Whether these selection
methods are safe enough to be applied to clinical use requires further
extensive and long-term follow-up investigation.

With the advent of reprogramming technology, iPSCs have also
been evaluated as a cell source for DA neurons. Wernig et al. [2008]
derived DA neurons from iPSCs and detected behavioral improve-
ment after engrafting the differentiated cells into a 6-OHDA rodent
model of PD. Intriguingly, the methods of derivating iPSCs were
reported to affect the differentiation process to midbrain DA
neurons; human iPSCs generated by protein-mediated reprogram-
ming, but not by lenti or retroviral vector-mediated reprogramming,
were shown to differentiate into highly proliferative neural
precursor cells (NPCs), indicating that the reprogramming factors
remaining inside the iPSCs affected the neuronal differentiation
process unfavorably. It would be of interest to determine whether
other footprint-free iPSCs generated by adenovirus-, plasmid-, and
mRNA-based reprogramming displayed similar phenotypes as the
protein-based iPSCs.

Gene-editing technology using either zinc-finger nuclease (ZEN)
or transcription activator-like effector nuclease (TALEN) was used to
correct the point mutation A53T in the a-synuclein gene, suggesting
the possibility that genetic defects causing familial PD could be
repaired before cell-replacement therapy for PD [Soldner et al.,
2011].

Reprogramming methods that convert fibroblasts or other types
of somatic cells directly into neural precursors or DA neurons have
recently been developed [Caiazzo et al., 2011; Kim et al., 2011].
Although this approach has limitations in securing a large number
of pure DA neurons or DA neuronal precursors for cell therapy, it is
regarded as a safer strategy for clinical application.

In addition to pluripotent stem cells, there have been attempts to
use adult stem cells as a source for cell replacement therapy. DA
neuron-like cells have been generated from a variety of adult stem
cells such as BM-MSCs, placenta-derived MSCs, ADSCs, and
Wharton’s jelly MSCs, and in some cases, these cells have been
shown to reverse behavioral dysfunctions in animal models of PD.
However, more extensive characterization and evaluation of the DA
neuron-like cells generated from adult stem cells would be needed
before applying these cells in cell replacement therapy (Table I).

Furthermore, adult stem cells other than MSCs have been tested
for the treatment of PD. For example, olfactory neuroepithelial cells
located in the nasal passage drew attention because of their
continuous regenerative capability, easy biopsy, capability for ex
vivo expansion, and neurogenic differentiation potential [Roisen
et al,, 2001]. Furthermore, DA neurons were generated from the
olfactory neuroepithelial cells in vitro and the DA neurons induced
behavioral recovery after transplantation in a hemiparkinsonian rat
model [Murrell et al., 2008].

Currently undergoing clinical trials for PD are using BM-MSCs asan
autologous cell source for transplantation. A clinical trial is in progress
in India to evaluate the therapeutic effect of BM-MSCs after trans-
plantation into the striatum of PD patients (Study NCT00976430 on
www.ClinicalTrials.gov). Another clinical trial in China is also
underway to examine the effect of BM-MSCs after intravenous
injection (Study NCT01446614 on www.ClinicalTrials.gov).

HD is a progressive autosomal dominant disease caused by the
expansion of CAG triplet repeats (encoding polyglutamine) in exon
1 of the huntingtin (htt) gene on chromosome 4. One of the
prominent pathological features of this devastating neurodegener-
ative disease is the selective degeneration of GABAergic medium
spiny neurons in the striatum, resulting in abnormal involuntary
movements, cognitive impairments, and psychiatric problems
(Fig. 1B). The disease onset is usually between the ages of 40 and
50, with disease progression over 15-20 years before death. There is
no known cure for this disease, and current treatment is focused on
relieving symptoms and delaying disease progression. Recently,
hope has risen for stem cell-mediated cell replacement therapy to
cure this devastating disease.

As in the case of PD, fetal tissue transplantation has been tested
extensively in animal models of HD. Fetal striatal tissues
transplanted into the brain parenchyma of both rodent and primate
models of HD were shown to survive and integrate well into the local
environment of the host brain and reversed motor and cognitive
dysfunctions [Hantraye et al., 1992; Dunnett et al., 1998; Nakao
et al., 1999; Bachoud-Levi et al., 2000]. Inspired by the results from
experimental animal models, several clinical trials have been
performed. Bachoud-Levi et al. [2000, 2006] have shown in their
6-year follow-up study that intrastriatal transplantation of fetal
striatal cells conferred a certain degree of motor and cognitive
improvements for 2-3 years, but not permanently. Currently
ongoing clinical trials using fetal tissue (e.g., Study NCT00190450
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TABLE 1. Summary of Representative Efforts to Evaluate Stem Cell-Mediated Therapeutic Strategies to Treat PD, HD, ALS, and Stroke

Stem cell

Model or patient

Phenotype

Refs.

Parkinson’s disease
Human fetal mesencephalic tissue

Rat fetal mesencephalic tissue
Marmoset fetal mesencephalic tissue

Marmoset fetal mesencephalic tissue

Human ESC-derived dopaminergic neurons

Undifferentiated mouse ESCs

Human iPSC-derived dopaminergic neurons

Human BM-MSC-derived neurons
Autologous human BM-MSC

Huntington disease
Cells from rat fetal striatum

Cells from rat fetal striatum

Cells from mouse fetal striatum

Cells from human fetal striatum

Human ESC-derived neural precursors

Human umbilical cord blood
mononuclear cells

Rat neural precursors

Neurons derived from human NTera-2 cells

ALS
Autologous BM-MSCs
Autologous peripheral CD133+ cells

Allogenic CD34+ hematopoietic stem cells

Human fetal neural stem cells

Human BM-MSCs

Human umbilical cord blood
mononuclear cells

Human neural stem cells
Mouse bone marrow cells

Mouse and rat GRP cells

Mouse ESC-derived motoneurons
Stroke

Human neural stem cells

Primate ESC-derived neural precursors

Mouse BM-MSCs

Human BM-MSCs

Patients with PD

6-OHDA-lesioned rat PD model
6-OHDA-lesioned marmoset PD model
MPTP-lesioned marmoset PD model

6-OHDA-lesioned rat PD model

6-OHDA-lesioned rat PD model

6-OHDA-lesioned rat PD model
6-OHDA-lesioned rat PD model
Patients with PD

Excitotoxic lesioned rat HD model

Excitotoxic lesioned primate HD model

Transgenic HD model mice

Patients with HD

Excitotoxic lesioned rat HD model

Transgenic HD mouse model

Excitotoxic lesioned rat HD model
Excitotoxic lesioned rat

and primate HD model

Patients with ALS
Patients with ALS
Patients with ALS
Patients with ALS

Transgenic ALS mouse model

Transgenic ALS mouse model

Transgenic ALS mouse model

Transgenic ALS mouse model

Transgenic ALS mouse model

Virus-induced paralyzed rat model

Rat MCAO model

Mouse MCAO model

Rat MCAO model

Rat MCAO model

Elevated dopamine level
Engraftment in host tissue
Improved motor function
PET and fMRI
Engraftment in host tissue
Improved motor function
Engraftment in host tissue
Improved motor function
Engraftment in host tissue
Improved motor function
Engraftment in host tissue
Dopaminergic neurons in the graft
Electrophysiological properties
Improved motor function
Dopaminergic neurons in the graft
Improved motor function
PET and fMRI
Engraftment in host tissue
Improved motor function
Engraftment in host tissue
Improved motor function
Improved motor function

Electrophysiologic properties
Engraftment in host tissue
Elevated GABA level in the striatum
Survival and differentiation in host tissue
Behavioral improvement
Improved cognitive function
Survival and differentiation in host tissue
Improved motor function
Safety confirmed
Engraftment in host tissue
Improved motor function
PET and fMRI
Survival and differentiation in host tissue
Improved motor function
Survival and differentiation in host tissue

Improved motor function
Survival and differentiation in host tissue
Improved metabolic function
Survival and differentiation in host tissue

Improved motor function

Delayed decline of lung and motor function

Prolonged survival rate
No beneficial effects
No disease progression
Safety confirmed
Improved motor function
Prevention of astrogliosis and
microglial activation
Delayed disease progression
Prevention of astrogliosis and
microglial activation
Formation of functional synapses
Prolonged survival rate
Delayed disease progression
Delayed disease progression
Prevention of microglial activation
Engraftment into host tissue
Engraftment into host tissue host
Improved motor function
Gain weight

Migration and differentiation of the
grafted cells
Migration and differentiation of the
grafted cells
Promoted angiogenesis
Improved sensory and motor functions
Decreased infraction volume
Engraftment into host tissue
Improved motor function

Freed et al. [2001],

Lindvall et al. [1992]
Perlow et al. [1979]
Annett et al. [1990]
Fine et al. [1988]

Kim et al. [2002]

Bjorklund et al. [2002]

Wernig et al. [2008]
Dezawa et al. [2004]
Venkataramana et al. [2010]
Nakao et al. [1999]
Hantraye et al. [1992],
Nakao et al. [1999]
Dunnett et al. [1998]

Furtado et al. [2005]

Dihne et al. [2006]

Ende and Chen [2001]

Vazey et al. [2006]

Hurlbert et al. [1999]

Mazzini et al. [2008]
Martinez et al. [2012]
Appel et al. [2008]
Glass et al. [2012]

Vercelli et al. [2008]
Garbuzova-Davis et al. [2008]
Xu et al. [2009]

Beers et al. [2008]

Lepore et al. [2008]
Deshpande et al. [2006]

Kelly et al. [2004]

Hayashi et al. [2006]

Chen et al. [2003]

Zhao et al. [2002]

(Continued)
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TABLE 1. (Continued)

Stem cell Model or patient

Phenotype Refs.

Neurons derived from human NTera-2 cells Stroke patients

Human ESC-derived neural stem cells Rat MCAO model
Mouse ESC-derived neural stem cells Rat MCAO model

Human iPSC-derived neural stem cells Rat MCAO model

Autologous BM-MSCs Patients with stroke

Safety confirmed
Improved motor function
Safety confirmed
Improved motor function
Survival and differentiation in host tissue
Enhanced neurogenesis
Safety confirmed
Survival and differentiation in host tissue
Improved motor function
Decreased infraction volume
Improved motor function

Borlongan et al. [1998]
Daadi et al. [2008]
Buhnemann et al. [2006]

Jensen et al. [2011]

Bang et al. [2005]

on www.ClinicalTrials.gov) would provide useful information on the
efficacy of the fetal tissue-mediated therapeutic approach.

In addition to the fetal tissue, scientists looked for alternative cell
sources to treat HD. NSCs were used as a source for transplantation
because of their proliferative ability and tendency to differentiate
towards a neural lineage. An initial experiment showed differentia-
tion of immortalized NSCs into pyramidal neurons with long axonal
projections after transplantation into the striatum of the rat brain
[Englund et al., 2002]. In another study, adult rat NSCs derived from
the subventricular zone and transplanted unilaterally in the striatum
of the QA-lesioned rat HD model were shown to differentiate in vivo
into astrocytes and GABAergic neurons with accompanying
behavioral improvements [Vazey et al., 2006]. Human NSCs (hNSCs)
grown as neurospheres were also transplanted into the striatum of
QA-lesioned HD rats. In this case, successful engraftment of the cells
was also observed, which eventually led to reduced lesion volume
and a significant improvement of behavioral performance over
8 weeks [McBride et al., 2004].

Stem cells derived from adult non-neural tissues also drew
attention as a cell source for treating HD. Umbilical cord blood cells,
ADSCs (hADSCs), BM-MSCs, and bone marrow cells were shown to
be effective in a variety of HD animal models including transgenic
mice and QA or 3-nitrosopropionic acid (3NP)-lesioned rats
[Rossignol et al., 2011] (Table I).

To enhance the beneficial effects of cell transplantation, MSCs
were genetically engineered to overexpress neurotrophic factors.
For example, BM-MSCs overexpressing brain-derived neurotrophic
factor (BDNF) or nerve growth factor were shown to be effective in
restoring motor functions in a YAC128 transgenic mouse model of
HD [Dey et al., 2010].

The current view of the function of adult stem cells is that the
positive effects may not result from direct replacement of dead
neurons by the stem cells themselves but may be due to indirect
effects mediated by secreted beneficial factors that may protect
against neuronal death, recruit endogenous stem cells, reduce
inflammation, and stimulate neurogenesis in the brain.

Pluripotent stem cells such as ESCs have been tested for a
potential therapeutic approach. In these studies, ESCs were
differentiated into either NPCs or gamma-aminobutyric acid
(GABA)-expressing neurons (GABAergic neurons) and transplanted
into the striatum of rat models of HD. When engrafted into the
striatum of QA-lesioned rats, ESC-derived GABAergic neurons were

found to integrate into the local host brain for up to 6 weeks
[Dinsmore et al., 1996]. Another group differentiated ESCs into NPCs
and showed that these cells were able to survive in the QA-lesioned
mouse striatum for up to 4 months without tumor formation [Dihne
et al., 2006]. The therapeutic potential and challenges to overcome
which are associated with pluripotent stem cells await further
detailed investigation.

ALS is a fatal neurodegenerative disease caused by the death of
upper and lower motoneurons in the cerebral cortex, brain stem,
and spinal cord (Fig. 1C). The symptoms of this disease start with
muscle weakness and atrophy, and the disease progresses rapidly,
leading to death by respiratory problems. As a result, most ALS
patients die within 3-5 years of diagnosis. Approximately 5-10%
of ALS is the familial form, which is caused by mutations in
superoxide dismutase 1 (SOD1, ALS1), alsin (ALS2), senataxin
(SETX, ALS4), TAR DNA binding protein (TARDBP), or Fused in
Sarcoma (FUS, ALS6). In spite of extensive efforts, there is no known
effective treatment for ALS. The recent development of stem cell-
mediated therapy offers the potential to treat this devastating
disease. Stem cell-mediated therapeutic approaches target several
effects such as direct cell replacement and modulation of a
microenvironment that is favorable to motoneurons by secreting
trophic factors.

The goals of stem cell therapies for ALS have been focused on
either reconstructing the destroyed neural circuitry of motoneurons
or delaying/preventing motoneuron death. The first goal appears
more difficult than the second because stem cell-derived motoneu-
ron precursor cells should project their axons to the right targets to
form the circuitry for proper motor functions.

The methods of differentiation of ESCs into motoneurons have
evolved with a better understanding of signaling pathways and
transcription factors implicated in determining motoneuron fate.
The initial effort of in vitro differentiation of ESCs into motoneurons
was performed by the treatment with retinoic acid (RA). Systematic
approaches were attempted based on sequential induction of
motoneurons from mESCs by RA-mediated caudalization followed
by a Sonic hedgehog (Shh)-induced ventralization process
[Wichterle et al., 2002]. The motoneurons derived by this method
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were shown to display several motoneuron phenotypes in both in
vitro cell culture and animal models of motoneuron injury such as
synapse formation with muscle fibers, expression of acetylcholine
neurotransmitter and receptors in the synaptic junction, and
motoneuron-like action potential [Harper et al., 2004]. However,
axonal growth from the transplanted mESC-derived motoneurons in
the spinal cord of a neuroadapted sinbis virus (NSV)-mediated rat
model of motoneuron degeneration was inhibited by several
myelin-associated proteins such as Nogo, MAG, and OMgp and
repulsive axon guidance cues, preventing motoneuronal axons from
reaching the skeletal muscle fibers [Harper et al., 2004]. Several
approaches have been attempted to overcome the inhibitory effects
of repulsive cues such as administration of dibutyryl cyclic AMP and
Rho kinase inhibitors [Deshpande et al., 2006] and co-transplanta-
tion of cells secreting glial cell-derived neurotrophic factor (GDNF)
[Deshpande et al., 2006]. Another group transplanted mESC-derived
motoneurons into the PNS, which provided a favorable environment
for axonal growth, and observed functional innervation of the
motoneurons to the host muscle fibers with attenuated muscle
atropy. Kerr et al. tested hESC-derived motoneurons in NSV-
paralyzed rats and observed some functional recovery, probably
resulting from neuroprotection by released trophic factors but not
by direct cell replacement. Differentiation of hESCs into motoneur-
ons was performed either by sequential exposure of hESCs to defined
morphogens such as RA and Shh or by co-culturing with MS5
stromal feeders. Purmorphamamine, a Shh activator, instead of Shh
itself improved the efficiency of motoneuronal generation from
hESCs [Li et al., 2008].

hiPSCs derived from an ALS patient were also able to differentiate
into motoneurons, providing a unique opportunity for autologous
cell therapy, disease modeling, and drug screening [Dimos et al.,
2008]. In combination with genome-editing technologies, hiPSC
technology would provide a unique opportunity to correct genetic
mutations in patients with familial ALS.

Due to the low risk of tumor formation, fetal neural precursors
have been considered a therapeutic option for ALS treatment. As in
other types of brain injury such as stroke, endogenous neurogenesis
and migration of the newborn cells towards the injury sites were
observed in the spinal cord of ALS patients. Neural precursors
obtained from the embryonic rat spinal cord were shown to survive
up to 4 months post-transplantation and retained multipotency to
differentiate into neurons and glia [Chow et al., 2000].

Human NPCs originating from the fetal spinal cord were grafted
into the spinal cord of SOD1%°%* rats, a genetic model of ALS. These
NPCs survived and integrated well into the local environment,
extensively differentiated into neurons, and secreted growth factors
such as GDNF and BDNF, resulting in delayed motoneuron
degeneration and disease onset. Furthermore, the grafted NPCs
were shown to innervate the host spinal cord motoneurons and form
synaptic contacts and neuronal circuitry [Xu et al., 2009].
Interestingly, double grafting of NPCs into the lumbar and cervical
segments of the SOD1%°32 rat spinal cord increased the rat life span
and prolonged disease onset, suggesting the potential benefit of
multi-site transplantation approaches for ALS [Xu et al., 2011]. In a
clinical phase I trial performed by Glass et al. [2012], 12 ALS patients
who had a lumbar intraspinal injection of NPCs did not experience

any side effects, demonstrating the safety and tolerability of the NPC
transplantation. This group next plans to evaluate the efficacy of
NPC transplantation.

In addition to direct cell replacement, trophic factors such as
GDNF and BDNF secreted from the grafted neural precursors may
play an important role in the amelioration of ALS symptoms. In an
effort to boost grafting efficacy, NPCs were engineered to express
exogenous GDNF and were transplanted into the spinal cord of
SOD199%A rats. The genetically modified human NPCs grafted well in
the spinal cord and were shown to protect degenerating host
motoneurons. Another study showed that an NSC subtype that
expressed both Lewis X and CXCR4 protected host motoneurons,
delayed disease progression, and increased the life span of the
SOD1%%%*A mouse. In addition, hNSCs overexpressing vascular
endothelial growth factor (VEGF) delayed disease onset and
progression and prolonged the life span of the SOD1%°* mouse
after transplantation. Furthermore, a study has suggested an
interesting possibility that basic fibroblast growth factor (bFGF)
could be used to drive differentiation of the grafted NSCs into
motoneurons [Jordan et al., 2009].

Several studies have suggested the possibility of interactions
between astrocytes and motoneurons in the etiopathology and
progression of ALS [Clement et al., 2003]. Therefore, several efforts
have been made to provide healthy astrocytes into the diseased area
by transplanting glial-restricted precursors (GRPs) originating from
the spinal cord [Rao and Mayer-Proschel, 1997]. In the cervical
spinal cord of SOD1%9* rats, the grafted GRPs differentiated into
astrocytes, resulting in attenuation of motoneuron death and other
ALS-like symptoms [Lepore et al., 2008]. Therefore, co-transplan-
tation of astrocytes appeared to generate beneficial effects when
stem cell therapy was attempted.

Likewise, microglia appeared to be closely connected to the
progression of ALS. Several studies have demonstrated that
activated microglia and the accompanying inflammatory response
might be contributing factors to the degeneration of motoneurons in
the spinal cord. In addition, microglia with the SOD1%** mutation
were proven to be toxic and facilitated the loss of motoneurons,
further supporting the important role of microglia in ALS path-
ophysiology [Beers et al., 2006]. In this regard, modulation of
microglial activation state and inflammation should be considered
carefully for successful stem cell-mediated therapy for ALS.

In addition to NSCs, other types of adult stem cells have been
explored as a source for stem cell therapeutics for ALS. For example,
whole bone marrow cells transplanted into irradiated SOD1%9%*
mice reduced ALS phenotypes and increased the life span of ALS
mice. hMSCs were also used for transplantation. When transplanted
into the spinal cord of SOD1%°*# mice, hMSCs reduced the level of
astrogliosis and microglial activation, enhanced the number of host
motoneurons in the spinal cord, and improved behavioral functions
[Vercelli et al., 2008] (Table I).

The first application of stem cells to ALS patients was reported in
2003. In this study, Mazzini et al. evaluated the safety of the
transplantation of ex vivo-expanded autologous BM-MSCs into
the spinal cord of seven ALS patients and found no adverse side
effects from the transplantation [Mazzini et al., 2003]. A recent
clinical study further confirmed the safety and efficacy of the ex
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vivo-expanded autologous BM-MSCs (Study NCT00855400 on
www.ClinicalTrials.gov) and in-depth clinical study is underway to
establish more efficient protocol (Study NCT01254539 on www.
ClinicalTrials.gov). Another group infused bone marrow mononu-
clear cells (BM-MNCs) into the spinal cord of 11 patients with ALS.
The number of motoneurons was increased in the transplanted
patients, indicating a neurotrophic or neuroprotective effect of BM-
MNCs [Blanquer et al., 2012]. BM-hematopoietic progenitor cells
were also used for transplantation into the spinal cord of 13 ALS
patients. Encouragingly, nine ALS patients were shown to improve
during a 1-year follow-up after transplantation [Deda et al., 2009].

Stroke is caused by an abrupt disturbance in blood circulation by
either ischemia or hemorrhage, destroying brain cells near the
damaged vasculature (Fig. 1D). This devastating disease is one of the
top three causes of death and a leading cause of disability in Western
countries. Currently, thrombolytic therapy is the only therapeutic
option proven effective, but only approximately 5% of stroke
patients benefit from this therapy due to its very narrow therapeutic
window (i.e., 3-4.5h after the onset of stroke).

Due to the degeneration of a heterogeneous population of brain
cell types and vascular cells over large brain areas, stem cell therapy
for stroke patients is a challenge and requires a coordination of
complex restoration processes, including the replacement of a
variety of lost brain cell types, the rebuilding of neural connections,
and the reconstruction of the vascular system in the damaged area.
Stem cell therapy has emerged as a promising therapeutic option to
treat patients with stroke due to the multifunctional nature of stem
cells. As in other brain diseases, a variety of stem cells have been
tested as sources for transplantation.

NSCs with self-renewal ability and the potential to differentiate
into neurons, astrocytes, and oligodendrocytes, serve as an ideal
source for repairing ischemic injury where all three cell types in the
brain are damaged. Toda et al. reported that only 1-3% of the grafted
NSCs into the ischemic rat brain survived, and 3-9% of the surviving
cells became neurons (NeuN+), suggesting that NSCs grafted in the
ischemic brain were able to differentiate into neurons and promote
functional improvements. Interestingly, regardless of the injection
route (i.e., intrastriatal, intra-arterial, or intravenous) for transplan-
tation, NSCs appeared to migrate to the ischemic region of MCAO
rats and replace the dead neural cells. Human fetal NPCs were also
shown to migrate toward the ischemic injury area, differentiate into
neurons, and recover function and morphology in an ischemic rat
model. This observation suggested the feasibility of using human
fetal NPCs as a cell source for treating patients with ischemic stroke
[Borlongan et al., 1998; Kelly et al., 2004].

When intravenously injected into an animal model of another
type of stroke, intracerebral hemorrhage (ICH), hNSCs increased the
number of neurons in the brain, enhanced functional recovery,
decreased brain inflammation, and rescued degenerating neurons by
adopting a chaperone-like role. Other types of stem cells such as
BM-MSCs, hADSCs, human placenta-derived stem cells, and
umbilical cord blood-derived progenitors have also been shown

to be effective in reducing brain damage, decreasing inflammation,
rescuing neuronal degeneration, and promoting long-term func-
tional recovery [Chen et al., 2006; Brenneman et al., 2010] (Table I).

In an effort to enhance the beneficial effects, attempts have been
made to genetically modify stem cells to overexpress trophic factors
before transplantation. For example, overexpression of either VEGF,
a potent angiogenic factor, or Aktl, an antiapoptotic factor, in
hNSCs further enhanced the structural and functional recovery in
stroke mice by promoting angiogenesis and increasing neuronal
survival, respectively [Lee et al., 2009]. hMSCs that overexpress
exogenous GDNF, placental growth factor (PIGF), and angiopoietin
were also shown to be effective in behavior after transplantation in
stroke animal models [Liu et al., 2006].

An interesting approach has been made by establishing a stable
BM-MSC cell line, namely SB623 cell, which expressed Notch
intracellular domain (NICD). The cell line was confirmed to express
more cytokines such as BMP-4, HGF, MCP-1, VEGF than naive BM-
MSCs [Yan et al., 2007]. A clinical trial is in progress to examine the
effect of SB623 cells in chronic stroke patients after transplantation
into the basal ganglia of chronic stroke patients (Study
NCT01287936 on www.ClinicalTrials.gov).

Another clinical trial using BM-MSCs has been performed by
Bang et al. They transplanted autologous BM-MSCs into five
patients suffering ischemic stroke via intravenous injection. After
injection at 5-9 weeks post-ischemia, the BM-MSC transplantation
was proven to be a safe therapy. BM-MSC transplantation improved
early functional benefits, but the level of functional outcome
declined with time during a 1-year follow-up [Bang et al., 2005]. In a
subsequent report, the same group reported a long-term follow-up
study with special emphasis on the aspect of safety and efficacy after
transplantation of BM-MSCs in 85 patients. In this 5-year open-
labeled, observer-blinded clinical study, no significant adverse
effects were observed, and a long-term beneficial efficacy in
behavioral performance and survival was evident [Lee et al., 2010].
However, clinical significance would require a more detailed
analysis because the effects of BM-MSC transplantation appeared to
be affected by many variables, such as patient age and stroke status.

In vitro-expanded autologous BM-MSCs were also transplanted
into 12 stroke patients at 36-133 days post-ischemia. Neurological
and neuroradiological analyses for 1-year demonstrated no
significant side effects, including tumors, thromboembolism, and
abnormal cell proliferation [Honmou et al.,, 2011]. A long-term
follow-up study of functional efficacy would be of great interest.

Olfactory neuroepithelial cells have been examine for their
capability to induce recovery from stroke injury. The cells were
shown to secrete SDF1a and recruit endogenous bone marrow stem
cells and NSCs, leading to improved behavioral functions [Shyu et al.,
2008]. Clinical trial is currently underway by implanting ex vivo-
expanded autologous olfactory neuroepithelial cellsinischemicstroke
patients (Study NCT01327768 on www.ClinicalTrials.gov).

Stem cell therapies have emerged as promising approaches to treat
many incurable neurological diseases. A variety of stem cells have
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been shown to be effective in preclinical studies using animal
models; clinical trials have followed based on the animal studies.
Through many studies using animals, we started to understand the
characteristics and functional role of each type of stem cell. Overall,
adult stem cells were considered safe in terms of tumor formation
and immune rejection (i.e., autologous transplantation) and
function in brain recovery primarily through paracrine effects.
However, the limited amount of cells obtainable from an object even
after ex vivo expansion and a lack of dramatic therapeutic effects
within a short time period are weaknesses associated with adult stem
cell-based cell therapy.

In contrast, pluripotent stem cells such as ESCs and iPSCs are
regarded as a powerful source for cell therapy because these cells
function both by direct cell replacement and also by paracrine
effects. Unlimited availability of the cells is another advantage for
ESCs and iPSCs. However, efficient differentiation technologies
should be developed in parallel for applying these cells in the clinic
because of the potential risk of unwanted side effects such as tumor
formation. Luckily, this issue has been resolved in some cases such
as differentiation into oligodendrocytes and retinal pigment
epithelial cells; therefore, clinical trials using these cells for spinal
cord injury and macular degeneration, respectively, were approved
recently from FDA.

To develop effective stem cell therapeutic strategies for certain
neurologic diseases, we need to fully understand the nature of the
neurological disease and the behavior of stem cells in the animal
model of the disease. Based on the functional and histological data
from the animal study, the most appropriate stem cell type and
detailed strategies for generating the stem cell therapeutics for the
neurologic disease can be designed.

It should be considered that the transplantation of stem cells into
the injured brain would not be efficient for brain recovery unless the
hostile pathological environment is improved. For example,
inflammation must be reduced to enhance engraftment and survival
after stem cell transplantation. Therefore, efficient methods to
modulate the microenvironment of the host brain, such as
inflammatory control, neuroprotection, angiogenesis, and secretion
of neurotrophic factors, need to be developed. This microenviron-
mental change can be achieved by the same stem cells grafted or by
co-grafting with different types of cells such as astrocytes. The
expected outcomes of microenvironmental control would be reduced
inflammation, increased survival of the graft, enhanced differentia-
tion into proper cell types, migration into the injury site, efficient
integration into local environment, and formation of neural circuitry.

There are some caveats for translating data from animal models
into human clinical trials because animal models sometimes do not
directly reflect human conditions. For example, the assessment of
the risk of tumor formation obtained from xenograft animal studies
may not be directly applicable to human cases. Furthermore, the
functional data from an animal model sometimes do not correlate
with those from human cases.

Stem cell therapy for neurological diseases should meet several
criteria to function effectively. First, ideally, most of the grafted cells
should differentiate into a certain cell type of interest in vitro and,
most importantly, in vivo. If not 100%, the composition of the cells
produced after differentiation needs to at least be carefully defined.

In the case of PD, contamination of seratonergic neurons in the cell
population differentiated from the fetal graft in vivo contributed to
the graft-induced dyskinesia, a serious side effect of fetal tissue-
mediated transplantation therapy. Second, integration of the grafted
cells into the local neural network and the formation of the
functional circuitry might be important. The formation of neuronal
circuitry could be confirmed by anterograde and retrograde tracing
agents. Third, the grafted cells should survive for a long period of
time. This issue can be improved by trophic factors secreted from
the grafted cells with or without genetic modification or co-
transplantation with other types of cells, such as astrocytes. Fourth,
the risk of tumor formation needs to be considered seriously.
Although hESCs/iPSCs are the cell types of great concern, adult stem
cells are not free from this issue. In this sense, it should be carefully
confirmed that cell division of the grafted cells does not occur
vigorously post-engraftment. Fifth, efficacy and safety in vivo
might be affected by the pathological microenvironment of animal
models of each neurologic disease. Therefore, if possible, it would be
desirable to evaluate stem cell transplantation in at least two
different animal models of each disease, preferentially one for a
genetic model and one for a toxin-lesioned model.

ACKNOWLEDGMENTS

This work was supported by was supported by Stem Cell Research
Program (2010-0020407) funded by the Ministry of Education,
Science and Technology of Republic of Korea.

REFERENCES

Annett LE, Dunnett SB, Martel FL, Rogers DC, Ridley RM, Baker HF, Marsden
CD. 1990. A functional assessment of embryonic dopaminergic grafts in the
marmoset. Prog Brain Res 82:535-542.

Appel SH, Engelhardt JI, Henkel JS, Siklos L, Beers DR, Yen AA, Simpson EP,
Luo Y, Carrum G, Heslop HE, Brenner MK, Popat U. 2008. Hematopoietic stem
cell transplantation in patients with sporadic amyotrophic lateral sclerosis.
Neurology 71:1326-1334.

Bachoud-Levi AC, Bourdet C, Brugieres P, Nguyen JP, Grandmougin T,
Haddad B, Jeny R, Bartolomeo P, Boisse MF, Barba GD, Degos JD, Ergis
AM, Lefaucheur JP, Lisovoski F, Pailhous E, Remy P, Palfi S, Defer GL, Cesaro
P, Hantraye P, Peschanski M. 2000. Safety and tolerability assessment of
intrastriatal neural allografts in five patients with Huntington’s disease. Exp
Neurol 161:194-202.

Bachoud-Levi AC, Gaura V, Brugieres P, Lefaucheur JP, Boisse MF, Maison P,
Baudic S, Ribeiro MJ, Bourdet C, Remy P, Cesaro P, Hantraye P, Peschanski
M. 2006. Effect of fetal neural transplants in patients with Huntington’s
disease 6 years after surgery: A long-term follow-up study. Lancet Neurol
5:303-309.

Bang 0Y, Lee JS, Lee PH, Lee G. 2005. Autologous mesenchymal stem cell
transplantation in stroke patients. Ann Neurol 57:874-882.

Beers DR, Henkel JS, Xiao Q, Zhao W, Wang J, Yen AA, Siklos L, McKercher
SR, Appel SH. 2006. Wild-type microglia extend survival in PU.1 knockout
mice with familial amyotrophic lateral sclerosis. Proc Natl Acd Sci USA
103:16021-16026.

Beers DR, Henkel JS, Zhao W, Wang J, Appel SH. 2008. CD4+ T cells support
glial neuroprotection, slow disease progression, and modify glial morpholo-
gy in an animal model of inherited ALS. Proc Natl Acad Sci USA 105:15558-
15563.

750

STEM CELLS IN NEUROLOGICAL DISEASES

JOURNAL OF CELLULAR BIOCHEMISTRY



Bieberich E, Silva J, Wang G, Krishnamurthy K, Condie BG. 2004. Selective
apoptosis of pluripotent mouse and human stem cells by novel ceramide
analogues prevents teratoma formation and enriches for neural precursors in
ES cell-derived neural transplants. J Cell Biol 167:723-734.

Bjorklund LM, Sanchez-Pernaute R, Chung S, Andersson T, Chen IY,
McNaught KS, Brownell AL, Jenkins BG, Wahlestedt C, Kim KS, Isacson
0.2002. Embryonic stem cells develop into functional dopaminergic neurons
after transplantation in a Parkinson rat model. Proc Natl Acad Sci USA
99:2344-2349.

Blanquer M, Moraleda JM, Iniesta F, Gomez-Espuch J, Meca-Lallana J,
Villaverde R, Perez-Espejo MA, Ruiz-Lopez FJ, Santos JM, Bleda P, Izura
V, Saez M, De Mingo P, Vivancos L, Carles R, Jimenez J, Hernandez J,
Guardiola J, Del Rio ST, Antunez C, De la Rosa P, Majado MJ, Sanchez-
Salinas A, Lopez J, Martinez-Lage JF, Martinez S. 2012. Neurotrophic bone
marrow cellular nests prevent spinal motoneuron degeneration in amyo-
trophic lateral sclerosis patients: A pilot safety study. Stem Cells 30:1277-
1285.

Borlongan CV, Tajima Y, Trojanowski JQ, Lee VM, Sanberg PR. 1998.
Transplantation of cryopreserved human embryonal carcinoma-derived
neurons (NT2N cells) promotes functional recovery in ischemic rats. Exp
Neurol 149:310-321.

Brenneman M, Sharma S, Harting M, Strong R, Cox CS, Jr., Aronowski J,
Grotta JC, Savitz SI. 2010. Autologous bone marrow mononuclear cells
enhance recovery after acute ischemic stroke in young and middle-aged rats.
J Cereb Blood Flow Metab 30:140-149.

Buhnemann C, Scholz A, Bernreuther C, Malik CY, Braun H, Schachner M,
Reymann KG, Dihne M. 2006. Neuronal differentiation of transplanted
embryonic stem cell-derived precursors in stroke lesions of adult rats. Brain
129:3238-3248.

Caiazzo M, Dell’Anno MT, Dvoretskova E, Lazarevic D, Taverna S, Leo D,
Sotnikova TD, Menegon A, Roncaglia P, Colciago G, Russo G, Carninci P,
Pezzoli G, Gainetdinov RR, Gustincich S, Dityatev A, Broccoli V. 2011. Direct
generation of functional dopaminergic neurons from mouse and human
fibroblasts. Nature 476:224-227.

Chen J, Zhang ZG, Li Y, Wang L, Xu YX, Gautam SC, Lu M, Zhu Z, Chopp M.
2003. Intravenous administration of human bone marrow stromal cells
induces angiogenesis in the ischemic boundary zone after stroke in rats.
Circ Res 92:692-699.

Chen SH, Chang FM, Tsai YC, Huang KF, Lin CL, Lin MT. 2006. Infusion of
human umbilical cord blood cells protect against cerebral ischemia and
damage during heatstroke in the rat. Exp Neurol 199:67-76.

Chow SY, Moul J, Tobias CA, Himes BT, Liu Y, Obrocka M, Hodge L, Tessler A,
Fischer I. 2000. Characterization and intraspinal grafting of EGF/bFGE-
dependent neurospheres derived from embryonic rat spinal cord. Brain
Res 874:87-106.

Chung S, Moon JI, Leung A, Aldrich D, Lukianov S, Kitayama Y, Park S, Li Y,
Bolshakov VY, Lamonerie T, Kim KS. 2011. ES cell-derived renewable and
functional midbrain dopaminergic progenitors. Proc Natl Acad Sci USA
108:9703-9708.

Clement AM, Nguyen MD, Roberts EA, Garcia ML, Boillee S, Rule M,
McMahon AP, Doucette W, Siwek D, Ferrante RJ, Brown RH, Jr., Julien
JP, Goldstein LS, Cleveland DW. 2003. Wild-type nonneuronal cells extend
survival of SOD1 mutant motor neurons in ALS mice. Science 302:113-117.

Daadi MM, Maag AL, Steinberg GK. 2008. Adherent self-renewable human
embryonic stem cell-derived neural stem cell line: Functional engraftment in
experimental stroke model. PLoS ONE 3:e1644.

Deda H, Inci MC, Kurekci AE, Sav A, Kayihan K, Ozgun E, Ustunsoy GE,
Kocabay S. 2009. Treatment of amyotrophic lateral sclerosis patients by
autologous bone marrow-derived hematopoietic stem cell transplantation: A
1-year follow-up. Cytotherapy 11:18-25.

Deshpande DM, Kim YS, Martinez T, Carmen J, Dike S, Shats I, Rubin LL,
Drummond J, Krishnan C, Hoke A, Maragakis N, Shefner J, Rothstein JD, Kerr

DA. 2006. Recovery from paralysis in adult rats using embryonic stem cells.
Ann Neurol 60:32-44.

Dey ND, Bombard MC, Roland BP, Davidson S, Lu M, Rossignol J, Sandstrom
MI, Skeel RL, Lescaudron L, Dunbar GL. 2010. Genetically engineered
mesenchymal stem cells reduce behavioral deficits in the YAC 128 mouse
model of Huntington’s disease. Behav Brain Res 214:193-200.

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.
2004. Specific induction of neuronal cells from bone marrow stromal
cells and application for autologous transplantation. J Clin Invest 113:
1701-1710.

Dihne M, Bernreuther C, Hagel C, Wesche KO, Schachner M. 2006. Embryonic
stem cell-derived neuronally committed precursor cells with reduced terato-
ma formation after transplantation into the lesioned adult mouse brain. Stem
cells 24:1458-1466.

Dimos JT, Rodolfa KT, Niakan KK, Weisenthal LM, Mitsumoto H, Chung W,
Croft GF, Saphier G, Leibel R, Goland R, Wichterle H, Henderson CE, Eggan K.
2008. Induced pluripotent stem cells generated from patients with ALS can be
differentiated into motor neurons. Science 321:1218-1221.

Dinsmore J, Ratliff J, Deacon T, Pakzaban P, Jacoby D, Galpern W, Isacson O.
1996. Embryonic stem cells differentiated in vitro as a novel source of cells
for transplantation. Cell Transplant 5:131-143.

Dunnett SB, Carter RJ, Watts C, Torres EM, Mahal A, Mangiarini L, Bates G,
Morton AJ. 1998. Striatal transplantation in a transgenic mouse model of
Huntington’s disease. Exp Neurol 154:31-40.

Ende N, Chen R. 2001. Human umbilical cord blood cells ameliorate Hun-
tington’s disease in transgenic mice. J Med 32:231-240.

Englund U, Bjorklund A, Wictorin K, Lindvall O, Kokaia M. 2002. Grafted
neural stem cells develop into functional pyramidal neurons and integrate
into host cortical circuitry. Proc Natl Acad Sci USA 99:17089-17094.

Fine A, Hunt SP, Oertel WH, Nomoto M, Chong PN, Bond A, Waters C, Temlett
JA, Annett L, Dunnett S, Jenner P, Marsden CD. 1988. Transplantation of
embryonic marmoset dopaminergic neurons to the corpus striatum of
marmosets rendered parkinsonian by 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine. Prog Brain Res 78:479-489.

Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R, Dillon S,
Winfield H, Culver S, Trojanowski JQ, Eidelberg D, Fahn S. 2001. Transplan-
tation of embryonic dopamine neurons for severe Parkinson’s disease. N Engl
J Med 344:710-719.

Furtado S, Sossi V, Hauser RA, Samii A, Schulzer M, Murphy CB, Freeman TB,
Stoessl AJ. 2005. Positron emission tomography after fetal transplantation in
Huntington’s disease. Ann Neurol 58:331-337.

Garbuzova-Davis S, Sanberg CD, Kuzmin-Nichols N, Willing AE, Gemma C,
Bickford PC, Miller C, Rossi R, Sanberg PR. 2008. Human umbilical cord
blood treatment in a mouse model of ALS: Optimization of cell dose. PLoS
ONE 3:e2494.

Glass JD, Boulis NM, Johe K, Rutkove SB, Federici T, Polak M, Kelly C,
Feldman EL. 2012. Lumbar intraspinal injection of neural stem cells in
patients with amyotrophic lateral sclerosis: Results of a phase I trial in 12
patients. Stem Cells 30:1144-1151.

Hantraye P, Riche D, Maziere M, Isacson 0. 1992. Intrastriatal transplantation
of cross-species fetal striatal cells reduces abnormal movements in a primate
model of Huntington disease. Proc Natl Acad Sci USA 89:4187-4191.

Harper JM, Krishnan C, Darman JS, Deshpande DM, Peck S, Shats I, Backovic
S, Rothstein JD, Kerr DA. 2004. Axonal growth of embryonic stem cell-
derived motoneurons in vitro and in motoneuron-injured adult rats. Proc
Natl Acad Sci USA 101:7123-7128.

Hayashi J, Takagi Y, Fukuda H, Imazato T, Nishimura M, Fujimoto M,
Takahashi J, Hashimoto N, Nozaki K. 2006. Primate embryonic stem cell-
derived neuronal progenitors transplanted into ischemic brain. J Cereb Blood
Flow Metab 26:906-914.

JOURNAL OF CELLULAR BIOCHEMISTRY

751

STEM CELLS IN NEUROLOGICAL DISEASES



Honmou O, Houkin K, Matsunaga T, Niitsu Y, Ishiai S, Onodera R, Waxman
SG, Kocsis JD. 2011. Intravenous administration of auto serum-expanded
autologous mesenchymal stem cells in stroke. Brain 134:1790-1807.

Hurlbert MS, Gianani RI, Hutt C, Freed CR, Kaddis FG. 1999. Neural
transplantation of hNT neurons for Huntington’s disease. Cell Transplant
8:143-151.

Jensen MB, Yan H, Krishnaney-Davison R, Al Sawaf A, Zhang SC. 2011.
Survival and differentiation of transplanted neural stem cells derived from
human induced pluripotent stem cells in a rat stroke model. J Stroke
Cerebrovasc Dis In press.

Jordan PM, Ojeda LD, Thonhoff JR, Gao J, Boehning D, Yu Y, Wu P. 2009.
Generation of spinal motor neurons from human fetal brain-derived neural
stem cells: Role of basic fibroblast growth factor. J Neurosci Res 87:318-332.

Kelly S, Bliss TM, Shah AK, Sun GH, Ma M, Foo WC, Masel J, Yenari MA,
Weissman IL, Uchida N, Palmer T, Steinberg GK. 2004. Transplanted human
fetal neural stem cells survive, migrate, and differentiate in ischemic rat
cerebral cortex. Proc Natl Acad Sci USA 101:11839-11844.

Kim JH, Auerbach JM, Rodriguez-Gomez JA, Velasco I, Gavin D, Lumelsky N,
Lee SH, Nguyen J, Sanchez-Pernaute R, Bankiewicz K, McKay R. 2002.
Dopamine neurons derived from embryonic stem cells function in an animal
model of Parkinson’s disease. Nature 418:50-56.

Kim J, Su SC, Wang H, Cheng AW, Cassady JP, Lodato MA, Lengner CJ,
Chung CY, Dawlaty MM, Tsai LH, Jaenisch R. 2011. Functional integration of
dopaminergic neurons directly converted from mouse fibroblasts. Cell Stem
Cell 9:413-4109.

Lee HJ, Kim MK, Kim HJ, Kim SU. 2009. Human neural stem cells genetically
modified to overexpress Aktl provide neuroprotection and functional im-
provement in mouse stroke model. PLoS ONE 4:e5586.

Lee JS, Hong JM, Moon GJ, Lee PH, Ahn YH, Bang OY. 2010. A long-term
follow-up study of intravenous autologous mesenchymal stem cell trans-
plantation in patients with ischemic stroke. Stem Cells 28:1099-1106.

Lepore AC, Rauck B, Dejea C, Pardo AC, Rao MS, Rothstein JD, Maragakis NJ.
2008. Focal transplantation-based astrocyte replacement is neuroprotective
in a model of motor neuron disease. Nat Neurosci 11:1294-1301.

Li XJ, Hu BY, Jones SA, Zhang YS, Lavaute T, Du ZW, Zhang SC. 2008.
Directed differentiation of ventral spinal progenitors and motor neurons
from human embryonic stem cells by small molecules. Stem Cells 26:886-
893.

Lindvall O, Widner H, Rehncrona S, Brundin P, Odin P, Gustavii B, Frack-
owiak R, Leenders KL, Sawle G, Rothwell JC, et al. 1992. Transplantation of
fetal dopamine neurons in Parkinson’s disease: One-year clinical and neuro-
physiological observations in two patients with putaminal implants. Ann
Neurol 31:155-165.

Liu H, Honmou O, Harada K, Nakamura K, Houkin K, Hamada H, Kocsis JD.
2006. Neuroprotection by PIGF gene-modified human mesenchymal stem
cells after cerebral ischaemia. Brain 129:2734-2745.

Martinez HR, Molina-Lopez JF, Alez-Garza MT, Moreno-Cuevas JE, Caro-
Osorio E, Gil-Valadez A, Gutierrez-Jimenez E, Zazueta-Fierro OE, Meza JA,
Couret-Alcaraz P, Hernandez-Torre M. 2012. Stem cell transplantation in
amyotrophic lateral sclerosis patients. Methodological approach, safety, and
feasibility. Cell Transplant In press.

Mazzini L, Fagioli F, Boccaletti R, Mareschi K, Oliveri G, Olivieri C, Pastore I,
Marasso R, Madon E. 2003. Stem cell therapy in amyotrophic lateral
sclerosis: A methodological approach in humans. Amyotroph Lateral Scler
Other Motor Neuron Disord 4:158-161.

Mazzini L, Mareschi K, Ferrero I, Vassallo E, Oliveri G, Nasuelli N, Oggioni
GD, Testa L, Fagioli F. 2008. Stem cell treatment in Amyotrophic Lateral
Sclerosis. J Neurol Sci 265:78-83.

McBride JL, Behrstock SP, Chen EY, Jakel RJ, Siegel I, Svendsen CN,
Kordower JH. 2004. Human neural stem cell transplants improve motor
function in a rat model of Huntington'’s disease. J Comp Neurol 475:211-219.

Murrell W, Wetzig A, Donnellan M, Feron F, Burne T, Meedeniya A, Kesby J,
Bianco J, Perry C, Silburn P, Mackay-Sim A. 2008. Olfactory mucosa is a
potential source for autologous stem cell therapy for Parkinson’s disease.
Stem Cells 26:2183-2192.

Nakao N, Ogura M, Nakai K, Itakura T. 1999. Embryonic striatal grafts restore
neuronal activity of the globus pallidus in a rodent model of Huntington’s
disease. Neuroscience 88:469-477.

Olanow CW, Goetz CG, Kordower JH, Stoessl AJ, Sossi V, Brin MF, Shannon
KM, Nauert GM, Perl DP, Godbold J, Freeman TB. 2003. A double-blind
controlled trial of bilateral fetal nigral transplantation in Parkinson’s disease.
Ann Neurol 54:403-414.

Perlow MJ, Freed WJ, Hoffer BJ, Seiger A, Olson L, Wyatt RJ. 1979. Brain
grafts reduce motor abnormalities produced by destruction of nigrostriatal
dopamine system. Science 204:643-647.

Perrier AL, Tabar V, Barberi T, Rubio ME, Bruses J, Topf N, Harrison NL,
Studer L. 2004. Derivation of midbrain dopamine neurons from human
embryonic stem cells. Proc Natl Acad Sci USA 101:12543-12548.

Rao MS, Mayer-Proschel M. 1997. Glial-restricted precursors are derived
from multipotent neuroepithelial stem cells. Dev Biol 188:48-63.

Roisen FJ, Klueber KM, Lu CL, Hatcher LM, Dozier A, Shields CB, Maguire S.
2001. Adult human olfactory stem cells. Brain Res 890:11-22.

Rossignol J, Boyer C, Leveque X, Fink KD, Thinard R, Blanchard F, Dunbar
GL, Lescaudron L. 2011. Mesenchymal stem cell transplantation and DMEM
administration in a 3NP rat model of Huntington’s disease: Morphological
and behavioral outcomes. Behav Brain Res 217:369-378.

Roy NS, Cleren C, Singh SK, Yang L, Beal MF, Goldman SA. 2006. Functional
engraftment of human ES cell-derived dopaminergic neurons enriched by
coculture with telomerase-immortalized midbrain astrocytes. Nat Med
12:1259-1268.

Schuldiner M, Itskovitz-Eldor J, Benvenisty N. 2003. Selective ablation of
human embryonic stem cells expressing a ““suicide” gene. Stem Cells 21:257-
265.

Shyu WC, Liu DD, Lin SZ, Li WW, Su CY, Chang YC, Wang HJ, Wang
HW, Tsai CH, Li H. 2008. Implantation of olfactory ensheathing cells
promotes neuroplasticity in murine models of stroke. J Clin Invest 118:
2482-2495.

Soldner F, Laganiere J, Cheng AW, Hockemeyer D, Gao Q, Alagappan R,
Khurana V, Golbe LI, Myers RH, Lindquist S, Zhang L, Guschin D, Fong LK,
Vu BJ, Meng X, Urnov FD, Rebar EJ, Gregory PD, Zhang HS, Jaenisch R.
2011. Generation of isogenic pluripotent stem cells differing exclusively at
two early onset Parkinson point mutations. Cell 146:318-331.

Vazey EM, Chen K, Hughes SM, Connor B. 2006. Transplanted adult
neural progenitor cells survive, differentiate and reduce motor function
impairment in a rodent model of Huntington’s disease. Exp Neurol 199:
384-396.

Venkataramana NK, Kumar SK, Balaraju S, Radhakrishnan RC, Bansal A,
Dixit A, Rao DK, Das M, Jan M, Gupta PK, Totey SM. 2010. Open-labeled
study of unilateral autologous bone-marrow-derived mesenchymal stem cell
transplantation in Parkinson’s disease. Transl Res 155:62-70.

Vercelli A, Mereuta OM, Garbossa D, Muraca G, Mareschi K, Rustichelli D,
Ferrero I, Mazzini L, Madon E, Fagioli F. 2008. Human mesenchymal stem
cell transplantation extends survival, improves motor performance and
decreases neuroinflammation in mouse model of amyotrophic lateral scle-
rosis. Neurobiol Dis 31:395-405.

Wernig M, Zhao JP, Pruszak J, Hedlund E, Fu D, Soldner F, Broccoli V,
Constantine-Paton M, Isacson O, Jaenisch R. 2008. Neurons derived from
reprogrammed fibroblasts functionally integrate into the fetal brain and
improve symptoms of rats with Parkinson’s disease. Proc Natl Acad Sci USA
105:5856-5861.

Wichterle H, Lieberam I, Porter JA, Jessell TM. 2002. Directed differentiation
of embryonic stem cells into motor neurons. Cell 110:385-397.

752

STEM CELLS IN NEUROLOGICAL DISEASES

JOURNAL OF CELLULAR BIOCHEMISTRY



Xu L, Ryugo DK, Pongstaporn T, Johe K, Koliatsos VE. 2009. Human neural
stem cell grafts in the spinal cord of SOD1 transgenic rats: Differentiation and
structural integration into the segmental motor circuitry. J Comp Neurol
514:297-3009.

Xu L, Shen P, Hazel T, Johe K, Koliatsos VE. 2011. Dual transplantation of
human neural stem cells into cervical and lumbar cord ameliorates motor
neuron disease in SOD1 transgenic rats. Neurosci Lett 494:222-226.

Yan J, Xu L, Welsh AM, Hatfield G, Hazel T, Johe K, Koliatsos VE. 2007.
Extensive neuronal differentiation of human neural stem cell grafts in adult
rat spinal cord. PLoS Med 4:e39.

Zhao LR, Duan WM, Reyes M, Keene CD, Verfaillie CM, Low WC. 2002.
Human bone marrow stem cells exhibit neural phenotypes and ameliorate
neurological deficits after grafting into the ischemic brain of rats. Exp Neurol
174:11-20.

JOURNAL OF CELLULAR BIOCHEMISTRY

753

STEM CELLS IN NEUROLOGICAL DISEASES



