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1. ABSTRACT

Expressions of various neurotrophic factors or
their receptors fluctuate after stroke, which in part
prompted investigations into the efficacy of neurotrophic
factors as treatment modality for stroke. The methods to
deliver neurotrophic factors into the brain can be
categorized into: 1) the surgical route of administration,
such as intracerebral, intraventricular, intra-arterial, or
intravenous systemic administration and 2) the
manipulation of the therapeutic molecules via ex vivo or in
vivo techniques. With ex vivo method, genetically
engineered cells, including the use of autologous cells, have
been explored. In this review, the potent therapeutic
applications of neurotrophic factors in stroke are described,
with emphasis on ex vivo methods, especially
transplantation of encapsulated stem cells modified with
adenovirus. Neurotrophic factor delivery, combined with ex
vivo method, poses as novel treatment for stroke, although
additional safety and efficacy studies remain to be
examined.

2. INTRODUCTION

Regenerative medicine has been explored in the
regenerative organs such as skin, blood (1) and liver (2) or
in the ischemia-tolerant organs such as kidney (2) and
cornea. Heart and brain are considered as non-regenerative
and ischemia-intolerant organs. During the last decade,
regenerative medicine for myocardial infarct has been
examined. Vascular endothelial growth factor (VEGF) gene
transfer using interventional techniques revealed increased
myocardial perfusion, suggesting the prospective
therapeutic option for myocardial ischemia (3). In addition,
endothelial cell progenitors were isolated from human
peripheral blood (4) with subsequent transplant study
leading to clinical application (5). Arguably, based on
recent publications, regenerative medicine for the heart
appears more advance than for the brain. Nonetheless,
regenerative medicine for the brain has achieved equally
important milestones. Neural stem cells with potency for
multiple lineage differentiation and self-renewal have been
shown to exist in adult mammalian forebrain (6, 7),
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indicating that the brain also has the capacity to regenerate.
Two major pillars of regenerative medicine using stem cells
have emerged, namely exogenous stem cell transplantation
and stimulation of endogenous neurogenesis. The source of
exogenous neural stem cells consists of embryonic stem
cells (8), fetal or adult brains (9, 10), bone marrow (11, 12),
umbilical cord (13), or other organs through
transdifferentiation or cell fusion (10, 14, 15, 16, 17).

Regenerative medicine for stroke has been
recently examined in the laboratory. Transplantation of
mesenchymal stromal cell (MSC) from bone marrow to an
animal model of stroke revealed the differentiation of
MSCs into endothelial cells or neurons (18).
Transplantation at 24 hours after middle cerebral artery
occlusion (MCAO) demonstrated behavioral improvement,
although few MSCs differentiated into neuronal cells
suggesting that transplanted cells might have exerted
neurorescue effects via secretion of neurotrophic factors.
MSC transplantation has also been shown to result in
angiogenesis, which appears to precede neurogenesis (19,
20). Thus, stem or progenitor cell transplantation stands as
a potent therapy for stroke. Indeed, the neural progenitor
cell line human NT2N cells, derived from human
teratocarcinoma and fully differentiated into non-dividing
neuron-like cells following treatment with retinoic acid and
mitotic inhibitors (21, 22), have been transplanted in stroke
patients (23, 24). Two to ten million cells were transplanted
to patients with a chronic infarct of basal ganglia.
Following positron emission tomography with [18F]
fluorodeoxyglucose revealed improvement in glucose
metabolic activity correlated with motor function (25).
Subsequently, histological estimation from one postmortem
brain confirmed survival of transplanted cells without
tumorigenesis for at least two years in the human brain
(26).

Despite scientific advances in our understanding
of the disease, the incidence of stroke is increasing
worldwide (27). To date, the FDA-approved therapy using
recombinant tissue plasminogen activator is only effective
to less than 5% of ischemic stroke patients when
administered within 3 hours of disease onset (28, 29).
Because of this limited therapeutic window,
neuroprotection of the stroke brain specifically the
penumbra during the acute stage of the disease should be
explored for protection and regeneration of injured, but still
viable neurons. Neurotrophic factors have been shown to
possess both protective and regenerative properties (30,
31).

In contemplating with combined stem cell and
neurotrophic factor therapy, some essential points need to
be considered: 1) Various phenotypes of neurons, glial cells
and endothelial cells are damaged and lose their functions
following stroke which differ from the single-
neurotransmitter cell depletion pathology seen in
neurodegenerative diseases (e.g., dopaminergic neurons in
Parkinson’s disease or gamma aminobutyric acid [GABA]
neurons in Huntington’s disease) wherein stem cell and
neurotrophic factor treatment have been shown to be
effective; 2) Ischemic insult usually occurs suddenly with

drastic catastrophic cascade within a short time; 3)
Ischemic penumbra is secondary damaged following
ischemic core formation, sometimes partly by reperfusion
injury. In view of these pathological conditions, an acute
therapy for protection or repair of the global brain tissue
including pan neural, glial, and endothelial cells, would
seem a logical choice for stroke therapy. In this review, we
described the utility of neurotrophic factors in stroke, its
delivery system with emphasis on ex vivo gene therapy,
which is the current focus of our laboratory.

3. STRATEGY FOR CEREBRAL ISCHEMIA USING
NEUROTROPHIC FACTOR

3.1. Neurotrophic factors and stroke
Expressions of cytokines, neurotrophic factors,

their receptors and related molecules involved in signaling
pathways vary every second from the onset of ischemic
insult to cell death and ultimately the formation of the
ischemic lesion. Some exert protective effects on
environmental structure in accordance with homeostasis
system, although some accelerate cell death. Almost all
neurotrophic factors are categorized under the former.

One of the earliest neurotrophic factors
implicated in stroke is brain-derived neurotrophic factor
(BDNF), which was extracted from porcine brain (32).
BDNF was shown to induce neuroprotective effects on
ischemic brain via the receptor, TrkB (33). It was also
demonstrated that BDNF mRNA was upregulated at 2
hours post-MCAO (34) or at four hours post-photochemical
stroke in the hippocampus and cortex of rat brains
especially in regions high in N-methyl D-aspartate
(NMDA) receptors (35). Recent studies have revealed the
mechanisms underlying BDNF neuroprotection.
Kiprianova and colleagues demonstrated interaction of
BDNF and fibroblast growth factor 2 (FGF2), which is also
upregulated after MCAO in stroke (36). FGF2 knock-out
mice exacerbated infarct volumes partly due to
downregulation of BDNF and TrkB in hippocampal
neurons, as well as due to lack of neuroprotective potencies
related to FGF2 itself. Chen and colleagues demonstrated
that endothelial nitric oxide synthase (eNOS) knock-out
mice displayed functional deterioration after MCAO
compared to normal mice (37). In their study, eNOS was
revealed to increase BDNF expression in the ischemic brain
and surprisingly have a strong influence on stem cell
proliferation as well as VEGF-induced angiogenic potency.
It is interesting to note that FGF2 and eNOS, both bearing
angiogenic potency, appear related to neuroprotection by
BDNF. Additionally, serial expression of BDNF was
observed after bilateral common carotid artery occlusion
(BCCAO), a model of moderate ischemia in the rat
forebrain (38). Transient BDNF mRNA upregulation at 6
hours post-BCCAO and the return to the control level at
day 1 after stroke was seen in the hippocampus, suggesting
that the change of cerebral blood flow in the beginning of
stroke might affect BDNF gene expression.

In addition to BDNF, VEGF expression recently
has been explored extensively in stroke. In a cerebral
ischemia model of postnatal rat, expression of hypoxia-
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inducible factor 1alpha (HIF1alpha), known as a VEGF-
inducer, is increased, following upregulation of VEGF (39,
40). An in vitro model of ischemia employing a variety of
cells revealed that hypoxia induces flk1 (VEGFR2) and
VEGF (41, 42), suggesting VEGF-flk1 binding plays a
critical role in mechanisms of biological defense. Many in
vivo studies using MCAO (43, 44) also support this
hypothesis. Undoubtedly VEGF is one of the critical
neurotrophic factors in cerebral ischemia.

Furthermore, glial cell line-derived neurotrophic
factor (GDNF), which was initially shown to be protective
in Parkinson’s disease, was also found to promote
neuroprotection against cerebral ischemia (45). GDNF and
its receptor, GFRalpha1, were upregulated just after
cerebral ischemia, suggesting that GDNF triggers
neuroprotective effects at very early stages during ischemia
(46). Details are described in the accompanying review on
GDNF (see Borlongan et al., FBS 2005).

3.2. Protective and regenerative properties of
neurotrophic factors in stroke

As described in the Introduction, various
phenotypes of neurons, glial cells and endothelial cells are
damaged altogether immediately after stroke onset. Stem
cell therapy may avert these acute pathological conditions.
However neuronal differentiation of exogenous neural stem
cells and functional reconstruction of neural or glial
network have not been fully achieved. In cerebral ischemia,
endogenous stem cells are likely activated and could
migrate towards the ischemic penumbra, although the
number is too small to replace damaged neuronal network
(47). Neurotrophic factor might be useful to increase
endogenous stem cell to repair damaged neuronal circuit
(47). In addition, exogenous stem cell transplantation
combined with neurotrophic factor administration or gene
therapy for delivery of neurotrophic factors might
accomplish an equal or better functional outcome as that
accomplished by endogenous stem cell therapy.

For example, BDNF enhances transplanted cell
survival and neuronal differentiation. Bone marrow cells
from adult rats were transplanted with BDNF ameliorated
cell survival and behavioral deficits of MCAO stroke rats,
compared to independently administered groups (48). In
addition, combination of intravenous administration of
BDNF and hypothermia synergistically attenuate glutamate
release with subsequent reduction of infarct volumes of rats
after MCAO (49), thus revealing direct neuroprotective
effects of BDNF. In a similar fashion, Ding and colleagues
demonstrated that exercise pre-conditioning by treadmill
reduced infarct volumes and ameliorated behavioral score
of rats after MCAO by upregulating both BDNF and nerve
growth factor (NGF) which coincided with enhanced
angiogenesis, suggesting direct and indirect neuroprotective
effects upon ischemic insult (50). Furthermore,
neuroprotective effects of Cyclosporin A upon
hippocampal neurons against ischemic insult have been
demonstrated to act on BDNF and TrkB (51). In addition to
neuroprotective or neurorescue effects on cerebral
ischemia, BDNF modulates neurogenesis in stroke. Larsson
and colleagues revealed that intraventricular BDNF

injection stimulated neurogenesis in intact brain (52).
However, intraventricular injection of adeno-associated
virus (AAV) encoded BDNF gene following
intrahippocampal transduction surprisingly suppressed
neurogenesis in rat brains with global ischemia, suggesting
the possibility that administration of certain neurotrophic
factors attenuates intrinsic neurogenesis (52). Furthermore
they confirmed that endogenous BDNF counteracts
neuronal differentiation, but not cell proliferation of
ischemic hippocampus using intraventricular injection of
TrkB-Fc as BDNF scavenger (53). The group also
demonstrated anterograde delivery of BDNF to the
ischemic striatum which did not promote neuroprotection,
but induced neurogenesis (54). Indeed, a recent study
showed that vascular adventitia in the subgranular zone of
the hippocampus, abundant in BDNF, generates neuronal
progenitor cells in the ischemic non-human primate brains,
suggesting the potency of BDNF to enhance neurogenesis
(55). These series of study provide various neuroprotective
aspects of BDNF.

VEGF also has been demonstrated to exert
therapeutic effects in cerebral ischemia. Exogenous VEGF
administration into cultured rat hippocampal neurons (56,
57) and cortical neurons (58) induced neuroprotective
effects against hypoxic injury via flk1, although
upregulated endogenous VEGF proved to be more effective
than exogenous VEGF (59). Nonetheless, intraventricular
infusion of low dose VEGF protected against cerebral
ischemia (60). The low dose and continuous administration
of VEGF appear important parameters for angiogenesis
with mature vessels (61). In addition, VEGF itself exerts
direct neuroprotective and neurorestorative effects on
various neurons via flk1 without vascular and astroglial
involvement (62, 63). Taken together, these studies indicate
that VEGF displays multiple potencies to various cells in
the central nervous system, including neurons, endothelial
and glial cells, suggesting that VEGF is an efficacious
therapeutic agent candidate for brain disorders
characterized by death of various cell types, such as the
pathology seen in stroke (64). VEGF was also reported to
be associated with neurogenesis in murine cortical cultures
and in adult rat subventricular zone (SVZ) and
hippocampus via flk1 (65). Intraventricular low dose of
VEGF injection resulted in a survival promoting effect of
VEGF on neural progenitor cells by anti-apoptotic effects
via flk1 (66). These investigations further verified
neurogenesis induced by VEGF in a cerebral ischemia
model (67).

The concept of a “vascular niche” for
neurogenesis was advocated by Palmer and colleagues (68).
A majority of the precursors in the subgranular zone in
hippocampus proliferated in a novel neuroangiogenic focus
where neuronal, glial, and endothelial precursors divide in
tight clusters, and are commonly found at a branch or
terminus of the capillaries, considered as active sites of
angiogenesis. The cue for neuroangiogenesis is dependent
on humoral factors such as circulating VEGF or signals
from the central nervous system (CNS) (68). Shen and
colleagues demonstrated that endothelial cells played a
critical role in neural stem cell proliferation using co-
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Figure 1. Advantages and disadvantages of neurotrophic factor delivery routes and methods.Surgical route and manipulation
method are combined variously. The delivery way should be determined in consideration of each advantages and disadvantages.

culture of endothelial cells and neural stem cells,
suggesting involvement of VEGF in neurogenesis (69).
Hepatocyte growth factor (HGF) is another angiogenic
factor which attenuates ischemic injury by appropriate
angiogenesis and anti-apoptotic effects similar to VEGF. A
clear distinct advantage of HGF over other neurotrophic
factors is that it works without blood brain barrier (BBB)
disruption and following brain edema. Details are discussed
in the accompanying review (70).

Laboratory studies using cell transplantation
support the potency of neurotrophic factors in stroke.
Carotid body transplantation to MCAO stroke rats
ameliorated behavioral scores and reduced infarct volumes
(71), possibly by elevating GDNF, NGF and BDNF level
of ischemic penumbra, suggesting that trophic effects of
cell therapy might play an important role in stroke therapy
(71). Similarly transplantation of GDNF-secreting cells,
such as kidney cells and pineal gland, also promoted
neuroprotective effects upon cerebral ischemia (72, 73),
which parallel therapeutic effects produced by exogenous
GDNF application (45, 46).

Apart from neurotrophic factor, erythropoietin, a
well-known hematopoietic hormone, was also shown to
rescue neuronal cell death after cerebral ischemia (74, 75).
Pretreatment of intraventricular erythropoietin injection
successfully rescued CA1 hippocampal neurons mainly
from nitric oxide (NO)-induced cell death. Furthermore,
intravenous administration of erythropoietin was
demonstrated to ameliorate clinical outcome of stroke
patients without safety concerns (76). Moreover,

granulocyte colony stimulating factor (G-CSF) was also
revealed to have neuroprotective effects on a stroke model
of rat (77, 78). In addition to the neuroprotective effects, G-
CSF enhanced exogenous transplanted cell survival or
endogenous neurogenesis, similar to that seen with
neurotrophic factor treatment (79, 80). Furthermore, some
traditional drugs, like minocycline, have been shown to
promote neuroprotective effects against stroke (81). Low
dose administration of minocycline has been recently
shown to exert direct neuroprotective effects via anti-
apoptotic pathway, as well as indirect mechanisms related
to the drug’s anti-inflammatory activity (82). In addition,
administration of Atorvastatin, an established lipid-lowering
agent, increased VEGF, flk1 and BDNF expression in the
ischemic penumbra after stroke in mice with subsequent
improvement in functional recovery (83). Thus, many humoral
factors including neurotrophic factors, hormones, cytokines, or
chemokines might have neuroprotective or neurorestorative
potencies on ischemic brains.

3.3. Neurotrophic factor delivery
3.3.1. Surgical route of neurotrophic factor delivery

The different approaches in administering
neurotrophic factors can be divided broadly into two
categories; 1) the surgical route of delivery, such as local
and systemic administration; and 2) the manipulation
method, namely, protein manipulation, ex vivo and in vivo
gene techniques (Figure 1).

For surgical route of neurotrophic factor delivery,
several laboratory studies abound on Parkinson’s disease
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research, which can be extrapolated to stroke therapy.
Intraputaminal GDNF infusion for Parkinson’s disease has
been a major subject of interest about neurotrophic factor.
Indeed, direct GDNF infusion with catheter was shown
effective for functional recovery (84, 85). Historically, all
study utilizing intraventricular GDNF administration for
Parkinson’s disease patients ended up with failure (86, 87).
These disappointing results might be due to the
intraventricular administration itself which could have
prevented GDNF from reaching the target dopaminergic
cells of nigrostriatal system. As discussed above, the
neuroprotection induced by neurotrophic factors is largely
mediated by its receptor, thus the therapeutic molecule’s
availability in the brain may be required in order to activate
downstream pathway for neuroprotection or
neuroregeneration. Based on this assumption, intracerebral
delivery of neurotrophic factors to discrete brain regions
may be optimal for neuroprotection. However, for stroke
therapy, local administration of neurotrophic factors to the
brain in the acute stage of stroke might include some risks
of hemorrhage or non-conducive nutritious environment in
the case of cell transplantation which may subsequently
lead to poor survival of transplanted cells. On the contrary,
systemic administration requires a large volume of the
neurotrophic factors which would not be practical and may
even produce systemic side effects. Notwithstanding,
optimal drug formulation may allow systemic route of
delivery as effective. Indeed, intravenous administration of
low molecular weight heparin for ischemic patients within
48 hours of stroke onset successfully demonstrated the
neuroprotective capacity through prevention of glutamate-
induced calcium release (88). If the neurotrophic factor can
effectively act in ischemic penumbra through BBB without
side effect, intravenous systemic administration will be the
most feasible way in the future. Alternatively, intrathecal
delivery may also provide optimal benefits with minimal
side effects, in that Cao and colleagues demonstrated that
bcl-2 gene delivery using cationic liposome method with
intrathecal approach ameliorated infarct volumes safely
(89).

3.3.2. Protein manipulation, and in vivo and ex vivo gene
manipulation of neurotrophic factors

In this section, protein manipulation, in vivo and
ex vivo gene methods of manipulating neurotrophic factors
are described. Direct administration indicates delivery of
trophic factor itself, the simplest and basic way of drug
treatment with lower risks than other methods using gene
engineering. Various factors have been explored with direct
administration at first. For example, in order to confirm
GDNF administration to the target area, GDNF protein was
directly injected to ischemic cortex after squamosal bone
removal to MCAO model of rats (90). The treatment
reduced infarct volumes accompanied with reduction of
NO release from ischemic cortex. Although this study
demonstrated strong potency of GDNF for stroke therapy,
clinical applications may be limited due to short period of
GDNF protein activity, even with high dose, after
administration. Recently, a new drug delivery system was
developed focusing on protein manipulation. The primary
objective of such delivery systems is to facilitate drug entry
into and maintain their bioavailability in the brain, with

minimally invasive procedures. One such delivery method
is the use of TAT peptide, which is composed of 11-amino
acid, and easily can cross the cell membrane and BBB.
Intravenous administration of TAT-GDNF just after
transient MCAO ameliorated ischemic damage by anti-
apoptotic effect of GDNF (46, 91, 92). Cell-penetrating
peptides, such as TAT or polyarginine, are strong
candidates for facilitating neurotrophic factor entry across
the BBB, although there are still difficulties in delivery of
biologically active protein especially in case of macro
molecule proteins (93). In addition, placement of catheter
for repeated injections is likely to be required because of
reduced activity with very short half-life of some
neurotrophic factors.

In vivo method is the direct gene delivery
approach to living body including direct injection of viral
vector encoding target gene. With such method of
neurotrophic factor treatment, strong efficacy is expected
despite risks of viral infection. There are many studies
using in vivo method with lentivirus (94), adeno-associated
virus (95) or Herpes simplex virus (96) for treating
neurodegenerative diseases including Parkinson’s disease.
Studies about in vivo gene transfer for stroke therapy have
been also examined (97, 98). Recently improved viral
vectors have been explored, including hemagglutinating
virus of Japan (HVJ)-liposome method, known as a macro
molecule of gene transfer method (99). Injection of HGF
gene incorporated in the HVJ-liposome into the
subarachnoid space following parenchymal transfection
delayed neuronal cell death in hippocampal CA1 region of
gerbils through anti-apoptotic effect including
downregulation of Bax (99). In addition, intraparenchymal
injection of GDNF gene with herpes simplex virus
amplicon, known to express the encoded gene for a short
duration, at 4 days before transient MCAO also revealed
neuroprotective effect, although injection at 3 days post-
MCAO was not effective (100). Further advances in gene
engineering might expand the possibility of in vivo gene
therapy for stroke.

Ex vivo method, on the other hand, involves
transferring the gene of interest into cultured cells, then
subsequently transplanting these transfected cells.
Compared with in vivo gene therapy, the ex vivo approach
poses with relative low risks to host brain cells. In section
3.4, ex vivo gene therapy is discussed in detail. In both gene
delivery methods, advantages and disadvantages of each
approach need to be carefully considered and confirmation
of the safety is prerequisite to proceeding with clinical
application.

3.3.3. Timing of neurotrophic factor delivery
The timing of neurotrophic factor administration

is also critical for stroke therapy (Figure 2). The ischemic
penumbra is a good target for protective and reparative
therapies. However, the following issues should be
addressed: 1) The target penumbra area can easily succumb
to bleeding especially during reperfusion or anti-coagulant
therapy commonly used for stroke. Accordingly,
subsequent direct intraparenchymal injection into the
penumbra may prove risky and cause a catastrophic
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Figure 2. Time table after an ischemic insult and regenerative medicine.After the onset of stroke, microenvironment of the brain
varies vertiginously. Treatment might be performed in mind for hemorrhagic risk, brain edema, delayed neuronal death and
gliosis. In contrast, neuroprotective and initial neurorescue treatment can reduce infarct volume with subsequent functional
recovery. However, delayed neurorescue and neurorestorative treatment might ameliorate functional outcomes without reduced
infarct volume.

hemorrhage. 2) After occlusion of vessels, hypoxia can
induce cytotoxic edema coupled with BBB disruption due
to endothelial hypoxia. The occurrence of severe vasogenic
edema may worsen the microenvironment within and
around the penumbra (101). Although the BBB disruption
enhances bioavailability of trophic factors in the brain,
ischemic cells, as well as endogenous stem cells migrating
into the penumbra must survive under conditions of
increased intracranial pressure. 3) Malnutrition of the
ischemic tissue due to poor blood circulation can
exacerbate cell death in ischemic penumbra. 4) Increased
inflammatory reaction including production of free radicals
can accelerate the transformation of the ischemic penumbra
to becoming a part of the ischemic core. 5) The formation
of the penumbra proceeds over an acute period after stroke
onset, which would require immediate intervention within
such limited therapeutic window.

The therapeutic time window for neurotrophic
factor delivery appears to mimic the narrow treatment
period of tPA. Intravenous administration of BDNF at 30

minutes after MCAO, reduced infarct volumes of rat brains
by anti-apoptotic effects via Bax downregulation and Bcl-2
upregulation (102). Intravenous BDNF administration at 1
hour post photothrombotic ischemia did not reduce infarct
volumes of rat brains, but achieved functional motor
recovery and a slight neuronal remodeling (103). On the
contrary, BBB targeting system might expand therapeutic
time window for stroke. BDNF conjugated to the BBB drug
targeting system administered at 2 hours after MCAO
reduced cortical infarct volumes of rat brains, but not
subcortical infarct. Similarly, delayed administration of
BDNF conjugated to the anti-transferrin receptor antibody
at 2 hours after MCAO also displayed neurorescue effects
on the ischemic rat brain (104, 105).

Cell therapy also revealed the importance of the
stroke therapeutic time window. Intravenous administration
of green fluorescent protein (GFP)-labeled human
umbilical cord blood cells during MCAO with mannitol as
BBB permeabilizer demonstrated functional recovery and
reduced infarct volumes of rat brains, accompanied with



Ex vivo gene therapy for stroke

766

Figure 3. Scheme of encapsulated cells. Capsules are made with semipermeable membrane. Oxygen and nutrition can freely
move into the capsule, although antibodies and immunocompetent cells can’t pass through the membrane. In addition, the trophic
factor or neurotransmitter secreted from cells inside the capsule can be expanded around the capsule (A). Transplantation of
capsules with tether can be easily retrieved outside brain whenever needed (B, C). Microscopic view of the capsule demonstrated
porous structure of the membrane (D).

increased GDNF levels in the brain (106). However no
GFP-labeled cells were detected in the ischemic
penumbra immunohistologically, suggesting that GDNF
secreted from transplanted cells passed through BBB
due to mannitol and displayed neurorescue effects at the
very acute stage of infarct without replacement with
damaged cells (106). Li and colleagues also
demonstrated that transplanted cells worked as a
supplier of neurotrophic factors (107). Intravenous
administration of human MSC at 1 day post-MCAO
revealed upregulation of BDNF and NGF and decreased
number of apoptotic cells in the ischemic penumbra with
functional recovery. Furthermore, the endogenous
neurogenesis was enhanced in the SVZ in the
transplanted group (107). In addition, BDNF transduced

human adipose tissue-derived stromal cells, obtained
from liposuction tissues and induced to differentiate into
neurons with azacytidine, were administered to rat brains at
1 day after MCAO. Transplanted cells survived and
migrated towards the site of injury, which accompanied
functional recovery, but infarct volumes were not reduced
(108). Embryonic stem cells transduced v-myc oncogene
and used in the similar study demonstrated ameliorated
behavioral scores with reduced atrophy at 56 days after
transplantation but not at 7 days (109). Based on the
inconsistencies in ameliorations of behavioral and
histological deficits produced by stroke following different
dosing regimens, additional studies are warranted to reveal
the most appropriate timing of administration of
neurotrophic factors or cell transplantation.
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3.4. Ex vivo gene therapy
Ex vivo gene therapy has specific advantages

compared to other delivery systems (110), including the
following: 1) Promising cells with appropriate secretion of
specific factors can be selected before transplantation. 2)
Viral transfection to cells was performed in the laboratory,
thus reducing the risks of using live replication-competent
virus transfer to the patients directly. 3) Viable and
appropriate cells are usable by tailor-made engineering
instead of targeting degenerating host cells which likely
display low viability. With these advantages in mind, we
described here two different ex vivo methods generated in
our laboratory.

3.4.1. Encapsulated cell transplantation
Our group has pursued the investigation of

encapsulated cell transplantation for treating CNS diseases,
including Parkinson’s disease and cerebral ischemia (111,
112, 113, 114,115, 116, 117). Encapsulated cell
transplantation has the following characteristics (Figure 3).
1) Various neurotransmitters, neurotrophic factors, or
growth factors can be produced continuously from
encapsulated cells with engineered properties. Cells inside
the capsule are supplied sufficient nutrient and oxygen
through the semipermeable membrane. 2) Scant immune
reactions and no immunological rejection arise because
cells inside are protected by stiff envelope. In addition,
there is no risk of tumor formation in the host tissue. 3) The
capsule can be removed from the transplanted brain if need
be. 4) Various cells including immortalized cell lines can
be transplanted safely as a surviving donor with no ethical
problems. These cells are also engineered genetically with
ease. Thus, encapsulated cell transplantation is a suitable
method of neurotrophic delivery using ex vivo gene
therapy.

Our group has reported encapsulated cell
transplantation for MCAO model of rats. FGF2 secreting
cell line (baby hamster kidney cell (BHK)-FGF2) was
made using a cationic liposome-mediated DNA delivery
system. One million cells were encapsulated, subsequently
secreted about 20ng per day for at least 6 months.
Permanent MCAO was performed using an intraluminal
suture technique at 6 days post-transplantation of the
capsule into the striatum of rats. The number of terminal
deoxynucleotidyl transferase-mediated biotynilated UTP
nick end labeling (TUNEL) positive cells at 12 hours and
infarct volumes at 24 hours post-MCAO significantly
reduced and angiogenesis at 6 days post-MCAO increased
in the BHK-FGF2 group compared to the control group.
This study revealed neuroprotective effects of FGF2 upon a
MCAO model of rat by anti-apoptotic mechanisms. Other
factors like VEGF (118) or GDNF (46, 90) also have
neuroprotective effects upon a MCAO model of rat with
subsequent behavioral improvement and reduced infarct
volumes. The direct anti-apoptotic mechanism via each
receptor, e.g., flk1 to VEGF or GFRalpha1 to GDNF, as
well as the indirect mechanisms through angiogenesis and
glial proliferation (116, 117) possibly mediated this
VEGF/GDNF neuroprotection. In addition, encapsulated
cell transplantation enabled us to deliver continuous and
low dose administration of secreting factors. Low dose

administration of VEGF using encapsulation technique
achieved highly neuroprotective effects on dopaminergic
neurons, although high dose induced severe brain edema
with subsequent decreased neuroprotective effects (119).
Other groups also reported that intraventricular
administration of low dose of VEGF exerted neurorescue
effects on stroke model of mice, but not intravenous
administration of high dose VEGF (120).

Transplantation of neurotrophic factor-secreting
cells has been shown effective also against stroke.
Transplantation of encapsulated choroid plexus from adult
rats or young porcine reduced infarct volumes of rats after
MCAO and ameliorated behavioral deficits. Parallel in
vitro studies demonstrate the neuroprotective effects of
conditioned media harvested from cultured choroid plexus,
further implicating the secretion of neurotrophic factors
from the encapsulated choroid plexus (121, 122).

Neuroprotective effects of GDNF have also been
demonstrated in neonatal cerebral ischemia using a
modified Levine’s model (123, 124). Neonatal rats received
hypoxic-ischemic stress at 2 days post-transplantation of
GDNF secreting encapsulated cells to 7 or 12 day-old-rats.
Histological brain damage as well as learning and memory
impairment reduced in the treatment group, indicating
neuroprotective potencies of GDNF to ischemic insult to
neonatal brains. Neurorestorative effects of GDNF are now
explored to approximate clinical condition. These studies
might shed light on the GDNF potency for severe asphyxia
of newborn in the future.

Transplantation of encapsulated cells holds great
promise for clinical applications in various CNS diseases
(125). In addition, encapsulation technique might
contribute to the development of neural stem cell therapy.
There is little evidence of cell replacement of damaged cells, as
well as re-innervation of the host CNS with neural stem cell
transplantation. Moreover, the ratio of neuronal differentiation
of stem cells derived from non-neuronal source is very limited
(109). Despite the minimal neuronal differentiation and host
re-innervation, the occurrence of functional recovery and
reduced infarct volumes in transplanted stroke animals suggest
that expression of humoral factors by stem cells is a more
plausible explanation for such robust neuroprotection (126).
Neural stem cells are also reported to secrete neurotrophic
factors, including pleiotrophin and GDNF, suggesting that
these factors promote differentiation to dopaminergic neurons
and extensive host axonal growth after spinal cord injury (109,
127). Neurotrophic factors can be secreted from the capsule,
although there is no re-innervation of the host achieved with
encapsulated cell transplantation. A thorough comparison of
neural stem cells with and without encapsulation might shed
crucial light on the specific biology of transplanted neural stem
cells. Furthermore, selective differentiation of neural
progenitor cell has been achieved by high-epitope density
nanofibers (128), thus suggesting the potential of using the
capsule as a scafford for neuronal differentiation.

3.4.2. Neurotrophic factor-secreting stem cell
transplantation

Recently our group examined ex vivo gene
therapy using various stem cells. This method achieves
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Figure 4. Concept of ex vivo gene therapy.Various types of cells are available for ex vivo gene therapy. Cells are isolated and
cultured then processed for gene transfer. If need be, cells can be differentiated. After confirming potencies to secrete target
factor, cells are transplanted with or without encapsulation by intraparencymal injection, intraventricular, intrathecal, intra-
arterial, or intravenous administration.

wide spread distribution of trophic factors owing to the
migration ability of the cells. MSC from bone marrow
has been reported to have neuroprotective and
neurorestorative effects in a rat model of stroke as
described above (11). A clinical trial of intravenous
administration of autologous bone marrow cells to
patients of cerebral infarcts was recently initiated in
Japan based on their preclinical studies (129, 130). The
group has another plan for embarking on autologous
MSC transplantation using cryopreserved MSC,
harvested and isolated in advance from high risk
patients. These trials might lead to a breakthrough for
stroke therapy, although the severity and location of
infarcts or the timing of cell transplantation are critical
factors that remain to be optimized.

Transplantation of human MSCs genetically
modified to secrete GDNF and BDNF has been shown
effective in MCAO stroke animals (131, 132). BDNF
secreting cell line was established using a fiber-mutant
F/RGD adenovirus vector (133, 134) and transplanted at 24
hours after transient MCAO. Behavioral tests revealed
functional recovery in the treatment group at 7 and 14 days
post-transplantation, with corresponding reduction of
infarct volumes on magnetic resonance imaging analyses.
These therapeutic effects might be due to anti-apoptotic
effects of BDNF via TrkB (135). Furthermore, only a few
transplanted cells differentiated to mature neurons or
astrocytes, supporting the hypothesis that secreted BDNF
played an important role in the therapeutic effects in this
study. These studies indicate that transplantation of trophic
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factor-secreting MSCs possesses wide clinical applications
for stroke therapy.

Neural stem cells are also likely candidate for
transplantation therapy in stroke, as they also secrete
several neurotrophic factors secreted from transplanted
cells. In order to enhance the donor cells’ capacity to
secrete neurotrophic factors, adult neural stem cells from
SVZ were genetically engineered via neurosphere
amplification technique with epidermal growth factor and
finally transfected with adenovirus containing GDNF gene.
These genetically modified neural stem cells exhibited
almost the same potency to differentiate into neurons and
astrocytes. Transplantation of the engineered cells before or
after MCAO resulted in behavioral improvement and
reduction of the infarct volumes. These observations
support clinical application of GDNF-secreting stem cells
in stroke. Furthermore, autologous neural stem cells with or
without gene transfer are equally efficacious alternative
graft source (136). Thus, ex vivo gene therapy stands as a
feasible therapeutic option for stroke patients (Figure 4).

4. PERSPECTIVE

Studies on trophic factors or growth factors for
stroke have increased exponentially in recent years. The
appropriate route, method and timing need to be
optimized in order to advance neurotrophic factor
therapy the clinic. A multidirectional strategy using
recent technologies including cell engineering and ex
vivo gene therapy will facilitate optimization of
neurotrophic factor treatment. Ongoing clinical trials of
cell transplantation, as well as administration of
neurotrophic factors will need to be critically evaluated.
Rigid criteria for the safe conduct and effectiveness of
newly established therapies should be in place before
regenerative medicine truly becomes one of routine
treatment options in our field.

5. ACKNOWLEDGEMENTS

This work by Drs. Yasuhara and Date was
supported in part by Grants-in-Aid for Scientific
Research and the Grant of the project for realization of
regenerative medicine from the Ministry of Education,
Culture, Sports, Science and Technology, Japan. Dr.
Borlongan is supported by the VA Merit Review and
AHA.

6. REFERENCES

1. Camitta, B.M., E.D. Thomas, D.G. Nathan, G. Santos,
E.C. Gordon-Smith, R. P. Gale, J.M. Rappeport, and R.
Storb: Severe aplastic anemia: a prospective study of the
effect of early marrow transplantation on acute
mortality. Blood 48, 63-70 (1976)
2. Starzl, T.E., S. Todo, J. Fung, A.J. Demetris, R.
Venkataramman, and A. Jain: FK 506 for liver, kidney,
and pancreas transplantation. Lancet 2, 1000-1004
(1989)
3. Hedman, M., J. Hartikainen, M. Syvanne, J.
Stjernvall, A. Hedman, A. Kivela, E. Vanninen, H.

Mussalo, E. Kauppila, S. Simula, O. Narvanen, A.
Rantala, K. Peuhkurinen, M.S. Nieminen, M. Laakso,
and S. Yla-Herttuala: Safety and feasibility of catheter-
based local intracoronary vascular endothelial growth
factor gene transfer in the prevention of postangioplasty
and in-stent restenosis and in the treatment of chronic
myocardial ischemia: phase II results of the Kuopio
Angiogenesis Trial (KAT) Circulation 107, 2677-2683
(2003)
4. Asahara, T., T. Murohara, A. Sullivan, M. Silver, R.
van der Zee, T. Li, B. Witzenbichler, G. Schatteman.,
and J.M. Isner: Isolation of putative progenitor
endothelial cells for angiogenesis. Science 275, 964-967
(1997)
5. Kawamoto, A., T. Tkebuchava, J. Yamaguchi, H.
Nishimura, Y.S. Yoon, C. Milliken, S. Uchida, O.
Masuo, H. Iwaguro, H. Ma, A. Hanley, M. Silver, M.
Kearney, D.W. Losordo, J.M. Isner, and T. Asahara:
Intramyocardial transplantation of autologous
endothelial progenitor cells for therapeutic
neovascularization of myocardial ischemia. Circulation
107, 461-468 (2003)
6. Reynolds, B.A., and S. Weiss: Generation of neurons
and astrocytes from isolated cells of the adult
mammalian central nervous system. Science 255, 1707-
1710 (1992)
7. Weiss, S., B.A. Reynolds, A.L. Vescovi, C.
Morshead, C.G. Craig, and D. van der Kooy: Is there a
neural stem cell in the mammalian forebrain? Trends
Neurosci 19, 387-393 (1996)
8. Hoehn, M., E. Kustermann, J. Blunk, D. Wiedermann,
T. Trapp, S. Wecker, M. Focking, H. Arnold, J.
Hescheler, B.K. Fleischmann, W. Schwindt, and C.
Buhrle: Monitoring of implanted stem cell migration in
vivo: a highly resolved in vivo magnetic resonance
imaging investigation of experimental stroke in rat. Proc
Natl Acad Sci U S A 99, 16267-16272 (2002)
9. Kelly, S., T.M. Bliss, A.K. Shah, G.H. Sun, M. Ma,
W.C. Foo, J. Masel, M.A. Yenari, I.L. Weissman, N.
Uchida, T. Palmer, G.K. Steinberg: Transplanted human
fetal neural stem cells survive, migrate, and differentiate
in ischemic rat cerebral cortex. Proc Natl Acad Sci U S
A 101, 11839-11844 (2004)
10. Haas, S., N. Weidner, and J. Winkler: Adult stem
cell therapy in stroke. Curr Opin Neurol 18, 59-64
(2005)
11. Hess, D.C., W.D. Hill, A. Martin-Studdard, J.
Carroll, J. Brailer, and J. Carothers: Bone marrow as a
source of endothelial cells and NeuN-expressing cells
After stroke. Stroke 33, 1362-1368 (2002)
12. Li, Y., J. Chen, C.L. Zhang, L. Wang, D. Lu, M.
Katakowski, Q. Gao, L.H. Shen, J. Zhang, M. Lu,M.
Chopp: Gliosis and brain remodeling after treatment of
stroke in rats with marrow stromal cells. Glia 49, 407-
417 (2005)
13. Chen, J., P.R. Sanberg, Y. Li, L. Wang, M. Lu, A.E.
Willing, J. Sanchez-Ramos, and M. Chopp: Intravenous
administration of human umbilical cord blood reduces
behavioral deficits after stroke in rats. Stroke 32, 2682-
2688 (2001)
14. Joannides, A., P. Gaughwin, C. Schwiening, H.
Majed, J. Sterling, A. Compston, and S. Chandran:



Ex vivo gene therapy for stroke

770

Efficient generation of neural precursors from adult
human skin: astrocytes promote neurogenesis from skin-
derived stem cells. Lancet 364, 172-178 (2004)
15. Ying, Q.L., J. Nichols, E.P. Evans, and A.G. Smith:
Changing potency by spontaneous fusion. Nature 416,
545-548 (2002)
16. Terada, N., T. Hamazaki, M. Oka, M. Hoki, D.M.
Mastalerz, Y. Nakano, E.M. Meyer, L. Morel, B.E.
Petersen, and E.W. Scott: Bone marrow cells adopt the
phenotype of other cells by spontaneous cell fusion.
Nature 416, 542-545 (2002)
17. Alvarez-Dolado, M., R. Pardal, J.M. Garcia-
Verdugo, J.R. Fike, H.O. Lee, K. Pfeffer, C. Lois, S.J.
Morrison, and A. Alvarez-Buylla: Fusion of bone-
marrow-derived cells with Purkinje neurons,
cardiomyocytes and hepatocytes. Nature 425, 968-973
(2003)
18. Chen, J., Y. Li, L. Wang, M. Lu, X. Zhang, and M.
Chopp: Therapeutic benefit of intracerebral
transplantation of bone marrow stromal cells after
cerebral ischemia in rats. J Neurol Sci 189, 49-57 (2001)
19. Taguchi, A., T. Soma, H. Tanaka, T. Kanda, H.
Nishimura, H. Yoshikawa, Y. Tsukamoto, H. Iso, Y.
Fujimori, D.M. Stern, H. Naritomi, and T. Matsuyama:
Administration of CD34+ cells after stroke enhances
neurogenesis via angiogenesis in a mouse model. J Clin
Invest 114, 330-338 (2004)
20. Taguchi, A., T. Matsuyama, H. Moriwaki, T.
Hayashi, K. Hayashida, K. Nagatsuka, K. Todo, K.
Mori, D.M. Stern, T. Soma, and H. Naritomi:
Circulating CD34-positive cells provide an index of
cerebrovascular function. Circulation 109, 2972-2975
(2004)
21. Borlongan, C.V., S. Saporta, S.G. Poulos, A.
Othberg, and P.R. Sanberg: Viability and survival of
hNT neurons determine degree of functional recovery in
grafted ischemic rats. Neuroreport 9, 2837-2842 (1998)
22. Borlongan, C.V., Y. Tajima, J.Q. Trojanowski, V.M.
Lee, and P.R. Sanberg: Transplantation of cryopreserved
human embryonal carcinoma-derived neurons (NT2N
cells) promotes functional recovery in ischemic rats.
Exp Neurol 149, 310-321 (1998)
23. Kondziolka, D., L. Wechsler, S. Goldstein, C.
Meltzer, K.R. Thulborn, J. Gebel, P. Jannetta, S.
DeCesare, E.M. Elder, M. McGrogan, M.A. Reitman,
and L. Bynum: Transplantation of cultured human
neuronal cells for patients with stroke. Neurology 55,
565-569 (2000)
24. Kondziolka, D., G.K. Steinberg, S.B. Cullen, and M.
McGrogan: Evaluation of surgical techniques for
neuronal cell transplantation used in patients with
stroke. Cell Transplant 13, 749-754 (2004)
25. Meltzer, C.C., D. Kondziolka, V.L. Villemagne, L.
Wechsler, S. Goldstein, K.R. Thulborn, J. Gebel, E.M.
Elder, S. DeCesare, and A. Jacobs: Serial [18F]
fluorodeoxyglucose positron emission tomography after
human neuronal implantation for stroke. Neurosurgery
49, 586-591; discussion 591-582 (2001)
26. Nelson, P.T., D. Kondziolka, L. Wechsler, S.
Goldstein, J. Gebel, S. DeCesare, E.M. Elder, P.J.
Zhang, A. Jacobs, M. McGrogan, V.M. Lee, and J.Q.
Trojanowski: Clonal human (hNT) neuron grafts for

stroke therapy: neuropathology in a patient 27 months
after implantation. Am J Pathol 160, 1201-1206 (2002)
27. Chalela, J.A., J.G. Merino, and S. Warach: Update
on stroke. Curr Opin Neurol 17, 447-451 (2004)
28. Wardlaw, J.M., P.A. Sandercock, and E. Berge:
Thrombolytic therapy with recombinant tissue
plasminogen activator for acute ischemic stroke: where
do we go from here? A cumulative meta-analysis. Stroke
34, 1437-1442 (2003)
29. Graham, G.D: Tissue plasminogen activator for
acute ischemic stroke in clinical practice: a meta-
analysis of safety data. Stroke 34, 2847-2850 (2003)
30. Gorio, A., L. Vergani, E. Lesma, and A.M. Di
Giulio: Neuroprotection, neuroregeneration, and
interaction with insulin-like growth factor-I: novel non-
anticoagulant action of glycosaminoglycans. J Neurosci
Res 51, 559-562 (1998)
31. Harvey, B.K., B.J. Hoffer, and Y. Wang: Stroke and
TGF-beta proteins: glial cell line-derived neurotrophic
factor and bone morphogenetic protein. Pharmacol Ther
105, 113-125 (2005)
32. Turner, J.E., Y.A. Barde, M.E. Schwab, and H.
Thoenen: Extract from brain stimulates neurite
outgrowth from fetal rat retinal explants. Brain Res 282,
77-83 (1982)
33. Beck, T., D. Lindholm, E. Castren, and A. Wree:
Brain-derived neurotrophic factor protects against
ischemic cell damage in rat hippocampus. J Cereb Blood
Flow Metab 14, 689-692 (1994)
34. Kokaia, Z., Q. Zhao, M. Kokaia, E. Elmer, M.
Metsis, M.L. Smith, B.K. Siesjo, and O. Lindvall:
Regulation of brain-derived neurotrophic factor gene
expression after transient middle cerebral artery
occlusion with and without brain damage. Exp Neurol
136, 73-88 (1995)
35. Comelli, M.C., M.S. Seren, D. Guidolin, R.M.
Manev, M. Favaron, J.M. Rimland, R. Canella, A.
Negro, and H. Manev: Photochemical stroke and brain-
derived neurotrophic factor (BDNF) mRNA expression.
Neuroreport 3, 473-476 (1992)
36. Kiprianova, I., K. Schindowski, O. von Bohlen und
Halbach, S. Krause, R. Dono, M. Schwaninger, and K.
Unsicker: Enlarged infarct volume and loss of BDNF
mRNA induction following brain ischemia in mice
lacking FGF-2. Exp Neurol 189, 252-260 (2004)
37. Chen, J., A. Zacharek, C. Zhang, H. Jiang, Y. Li, C.
Roberts, M. Lu, A. Kapke, and M. Chopp: Endothelial
nitric oxide synthase regulates brain-derived
neurotrophic factor expression and neurogenesis after
stroke in mice. J Neurosci 25, 2366-2375 (2005)
38. Schmidt-Kastner, R., J. Truettner, B. Lin, W. Zhao,
I. Saul, R. Busto, and M.D. Ginsberg: Transient changes
of brain-derived neurotrophic factor (BDNF) mRNA
expression in hippocampus during moderate ischemia
induced by chronic bilateral common carotid artery
occlusions in the rat. Brain Res Mol Brain Res 92, 157-
166 (2001)
39. Jin, K.L., X.O. Mao, T. Nagayama, P.C. Goldsmith,
and D.A. Greenberg: Induction of vascular endothelial
growth factor and hypoxia-inducible factor-1alpha by
global ischemia in rat brain. Neuroscience 99, 577-585
(2000)



Ex vivo gene therapy for stroke

771

40. Mu, D., X. Jiang, R.A. Sheldon, C.K. Fox, S.E.
Hamrick, Z.S. Vexler, and D.M. Ferriero: Regulation of
hypoxia-inducible factor 1alpha and induction of
vascular endothelial growth factor in a rat neonatal
stroke model. Neurobiol Dis 14, 524-534 (2003)
41. Han, M.K., M. Kim, S.Y. Bae, L. Kang, S.Y. Han,
Y.S. Lee, J.H. Rha, S.U. Kim, and J.K. Roh: VEGF
protects human cerebral hybrid neurons from in vitro
ischemia. Neuroreport 15, 847-850 (2004)
42. Wick, A., W. Wick, J. Waltenberger, M. Weller, J.
Dichgans, and J.B. Schulz: Neuroprotection by hypoxic
preconditioning requires sequential activation of
vascular endothelial growth factor receptor and Akt. J
Neurosci 22, 6401-6407 (2002)
43. Sun, F.Y., and X. Guo: Molecular and cellular
mechanisms of neuroprotection by vascular endothelial
growth factor. J Neurosci Res 79, 180-184 (2005)
44. Chen, X., Y. Li, L. Wang, M. Katakowski, L. Zhang,
J. Chen, Y. Xu, S.C. Gautam, and M. Chopp: Ischemic
rat brain extracts induce human marrow stromal cell
growth factor production. Neuropathology 22, 275-279
(2002)
45. Abe, K., and T. Hayashi: Expression of the glial cell
line-derived neurotrophic factor gene in rat brain after
transient MCA occlusion. Brain Res 776, 230-234
(1997)
46. Wang, Y., C.F. Chang, M. Morales, Y.H. Chiang,
and J. Hoffer: Protective effects of glial cell line-derived
neurotrophic factor in ischemic brain injury. Ann N Y
Acad Sci 962, 423-437 (2002)
47. Lindvall, O., Z. Kokaia, and A. Martinez-Serrano:
Stem cell therapy for human neurodegenerative
disorders-how to make it work. Nat Med 10 Suppl, S42-
50 (2004)
48. Chen, J., Y. Li, Y., and M. Chopp: Intracerebral
transplantation of bone marrow with BDNF after MCAo
in rat. Neuropharmacology 39, 711-716 (2000)
49. Berger, C., W.R. Schabitz, M. Wolf, H. Mueller, C.
Sommer, and S. Schwab: Hypothermia and brain-
derived neurotrophic factor reduce glutamate
synergistically in acute stroke. Exp Neurol 185, 305-312
(2004)
50. Ding, Y., J. Li, X. Luan, Y.H. Ding, Q. Lai, J.A.
Rafols, J.W. Phillis, J.C. Clark, and F.G. Diaz: Exercise
pre-conditioning reduces brain damage in ischemic rats
that may be associated with regional angiogenesis and
cellular overexpression of neurotrophin. Neuroscience
124, 583-591 (2004)
51. Miyata, K., N. Omori, H. Uchino, T. Yamaguchi, A.
Isshiki, and F. Shibasaki: Involvement of the brain-
derived neurotrophic factor/TrkB pathway in
neuroprotecive effect of cyclosporin A in forebrain
ischemia. Neuroscience 105, 571-578 (2001)
52. Larsson, E., R.J. Mandel, R.L. Klein, N. Muzyczka,
O. Lindvall, and Z. Kokaia: Suppression of insult-
induced neurogenesis in adult rat brain by brain-derived
neurotrophic factor. Exp Neurol 177, 1-8 (2002)
53. Gustafsson, E., O. Lindvall, and Z. Kokaia:
Intraventricular infusion of TrkB-Fc fusion protein
promotes ischemia-induced neurogenesis in adult rat
dentate gyrus. Stroke 34, 2710-2715 (2003)

54. Gustafsson, E., G. Andsberg, V. Darsalia, P.
Mohapel, R.J. Mandel, D. Kirik, O. Lindvall, and Z.
Kokaia: Anterograde delivery of brain-derived
neurotrophic factor to striatum via nigral transduction of
recombinant adeno-associated virus increases neuronal
death but promotes neurogenic response following
stroke. Eur J Neurosci 17, 2667-2678 (2003)
55. Yamashima, T., A.B. Tonchev, I.H. Vachkov, B.K.
Popivanova, T. Seki, K. Sawamoto, and H. Okano:
Vascular adventitia generates neuronal progenitors in
the monkey hippocampus after ischemia. Hippocampus
14, 861-875 (2004)
56. Jin, K.L., X.O. Mao, and D.A. Greenberg: Vascular
endothelial growth factor rescues HN33 neural cells
from death induced by serum withdrawal. J Mol
Neurosci 14, 197-203 (2000)
57. Svensson, B., M. Peters, H.G. Konig, M. Poppe, B.
Levkau, M. Rothermundt, V. Arolt, D. Kogel, and J.H.
Prehn: Vascular endothelial growth factor protects
cultured rat hippocampal neurons against hypoxic injury
via an antiexcitotoxic, caspase- independent mechanism.
J Cereb Blood Flow Metab 22, 1170-1175 (2002)
58. Jin, K., X.O. Mao, S.P. Batteur, E. McEachron, A.
Leahy, and D.A. Greenberg: Caspase-3 and the
regulation of hypoxic neuronal death by vascular
endothelial growth factor. Neuroscience 108, 351-358
(2001)
59. Drake, C.J., and C.D. Little: Exogenous vascular
endothelial growth factor induces malformed and
hyperfused vessels during embryonic
neovascularization. Proc Natl Acad Sci U S A 92, 7657-
7661 (1995)
60. Harrigan, M.R., S.R. Ennis, S.E. Sullivan, and R.F.
Keep: Effects of intraventricular infusion of vascular
endothelial growth factor on cerebral blood flow,
edema, and infarct volume. Acta Neurochir (Wien) 145,
49-53 (2003)
61. Ozawa, C.R., A. Banfi, N.L. Glazer, G. Thurston,
M.L. Springer, P.E. Kraft, D.M. McDonald, and H.M.
Blau: Microenvironmental VEGF concentration, not
total dose, determines a threshold between normal and
aberrant angiogenesis. J Clin Invest 113, 516-527 (2004)
62. Rosenstein, J.M., N. Mani, A. Khaibullina, and J.M.
Krum; Neurotrophic effects of vascular endothelial
growth factor on organotypic cortical explants and
primary cortical neurons. J Neurosci 23, 11036-11044
(2003)
63. Rosenstein, J.M., and J.M. Krum: New roles for
VEGF in nervous tissue-beyond blood vessels. Exp
Neurol 187, 246-253 (2004)
64. Yasuhara, T., T. Shingo and I. Date: The potential
role of vascular endothelial growth factor in the central
nervous system. Rev Neurosci 15, 293-307 (2004)
65. Jin, K., Y. Zhu, Y. Sun, X.O. Mao, L. Xie, and D.A.
Greenberg: Vascular endothelial growth factor (VEGF)
stimulates neurogenesis in vitro and in vivo. Proc Natl
Acad Sci U S A 99, 11946-11950 (2002)
66. Schanzer, A., F.P. Wachs, D. Wilhelm, T. Acker, C.
Cooper-Kuhn, H. Beck, J. Winkler, L. Aigner, K.H.
Plate, and H.G. Kuhn: Direct stimulation of adult neural
stem cells in vitro and neurogenesis in vivo by vascular



Ex vivo gene therapy for stroke

772

endothelial growth factor. Brain Pathol 14, 237-248
(2004)
67. Sun, Y., K. Jin, L. Xie, J. Childs, X.O. Mao, A.
Logvinova, and D.A. Greenberg: VEGF-induced
neuroprotection, neurogenesis, and angiogenesis after
focal cerebral ischemia. J Clin Invest 111, 1843-1851
(2003)
68. Palmer, T.D., A.R. Willhoite, and F.H. Gage:
Vascular niche for adult hippocampal neurogenesis. J
Comp Neurol 425, 479-494 (2000)
69. Shen, Q., S.K. Goderie, L. Jin, N. Karanth, Y. Sun,
N. Abramova, P. Vincent, K. Pumiglia, and S. Temple:
Endothelial cells stimulate self-renewal and expand
neurogenesis of neural stem cells. Science 304, 1338-
1340 (2004)
70. Shimamura, M., N. Sato, K. Oshima, M. Aoki, H.
Kurinami, S. Waguri, Y. Uchiyama, T. Ogihara, Y.
Kaneda, and R. Morishita: Novel therapeutic strategy to
treat brain ischemia: overexpression of hepatocyte
growth factor gene reduced ischemic injury without
cerebral edema in rat model. Circulation 109, 424-431
(2004)
71. Yu, G., L. Xu, M. Hadman, D.C. Hess, and C.V.
Borlongan: Intracerebral transplantation of carotid body
in rats with transient middle cerebral artery occlusion.
Brain Res 1015, 50-56 (2004)
72. Chiang, Y.H., S.Z. Lin, C.V. Borlongan, B.J. Hoffer,
M. Morales, and Y. Wang: Transplantation of fetal
kidney tissue reduces cerebral infarction induced by
middle cerebral artery ligation. J Cereb Blood Flow
Metab 19, 1329-1335 (1999)
73. Borlongan, C.V., I. Sumaya, D. Moss, M. Kumazaki,
T. Sakurai, H. Hida, and H. Nishino: Melatonin-
secreting pineal gland: a novel tissue source for neural
transplantation therapy in stroke. Cell Transplant 12,
225-234 (2003)
74. Buemi, M., E. Cavallaro, F. Floccari, A. Sturiale, C.
Aloisi, M. Trimarchi, G. Grasso, F. Corica, and N.
Frisina: Erythropoietin and the brain: from
neurodevelopment to neuroprotection. Clin Sci (Lond)
103, 275-282 (2002)
75. Sakanaka, M., T.C. Wen, S. Matsuda, S. Masuda, E.
Morishita, M. Nagao, and R. Sasaki: In vivo evidence
that erythropoietin protects neurons from ischemic
damage. Proc Natl Acad Sci U S A 95, 4635-4640
(1998)
76. Ehrenreich, H., M. Hasselblatt, C. Dembowski, L.
Cepek, P. Lewczuk, M. Stiefel, H.H. Rustenbeck, N.
Breiter, S. Jacob, F. Knerlich, M. Bohn, W. Poser, E.
Ruther, M. Kochen, O. Gefeller, C. Gleiter, T.C.
Wessel, M. De Ryck, L. Itri, H. Prange, A. Cerami, M.
Brines, and A.L. Siren: Erythropoietin therapy for acute
stroke is both safe and beneficial. Mol Med 8, 495-505
(2002)
77. Willing, A.E., M. Vendrame, J. Mallery, C.J.
Cassady, C.D. Davis, J. Sanchez-Ramos, and P.R.
Sanberg: Mobilized peripheral blood cells administered
intravenously produce functional recovery in stroke.
Cell Transplant 12:449-454 (2003)
78. Borlongan, C.V., and D.C. Hess: G-CSF-Mobilized
human peripheral blood for transplantation therapy in
stroke. Cell Transplant 12, 447-448 (2003)

79. Shyu, W.C., S.Z. Lin, H.I. Yang, Y.S. Tzeng, C.Y.
Pang, P.S. Yen, and H. Li: Functional recovery of stroke
rats induced by granulocyte colony-stimulating factor-
stimulated stem cells. Circulation 110, 1847-1854
(2004)
80. Schabitz, W.R., R. Kollmar, M. Schwaninger, E.
Juettler, J. Bardutzky, M.N. Scholzke, C. Sommer, and
S. Schwab: Neuroprotective effect of granulocyte
colony-stimulating factor after focal cerebral ischemia.
Stroke 34, 745-751 (2003)
81. Xu, L., S.C. Fagan, J.L. Waller, D. Edwards, C.V.
Borlongan, J. Zheng, W.D. Hill, G. Feuerstein, and D.C.
Hess: Low dose intravenous minocycline is
neuroprotective after middle cerebral artery occlusion-
reperfusion in rats. BMC Neurol 4, 7 (2004)
82. Matsukawa N, T. Yasuhara, L. Xu, G. Yu, D.C.
Hess, K. Ojika, and C.V. Borlongan: Minocycline
neuroprotection in in vitro and in vivo models of
ischemia reveals Bcl-2 participation. In 9th
International conference on neural transplantation and
repair. Taiwan (2005)
83. Chen, J., C. Zhang, H. Jiang, Y. Li, L. Zhang, A.
Robin, M. Katakowski, M. Lu, and M. Chopp:
Atorvastatin induction of VEGF and BDNF promotes
brain plasticity after stroke in mice. J Cereb Blood Flow
Metab 25, 281-290 (2005)
84. Patel, N.K., M. Bunnage, P. Plaha, C.N. Svendsen,
P. Heywood, and S.S. Gill: Intraputamenal infusion of
glial cell line-derived neurotrophic factor in PD: a two-
year outcome study. Ann Neurol 57, 298-302 (2005)
85. Slevin, J.T., G.A. Gerhardt, C.D. Smith, D.M. Gash,
R. Kryscio, and B. Young: Improvement of bilateral
motor functions in patients with Parkinson disease
through the unilateral intraputaminal infusion of glial
cell line-derived neurotrophic factor. J Neurosurg 102,
216-222 (2005)
86. Kordower, J.H., S. Palfi, E.Y. Chen, S.Y. Ma, T.
Sendera, E.J. Cochran, E.J. Mufson, R. Penn, C.G.
Goetz, and C.D. Comella: Clinicopathological findings
following intraventricular glial-derived neurotrophic
factor treatment in a patient with Parkinson's disease.
Ann Neurol 46, 419-424 (1999)
87. Nutt, J.G., K.J. Burchiel, C.L. Comella, J. Jankovic,
A.E. Lang, E.R. Laws, Jr., A.M. Lozano, R.D. Penn,
R.K. Simpson, Jr., M. Stacy, and G.F. Wooten:
Randomized, double-blind trial of glial cell line-derived
neurotrophic factor (GDNF) in PD. Neurology 60, 69-73
(2003)
88. Jonas, S., M. Sugimori, and R. Llinas: Is low
molecular weight heparin a neuroprotectant? Ann N Y
Acad Sci 825, 389-393 (1997)
89. Cao, Y.J., T. Shibata, and N.G. Rainov: Liposome-
mediated transfer of the bcl-2 gene results in
neuroprotection after in vivo transient focal cerebral
ischemia in an animal model. Gene Ther 9, 415-419
(2002)
90. Wang, Y., S.Z. Lin, A.L. Chiou, L.R. Williams, and
B.J. Hoffer: Glial cell line-derived neurotrophic factor
protects against ischemia-induced injury in the cerebral
cortex. J Neurosci 17, 4341-4348 (1997)
91. Tsai, T.H., S.L. Chen, X. Xiao, D.W. Liu, and Y.P.
Tsao: Gene therapy for treatment of cerebral ischemia



Ex vivo gene therapy for stroke

773

using defective recombinant adeno-associated virus
vectors. Methods 28, 253-258 (2002)
92. Kilic, U., E. Kilic, G.P. Dietz, and M. Bahr:
Intravenous TAT-GDNF is protective after focal
cerebral ischemia in mice. Stroke 34, 1304-1310 (2003)
93. Michiue, H., K. Tomizawa, F.Y. Wei, M.
Matsushita, Y.F. Lu, T. Ichikawa, T. Tamiya, I. Date,
and H. Matsui: The NH2 terminus of influenza virus
hemagglutinin-2 subunit peptides enhances the
antitumor potency of polyarginine-mediated p53 protein
transduction. J Biol Chem 280, 8285-8289 (2005)
94. Georgievska, B., J. Jakobsson, E. Persson, C.
Ericson, D. Kirik, and C. Lundberg: Regulated delivery
of glial cell line-derived neurotrophic factor into rat
striatum, using a tetracycline-dependent lentiviral
vector. Hum Gene Ther 15, 934-944 (2004)
95. Muramatsu, S., K. Fujimoto, K. Ikeguchi, N.
Shizuma, K. Kawasaki, F. Ono, Y. Shen, L. Wang, H.
Mizukami, A. Kume, M. Matsumura, I. Nagatsu, F.
Urano, H. Ichinose, T. Nagatsu, K. Terao, I. Nakano,
and K. Ozawa: Behavioral recovery in a primate model
of Parkinson's disease by triple transduction of striatal
cells with adeno-associated viral vectors expressing
dopamine-synthesizing enzymes. Hum Gene Ther 13,
345-354 (2002)
96. Natsume, A., M. Mata, J. Goss, S. Huang, D. Wolfe,
T. Oligino, J. Glorioso, and D.J. Fink: Bcl-2 and GDNF
delivered by HSV-mediated gene transfer act additively
to protect dopaminergic neurons from 6-OHDA-induced
degeneration. Exp Neurol 169, 231-238 (2001)
97. Kitagawa, H., C. Sasaki, K. Sakai, A. Mori, Y.
Mitsumoto, T. Mori, Y. Fukuchi, Y. Setoguchi, Y., and
K. Abe: Adenovirus-mediated gene transfer of glial cell
line-derived neurotrophic factor prevents ischemic brain
injury after transient middle cerebral artery occlusion in
rats. J Cereb Blood Flow Metab 19, 1336-1344 (1999)
98. Tsai, T.H., S.L. Chen, Y.H. Chiang, S.Z. Lin, H.I.
Ma, S.W. Kuo, and Y.P. Tsao: Recombinant adeno-
associated virus vector expressing glial cell line-derived
neurotrophic factor reduces ischemia-induced damage.
Exp Neurol 166, 266-275 (2000)
99. Hayashi, K., R. Morishita, H. Nakagami, S.
Yoshimura, A. Hara, K. Matsumoto, T. Nakamura, T.
Ogihara, Y. Kaneda, and N. Sakai: Gene therapy for
preventing neuronal death using hepatocyte growth
factor: in vivo gene transfer of HGF to subarachnoid
space prevents delayed neuronal death in gerbil
hippocampal CA1 neurons. Gene Ther 8, 1167-1173
(2001)
100. Harvey, B.K., C.F. Chang, Y.H. Chiang, W.J.
Bowers, M. Morales, B.J. Hoffer, Y. Wang, and H.J.
Federoff: HSV amplicon delivery of glial cell line-
derived neurotrophic factor is neuroprotective against
ischemic injury. Exp Neurol 183, 47-55 (2003)
101. Ayata, C., and A.H. Ropper: Ischaemic brain
oedema. J Clin Neurosci 9, 113-124 (2002)
102. Schabitz, W.R., C. Sommer, W. Zoder, M.
Kiessling, M. Schwaninger, and S. Schwab: Intravenous
brain-derived neurotrophic factor reduces infarct size and
counterregulates Bax and Bcl-2 expression after temporary
focal cerebral ischemia. Stroke 31, 2212-2217 (2000)

103. Schabitz, W.R., C. Berger, R. Kollmar, M. Seitz, E.
Tanay, M. Kiessling, S. Schwab, and C. Sommer: Effect
of brain-derived neurotrophic factor treatment and
forced arm use on functional motor recovery after small
cortical ischemia. Stroke 35, 992-997 (2004)
104. Zhang, Z.G., L. Zhang, Q. Jiang, R. Zhang, K.
Davies, C. Powers, N. Bruggen, and M. Chopp: VEGF
enhances angiogenesis and promotes blood-brain barrier
leakage in the ischemic brain. J Clin Invest 106, 829-
838 (2000)
105. Wu, D: Neuroprotection in Experimental Stroke
with Targeted Neurotrophins. Neurorx 2, 120-128
(2005)
106. Borlongan, C.V., M. Hadman, C.D. Sanberg, and
P.R. Sanberg: Central nervous system entry of
peripherally injected umbilical cord blood cells is not
required for neuroprotection in stroke. Stroke 35, 2385-
2389 (2004)
107. Li, Y., J. Chen, J., X.G. Chen, L. Wang, S.C.
Gautam, Y.X. Xu, M. Katakowski, L.J. Zhang, M. Lu,
N. Janakiraman, and M. Chopp: Human marrow stromal
cell therapy for stroke in rat: neurotrophins and
functional recovery. Neurology 59, 514-523 (2002)
108. Kang, S.K., D.H. Lee, Y.C. Bae, H.K. Kim, S.Y.
Baik, and J.S. Jung: Improvement of neurological
deficits by intracerebral transplantation of human
adipose tissue-derived stromal cells after cerebral
ischemia in rats. Exp Neurol 183, 355-366 (2003)
109. Chu, K., M. Kim, K.L. Park, S.W. Jeong, H.K.
Park, K.H. Jung, S.T. Lee, L. Kang, K. Lee, D.K. Park,
S.U. Kim, J.K. Roh: Human neural stem cells improve
sensorimotor deficits in the adult rat brain with
experimental focal ischemia. Brain Res 1016, 145-153
(2004)
110. Behrstock, S., and C.N. Svendsen: Combining
growth factors, stem cells, and gene therapy for the
aging brain. Ann N Y Acad Sci 1019, 5-14 (2004)
111. Date, I., T. Shingo, H. Yoshida, K. Fujiwara, K.
Kobayashi, and T. Ohmoto: Grafting of encapsulated
dopamine-secreting cells in Parkinson's disease: long-
term primate study. Cell Transplant 9, 705-709 (2000)
112. Date, I., T. Shingo, H. Yoshida, K. Fujiwara, K.
Kobayashi, A. Takeuchi, and T. Ohmoto: Grafting of
encapsulated genetically modified cells secreting GDNF
into the striatum of parkinsonian model rats. Cell
Transplant 10, 397-401 (2001)
113. Shingo, T., I. Date, H. Yoshida, T. and Ohmoto:
Neuroprotective and restorative effects of intrastriatal
grafting of encapsulated GDNF-producing cells in a rat
model of Parkinson's disease. J Neurosci Res 69, 946-
954 (2002)
114. Fujiwara, K., I. Date, T. Shingo, H. Yoshida, K.
Kobayashi, A. Takeuchi, A. Yano, T. Tamiya, and T.
Ohmoto: Reduction of infarct volume and apoptosis by
grafting of encapsulated basic fibroblast growth factor-
secreting cells in a model of middle cerebral artery
occlusion in rats. J Neurosurg 99, 1053-1062 (2003)
115. Yoshida, H., I. Date, T. Shingo, K. Fujiwara, K.
Kobayashi, Y. Miyoshi, and T. Ohmoto: Stereotactic
transplantation of a dopamine-producing capsule into
the striatum for treatment of Parkinson disease: a



Ex vivo gene therapy for stroke

774

preclinical primate study. J Neurosurg 98, 874-881
(2003)
116. Yasuhara, T., T. Shingo, K. Kobayashi, A.
Takeuchi, A. Yano, K. Muraoka, T. Matsui, Y. Miyoshi,
H. Hamada, and I. Date: Neuroprotective effects of
vascular endothelial growth factor (VEGF) upon
dopaminergic neurons in a rat model of Parkinson's
disease. Eur J Neurosci 19, 1494-1504 (2004)
117. Yasuhara, T., T. Shingo, K. Muraoka, K.
Kobayashi, A. Takeuchi, A. Yano, Y. Wenji, M.
Kameda, T. Matsui, Y. Miyoshi, and I Date: Early
transplantation of an encapsulated glial cell line-derived
neurotrophic factor-producing cell demonstrating strong
neuroprotective effects in a rat model of Parkinson
disease. J Neurosurg 102, 80-89 (2005)
118. Yano A, T. Shingo, A. Takeuchi, T. Yasuhara, K.
Kobayashi, K. Takahashi, K. Muraoka, T. Matsui, Y.
Miyoshi, H. Hamada, and I. Date: Encapsulated
Vascular Endothelial Growth Factor (VEGF)-Secreting
Cell Grafting has Neuroprotective and Angiogenic
Effects on Focal Cerebral Ischemia. J Neurosurg 103,
(2005) in press.
119. Yasuhara, T., T. Shingo, K. Muraoka, Y. Wen Ji,
M. Kameda, A. Takeuchi, A. Yano, S. Nishio, T.
Matsui, T., Y. Miyoshi, H. Hamada, and I Date: The
differences between high and low-dose administration of
VEGF to dopaminergic neurons of in vitro and in vivo
Parkinson's disease model. Brain Res 1038, 1-10 (2005)
120. Kaya, D., Y. Gursoy-Ozdemir, M. Yemisci, N.
Tuncer, S. Aktan, and T. Dalkara: VEGF protects brain
against focal ischemia without increasing blood-brain
permeability when administered
intracerebroventricularly. J Cereb Blood Flow Metab
(2005) in press.
121. Borlongan, C.V., S.J. Skinner, M. Geaney, A.V.
Vasconcellos, R.B. Elliott, and D.F. Emerich: CNS
grafts of rat choroid plexus protect against cerebral
ischemia in adult rats. Neuroreport 15, 1543-1547
(2004)
122. Borlongan, C.V., S.J. Skinner, M. Geaney, A.V.
Vasconcellos, R.B. Elliott, and D.F. Emerich:
Intracerebral transplantation of porcine choroid plexus
provides structural and functional neuroprotection in a
rodent model of stroke. Stroke 35, 2206-2210 (2004)
123. Katsuragi, S., T. Ikeda, I. Date, T. Shingo, T.
Yasuhara, and T. Ikenoue: Grafting of glial cell line-
derived neurotrophic factor secreting cells for hypoxic-
ischemic encephalopathy in neonatal rats. Am J Obstet
Gynecol 192, 1137-1145 (2005)
124. Katsuragi, S., T. Ikeda, I. Date, T. Shingo, T.
Yasuhara, K. Mishima, N. Aoo, K. Harada, N. Egashira,
K. Iwasaki, M. Fujiwara, T. Ikenoue: Implantation of
encapsulated glial cell line-derived neurotrophic factor-
secreting cells prevents long-lasting learning
impairment following neonatal hypoxic-ischemic brain
insult in rats. Am J Obstet Gynecol 192, 1028-1037
(2005)
125. Aebischer, P., N.A. Pochon, B. Heyd, N. Deglon,
J.M. Joseph, A.D. Zurn, E.E. Baetge, J.P. Hammang, M.
Goddard, M. Lysaght, F. Kaplan, A.C. Kato, M. M.
Schluep, L. Hirt, F. Regli, F. Porchet, N. De Tribolet:
Gene therapy for amyotrophic lateral sclerosis (ALS)

using a polymer encapsulated xenogenic cell line
engineered to secrete hCNTF. Hum Gene Ther 7, 851-
860 (1996)
126. Ourednik, J., V. Ourednik, W.P. Lynch, M.
Schachner, and E.Y. Snyder: Neural stem cells display
an inherent mechanism for rescuing dysfunctional
neurons. Nat Biotechnol 20, 1103-1110 (2002)
127. Lu, P., L.L. Jones, E.Y. Snyder, and M.H.
Tuszynski: Neural stem cells constitutively secrete
neurotrophic factors and promote extensive host axonal
growth after spinal cord injury. Exp Neurol 181, 115-
129 (2003)
128. Silva, G.A., C. Czeisler, K.L. Niece, E. Beniash,
D.A. Harrington, J.A. Kessler, and S.I. Stupp: Selective
differentiation of neural progenitor cells by high-epitope
density nanofibers. Science 303, 1352-1355 (2004)
129. Iihoshi, S., O. Honmou, K. Houkin, K. Hashi, and
J.D. Kocsis: A therapeutic window for intravenous
administration of autologous bone marrow after cerebral
ischemia in adult rats. Brain Res 1007, 1-9 (2004)
130. Oka, S., O. Honmou, Y. Akiyama, M. Sasaki, K.
Houkin, K. Hashi, and J.D. Kocsis: Autologous
transplantation of expanded neural precursor cells into
the demyelinated monkey spinal cord. Brain Res 1030,
94-102 (2004)
131. Kurozumi, K., K. Nakamura, T. Tamiya, Y.
Kawano, M. Kobune, S. Hirai, H. Uchida, K. Sasaki, Y.
Ito, K. Kato, O. Honmou, K. Houkin, I. Date, and H.
Hamada: BDNF gene-modified mesenchymal stem cells
promote functional recovery and reduce infarct size in
the rat middle cerebral artery occlusion model. Mol Ther
9, 189-197 (2004)
132. Kurozumi, K., K. Nakamura, T. Tamiya, Y.
Kawano, K. Ishii, M. Kobune, S. Hirai, H. Uchida, K.
Sasaki, Y. Ito, K. Kato, O. Honmou, K. Houkin, I. Date,
H. Hamada: Mesenchymal stem cells that produce
neurotrophic factors reduce ischemic damage in the rat
middle cerebral artery occlusion model. Mol Ther 11,
96-104 (2005)
133. Dehari, H., Y. Ito, T. Nakamura, M. Kobune, K.
Sasaki, N. Yonekura, G. Kohama, and H. Hamada:
Enhanced antitumor effect of RGD fiber-modified
adenovirus for gene therapy of oral cancer. Cancer Gene
Ther 10, 75-85 (2003)
134. Tsuda, H., T. Wada, Y. Ito, H. Uchida, H. Dehari,
K. Nakamura, K. Sasaki, M. Kobune, T. Yamashita, and
H. Hamada: Efficient BMP2 gene transfer and bone
formation of mesenchymal stem cells by a fiber-mutant
adenoviral vector. Mol Ther 7, 354-365 (2003)
135. Ferrer, I., J. Ballabriga, E. Marti, E. Perez, J.
Alberch, and E. Arenas: BDNF up-regulates TrkB
protein and prevents the death of CA1 neurons
following transient forebrain ischemia. Brain Pathol 8,
253-261 (1998)
136. Bang, O.Y., J.S. Lee, P.H. Lee, and G. Lee:
Autologous mesenchymal stem cell transplantation in
stroke patients. Ann Neurol 57, 874-882 (2005)

Abbreviations: BBB: blood brain barrier, BCCAO:
bilateral common carotid artery occlusion, BDNF:
brain-derived neurotrophic factor, BHK cell: baby
hamster kidney cell, CNS: central nervous system,



Ex vivo gene therapy for stroke

775

eNOS: endothelial nitric oxide synthase, FGF2:
fibroblast growth factor 2, GABA: gamma-aminobutyric
acid, G-CSF: granulocyte colony stimulating factor,
GDNF: glial cell-line neurotrophic factor, GFP: green
fluorescent protein, HGF: hepatocyte growth factor,
MCAO: middle cerebral artery occlusion, MSC:
mesenchymal stromal cell, NGF: nerve growth factor,
NMDA: N-methyl D-aspartate, NO: nitric oxide, SVZ:
subventricular zone, TUNEL: terminal deoxynucleotidyl
transferase-mediated biotynilated UTP nick end
labeling, VEGF: vascular endothelial growth factor

Key Words: Nervous system, Brain, Treatment,
Therapeutics, BDNF, encapsulation, ex vivo, GDNF,
gene therapy, neurotrophic factor, stem cell, stroke,
Cytokine, VEGF, Review

Send correspondence to: Dr Takao Yasuhara, Department of
Neurological Surgery, Okayama University Graduate School
of Medicine and Dentistry, 2-5-1, Shikata-cho, Okayama, 700-
8558, Japan, Tel: 81-86-235-7336, Fax: 81-86-227-0191, E-
mail: tyasu37@cc.okayama-u.ac.jp

http://www.bioscience.org/current/vol11.htm


