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1. ABSTRACT

Glial cell line-derived neurotrophic factor
(GDNF) is a member of the transforming growth factor-
beta superfamily. Over the last decade, GDNF has been
shown to promote regenerative and restorative effects on
dopaminergic neurons. Accumulating evidence also
demonstrates that administration of GDNF to areas of
ischemic brain injury limits cerebral infarction and reduces
damage to motor functions in animal models of stroke.
Neurotrophic factor and anti-apoptotic mechanisms, among
others, have been proposed to underlie the therapeutic
effects of GDNF. A major obstacle for GDNF therapy is
the protein delivery to the brain, as well as its sustained
bioavailability over time. Gene therapy and the use of viral
vectors offer a technique for longevity of GDNF expression
within the brain. In this review, we consider the risks and
benefits of GDNF gene therapy as it relates to the treatment
of stroke.

2. OVERVIEW OF GLIAL CELL-LINE DERIVED
NEUROTROPHIC FACTOR

Stroke is the third leading cause of death in the
United States, affecting one individual every 45 seconds.

Parkinson’s disease (PD) is the second most common
neurodegenerative disorder and the disease is associated
with damage to dopaminergic (DA) neurons in the
midbrain. Stroke and PD can produce long-term,
debilitating effects to victims, affecting the individual’s
mobility and behavior. Treatment with glial cell-line
derived neurotrophic factor (GDNF), a protein, offers
promise for stroke, PD and other neurodegenerative
disorders. The distinctive and regenerative effect that
GDNF has on DA neurons provokes further research into
the protein’s effects on the central nervous system (CNS).
Furthermore, with the recognition of overlapping etiologies
between stroke and PD, therapeutic outcomes with GDNF
in either one or both diseases reveal heightened interest in
our understanding of neurodegeneration, as well as
designing neurotrophic factor-based treatment strategies.

GDNF is a member of the transforming growth
factor-beta (TGF-B) superfamily (Table 1). The GDNF
gene is found in all major regions of the brain (1). The
GDNF protein has garnered special attention for its
neuroprotective capacity associated with DA neurons and
spinal cord motor neurons. The therapeutic effect that
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Table 1. Summary of studies on Glial cell line-Derived Neurotrophic Factor
Milestones Reference
GDNF is discovered, purified and cloned in 1993. The protein is recognized for promoting dopaminergic
(DA) neurons in the midbrain. GDNF is a member of the transforming growth factor-beta superfamily.

27

Parkinson’s disease (PD), characterized by progressive damage to DA neurons, treated with GDNF in a rat
model leads to regeneration of DA neurons.

28

Phase I clinical trial of GDNF administration to Parkinson patients revealed no serious side effects and a
significant increase in DA uptake.

30, 12

Administration of GDNF to areas of ischemic insult reduces cerebral infarction. 29
GDNF protein does not readily traverse the tight junctions of the BBB. 2
Viral vector gene therapy offers longevity of GDNF expression; administration of Ad/GDNF vector in rabbit
before ischemia reduces TUNEL labeling and caspase-3 immunoreactivity.

18

Pretreatment with an HSV amplicon/GDNF vector prior to ischemic insult in rat reduces motor asymmetry
and bradykinesia; HSV amplicon/GDNF vector reduces tissue loss one month after ischemia.

23

Post stroke administration of Sendai/GDNF vector in gerbils prevents delayed hippocampal neuronal death. 30

GDNF has on ischemic brain injury is correlated with anti-
apoptotic signaling. In rat models, GDNF upregulates anti-
apoptotic factors, such as Bcl-2 and Bcl-X, thereby
reducing caspase activity and the occurrence of apoptosis
(2).

The GDNF family ligands (GFL) are comprised
of GDNF, neurturin, artemin and persephin. Each GFL has
its own glycosylphosphatidlyinositol (GPI)-linked receptor.
The GFL protein attaches to a GPI-linked GFR-alpha
factor, and this binding event activates GDNF. The
formation of GDNF ligand-receptor complex initiates
downstream signaling through the proto-oncogene, c-Ret
and tyrosine kinase. GDNF binding to GFR-alpha also
activates a mitogen-activated protein kinase (MAPK),
which results in an enduring change in gene expression (1).
Downstream signaling also occurs through activation of
cytoplasmic Src family tyrosine kinase when c-Ret is not
available (3). This signaling in the absence of c-Ret occurs
through contact with the neural cell adhesion molecule
(NCAM), a possible alternative signaling receptor for
GDNF.

Further evidence shows a differential uptake in c-
Ret and GFR-alpha. Following ischemia and reperfusion, c-
Ret mRNA is expressed over a slower, more gradual
timescale, whereas GFR-alpha mRNA is expressed
immediately after ischemia and sustains a high level
through reperfusion. Considering the difference in each
receptor’s uptake, it is feasible to assume that GFR and c-
Ret are up-regulated in different areas of the brain
following ischemic insult. The up-regulation of both
receptors during the times following immediate ischemic
insult and reperfusion allows for the quick response of the
GDNF ligand to the area of damage.

GDNF is primed to respond to ischemic brain
insult. Excitatory amino acids and their receptors are
released in an increased amount during ischemic neuronal
insult. GDNF mRNA in the rat brain has been up-regulated
to combat excitotoxicity caused by glutamate, kainate and
ischemia (2). Cortical neurons in culture show that GDNF
limits excitotoxicity via activation of the MAPK pathway.
GDNF, therefore, appears to affect neurons in the area of
ischemic injury by attenuation of excitotoxicity. Nitric
oxide (NO) levels are also increased by ischemic insult. NO

release following MCA occlusion in rat brain is virtually
blocked by the presence of GDNF (32); GDNF limits the
negative effects of NO release following ischemic insult
(33).

Following an episode of MCA occlusion, the
receptor GFR-alpha is noticeably increased in the areas of
ischemic insult (4). Before reperfusion, GFR-alpha is
presumably largely up-regulated by the area of ischemic
injury. After reperfusion in the same study, a second
increment in up-regulation of GFR-alpha is observed,
which  likely coincides with  reperfusion-associated injury.

Unlike adult kidney and brain tissue (5, 6),
GDNF can be found in high concentrations within the
fetal kidney (FK) (6). GFR-alpha is similarly found at
high concentrations within the developing metanephric
kidney (7), and both GDNF and GFR-alpha are found to
play an important role in the maturation of the renal
cortex when observed in animal models (8, 9). Animals
with a GFR alpha-1 deficiency displayed complete
bilateral renal agenesis and ureteral deficits (10). The
elevated levels of GDNF found in FK provide tissue for
transplantation to areas of ischemic injury. Cerebral
damage caused by MCA occlusion in rats (11) and mice
(6) has shown that transplantation of FK tissue to the
cortical areas surrounding the area of injury reduced
infarction volume and led to significant behavioral
improvement. The beneficial effect of FK tissue was not
observed when adult kidney tissue was transplanted to
the area of cerebral damage, further indicating that FK
tissue, but not adult kidney tissue, is a rich source of
GDNF.

Diseases to the CNS demand attention, as there
are no cures for neurological disorders, including stroke
and PD, which affect a sizable amount of the United
States population. In additional to medical and health-
related problems, a financial burden is experienced by
the patients, as well as their families and the
community. Gene therapy techniques that incorporate
GDNF are becoming increasingly assessed for
therapeutic effectiveness. This paper investigates the
potential of GDNF to treat stroke and PD, and also
considers the possibilities of gene therapy for the
treatment of other neurodegenerative disorders.
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3. GDNF PROTEIN DELIVERY INTO THE BRAIN

Successful GDNF delivery to a targeted area of
injury within the brain is made difficult by the blood brain
barrier (BBB). The blood-brain barrier (BBB) consists of
tight junctions and forbids the transport of large proteins
(less than 600 to 1000 Da) into the brain parenchyma.
Although transportof GDNF into the parenchyma may be
possible during times of cerebral ischemia, when the tight
junctions of the BBB are compromised, the tight junctions
are compromised several hours after the stroke onset (2),
voiding any therapeutic effects. Thus, successful delivery
of GDNF to ischemic brain injury requires a transport-
facilitated strategy across  the BBB.

In vivo studies have demonstrated that
pretreatment with GDNF protein can be administered via
intracebroventricularly or intraparenchymally (12) to the
cortical surface (13) or hippocampus (14) and such direct
brain delivery results in reduced cerebral infarction.

Administration of GDNF still creates a safety
issue due to the risk of GDNF interfering with other
receptors and other neurons. The restorative property of
GDNF can be noticed in neonatal rats. An intracerebal
administration of GDNF to the neonatal rats reduced the
damage caused by hypoxic and ischemic brain damage
(15). In animal studies, intracerebral introduction of GDNF
protein has protected injured DA neurons, promoted
regenerative sprouting from axotomized DA axons and
stimulated DA turnover and release in rescued neurons
(16). Intracerebral introduction of GDNF protein, however,
poses the risk of GDNF interaction with other receptors as
well as presenting a surgical risk with the chance for brain
hemorrhage during or following the procedure.

In view of circumventing the risks associated
with intracerebral GDNF delivery, recent studies have also
explored peripheral delivery of GDNF; for example, GDNF
can effectively bypass the BBB in the form of TAT-GDNF.
The application of TAT-GDNF in adult stroke animals
resulted in reduced caspase-3 and apoptotic activity,
reduced DNA fragmentation and increased neuronal
survival (2). This novel systemic approach in GDNF
transport is discussed in the accompanying paper by Kilic
and colleagues (see FBS paper).

While GDNF delivery to areas of cerebral injury
has increased DA levels through DA neurons, as well as
benefiting motoneurons (important in the case of PD),
GDNF protein application in clinical trials has produced
mixed results. A Phase II study with PD patients showed
that continuous administration of GDNF directly into the
putamen did not alter brain functioning; additionally,
monthly injections of GDNF intracerebroventricularly to
PD patients resulted in considerable side effects (17). Also,
there were no clear detections of GDNF even reaching the
targeted areas within the brain. Taken together, these
studies emphasize the need for a more reliable delivery of
GDNF protein to the brain. In vivo and in vitro studies
verify the regenerative effect GDNF has on DA neurons
and motoneurons; a safe and efficient method of delivery

must be identified to maximize these effects of GDNF for
the treatment of neurodegenerative disorders.

4. THE ADVENT OF GDNF GENE THERAPY

When considering a vehicle for GDNF delivery,
the treatment must include a method that will allow for a
stable release of GDNF over time. The need for prolonged
GDNF bioavailability in the brain is critical especially in
the case of  neurodegenerative disorders, such as PD, when
a specific cell population progressively deteriorates.
Notwithstanding, such GDNF secretion in the ischemic
brain appears to be equally important for optimal benefits.
Although stroke has been traditionally considered an acute
neurological disorder, accumulating evidence suggests an
on-going cell death cascades even at long delay periods
following the initial ischemic insult.  These observations
categorize stroke, at the very least its secondary
pathological symptoms, as a progressive disorder that
would likely require chronic therapy. Rather than direct
insertion of GDNF protein, a longer-lasting GDNF gene
can be administered (and targeted at the area of ischemic
insult) in order to create continuous expression and release
of GDNF. Gene therapy provides a technique that allows
for the longevity of GDNF gene expression.

Studies have utilized viral vectors to supply
GDNF. Viral vectors with GDNF gene are considered for
ability to cross the BBB, and also because of the longevity
of GDNF expression afforded by the viral vector. Viral
vectors coupled with gene therapy present a unique option
for the delivery of GDNF to an area of recent ischemic
injury. Commonly used viral vectors include adeno-
associated viral (AAV), herpes simplex viral (HSV),
adenoviral (Ad) and Sendai virus vector. Viral vector usage
has the benefit of GDNF expression for longer amounts of
time compared to other methods of GDNF protein delivery.

Sustained GDNF expression has successfully
been observed in vivo via application of viral vector/GDNF
to the nigrostriatal region of the brain (16). Studies with
viral gene transfer of GDNF shows a decrease in ischemic
tissue loss, a reduction in caspase activity, decreased
terminal deoxynucleotidyl transferase-mediated dUTP
biotin in situ nick end labeling (TUNEL), a reduction in
brain infarction and a restoration of motor behaviors in
animals with cerebral ischemia (20, 21, 22). Furthermore,
the use of the Sendai virus (19), AAV (20) and adenoviral
(21, 22) vectors have resulted in the successful penetration
of GDNF gene to ischemic brain areas.

Treatment with HSV amplicon/GDNF for one
month following an incident of stroke resulted in a decrease
in animal tissue loss (23). Importantly, viral vector
transmission confers the protective benefits of GDNF
protein to areas with cerebral ischemia. In the same study
with HSV amplicon/GDNF, pretreatment injections of the
vector into the cerebral cortex, lessened the damage to
motor movement. In the case of stroke, for viral
vector/GDNF to be beneficial, the viral vector/GDNF must
be initiated two to three days before MCA occlusion (19,
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21, 23, 24). Vector administration one hour to three days
following the reperfusion of the MCA did not result in the
same level of protection as the more immediate treatment.
GDNF gene therapy has been observed and successful in
other neuronal tissues. Application of recombinant AAV
(rAAV) with GDNF gene to the retina (25) resulted in a
decrease of ischemic injury. In gerbils with transient
cochlear ischemia, a pretreatment of Ad/GDNF decreased
progressive cell and hearing losses (26).

Currently, there are no studies that have
examined viral vectors that are capable of being “switch
on” and “shut off” to control GDNF secretion. The creation
of a viral vector/GDNF that allows a switch to turn on and
off GDNF secretion would be favorable to manipulate
expression of GDNF within the brain. The threat of
perpetual GDNF expression bears special importance as
there is a critical time constraint on viral vector/GDNF
administration following ischemic injury. Unregulated
expression of GDNF during a time when its therapeutic
effects are minimal has the potential to react with other
receptors and alter the action of other neurons.
Additionally, a decision must be made concerning how
much GDNF gene to incorporate into the viral vector, to
provide benefit and to avoid adversely affecting
surrounding components.

5. IMPROVING THE VIRAL VECTOR STRATEGY
FOR GDNF THERAPY

Since the discovery of gene therapy, the
technique has been used as a potential cure for disease,
from cancer to hearing loss. The main protocol is to insert
the therapeutic gene of interest into a virus and administer
the recombinant virus to the subject. GDNF has also
been used in this manner as mentioned previously in the
paper. However, there are drawbacks to utilizing this
method as a potential vehicle for transport of GDNF into
the brain. The problems with the process itself are all
related to the immune system. The short-lived nature of
the virus, which is due to its inability to reproduce at an
efficient level, reduces the efficacy of its gene product.
There is also the host immune system, which actively
destroys any foreign material present in the body. In
relation to host defenses, the threat of toxicity and
associated inflammatory response generated pose a vital
concern to the health of the subject. Aside from these
general caveats with gene therapy, there are also
concerns over the GDNF protein.

As previously discussed, GDNF can provide
neuroprotection if given before an ischemic episode and
up until an hour after reperfusion. After one-hour (22) to
three days (23) following reperfusion, the activity of
GDNF delivered via viral vectors was decreased. This
gives credence to suggestion that GDNF activity may be
inhibited during the later stages of reperfusion (29).
However, in a study involving 6-OHDA-lesioned rats
(42, 43), in which neuroprotection was achieved by
GDNF, the authors suggest that carefully manipulating
the dose of the viral vector may overcome the issue of
decreased activity. Therefore, decreased GDNF activity

may be alleviated by determination of an optimal viral
load required for stroke subjects.

Even if the optimal viral concentration of
GDNF is identified, the expression of GDNF at high
levels can be toxic. This is evidenced by the
discontinuation of Amgen GDNF/ PD clinical trials due
to concerns over cerebral toxicity in a past rhesus
monkey experiment and the development of antibodies
to GDNF among the patient pool (39). Low level
expression of GDNF has been demonstrated, though, as
having beneficial neurological effects in the same rhesus
monkeys (39). Due to the sudden onset of stroke, a low
level release of GDNF can act as a therapeutic molecule
to protect against neuronal damage. In addition to gene
therapy, other methods of introducing GDNF protein
into the brain have been investigated.  A combination of
these approaches to deliver the protein and gene into the
brain may pavee the way for the optimal dose, timing
and route for GDNF therapy.

6. UNDERSTANDING THE STROKE PATHOLOGY
FOR GDNF THERAPY

Production of an embolism or thrombosis
which affects blood flow to the brain results in a stroke.
The resulting hypoxic environment triggers an ischemic
cascade resulting in irreversible neuronal damage.
GDNF induces the inhibition of NMDA-induced
calcium influx and stimulates the MAPK pathway in
vitro (34).  Experiments utilizing hippocampal brain
slice (35) and cortical cultures (34) have indicated that
pretreatment with GDNF decreases the level of NMDA-
induced neuronal toxicity. In addition to NMDA-
mediated neurotoxicity, ischemia cell death cascades
also include the production of reactive oxygen species,
as well as apoptosis-like processes (23, 36, 37). Of note,
exposure of primary cortical cultureswith the HSV
amplicon-based vector containing the gene for GDNF,
alleviated hydrogen peroxide-induced neuronal damage
(23). In vivo experiments revealed GDNF reduced
caspase immunoreactivity and TUNEL labeling (36, 37),
indicating the protein’s anti-apoptotic property of
GDNF. Similarly, decreased caspase-3 expression and
DNA fragmentation was achieved by the TAT-GNDF
protein in stroke adult mice (2). As noted above, the
initial cell death inherent in stroke is abrupt and
devastating, thus requiring immediate therapeutic
intervention.  However, equally destructive to the CNS
is the secondary ischemia-associated cell death which
progresses over time, and without subsequent treatment,
is likely to exacerbate the stroke pathology. For
example, edema formation becomes apparent after
stroke and needs to be addressed. Accordingly, when
contemplating with GDNF therapy, the timing of
administration after stroke is critical. Interestingly,
GDNF has been shown to relieve brain edema during
ischemia (38).

Although there have been numerous in vitro
and in vivo studies identifying the effects of GDNF in
response to stroke, no clinical trials have been carried
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out to date.  As mentioned above, GDNF has been used
in clinical trials for PD (39, 40, 41). In designing
clinical trials of GDNF in stroke patients, one needs to
consider an in-depth understanding of the stroke
pathology, in addition to optimizing the viral vector
delivery system if pursuing gene therapy.

7. FUTURE STUDIES/INSIGHTS

Transplantation of cells, which secrete a high
level of GDNF, has been utilized as a method of
neuroprotection. Stem cells have also been chosen as a
viable source of GDNF due to their plastic state of gene
expression and totipotent nature. Neural stem cells have
been identified with an ability to secrete neurotrophic
factors (45), such as. mesenchymal stem cells, which
have also been shown to reduce stroke deficits in
transplanted rats (46). Alternative GDNF-secreting
cells, such as pineal gland and carotid body have also
been transplanted and demonstrated to exert benefits in
stroke models.  Stem cells and novel tissues that secrete
neurotrophic factors, especially GDNF, pose as
efficacious graft sources for transplantation therapy in
stroke.

Recent advances in gene therapy focusing on
gene regulation should facilitate overcoming the
obstacle of regulating GDNF expression. For example,
the hypoxia response element found within the sequence
for the erythropoietin gene promotes transcription of this
gene only during hypoxic conditions (47). The design of
recombinant hypoxic response element/GDNF sequence for
use in gene therapy would aid in stable and efficient GDNF
expression during and after an ischemic episode.
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