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ABSTRACT. Glial cell line-derived neurotrophic factor (GDNF) was identified as a consequence of the
hypothesis that glia secrete factors that influence growth and differentiation of specific classes of neurons. Glia
are a likely source of additional neurotrophic factors; however, this strategy has not been applied extensively.
The discovery of GDNF in 1993 led to an abundance of studies that within only a few years qualified GDNF as
a bona fide neurotrophic factor. Of particular interest are studies demonstrating the effectiveness of GDNF
protein in ameliorating neurodegeneration in animal models of Parkinson’s disease and amyotrophic lateral
sclerosis (ALS). It remains to be determined whether GDNF will be an effective therapy in humans with these
diseases. However, since these diseases are slowly progressive and the CNS relatively inaccessible, the delivery
of GDNF as a therapeutic molecule to the CNS in a chronic manner is problematic. Studies addressing this
problem are applying viral vector mediated transfer of the GDNF gene to the CNS in order to deliver
biosynthesized GDNF to a specific location in a chronic manner. Recent studies suggest that these GDNF gene
therapy approaches are effective in rat models of Parkinson’s disease. These studies are reviewed in the context
of what developments will be needed in order to apply GDNF gene therapy to the clinic. BIOCHEM PHARMACOL
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GLIAL CELLS AS A SOURCE OF
NEUROTROPHIC FACTORS

The discovery of molecules with therapeutic value often
occurs by chance rather than by purposeful experimenta-
tion. Such is the case for GDNF†, the first member
identified of a new family of neurotrophic factors with
therapeutic potential for DA and other types of neurons.
The contribution of my research group to the discovery of
GDNF began over a decade ago when we became intrigued
by a study of Schubert and colleagues that at the time
received little attention. That study, aimed at identifying
cell-specific proteins in the nervous system, used two-
dimensional gel electrophoresis to compare the proteins
expressed by a variety of neuronal and glial derived clonal
cell lines. The surprising result was that the gel patterns of
proteins secreted by the cell lines were strikingly different,

whereas the patterns of intracellular proteins were nearly
identical [1]. This observation suggested the secreted pro-
tein fraction of a cell line as an obvious source for
identifying cell-specific proteins. In turn, this was an
approach likely to uncover novel molecules that have
trophic actions on other cell types. However, the lack of
methods at that time for identifying low abundance pro-
teins from two-dimensional gels or for identifying cell-
specific mRNAs by differential display left this concept
begging for the advanced molecular technologies available
to us today. Nevertheless, Jürgen Engele, then a postdoc in
my laboratory, pursued this concept by applying cumber-
some bioassays. Using cultures of embryonic DA neurons,
several glial tumor cell lines and one neuronal cell line,
PC12 pheochromocytoma [2], were screened for secretion
of factors that promoted several growth indices of DA
neurons, including neuronal survival, extent of neurite
outgrowth, and level of high affinity DA uptake. It was
found that the media conditioned by the three glial cell
lines, B49, R33, and JSC1, all secreted potent DA activity,
while, in contrast, no DA activity was secreted by the PC12
line [3]. Using these bioassays, Lin and colleagues [4]
purified a glycoprotein from the B49 cell line with potent
DA neurotrophic activity known as GDNF, a novel glyco-
protein with homology to the transforming growth factor-b
superfamily. GDNF was found to support the survival of DA
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neurons in culture at concentrations in the range of 0.01 to
10 ng/mL and was, therefore, much more potent than
previously known DA neurotrophic factors [4].

The rapidity with which GDNF research has progressed
over the past 4 years is astounding compared with that of
other neurotrophic factors. Within 3 years after its discov-
ery, demonstration of all of the classical criteria defining a
neurotrophic factor had been fulfilled. The distribution of
GDNF expression in the nervous system as well as in
peripheral tissues was mapped [5–9]. Retrograde transport of
GDNF in the CNS was demonstrated [10], and neuronal
targets for GDNF were identified. In addition to DA
neurons, these include motor neurons [11], noradrenergic
neurons [12, 13]. Pürkinje cells [14], cholinergic neurons
[15], serotonergic neurons [16], sympathetic and ciliary
neurons [17], sensory neurons [18], and neurons of the
myenteric plexus [19–21]. Of these various target neurons,
the protective effects of GDNF on neuronal cell death
following experimental lesions in vivo have been well
documented for DA neurons [22–25], motor neurons [26],
cholinergic neurons [15], and noradrenergic neurons [12].
Moreover, the requirement for GDNF in the normal
development of myenteric plexus, sympathetic ganglia,
trigeminal neurons, petrosal and nodose cranial ganglia,
and motor neurons in lumbar spinal cord has been demon-
strated in GDNF knockout mice [19–21]. Finally, in 1996,
several groups simultaneously reported a novel het-
erodimeric receptor system for GDNF consisting of the
newly identified GPI-linked subunit, GFRa-1 and the
previously known proto-oncogene, c-ret [27–30]. Since the
discovery of GDNF is highly significant, it is interesting
that the glial cell approach has not been exploited further
to identify yet additional neurotrophic or neuritotrophic
molecules. Glia from different regions of the developing
brain are a likely source of such molecules [31]; however,
this source is one that remains relatively untapped. On the
other hand, while not employing glial cells, the potential of
identifying novel secreted factors using cell lines is accen-
tuated by the recent identification of the second member of
the GDNF family, neurturin, from media conditioned by
COS cells [32].

GDNF ACTIONS ON DA NEURONS

DA factors had long been sought since the early work of the
laboratories of Prochiantz and Heller suggested the pres-
ence of such factors in specific regions of developing brain
[33, 34]. The existence of factors that could rejuvenate DA
neurons in the adult brain was also suggested by transplan-
tation studies in which various types of tissue grafts were
reported to stimulate the sprouting or regeneration of DA
fibers of chemically lesioned DA neurons in the adult
mouse, rat, and monkey brain [35]. Despite these tantalizing
observations and their significance for developing therapies
for Parkinson’s disease, it still is not known what mecha-
nisms or endogenous factors are involved in the recovery of
damaged DA neurons in the adult brain. GDNF clearly

stimulates process growth from immature DA neurons, as
demonstrated both in culture [4] and in grafts of fetal
mesencephalon grown in oculo [6]. But, does GDNF also
stimulate sprouting or regeneration of DA neurons in adult
brain? Data addressing this issue remain equivocal. An
increase in density of fibers immunoreactive (IR) for
tyrosine hydroxylase (TH), the rate-limiting enzyme in DA
synthesis, was observed in mice in which GDNF was
injected into the substantia nigra prior to an MPTP lesion
or into the striatum at 7 and 16 days after an MPTP lesion
[22]. This suggests that GDNF has both protective and
restorative effects on DA neurons. In unlesioned rats,
GDNF injected into the substantia nigra was reported to
stimulate the sprouting of TH-IR fibers towards the injec-
tion site and to increase the density of TH-IR in the
striatum [36]. In contrast, sprouting toward the injection
site and increased TH-IR density following intranigral
injection of GDNF were not observed in rats in which the
DA neurons were progressively lesioned by striatal injec-
tion of 6-OHDA, even though significant effects of GDNF
on DA cell survival were observed [37]. However, using a
similar progressive lesion model, but delivering biosynthe-
sized GDNF via adenoviral vectors, increased TH-IR fiber
staining was observed in both substantia nigra and striatum
in one study at 4 weeks [38], but not in another study at 7
weeks [39]. In rats lesioned by 6-OHDA injection into the
medial forebrain bundle, a significant increase in TH-IR
fibers in the substantia nigra was observed, whereas no
increased density of TH-IR was observed in the striatum
[40]. Similar increases in TH-IR fibers in the substantia
nigra have been reported in MPTP-treated monkeys [25,
41]. In another paradigm in which capsulated GDNF-
secreting cells were implanted into the 6-OHDA-lesioned
striatum, TH positive fibers were observed growing into the
capsules [42]. Since all of these studies have relied on one
character of the DA phenotype, i.e. TH-IR, it has remained
unclear whether GDNF just increases the expression of TH
or stimulates growth of adult DA neurons, or a combination
of the two. A recent study addressing this issue used a
phenotypic marker other than TH-IR to study the effects of
GDNF on sprouting of DA terminals in the striatum.
GDNF was found to stimulate axonal sprouting in the
partially deafferented striatum as assessed by binding of
[3H]N-[1-(2-benzo(b)thiopenyl)cyclohexyl]piperidine to
DA uptake sites [43]. Although this still relies on one
marker of the DA phenotype, the result strongly suggests
that GDNF stimulates regrowth of DA fibers. On the other
hand, an effect of GDNF in improving amphetamine-
induced rotational behavior in rats with a unilateral lesion
of the striatonigral system has been reported to occur in the
absence of an increase in DA levels [44]. This not only
emphasizes the presence of other cellular targets for GDNF
in the striatum [45], but underscores the importance of
looking at the whole picture in evaluating GDNF effects in
animal models of Parkinson’s disease.

The loss of phenotypic characters as a consequence of
neuronal injury in the absence of cell death, although not
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reported previously for 6-OHDA and DA neurons, has been
reported for other neuronal types. Cholinergic neurons lose
staining for choline acetyltransferase and shrink in size
following lesions of the fimbria fornix [46]. Another inter-
esting instance is the report that following adrenalectomy,
granule neurons in the hippocampus essentially disappear,
displaying minimal Nissl staining, and then reappear
shortly after injection of dexamethasone [47]. These phe-
nomena underscore the importance of the need for using a
marker that is not linked biochemically to the phenotype of
the neurons to follow the fate of lesioned neurons, as well
as the amazing neurochemical plasticity inherent in even
adult neurons. The effects of GDNF in preventing DA
neuronal death following MPTP, 6-OHDA, and lesions of
the medial forebrain bundle are probably the most remark-
able and well-substantiated effects of GDNF in the adult
brain. Moreover, three studies have demonstrated the
protective effect of GDNF on DA neurons without relying
on the TH-IR phenotype [37, 39, 58]. It still remains
equivocal whether or not adult DA neurons actually have a
capacity for regrowth. This is an essential issue to be
addressed since the present trophic factor therapies in
development for Parkinson’s disease presume that there is
the potential for growth in either diseased neurons or their
healthy neighbors.

GDNF AS THERAPEUTIC MOLECULE FOR
PARKINSON’S DISEASE

The striking survival effect of GDNF on DA neurons in the
adult brain is well documented in animals. However, what
causes the loss of DA neurons in humans with Parkinson’s
disease is not known. Therefore, in considering GDNF as a
therapy for diseased neurons, it is significant that GDNF
protects DA neurons not from just one type of damage, but
from agents that cause damage through different mecha-
nisms such as oxidative stress and generation of free
radicals. GDNF recombinant protein injected as a bolus or
slowly infused through the use of a minipump into the
brains of adult rat, mouse, and monkey protects DA
neurons against death elicited by several insults, including
physical lesioning of the medial forebrain bundle [23],
6-OHDA-induced cell death [24], and toxicity induced by
MPTP [22]. Moreover, the protective effects of GDNF are
observed when the protein is provided either to the DA cell
bodies in the midbrain or to the DA terminals in the
striatum. GDNF also protects against the damage following
ischemia induced by occlusion of the middle cerebral artery
[48]. The intracellular mechanisms through which GDNF
protects neurons from dying most likely are mediated
through the GPI-linked GFRa-1 and c-ret tyrosine kinase
receptor system [27, 49]. Although the downstream mech-
anisms remain an area of intense investigation, GDNF has
been reported to stimulate phosphotidylinositol-3-kinase
activity in sympathetic neurons [50], and to block the
increase in nitric oxide in the cerebral hemisphere follow-
ing occlusion of the middle cerebral artery [48]. Models of

disease in animals cannot predict with certainty that a
neurotrophic factor will overcome the effects of disease in a
neuron in humans or even slow the progression of the
disease. However, the broad actions of GDNF against
several types of damage leading to neuronal death make it
hopeful that GDNF will be an effective therapeutic mole-
cule for Parkinson’s disease.

On the other hand, the broad actions of GDNF, espe-
cially those on other types of neurons, may become trou-
blesome if large amounts of GDNF are repeatedly injected
or chronically infused into the brain, as would seem to be
needed for such a slowly progressive disease as Parkinson’s.
In previous clinical studies in which patients received large
amounts of brain derived neurotrophic factor (BDNF),
ciliary neurotrophic factor (CNTF) or nerve growth factor
(NGF), serious side-effects led to the cessation of the trials
[51–54]. Intracerebral injections of GDNF have resulted in
significant loss of body weight in animals [36, 55, 56]. It
remains to be determined whether such weight loss or other
side-effects in humans become problematic in clinical trials
using repeated injections of GDNF protein in Parkinson’s
patients. However, since there are, at present, no approved
therapies that slow down or prevent the death of DA
neurons in Parkinson’s patients, success in these trials
would be a remarkable step. Evidence that GDNF admin-
istration to humans with this devastating disease amelio-
rates symptoms, even if short-lived, could be considered a
success in terms of developing novel therapies for neurode-
generative diseases based on the neurotrophic factors. The
reason that even a transient effect could be considered
successful is that there are technologies on the horizon that
could more successfully provide chronically increased levels
of GDNF to support DA neurons in a more specific manner
than that of injecting or infusing large amounts of recom-
binant protein into the brain in a relatively nonspecific
manner.

GDNF GENE THERAPY

Several laboratories have been studying viral vectors as a
means for delivering GDNF in animal models of Parkin-
son’s disease. Adenoviral vectors are highly efficient in
infecting cells in the brain following direct stereotaxic
injection (for review, see Ref. 57). In our studies, we
injected an adenoviral vector harboring human GDNF into
the ventral mesencephalon near the cell bodies of the DA
neurons. Then 6-OHDA was injected into the striatum
where it was taken up by the DA terminals, causing a slow
progressive lesion. To study only those DA neurons that
projected to the lesion site in the striatum without relying
on the DA phenotype, these were prelabeled with the
retrograde tracer fluorogold. In untreated rats and in rats
that received control vectors harboring either the cellular
marker gene LacZ or an inactive deletion mutant of GDNF,
the 6-OHDA resulted in a loss of about 70% of the
fluorogold-labeled DA cell bodies. In rats injected with the
GDNF adenovirus, a remarkable protection against
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6-OHDA-induced cell death was observed. An average of
only 20% loss of fluorogold-labeled DA neurons was ob-
served at 2 months, and, in several rats, the degree of
protection was greater than 90% (Fig. 1) [58]. In a subse-
quent study, we observed a similar protective effect when
the GDNF adenoviral vector was injected into the striatum
near the terminals of the DA neurons [39]. Moreover, the
GDNF adenoviral vector prevented the onset of DA-
dependent behaviors that occurred in the control rats as a
consequence of the unilateral 6-OHDA lesion, including
amphetamine-induced rotation and ipsilateral-biased paw
use [39]. Bilang-Bleuel and colleagues [38] also observed
that striatal injection of a GDNF adenoviral vector in-
creased the number of TH-IR neurons after a 6-OHDA
lesion and improved performance on the amphetamine-
induced rotation test compared with rats injected with
control vector. These studies establish the principle that
increasing the levels of biosynthesized GDNF in the vicin-
ity of the DA neurons protects these neurons from degen-
eration in rodent models of Parkinson’s disease. Moreover,
following injection of a GDNF adenoviral vector, nano-
gram levels of GDNF transgene protein persist for up to 2
months (the longest time yet studied) in the vector injec-
tion site [58], suggesting that it is not necessary to inject
large amounts of GDNF into the brain to elicit neuropro-
tective effects as long as the GDNF is being continually

biosynthesized in the appropriate site. Interestingly, this
site can be near either the DA cell bodies or their terminals,
the latter site being more relevant since, in humans, the
striatum is more surgically accessible than the midbrain.

These initial reports of GDNF gene therapy being effec-
tive in rat models of Parkinson’s disease bring us to the
brink of a new era in therapeutics for not only Parkinson’s
disease, but also for other neurodegenerative diseases and
injuries to the nervous system, in general (see Refs. 59 and
60 for reviews). What further progress is needed to apply
this idea to humans? An obvious starting point to address
this question is to take the in vivo gene therapy approach
into a non-human primate model of Parkinson’s disease.
The monkey lesioned with MPTP is unquestionably the
animal model that most closely mimics neurodegenerative
disease in humans [61]. Moreover, MPTP causes Parkin-
son’s disease in humans [62]. A demonstration that GDNF
gene therapy can either protect against the effects of MPTP
or, more importantly, reverse the effects of a partial MPTP
lesion in the non-human primate is pivotal to taking this
approach into the clinic. While straightforward in concept,
the actual application of vectors to primate brain is more
complex than application to rodent brain. To date, there
are no published data demonstrating long-term expression
in primate brain from any viral vector. For adenoviral
vectors, expression up to 1 month has been reported [63,
64], whereas for adenoassociated viral vectors, up to 3
months has been reported [65]. However, no studies have
yet systematically compared different classes of vectors
injected at varying titers and kinetics over an extended
time course in the monkey brain. This type of comparison

* Readers may view, browse, and/or download this material for temporary
copying purposes only, provided these uses are for noncommercial personal
purposes. Except as provided by law, this material may not be further
reproduced, distributed, transmitted, modified, adapted, performed, dis-
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FIG. 1. Effect of in vivo gene therapy with adenovirus (Ad) GDNF on degeneration of DA neurons. Six weeks following intrastriatal
6-OHDA, many large, fluorogold (FG) positive cells (DA neurons, arrows) were observed in the substantia nigra on the unlesioned
side (A) and on the lesioned side of a rat treated with Ad GDNF (B). In contrast, fewer large FG positive cells, but many small,
secondarily labeled FG positive cells (microglia and other non-neuronal cells, arrowheads) were noted in rats treated with Ad mGDNF
(C) or untreated (D). Scale bars in panels A–D are 100 mm and 50 mm for the insets. Reprinted with permission from Ref. 58
(Choi-Lundberg DL, Lin Q, Chang Y-N, Chiang YL, Hay CM, Mohajeri H, Davidson BL and Bohn MC, Dopaminergic neurons
protected from degeneration by GDNF gene therapy. Science 275: 838–841, 1997). Copyright 1997 American Association for the
Advancement of Science.*

138 M. C. Bohn



is essential to identify an optimal vector and method of
delivery for non-human primate, as well as human, brain.
Studies that monitor host cellular and humoral responses to
different classes of vectors are also essential. It is likely that
stable gene delivery can be obtained in primate brain,
although this may require the development of new gener-
ation viral vectors, or advances in non-virally-mediated
gene delivery. It is necessary to develop vectors, whether
viral or synthetic, that not only circumvent host cellular
and humoral responses, but that also can be regulated by
drug administration and be targeted to specific cell types in
the brain. Such advances can be made by minimizing the
expression of viral proteins and incorporating cellular
promoters into vectors along with regulatory elements.

Even if means for optimal vector delivery with persistent
transgene expression in the absence of host immune re-
sponses can be achieved in the non-human primate brain
and these means are applied to demonstrate protective
effects in the MPTP monkey, one lingering issue will
remain that can be answered only though clinical trials. A
healthy neuron damaged with 6-OHDA or MPTP in an
animal brain may possess a different capacity for plasticity
than a diseased neuron in aged human brain.

GDNF AS THERAPEUTIC MOLECULE FOR
MOTOR NEURON DISEASE

A commentary on the potential of GDNF gene therapy for
neurodegeneration would not be complete without also
considering the potential of GDNF gene therapy to motor
neuron disease, and perhaps also to spinal cord injury. The
potency of GDNF on DA neurons also extends to other
types of neurons, such as motor neurons [11]. In rodents
whose motor neurons die as a consequence of genetic
mutations or nerve lesions, administration of GDNF pro-
tein, injection of adenoviral vectors harboring a GDNF
gene, or implementation of encapsulated cells secreting
GDNF have demonstrated protective effects [66–70]. Since
the motor neuron system is much more easily accessible
than the striatonigral DA system and diseases such as ALS
are rapidly progressive, insidious diseases, the clinical
progress of GDNF gene therapy for ALS, especially the ex
vivo approach, is likely to progress more rapidly than that
for Parkinson’s disease.

FUTURE PROSPECTS

A decade ago, the prospect that genes might be delivered to
the human brain or spinal cord in such a way as to
specifically affect a disease process in a particular nerve cell
type would have been viewed as science fiction. Today this
prospect is not yet a reality, but is certainly within the
realm of possibility. The excitement that gene therapy, in
general, has engendered has, in part, been its own downfall.
Thus far, no clinical trials have met with clear success,
although some trials have certainly produced encouraging
results (for review, see Ref. 71). The rush to apply gene

therapy clinically based on its incredible potential is un-
derstandable; however, as fully discussed in the NIH report
on gene therapy published in 1993, a solid foundation of
basic research on vectors and host responses is lacking [72].
Although many clinical trials are ongoing, the emphasis of
research in this area is to develop better, safer vectors. The
development of vectors for applications to the nervous
system is particularly intriguing in this respect. Vector
design should consider the cellular complexity of the
nervous system. The incorporation of cellular promoters
and enhancers that target transgene expression to specific
cell types may be advantageous in offering more specific
effects, more stable transgene expression, and different
types of host cellular responses. For example, in the case of
the striatonigral system, vectors could be designed to target
a neurotrophic factor such as GDNF to the DA neurons
themselves to elicit an autocrine effect, to adjacent astro-
cytes to elicit a paracrine effect, or to target neurons in the
striatum to elicit an effect mediated by release, uptake, and
retrograde transport of the factor. Other promoters that are
inducible or repressible though peripheral administration of
antibiotics or hormones should also be considered. Al-
though non-virally-mediated DNA transfer to the nervous
system is quite inefficient at present, it is likely that novel
molecules will be developed to facilitate this process and
that, eventually, these will supplant the use of viral vectors.
Moreover, new molecular candidates that might have gene
therapy applications to neurodegenerative diseases are be-
ing discovered daily. For example, genes involved in apo-
ptosis, stimulation or inhibition of axonal growth and
regeneration, and neurotrophic factor intracellular signal-
ing mechanisms are interesting candidates for offering
protective or restorative effects to diseased or damaged
neurons. Finally, a delivery of a concoction of genes whose
products act on diverse cellular pathways is likely to be
applied to such a complex process as neurodegeneration.

The author thanks Dr. D. Eugene Redmond, Jr., for his comments on
the manuscript. Preparation of this commentary was supported by the
Medical Research Institute Council of Children’s Memorial Hospital
and the National Institutes of Health (NS31957).
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