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Abstract

Convection-enhanced delivery (CED) is a bulk flow—driven process. It allows direct, homogeneous, targeted perfusion of CNS regions with putative therapeutics
while bypassing the blood-brain barrier. Delivering therapeutic neurotrophic factors directly to the brain for the treatment of Parkinson’s Disease (PD) and other
movement disorders has moved researchers in the last decade into this promising field. The glial cell line-derived neurotrophic factor (GDNF) is a well-established
trophic agent for dopaminergic (DA) neurons in vitro and in vivo. GDNF is necessary for maintenance of neuronal morphological and neurochemical phenotype and
protects DA neurons from toxic damage. Numerous studies on animal models of Parkinson’s disease (PD) have reported beneficial effects of GDNF on nigrostriatal
DA neuron survival. However, translation of these observations to the clinical setting has been hampered so far by side effects associated with the chronic continuous
intra-striatal infusion of recombinant GDNF. We report past and present research investigating the potential of direct drug delivery to the brain for the treatment

of PD and other movement disorders.

Introduction

Several preclinical papers based on rodent and non-human primate
models had described the benefits of GDNF treatment on nigrostriatal
neurons [1]. In early studies, GDNF showed a specific action on survival
of rat E16 midbrain DA neurons in culture. It also proved to be a potent
and selective stimulator of dopamine uptake and neurite outgrowth in
tyrosine hydroxylase positive (TH+) neurons [2]. These positive in vitro
observations led to immediate testing of GDNF effects on PD animal
models based on toxin-induced destruction of midbrain DA neurons.
Intracranial delivery of GDNF potentiates striatal dopamine system
function and midbrain dopaminergic neuronal survival in several
models of chemically-induced PD in rodents as well as primates [3].

Although despite initial success in preclinical studies and few early
clinical trials, neurotrophic factors have not then shown their ability
as neurorestorative therapies in humans. Delivering neurotrophic
factors directly to the brain offer the possibility of neurorestoration
in neurodegenerative movement disorders such as PD. This work aim
is to report on modern and historical drug delivery strategies with a
particular focus on the delivery of glial cell-line derived neurotrophic
factor (GDNF) for the treatment of PD.

Current milestone therapy for PD is nowadays represented by
L-dopa oral therapy. Effective in the early stages of PD, long-term
treatment with L-dopa, dopamine agonists, and monoamine oxidase
inhibitors is associated with significant Drug Delivery for Movement
Disorders motor and psychiatric complications. Motor fluctuations
usually manifest as “wearing off” and “on-off” periods. Decline in
response to L-dopa is a well-known phenomenon to clinicians over
time, as well as “on-off” fluctuations in motor performance that are
not clearly related to L-dopa administration. Response to dopamine
declines with time and is known to control symptoms but not to
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address the cause as this pharmacological strategy fails to address the
underlying cause of neurodegeneration.

GDNF and the GDNF-family ligands neurturin, artemin, and
persephin belong to the transforming growth factor-p superfamily,
which are a collection of multifunctional cytokines. The neurotrophic
effects of GDNF have been found by investigators to be dependent on
the presence of transforming growth factor-p in both in vitro and in
vivo studies.

GDNF and related GDNF-family ligands insist on the Ret tyrosine
kinase pathway. Ret mRNA has been demonstrated to be expressed
in the substantia nigra of adult rats. This may explain the observed
role of GDNF in dopaminergic neuroprotection [4]. GDNF has been
proven neurotrophic for noradrenergic, serotoninergic, and cholinergic
neurons. These family of neurons are known to be degenerate in PD.
PD could potentially have enormous advantages from GDNF infusion
as all the current treatments are palliative and are associated with high
rates of side effects. This treatment could reverse the degeneration of the
dopaminergic pathways almost reversing the pathological process itself.

Few aspects of the molecule itself demonstrated immediately
difficult to deal with the high molecular weight of the GDNF
homodimer structure prevents transport across the blood-brain barrier.
This excluded the systemic option to start with. Overcoming the blood-
brain-barrier (BBB) obstacle for GDNF delivery to the brain using a
systemic route has become a major technological challenge
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The Trojan horse approach was tested in several ways: 1) systemic
administration of nanoliposomes engulfing a GDNF plasmid
engineered to cross the BBB [5]. 2) attempt was made to fuse GDNF to
a monoclonal immunoglobulin (GDNF-IgG) directed against the BBB
cellular component that proved to be potent in mice.

3) biodegradable GDNF-loaded microspheres implanted in
the striatum were tested to overcome the BBB problem since they
sustainably release recombinant GDNF for 8 weeks [6,7]. More
successful appeared to be the administration of GDNF by nasal route,
using cationic liposomes to increase their residence time through
electrostatic interactions at the olfactory epithelium. Intranasal GDNF
given to rats, provided significant protection of striatal DA neurons.

Preclinical studies in rodents

The effects of GDNF have been assessed in two validated preclinical
models of PD which utilize lesions of the nigrostriatal pathway.
The most common form of lesioning in rodents is the 6-OHDA
model, whilst in non-human primates,1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) is utilized to achieve selective depletion of
nigrostriatal dopaminergic neurons. Studies of Infusion of recombinant
human GDNF and 125 Iodine-labelled GDNF into the ventricular
system of non-lesioned rats resulted in the diffusion of GDNF into
brain structures including the cortex, septum, diagonal band of Broca,
fimbria, striatum, hippocampus, hypothalamus, substantia nigra,
ventral tegmental area, and cerebellum GDNF intraventricular infusion
resulted also in increased hypothalamic dopamine content, resulting
in significant cachexia in experimental animals. Intraventricular
infusion of GDNF in 6-OHDA-lesioned rats resulted in locomotor
improvements and increased striatal dopamine turnover [8,9]. Reduced
weight gain remained a consistent adverse effect. Side effects were
considered to be related to the small volume of the rodent brain and
proximity of structures to the ventricular system led to studies in non-
human primates.

Preclinical studies in primates

Mixed results came out from intraventricular infusion of GDNF
in MPTP-lesioned rhesus monkeys and marmosets. Infusion has
been associated with Significant improvements in locomotor activity
following four monthly infusions at doses ranging from 100-1,000 pg
of GDNF, which were correlated with increases in dopamine metabolite
concentrations in the substantia nigra, the same was not observed in
the putamen [10]. Motor function improvements and reductions in
L-dopa-induced dyskinesia have also been observed in marmosets
receiving intraventricular GDNE. However, infusions potential was
questioned by an autoradiographic study of the distribution of 125
I-GDNF infused into the lateral ventricle of MPTP-lesioned rhesus
monkeys, this study clearly demonstrated that in contrast to rodent
studies, GDNF did not diffuse effectively into the caudate or putamen
[10]. This study questioned whether the success of intraventricular
infusions in rodents a consequence of the much smaller diffusion
distances in rat brain might be.

Intraventricular infusion of GDNF - First randomized trial

The first randomized double-blind placebo-controlled trial of
intracerebroventricular infusion of GDNF was reported in 2003. The
study included 50 patients with moderately advanced L-dopa responsive
PD. This study failed to achieve its primary end point. Patients reported
substantial side effects without evidence of clinical benefit. Side effects
included hyponatremia, anorexia, weight loss, nausea, vomiting, and
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distressing Lhermitte’s phenomenon. Inadequate diffusion of GDNF
into nigrostriatal structures was thought to be the key issue in the lack
of clinical benefit and overwhelming side effects. This conclusion was
subsequently supported by post-mortem analysis in one of the trial
subjects that did not demonstrate evidence of dopaminergic neuronal
recovery.

Intracerebral infusion of GDNF in rodents

Injection of GDNF into the substantia nigra or striatum after
of 6-OHDA lesioning has been shown to be neuroprotective, and
neurorestorative [11-14]. Intrastriatal delivery of GDNF demonstrated
superior to intranigral administration by protecting the entire
nigrostriatal pathway. When delivering GDNF into the substantia
nigra this does not protect striatal axons from degeneration and does
not prevent locomotor disability but is very effective in preventing cell
death within the substantia nigra itself [15]. GDNF when delivered into
the striatum at the time of striatal lesioning, however, does preserve
motor function suggesting that the effect of GDNF on dopaminergic
neurons differs according to whether it is applied to axons or cell bodies
[16]. GDNF can induce functional improvements following severe
6-OHDA lesioning of the striatum causing neurochemical changes in
the striatum, the globus pallidus interna and externa, and the substantia
nigra [17].

Intraputamenal infusion of GDNF in non-human primates

The effects of continuous intraputaminal delivery of GDNF has
been reported in 2002 in both normal aged and MPTP-lesioned non-
human primates [17-18]. GDNF infused directly into the putamen
has been reported to increase dopaminergic cell size and increased
cells number within the substantia nigra. Fiber density improvements
throughout the striatum and globus pallidus has also been reported.
GDNF increases dopamine and its metabolites in the striatum and
globus pallidus as well, according to the authors. This 2002 study
concluded that intraputamenal infusions of GDNF in MPTP lesioned
primates and intact aged monkeys was associated with improvements
in the primate PD rating scale, improved general motor performance,
and increased hand speed [18]. Unfortunately, in 2007, the promising
results of non-human primate studies were countered by the results
of a 6-month chronic infusion toxicity study in rhesus monkeys. This
study raised a number of safety concerns over continuous unilateral
intraputamenal infusions of recombinant human GDNF at a flow rate
of 150 uL/day. Four cut off doses were used in the study 0, 15, 30, or 100
ug/day. In the fourth group, both behavioural and pathological markers
of toxicity were observed including reduced food intake and weight
loss, meningeal thickening, and multifocal cerebellar Purkinje cell loss.
The observation supported an association with chronic GDNF infusion
at high doses and cerebellar toxicity. However, subsequent analysis
indicated that Purkinje cell loss may have been a consequence of abrupt
GDNF withdrawal.

Intraputamen infusion of GDNF in humans

Two different clinical studies have investigated the effect of GDNF
administered directly to the posterodorsal putamen, which is known
to be the site of greatest dopaminergic neuronal depletion in PD. The
first study reported in 2005 and was an open-label study of continuous
intraputamenal delivery of GDNF via stereotactically placed
microcatheters attached to a subcutaneous infusion pump placed in
the anterior abdominal wall. In this first human study five subjects
with poorly controlled symptoms by medical treatment were enrolled.
Five out of five subjects demonstrated improvement in both clinically
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and neuroradiologically using 18 F-dopa PET imaging parameters.
Neuroimages using 18 F-dopa PET confirmed increased dopamine
storage capacity in both the putamen and SN [12].

As a result of this promising study subjects were entered into a
12-month extension study, which resulted in sustained improvement.
Post-mortem analysis was possible in one subject who died of
causes unrelated to the study revealed a marked increase in tyrosine
hydroxylase-positive nerve fibers, and possibly neuronal sprouting
in the SN on the side of intraputamenal GDNF administration when
compared to the contralateral (un-infused) side [19-22].

A second open-label study enrolled ten subjects with different
catheters, infusion parameters, and dosing regimens compared to
the first study [23]. All ten subjects showed reductions in UPDRS,
improvements in postural stability, dyskinesia, end-of-dose fluctuations
and quality of life scores. The promising results of these 2 open-
label studies led to the commencement of a multicentre randomized
controlled trial.

Multicentre randomized trial of intraputamenal GDNF
infusion

Thirty-four subjects were randomized to receive either bilateral
intraputamenal infusions of 15 pg/putamen/day GDNF or placebo
[24]. At 6 months, subjects receiving GDNF had failed to demonstrate
the predetermined level of clinical improvement in the primary end-
point (reduction in UPDRS motor score in the “off” state) required
to achieve statistical significance despite improvements in 18F-dopa
PET parameters. A further concern was the detection of neutralizing
antibodies in 3 patients, and an additional 3 patients developed serious
device-related adverse effects. The results of this randomized study,
taken in conjunction with the 6-month toxicity study in primates which
demonstrated cerebellar Purkinje cell loss [21], led to the withdrawal of
GDNF and cessation of clinical trials. Also, an in-depth analysis of why
the randomized trial failed despite promising results in the initial open-
label studies followed. A lack of standardization of catheter design and
surgical technique across centers is likely to have contributed to the
failure of the phase II trial. Salvatore et al. [25] analyzed the distribution
of 125 I-GDNF in the putamen of rhesus monkeys when delivered using
the same delivery system as in the phase II study. This analysis revealed
significant variability in drug distribution, with the majority of GDNF
restricted to the location of the catheter tip. This study concluded
that if translated to the human putamen, the bioavailability of GDNF
would have been limited to only 2-9% of the total putamen volume and
that point source concentration of GDNF could explain the failure to
achieve the expected clinical improvement.

Convection enhanced delivery infusion

The role of suboptimal drug delivery in the failure of the phase II
trial has led to significant research interest in convection-enhanced
delivery (CED), and in particular optimization of drug distribution in
the putamen. CED describes the direct delivery of drugs to the brain
through intraparenchymal microcatheters. By employing high infusion
flow rates and establishing a pressure gradient at the tip of the catheter,
CED confers several potential advantages over traditional drug
injection techniques, including homogeneous distribution throughout
large and clinically relevant volumes of brain tissue and reduced tissue
trauma. In the 20 years since its inception, it has become clear that a
number of important factors govern successful CED - catheter design
and diameter, method of implantation, accuracy of targeting, infusion
regime employed, architecture of the target tissue in the brain, and the
physic-chemical characteristics of the infused agent.
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Image-guided CED of GDNE using real-time MRI tracking of
distribution within the putamen, has been reported in rhesus monkeys
[26] and resulted in the effective distribution of GDNF throughout the
putamen, but was associated with leakage of GDNF into perivascular
spaces. For this reason, as well as the potentially toxic effects associated
with chronic infusion in non-human primates, intermittent delivery of
GDNF has been proposed as a more “physiological” strategy. Rationale
for Chronic Intermittent CED, the requirement for intermittent CED
is of particular relevance to the delivery of GDNF where chronic
infusion has been associated with poor distribution and local toxicity
due to point source accumulation [24, 25,27]. Prolonged intracerebral
drug infusions have been achieved in recent clinical trials with
subcutaneously implanted pumps and access ports [26-30]. However, a
number of complications have been reported which are attributable to
the use and re-filling of subcutaneous devices as well as infection rates
of up to 12% [29]. Infectious complications may be a consequence of
entraining bacteria into the subcutaneous plane around the implanted
device during needle insertion. The dermis is also known to have a high
density of immune cells, and stimulation of an immune response due to
subcutaneous spillage during needle insertion into the pump reservoir
may explain the detection of anti-GDNF antibodies (including
neutralizing antibodies) in 3 trial subjects in Lang et al. [24] phase II
trial of intraputamenal infusion of GDNE Subcutaneous pumps pose
substantial challenges for CED trials. Multiple catheters require the
implantation of multiple pumps as no reliable distributor is currently
available, which allows a single pump to deliver infusate concurrently
through more than one catheter, which places an additional burden
on patients. To effectively use implantable pumps for prolonged drug
delivery, extensive analysis of drug stability at body temperature is
required to mitigate the risk of accumulation of degraded drug products
within the pump reservoir and to ensure that there is no loss of biological
activity of the infused drug. An implantable transcutaneous port has the
potential to prevent the complications associated with subcutaneous
access devices and pumps by allowing thorough cleansing of the port
prior to needle insertion, by eliminating the need to penetrate skin
to replenish the therapeutic agent, and by facilitating intermittent
connection to an external pump device. Bone-anchored transcutaneous
devices have proven more effective than skin-anchored devices in long-
term clinical studies, which is likely to be a result of greater stability at
the skin/device interface [30]. The natural world has provided a highly
successful model for transcutaneous bone-anchored medical devices
in the form of deer’s antlers [31]. These imperatives have led to the
development of a transcutaneous bone anchored port and implantable
multi-catheter system for chronic intermittent CED [32,33]. This
novel implantable catheter system with transcutaneous bone-anchored
port is currently being used in a phase II double-blinded randomized
controlled trial of chronic intermittent CED of GDNF for PD in Bristol,
UK. In this trial, two microcatheters are implanted bilaterally into
each putamen using a robot-assisted and image verified technique. By
optimizing the drug distribution through clinically relevant volumes of
the putamen and employing an intermittent infusion regime, it is hoped
that the failures of GDNF administration of the past can be addressed
leading to a neurorestorative treatment for PD. This study has recently
published nine months results and did not meet the primary end-point
but an extension study is in progress.

Conclusions

This review demonstrates the interest that the scientific community
has for this research field. In vitro results have built enormous
expectations for this therapeutic option for Parkinson disease, but so far
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none of the available studies have clearly demonstrated the efficacy and
tolerability of this drug delivered onto brain cells. Weather the delivery
system or the drug itself is to be redesigned is not clear yet. In the years
to come thanks to the recent research the pathway will become clearer.
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