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Current gene therapy approaches for Parkinson’s 
disease (PD) deliver neurotrophic factors like glial cell 
line-derived neurotrophic factor (GDNF) or neurturin 
via neuronal transgene expression. Since these potent 
signaling-inducing neurotrophic factors can be distrib-
uted through long-distance neuronal projections to 
unaffected brain sites, this mode of delivery may even-
tually cause side effects. To explore a localized and 
thus potentially safer alternative for gene therapy of 
PD, we expressed GDNF exclusively in astrocytes and 
evaluated the efficacy of  this approach in the mouse 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 
and rat 6-hydroxy-dopamine (6-OHDA) models of PD. 
In terms of protection of dopaminergic cell bodies and 
projections, dopamine (DA) synthesis and behaviour, 
astrocyte-derived GDNF demonstrated the same efficacy 
as neuron-derived GDNF. In terms of safety, unilateral 
striatal GDNF expression in astrocytes did not result in 
delivery of bio-active GDNF to the contralateral hemi-
spheres (potential off-target sites) as happened when 
GDNF was expressed in neurons. Thus, astrocytic GDNF 
expression represents a localized but efficient alternative 
to current gene therapeutic strategies for the treatment 
of PD, especially if viral vectors with enhanced tissue 
penetration are considered. Astrocytic neurotrophic 
factor expression may open new venues for neurotrophic 
factor-based gene therapy targeting severe diseases of 
the brain.
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Introduction
Parkinson’s disease (PD) is the most common neurodegenerative 
movement disorder, affecting more than 2% of all individuals over 
60 years of age.1 Depletion of the neurotransmitter dopamine (DA) 
through degeneration of the nigro-striatal projection represents 
the major pathological hallmark of the disease. Preclinical rodent 
and primate models demonstrated a strong protective and partially 

regenerative effect on the nigro-striatal dopaminergic projection 
by the glial cell line-derived neurotrophic factor (GDNF) family of 
ligands (GFLs).2–4 However, intrathecal infusion of GDNF protein or 
viral vector-mediated expression of neurturin in the striatum of late 
stage PD patients showed no significant clinical benefit over placebo 
controls.5,6 Deduced from what is known about the mode of action of 
GFLs,7,8 these failures may be attributed to several causes: first, GFLs 
may be generally not as effective in humans as in animal models, 
so that dosages tested successfully in 1-methyl-4-phenyl-1,2,3, 
6-tetrahydropyridine (MPTP) or 6-hydroxy-dopamine (6-OHDA) 
lesioned primates were not conferrable to humans; second, GFLs 
could not exert neuroprotective effects in late stage patients due to 
a lack of sufficient remaining dopaminergic innervation, which may 
not allow for any regeneration or may prevent appropriate transport 
of the GFL9; third, the penetration of delivered protein or viral vector 
may not have been effective in inducing a functional recovery in suffi-
ciently large striatal areas; and/or fourth, placebo and side effects may 
have masked therapeutical benefits. Thus, successful gene therapy by 
GFLs may require either higher dosages of the neurotrophic factor to 
be expressed or that it be applied to younger patients when the dis-
ease is in a less advanced stage.8 Furthermore, more efficient vector 
systems may be needed to gain improved GDNF delivery. Given that 
gene therapy in its current stage is an irreversible process and that 
GDNF applications showed serious side effects in several studies,10–12 
all these options require new safety evaluations.

Current gene therapeutic trials expressing neurotrophic 
factors in the brain7 predominantly use the adeno-associated 
virus serotype 2 (AAV-2) due to its proven safety record. In the 
animal and human central nervous system, AAV-2 predominately 
transduces neurons. However, the expression of neurotrophic 
factors in neurons may impose a serious safety issue, if indeed 
higher dosages and longer expression times are required to gain the 
desired therapeutic effect, since the factors can be secreted from 
the soma, unmyelinated projections, or synaptic sites of trans-
duced neurons, thereby delivering a complex signaling-inducing 
molecule to potential off-target sites.

An alternative strategy with enhanced safety profile would be to 
express GFLs in striatal astrocytes rather than in neurons. Astrocytes 
are the major source of GDNF upon brain injury13,14 and may be 
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Figure 1  Astroglial and neuronal targeting of AAV-5 vectors in the lesioned rodent parkinsonian striatum. (a) MPTP-induced striatal gliosis in 
mouse brain as demonstrated by GFAP immunohistochemistry (GFAP-IHC) is shown before lesion, (b) 2 weeks after lesion, and (c) 3 months after 
lesion. (d) EGFP expression by the AAV-5-hSYN-EGFP vector, (e) GFAP-IHC of the same section, and (f) absence of any astrocytic EGFP expression 
by the EGFP/GFAP overlay. (g) EGFP expression by the AAV-5-hGFAP-EGFP vector, (h) NeuN-IHC of the same section, and (i) absence of any 
neuronal transgene expression by EGFP/NeuN overlay. (j) Absence of transgene expression in microglia by EGFP/IBA1-IHC overlay is shown for 
the AAV-5-hSYN-EGFP vector, (k) for the AAV-5-hGFAP-EGFP vector for 2 weeks after MPTP and in (l) for 3 months after MPTP. (m) Stereological 
quantification of transgene-expressing astrocytes and neurons after AAV-5-hSYN-EGFP or AAV-5-hGFAP-EGFP transduction, gray bars showing astrocyte 
numbers × 104/mm3 striatal tissue, black bars showing neuron numbers × 104/mm3 striatal tissue. (n) Specific targeting of AAV-5-hGFAP-EGFP to 
astrocytes in the 6-OHDA lesioned rat brain as overlay of EGFP fluorescence with GFAP-IHC and (o) absence of neuronal transgene expression from 
this vector as overlay of EGFP fluorescence with NeuN-IHC. Representative pictures from n = 3 mice per group. Bar = 400 µm in a–c; 100 µm in d–o. 
ns, not significant. 6-OHDA, 6-hydroxy-dopamine; DAPI, 4′,6-diamidino-2-phenylindole; EGFP, enhanced green fluorescent protein; hGFAP, human 
glial fibrillary acidic protein; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.
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responsible for maintenance of GDNF levels in the substantia nigra 
of PD patients’ brains.15 Astrocytic protrusions rarely extend more 
than 20 µm from the cell body. Thus, unlike neurons which might 
project axons over distances of several centimeters, their radius of 
action is limited, preventing off-target secretion of neurotrophins.

Here, we demonstrate that GDNF expression in astrocytes is 
equally neuroprotective as neuronal GDNF in preventing MPTP-
induced lesions of the nigro-striatal projection. Importantly, 
although neuron-expressed GDNF demonstrated robust influ-
ences on neurotransmitter synthesis in the contralateral hemi-
sphere, exemplifying the noncontrollable distribution of bio-active 
GDNF to remote sites, astrocyte-derived GDNF exerted biological 
effects only in the viral vector-injected hemisphere, resulting in 
efficient GDNF delivery only to the target structures. In a clini-
cally relevant paradigm, we applied AAV-5-GFAP-GDNF after 
a 6-OHDA lesion of the nigro-striatal projection and achieved a 
robust restoration of motor behavior. These studies suggest that 
astrocytic neurotrophic factor expression achieved by a viral 
vector with enhanced tissue spread can be considered an efficient 
alternative to current gene therapy strategies.

Results
AAV-5 vector for high efficacy and mutually exclusive 
expression in neurons or astrocytes
An AAV-5 serotype vector was engineered for efficient and 
mutually exclusive neuronal or astrocytic transgene expression 
through the use of appropriate transcriptional control elements. 
As inflammatory processes are common implications in neuro-
degenerative diseases, vector tropism was assessed not only in 
healthy rodent brains but under conditions of pronounced gliosis 
in the MPTP model of PD. As shown in Figure  1a–c, strong 
striatal astroglial activation is evident at 2 weeks after toxin appli-
cation, which has disappeared 3 months after lesion. Despite this 

gliosis, expression of the reporter enhanced green fluorescent 
protein (EGFP) was absolutely restricted to neurons if expressed 
from the AAV-5-hSYN-EGFP vector, which drives EGFP expres-
sion by the 0.4 kbp human synapsin 1 gene (hSYN) promoter 
(Figure 1d–f,j, Supplementary Figure S1k). In contrast, EGFP 
expression was absolutely restricted to astrocytes if expressed 
from the AAV-5-hGFAP-EGFP vector, which drives EGFP 
expression from the 2.2 kbp human glial fibrillary acidic pro-
tein gene (hGFAP) promoter (Figure  1g–i,k,l, Supplementary 
Figure S1l). Stereological quantification of transduced cells 
revealed that indeed no neurons or microglial cells expressed 
EGFP after transduction with the AAV-5-hGFAP-EGFP vector 
and that numbers of EGFP-expressing astrocytes were stable over 
the course of the experiment, indicating an absence of significant 
astroglial proliferation and the subsequent loss of episomal vector 
genomes. These studies were performed after injection of high-
titre vectors (6 × 109 vector genomes (vg)), and confirmed for the 
AAV-5-hGFAP-EGFP vector in the 6-OHDA lesioned rat brain 
(Figure 1n,o). Thus, an AAV-5 vector expressing transgenes from 
the hSYN or the hGFAP promoter can be considered as an abso-
lutely specific expression system for the two brain cell types. As 
shown in Supplementary Figures S1 and S2, injection of either 
AAV-5-hSYN or AAV-5-hGFAP vectors resulted in vector distri-
bution and EGFP or GDNF protein delivery throughout almost 
the entire injected striatum at both high (6 × 109 vg) and low 
(6 × 108 vg) titre. EGFP fluorescence and GDNF immunoreac-
tivity were area-matched, indicating no gross diffusion of GDNF 
through the brain parenchyma away from the vector-transduced 
area. Of note, vector diffusion extended to the globus pallidus, 
and after striatal AAV-5-hGFAP-EGFP injection astrocytes 
within the globus pallidus were transduced with higher efficacy 
than were striatal astrocytes, indicated by higher levels of EGFP 
fluorescence in the latter cells (Supplementary Figure S1m–p).

2 weeks after MPTP 3 months after MPTP

hSYN-GDNF hGFAP-GDNF hSYN-GDNF hGFAP-GDNF

a b c d
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i j
k l

m

Figure 2 D ifferences in delivery of GDNF to the nigra after neuronal versus astrocytic striatal expression. (a,c,e,g,l) GDNF immunoreactivity 
after unilateral striatal vector applications of high-titres of AAV-5-hSYN-GDNF or (b,d,f,h) AAV-5-hGFAP-GDNF, detected at 2 weeks in a,b,e,f,l and 
3 months after MPTP treatment in c,d,g,h. (i,j) Absence of GDNF immunoreactivity after transduction with EGFP encoding vectors. Representative 
pictures from n = 4 mice per group. (m) Projections of striatal and/or pallidal neurons into the substantia nigra pars reticulata are demonstrated by 
fibrous EGFP fluorescence, (for more details see Supplementary Figure S3). (k) Nigral dopaminergic neurons are shown by TH immunoreactivity in 
(k), while GDNF immunoreactivity ventral to the pars compacta is shown in l. EGFP, enhanced green fluorescent protein; GDNF, glial cell line-derived 
neurotrophic factor; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.
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Figure 3 S chematical representation of GDNF delivery to ipsilateral and contralateral structures after expression in neurons versus astrocytes 
of the left mouse striatum. Injection of (a,b) high titre vectors and (c,d) low titre vectors. GDNF levels as determined by ELISA at 2 weeks after 
MPTP (for absolute values see Supplementary Table S1) are given within the respective structure (striatum, top row; nigra, bottom row), as n-fold 
GDNF level as compared to AAV-EGFP transduced controls. The percentage of striatal GDNF detected in the ipsilateral nigra is given besides the 
connecting arrows. Conditions *, #, **, ***, and **** demonstrated protection of DA neurons, fibres, and striatal DA at 2 weeks and 3 months after 
MPTP; condition ### demonstrated restoration of striatal DA levels at 3 months after MPTP; conditions ## and #### did not show any neuroprotection. 
N = 4–5 mice for each condition. DA, dopamine; EGFP, enhanced green fluorescent protein; ELISA, enzyme-linked immunosorbent assay; GDNF, glial 
cell line-derived neurotrophic factor; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.
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Figure 4 S hort and long-term follow-up of numbers of nigral DA neurons and levels of striatal dopamine after unilateral neuronal or 
astrocytic GDNF expression. (a,c,e,g) Stereological assessment of nigral DA neuron numbers and (b,d,f,h) HPLC-determined striatal dopamine 
levels after unilateral striatal vector application of high-titre in a–d and low-titre in e–h. AAV-5-hSYN-EGFP, AAV-5-hGFAP-EGFP, AAV-5-hSYN-GDNF, 
and AAV-5-hGFAP-GDNF vectors for the ipsilateral (“inj”) and contralateral (“con”) hemisphere at 2 weeks in a,b,e,f and 3 months after MPTP lesion 
in c,d,g,h. Values given as mean ± SD, n = 5–6 mice for each vector type, vector dosage, and time point. DA, dopamine; EGFP, enhanced green 
fluorescent protein; HPLC, high-performance liquid chromatography; GDNF, glial cell line-derived neurotrophic factor.
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Differential delivery of GDNF from striatum to 
ipsilateral nigra after expression in striatal  
neurons or striatal astrocytes
In order to compare both efficacy and off-target delivery of neu-
ronal versus astrocytic GDNF expression, we used the MPTP 
lesion of the nigro-striatal system in mice. Systemic applica-
tion of MPTP induces bilateral loss of about 50% of nigral 
dopaminergic neurons and their striatal terminals, which can be 
prevented by neurotrophic factors like GDNF. Injection of the 
AAV-5-hSYN-GDNF or AAV-5-hGFAP-GDNF vector was per-
formed unilaterally into the left striatum, 2 weeks before MPTP 
application. This experimental setup allowed for a functional 
assessment of the distribution of bio-active GDNF: a delivery 
restricted to the target structures (i.e., ipsilateral striatum and ipsi-
lateral nigra) would result in protection of nigral dopaminergic 
neurons, striatal fibres, and striatal DA levels only in this hemi-
sphere, while leakage of GDNF to remote sites through neuronal 
projections would be traceable by the assessment of the contralat-
eral dopaminergic projection.

Both neuronal and astrocytic GDNF expression resulted in 
strong striatal staining for GDNF (Figure 2a–d) lasting over the 
time course of the experiment (3 months after MPTP application). 
Striatal astrocyte-expressed GDNF was found in the nigra strictly 
confined to the pars compacta which harbors the dopaminergic 
neurons projecting towards the striatum (Figure 2f,h, marked by 
arrows), consistent with a mechanism of retrograde delivery of 
striatal GDNF to nigral DA neurons.16

In pronounced contrast, striatal neuron-expressed GDNF was 
detected to a strong extent in areas outside the pars compacta, 
e.g., the pars reticulata (Figure  2e,g). A comparison of spatial 
localization of tyrosine hydroxylase and GDNF immunoreactivity 
(Figure  2k,l) confirmed the substantial delivery of GDNF to 
extra-nigral midbrain areas. This finding was in agreement with 
a substantial anterograde delivery of GDNF to the midbrain after 
neuronal striatal expression17,18 and substantiated by the finding 
of EGFP fluorescent fibres in the pars reticulata after striatal 
injection of AAV-5-hSYN-EGFP (Figure  2m). Nigral GDNF 
delivery was not due to retrogradely transported viral vector 
particles, indicated by the absence of EGFP-labeled nigral cell 
bodies (Supplementary Figure S3a–f).

Biologically active GDNF is delivered to the 
contralateral hemisphere after unilateral  
expression in striatal neurons
After either neuronal or astrocytic expression in the left striatum, 
we followed the delivery of GDNF to remote areas quantitatively 
by enzyme-linked immunosorbent assay as schematically shown 
in Figure 3 (for details see Supplementary Table S1). Biological 
effects of GDNF were determined by stereological quantifica-
tion of surviving DA neurons in the substantia nigra (Figure  4 
and Supplementary Figure S4), density of striatal DA fibres 
(Supplementary Figure S5), and levels of striatal DA (Figure 4) 
and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and 
homovanillic acid (HVA) (Supplementary Figure S6). These data 
were collected in both hemispheres at 2 weeks and 3 months after 
MPTP lesion, and after application of high-titre and low-titre 
vectors.

We detected significant contralateral GDNF delivery and 
biological effects after neuronal GDNF expression under all 
conditions. In the high-titre group, unilateral neuronal GDNF 
expression resulted in an almost complete prevention of loss of 
contralateral nigral DA neurons (Figure  4a,c). Levels of DA in 
the contralateral striatum were partially elevated as compared to 
controls (Figure  4b,d), while levels of DOPAC and HVA were 
almost entirely at control level (Supplementary Figure S6). In the 
low-titre group, effects of neuron-expressed GDNF were restricted 
to the ipsilateral hemisphere at 2 weeks after MPTP (Figure 4e,f). 
However, while 3 months after the lesion contralateral nigral DA 
neuron numbers showed only a tendency to re-express tyrosine 
hydroxylase, contralateral striatal DA levels were restored to pre-
lesion levels, indicating a powerful long-term effect of GDNF, even 
at only fourfold levels over baseline (nigra) and almost control 
levels in striatum in the contralateral hemisphere (Figure  3c; 
Figure 4g,h).

After AAV-5-hSYN-GDNF injection into the ipsilateral stria-
tum GDNF may be delivered to contralateral nigra by retrograde 
transport through the crossed nigro-striatal projection, which 
consists of about 5% of nigral neurons with axon collaterals pro-
jecting to the respective contralateral striatum.19 However, careful 
examination revealed that EGFP expression in striatal neurons 
resulted in clearly detectable fluorescent fibres in both contralat-
eral striatum (Supplementary Figure S3j) and contralateral mid-
brain (Supplementary Figure S3g), suggesting that EGFP and 
GDNF can be delivered anterogradely to the contralateral hemi-
sphere through long-distance projections.

GDNF acts only in the target structures after 
astrocytic striatal expression
In sharp contrast to neuronal expression, we did not detect any 
influence on contralateral nigral DA neuron numbers and contral-
ateral striatal DA levels when GDNF was expressed unilaterally in 
striatal astrocytes by the AAV-5-hGFAP-GDNF vector (Figure 4). 
In the high-titre group this could theoretically be due to the fact 
that ipsilateral striatal levels of neuron-expressed GDNF were 
twofold higher than those obtained after expression of GDNF 
in astrocytes (Figure 3a,b; Supplementary Table S1). However, 
neuronal and astrocytic ipsilateral striatal GDNF levels were equal 
in the low-titre group (Figure  3c,d; Supplementary Table  S1), 
suggesting that it is indeed the neuronal expression mode that 
was responsible for the remote distribution of GDNF. In both 
the high- and low-titre groups striatal astrocytes-derived GDNF 
was highly effective in completely preventing loss of ipsilateral 
DA neurons, fibres, and striatal DA (Figure  4, Supplementary 
Figures S4, S5 and S6).

Bio-activity of GDNF depends on route of delivery
In the high-titre group, GDNF expressed in neurons of the ipsilat-
eral striatum was delivered to the contralateral substantia nigra in 
an amount sufficient to fully protect DA neurons from MPTP tox-
icity and to partially restore DA levels in the contralateral striatum 
(Supplementary Table S1, Figure 3a, Figure 4a–d; Supplementary 
Figures S4, S5 and S6). After astrocytic striatal expression, deliv-
ery of GDNF to the contralateral nigra was in the same order of 
magnitude (12 × control levels as compared to 30 × after neuronal 
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expression; Figure 3b) but did not exert any protective effects in the 
contralateral hemisphere (Figure 4a–d; Supplementary Figures S4, 
S5 and S6). In the low-titre group, we found that a 13-fold increase 
of GDNF levels over controls in the ipsilateral nigra was sufficient 
to fully protect DA neurons and striatal DA levels after astrocytic 
expression (Figure  3d; Figure  4e–h). Furthermore, a mere four-
fold increase of GDNF levels over controls in the contralateral 
nigra was sufficient to fully restore DA levels in the contralateral 
striatum after neuronal expression (Figure 3c; Figure 4e–h). Thus, 
after high-titre AAV-5-hGFAP-GDNF injection, GDNF levels in 
the contralateral nigra were in a range demonstrated to be sufficient 
for effective neuroprotection, but showed no biological effect. We 
conclude from these results that it is not only the amount of GDNF 
delivered to a remote area but also the route of delivery that deter-
mines its effects. As after astrocytic striatal expression, GDNF can 
reach the contralateral nigra only by retrograde transport through 
the crossed nigro-striatal projection,19 our results suggest that 
this retrogradely transported GDNF can not exert a protective or 
restorative function.

Astrocyte-expressed GDNF provides restoration  
of motor performance in a clinically relevant lesion 
paradigm
MPTP lesions in mice do not normally cause a level of DA deple-
tion necessary to induce robust behavioral motor impairments in 
experimental animals.20 Furthermore, application of viral vectors 
before lesioning the nigro-striatal projection could only be used to 
test the neuroprotective effects of GDNF. This paradigm is suffi-
cient to demonstrate that the action of astrocyte-expressed GDNF 
is restricted to the vector-injected hemisphere, but it is not suf-
ficient to demonstrate that astrocyte-expressed GDNF could be 
useful in a clinically relevant setting, i.e., if expressed after lesion 
of the nigro-striatal projection as it would be the case in a gene 
therapeutic application. We thus used the unilateral infusion of 
6-OHDA into the striatum of rats to induce robust apomorphine-
induced rotation behavior. At 2 weeks after 6-OHDA injection 
the rats showed about 200 contraversive rotations per 30 min-
utes, while rats which received an injection of phosphate-buffered 
saline (PBS) or were injected with the AAV-5-hGFAP-GDNF 
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Figure 5  Astrocyte-derived GDNF functionally restores motor performance and protects from DA neuron degeneration in the partial 6-OHDA 
lesion paradigm of the rat brain. (a) The time scale of the experiment. 6-OHDA = unilateral striatal injection of 6-hydroxy dopamine; APO = apo-
morphine application to induce rotation behaviour; AAV = unilateral striatal injection of AAV vectors; time given in weeks. (b) Rotations counted 
within 30 minutes ± SD at 1, 2, 7, and 17 weeks after 6-OHDA injections. Ctrl = PBS injected rats; AAV-5-hGFAP-GDNF = vector-injected rats without 
6-OHDA lesion; 6-OHDA + AAV-EGFP = rats injected with AAV-5-GFAP-EGFP control virus after 6-OHDA lesion; 6-OHDA + AAV-GDNF = rats injected 
with the AAV-5-GFAP-GDNF vector after 6-OHDA lesion. (c) Weight gain of animal groups is exemplarily shown for 3 and 14 weeks after 6-OHDA 
lesion. (d) Immunohistochemical staining for tyrosine hydroxylase (TH). Upper panel: low maginification view of the ipsilateral and contralateral 
nigra of animals injected with AAV-5-hGFAP-EGFP or AAV-5-hGFAP-GDNF after 6-OHDA lesion. Middle panel: high magnification of the nigra ipsi-
laterally (left) and contralaterally (right) after 6-OHDA and AAV-5-hGFAP-EGFP injection. Lower panel: high magnification of the nigra ipsilaterally 
(left) and contralaterally (right) after 6-OHDA and AAV-5-hGFAP-GDNF injection. Arrows point to DA neurons with reduced TH immunoreactivity. 
(e) Stereological quantification of dopaminergic neurons. 6-OHDA, 6-hydroxy-dopamine; AAV, adeno-associated virus; EGFP, enhanced green 
fluorescent protein; GDNF, glial cell line-derived neurotrophic factor; hGFAP, human glial fibrillary acidic protein; PBS, phosphate-buffered saline.
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virus only did not show any rotation behavior (Figure  5b). At 
3 weeks after the confirmed 6-OHDA lesion, we injected either 
AAV-5-hGFAP-EGFP or AAV-5-hGFAP-GDNF into the lesioned 
striatum. The animals were then behaviorally assessed at 4 and 14 
weeks after vector injections. While rats injected with the EGFP-
expressing control virus demonstrated stable rotation behavior 
over time, rats injected with the vector-expressing GDNF within 
astrocytes dramatically improved in terms of rotation behavior, in 
that rotations were reduced to almost unlesioned control levels at 
4 weeks after vector expression. This restorative effect proved to 
be stable in the long-term, as at 14 weeks after vector application 
GDNF-expressing animals also demonstrated an absence of apo-
morphine-induced rotations, while EGFP-expressing animals still 
rotated as at 2 weeks after lesion (Figure 5b). Weight gain of ani-
mals in all groups was comparable, indicating absence of weight 
loss as a prominent side effect of GDNF expression (Figure 5c).

Histological analysis (Figure  5d) and stereological counting 
of nigral DA neurons (Figure  5e) at 17 weeks after the unilat-
eral 6-OHDA lesion (corresponding to 14 weeks after AAV vec-
tor injection) revealed a loss of about 40% of nigral DA neurons 
in the ipsilateral hemisphere due to 6-OHDA infusion, which 
was completely prevented by astrocytic GDNF expression while 
expression of EGFP had no effect (Figure 5e). Of note, the long-
term expression of GDNF in striatal astrocytes resulted in a reduc-
tion of TH immunoreactivity in nigral DA neurons (Figure 5d), 
although nigral GDNF levels as determined by enzyme-linked 
immunosorbent assay were enhanced only twofold over EGFP-
expressing controls. This effect was not detectable in vesicular 
monoamine transporter-2 immunohistochemistry; stereological 
assessment showed the number of DA neuron to be identical after 
TH or vesicular monoamine transporter-2 immunohistochemistry 
(data not shown). Thus, the negative impact of continuous GDNF 
expression on nigral DA neurons in terms of downregulation of 
TH immunoreactivity appeared to be similar to that reported after 
lentiviral-mediated GDNF expression in striatal neurons within 
the healthy nigro-striatal system.21 Nonetheless, under clinically 
relevant conditions of slowly progressive degeneration of the 
nigro-striatal system, astrocytic GDNF expression demonstrated 
highly efficient restoration of motor performance, and protection 
from DA neuron degeneration following loss of their terminals. 
The motor recovery and protection of DA neurons obtained by our 
AAV-5-hGFAP-GDNF vector was similar to a previous study using 
an AAV-2 vector with predominant neuronal transgene expres-
sion in a similarly scheduled partial 6-OHDA lesion paradigm,22 
exemplifying that no attenuation of therapeutic efficacy has to be 
expected from targeted astrocytic GDNF delivery.

Discussion
Although on first sight, our finding of GDNF delivery and bio-ac-
tivity to the contralateral hemisphere after unilateral vector appli-
cation and neuronal expression suggested an approach with high 
therapeutic efficacy for the nigro-striatal projection, it revealed 
serious concerns in terms of potential side effects. GDNF has been 
identified as an essential factor for differentiation and survival 
of dopaminergic neurons, with highest expression levels during 
development and greatly reduced expression in the adult brain.23 
However, catecholaminergic neurons crucially depend on GDNF 

signaling in the adult brain,24 and the prototype receptors GDNF 
family receptor α-1 (GFRα) and Ret are expressed throughout the 
adult brain.25,26 Furthermore, GDNF has been proposed to be able 
to induce signaling through additional receptor systems like neu-
ral cell adhesion molecule and integrins.27,28 Thus, in the current 
setting of gene therapy being an irreversible process and the puta-
tive need for higher dosages of GFLs, increased vector spread and 
younger patients to become a successful strategy for Parkinson’s 
patients, dissemination of a potent neurotrophic factor to areas 
outside the affected nigro-striatal system may impose serious side 
effects after long-term exposure.8 The detailed wiring of the human 
brain has not been fully elucidated,29 and it is impossible to pre-
dict into which distant central nervous system nuclei neurons may 
project and deliver GDNF after being transduced by a neuronal 
gene therapy vector, especially in case of vectors highly efficient in 
distribution through the target tissue like AAV-5. The long-term 
presence of a neurotrophic factor could result in the activation 
of low affinity receptors that in turn could induce unforeseeable 
signaling events.

For example, in mouse, cat, and monkey the nigro-collicular 
projection originating in the substantia nigra pars reticulata links 
the basal ganglia to the sensorimotor layers of the superior colliculus 
and is crucially involved in promotion of orienting behavior.30–32 
Long-term exposure of these neurons to a potent neurotrophic 
factor as seen after neuronal GDNF expression in the striatum 
may eventually modify their functional capabilities and impact 
on essential motor control mechanisms. This issue becomes even 
more important if delivery of a neurotrophin-expressing vector 
directly into the nigra is considered,9 a scenario in which astro-
cytic expression will prevent off-target delivery through neuronal 
projections as well. Furthermore, nigral astrocytes may be less 
affected from loss of DA neuron activity and resulting impaired 
GDNF secretion.

Secretion of a neurotrophic factor from terminal neuronal 
sites into disease-affected circuits may be a beneficial option 
under certain conditions. However, secretion of neuron-expressed 
GDNF from unmyelinated axons in the medial forebrain bundle 
and activation of hypothalamic corticotrophin releasing hormone 
secreting neurons has recently been suggested to cause weight 
loss,12 a common side effect in a number of preclinical and clinical 
trials33–36 and currently the best-characterized off-target effect of 
GDNF. As an important safety measure, we found that in no case 
striatal astrocytic-derived GDNF exerted measurable biological 
effects on the dopaminergic system outside the target structures 
(ipsilateral striatum and nigra), not even in the case of injection 
of high-titre of virus. Nonetheless, in the ipsilateral hemisphere 
astrocyte-derived GDNF was as efficient as neuron-derived 
GDNF in preventing the degeneration of nigral DA neurons, their 
striatal terminals and their striatal DA content from MPTP tox-
icity, and provided robust improvement in motor control under 
clinically relevant conditions after 6-OHDA lesion. Thus, without 
any restriction on neuroprotective efficacy in the ipsilateral nigro-
striatal projection the astrocytic expression of GDNF provided an 
additional safety criterion by avoiding remote and potential off-
target biological effects.

Although lowering vector titre improved the remote delivery 
profile of neuronal GDNF expression, even at very low levels it 
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still resulted in a pronounced impact on contralateral neurotrans-
mitter synthesis. A fourfold increase of GDNF over control levels 
in the contralateral nigra was sufficient to fully restore striatal DA 
levels after long-term (3-month) expression, exemplifying that 
some biological effects of GDNF may take considerable time to 
build up. In contrast, after astrocytic GDNF expression, a 13-fold 
increase of GDNF in the ipsilateral nigra was fully protective 
(low-titre group), but the same increase in GDNF levels did not 
show measurable biological effect in the contralateral nigra (in the 
high-titre group), demonstrating that it is not only the absolute 
level of GDNF which might exert biological effects but also the 
route of delivery or the differential availability to receptors.

Mechanistically, these findings imply that GDNF delivered 
at least partially by anterograde transport through contralateral 
projections (see Supplementary Figure S3g,j) can exert neuro-
protective signaling, while GDNF delivered retrogradely through 
the crossed nigro-striatal projection19 cannot. From this it would 
follow that it is not internalized GDNF but rather extracellular 
GDNF that can mediate neuroprotection and neurorestoration. 
Likewise, the neuroprotective and neurorestorative effect of 
astrocytic striatal GDNF may not depend on GDNF retrogradely 
transported towards the dopaminergic cell bodies in the nigra 
but rather on GDNF-induced signaling at synaptic and/or axonal 
sites. This view would strongly support the hypothesis that indeed 
sufficient functional dopaminergic innervation must be present in 
the caudate/putamen of PD patients to allow for beneficial effects 
of neurotrophic factor gene therapy.8,9

Efficient transduction of astrocytes to express GDNF has 
been demonstrated earlier by adenoviral and lentiviral vectors 
in vitro and in vivo.37–39 AAV vectors have been used for astrocytic 
transgene expression only very recently but were still hampered 
by considerable coexpression in neurons,40 the need of very high 
vector dosages41 or the need of systemic vector application in 
neonates.42 In contrast, the AAV-5 based strategy presented here 
demonstrated very low vector dosages to be still highly efficient in 
astrocytic transgene expression, while high-titres were still com-
pletely astrocyte-specific. A potential drawback of astrocytes as 
hosts for neurotrophic factor gene therapy may be the fact that 
these cells are capable of dividing upon stimulations such as the 
inflammatory processes present in PD brains. As AAV genomes 
persist episomally such cell division would dilute the vector, mak-
ing it unlikely to become a risk factor but rather resulting in a 
self-limitation of transduction. This situation was mimicked in 
the MPTP model demonstrating severe astrogliosis at 2 weeks 
after lesion, which has faded at 3 months after lesion. GDNF was 
detected to the same extent by immunohistochemistry in striatum 
and nigra and EGFP-expressing astrocytes were equal in number 
at both time points, indicating that the pronounced temporal 
astrogliosis provoked no major changes in either astroglial GDNF 
production or the number of transgene-expressing cells.

In conclusion, given that neurotrophins are potent modulators 
of neuronal physiology and thus may potentially provoke unwanted 
side effects if present in brain areas unaffected by PD, it seems rea-
sonable to restrict their impact to the immediate vicinity of the site 
of lesion. This was achieved by an astrocyte-specific AAV vector 
delivering bio-active GDNF only to the target sites in the ipsilateral 
striatum and nigra, thereby adding substantially to the appropriate 

targeting of forthcoming gene therapeutic approaches in PD patients. 
Given the impact of long-term presence of GDNF on DA neurons’ TH 
levels as shown here for expression in striatal astrocytes and earlier 
for expression in striatal neurons,21 we suggest that—preferentially in 
combination with regulated transgene expression43—a safe and effi-
cient astrocyte-based GFL gene therapy for PD can be achieved.

Material and Methods
Recombinant vector production. Recombinant AAV-5 viruses were pro-
duced by transient cotransfection of the vector genome plasmid with 
the pDP5 helper plasmid,44 iodixanol step gradient ultracentrifugation 
followed by anion-exchange chromatography, further concentration on 
150 kDa spun concentrators and final dialysis against PBS overnight. 
Genome titres were determined by quantitative PCR, purity >99% was 
confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and silver staining. Promoters used were the 0.4 kbp frag-
ment of the hSYN45 or the 2.2 kbp fragment of the hGFAP.46

Animal procedures. All experimental animal procedures were con-
ducted according to approved experimental animal licenses issued by 
the responsible animal welfare authority (Niedersächsisches Landesamt 
für Verbraucherschutz und Lebensmittelsicherheit) and controlled by 
the local animal welfare committee of the University Medical Center 
Göttingen. To target the striatum, 2–3 month-old C57Bl/6J male mice were 
injected unilaterally with 3 × 108 or 3 × 109 vg of AAV-5-hGFAP-EGFP, 
AAV-5-hGFAP-GDNF, AAV-5-hSYN-EGFP or AAV-5-hSYN-GDNF, in a 
2 µl volume each. Mice were anesthetized with ketamine/xylazine solution 
(100/5 mg/kg bodyweight) and placed in a stereotaxic frame (World 
Precision Instruments, Sarasota, FL). Two injections at the following ante-
rior, lateral, and ventral coordinates (mm relative to bregma) 0.0, −2.2, 3.5 
and 0.9, −1.5, 3.5 were performed using a Nanoliter2000 microinjector 
(World Precision Instruments). MPTP was administered as described47 
according to published safety guidelines, intraperitoneally, 30 mg/kg free 
base in NaCl, for 5 days at 24 hours intervals. Animals were either sac-
rificed by cervical dislocation, the striata dissected, frozen, and stored at 
−80 °C or animals were sacrificed using CO2 and after transcardial perfu-
sion (10 minutes, 0.1 mol/l PBS, pH 7.4 and 10 minutes, 4% paraformalde-
hyde in PBS) the whole brain was fixed and cryoprotected.

Unilateral 6-OHDA lesions were induced by stereotaxic injection of 
5 µg 6-OHDA each at coordinates anteroposterior +0.5, midlateral +2.1; 
dorsoventral −5.0 and anteroposterior -0.5, midlateral +3.8, dorsoventral 
−5.0 into striata of adult Wistar rats. This lesion model results in acute 
degeneration of striatal DA termini, while a slowly progressive death of 
nigral DA neurons occurs over a period of several weeks48 Lesions were 
confirmed by apomorphine-induced (0.4 mg/kg) rotations at 1 and 2 
weeks after 6-OHDA application. Three weeks after 6-OHDA lesion 
AAV-5-hGFAP-EGFP or AAV-5-hGFAP-GDNF were injected at the same 
coordinates as used for 6-OHDA injection at 1.5 × 109 vector genomes 
each deposit. Rotation behavior was recorded again at 7 and 17 weeks 
after 6-OHDA lesion.

Quantification of DA, DOPAC, and HVA. Catecholamine levels were 
determined by ion-pair high-performance liquid chromatography with 
electrochemical detection as described.49

Detection and quantification of GDNF.  Immunohistochemistry was per-
formed according to standard protocols using the polyclonal anti-GDNF 
#BAF212 from R&D Systems (Wiesbaden, Germany). The GDNF enzyme-
linked immunosorbent assay was performed following the manufacturer’s 
instructions (Promega, Madison, WI).

Stereology and quantification of striatal fibre density. Stereological 
counting of dopaminergic neurons was performed by the optical fraction-
ation method using StereoInvestigator (MicroBrightField, Magdeburg, 
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Germany) as described.47 To quantify TH fibre density in the striatum, five 
coronal sections between bregma +1.10 and −0.10 mm were stained essen-
tially as described above. For every section, three pictures were acquired. 
To automatically delineate the fibres and to increase the signal-to-noise 
ratio, the images were first thresholded, binarized and the optical den-
sity of photographs evaluated with ImageJ software(NIH, Bethesda, MD; 
http://imagej.nih.gov/ij/, 1997–2011. Striatal values were normalized by 
subtracting the background staining, measured in the cortex of the same 
section.

Statistical analysis. Data are expressed as means ± SD. To compare differ-
ent group means for independent samples, the statistical analysis was per-
formed by analysis of variance, followed by Tukey’s post hoc test (GraphPad 
Prism 4.0; GraphPad Software, La Jolla, CA). Significance levels were set at 
*P < 0.05, **P < 0.01, and ***P < 0.001.

SUPPLEMENTARY MATERIAL
Figure  S1.  Large area transduction by AAV-5-hSYN and AAV-5-hGFAP 
vectors in mouse striatum demonstrated by EGFP fluorescence.
Figure  S2.  Large area transduction by low-titre AAV-5-hSYN and 
AAV-5-hGFAP vectors in mouse striatum demonstrated by GDNF 
immunoreactivity.
Figure  S3.  AAV-5 vector particles are not retrogradely transported to 
SNpC cell bodies.
Figure  S4.  Unilateral GDNF expression in striatal neurons protects 
dopaminergic neurons in both hemispheres, while unilateral GDNF 
expression in astrocytes protects dopaminergic neurons only in the 
ipsilateral hemisphere.
Figure  S5.  Unilateral GDNF expression in striatal neurons protects 
dopaminergic fibres in both hemispheres, while unilateral GDNF ex-
pression in astrocytes protects dopaminergic fibres only in the ipsilat-
eral hemisphere.
Figure  S6.  Assessment of striatal catecholamine levels.
Table  S1.  Levels of GDNF as determined by ELISA in the different 
brain areas at 2 weeks after MPTP treatment (= 4 weeks after vector 
application).
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