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Long-term glial cell line-derived neurotrophic factor
overexpression in the intact nigrostriatal system in rats leads
to a decrease of dopamine and increase of tetrahydrobiopterin
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Abstract

Parkinson’s disease (PD) is characterized by the progressive
degeneration of the nigrostriatal dopaminergic system. Brain
delivery of glial cell line-derived neurotrophic factor (GDNF)
has been shown to protect and restore the dopaminergic
pathway in various animal models of PD. However, GDNF
overexpression in the dopaminergic pathway leads to a time-
dependent down-regulation of tyrosine hydroxylase (TH), a
key enzyme in dopamine synthesis. In order to elucidate
GDNF-mediated biochemical effects on dopaminergic neu-
rons, we overexpressed GDNF in the intact rat striatum using
a lentiviral vector-mediated gene transfer technique. Long-
term GDNF overexpression led to increased GTP cyclo-
hydrolase | (GTPCH I) activity and tetrahydrobiopterin (BH,)

levels. Further, we observed a down-regulation of TH enzyme
activity in morphologically intact striatal dopaminergic nerve
terminals, as well as a significant decrease of dopamine levels
in striatal tissue samples. These results indicate that long-
term GDNF delivery is a major factor affecting dopamine
biosynthesis via a direct or indirect modulation of TH and
GTPCH | and further underscore the importance of assessing
both GDNF dose and delivery duration prior to clinical appli-
cation in order to circumvent potentially adverse pharmaco-
logical effects on the biosynthesis of dopamine.
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Parkinson’s disease (PD) is characterized by the progressive
loss of midbrain dopaminergic neurons of the substantia
nigra, leading to dopamine deficiency in the striatum.
Application of glial cell line-derived neurotrophic factor
(GDNF) has been considered as a therapeutic approach in
rodent and primate models of PD due to its survival
promoting properties on dopaminergic neurons. Studies
demonstrate a marked preservation and restoration of the
nigrostriatal pathway following brain delivery of GDNF
(Kirik et al. 2000; Kordower et al. 2000). However, other
recent studies have shown that long-term GDNF over-
expression in the intact nigrostriatal pathway induces a
down-regulation of tyrosine hydroxylase (TH) in dopamin-
ergic neurons (Rosenblad ef al. 2003; Georgievska et al.
2004). It has been proposed that the initial GDNF-mediated
dopamine turnover increase might lead to compensatory
down-regulation of TH gene expression, a mechanism

observed after chronic activation of dopamine receptors
stimulated by the dopamine agonist apomorphin (Iwata et al.
2000). In addition to the observed TH down-regulation,
however, the effect of GDNF overexpression on other
enzymes of dopamine biosynthesis has not yet been inves-
tigated.
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The present study was aimed at investigating GDNF-
mediated biochemical effects on dopaminergic neurons
in vivo, using a lentiviral vector-mediated gene transfer
technique, in order to overexpress GDNF in rat striatum.
Three months post-viral vector application, samples of
striatal tissue were subjected to the following analysis: (i)
immunohistochemistry for TH and vesicular monoamine
transporter-2 (VMAT-2), (ii) enzyme activity measurements
for TH and GTP cyclohydrolase 1 (GTPCH 1), the rate-
limiting enzyme of tetrahydrobiopterin (BH,) synthesis and
(iii) measurements of dopamine and BH,, a cofactor of TH.

Materials and methods

Animals

Adult female Sprague-Dawley rats (n = 18; Charles River
Laboratories 69592 L’Arbresle, France) were housed in a specific
pathogen-free facility under controlled temperature and humidity,
with a standardized 12 : 12 h, light : dark cycle and were provided
with food and water ad libitum. The experiments were carried out in
accordance with the European Community Council Directive (86/
609/EEC) for care and use of laboratory animals.

Lentiviral vector production

GDNF (lenti-GDNF) and control-mutated GDNF (lenti-muGDNF)
expressing viral vectors were produced from a four-plasmid system,
as previously described (Bensadoun et al. 2000).

Surgery

All viral vector injections were performed using a 10-uL Hamilton
syringe with a 33-gauge blunt tip needle mounted on a stereotaxic
frame (Kopf, Tujunga, CA, USA). Under ketamine/xylazine
anesthesia, 2 pL of a 100 000 ng p24 antigen/mL lentiviral stock
was injected bilaterally at two different sites per striatum. Injections
were performed at the following coordinates in mm with reference
to bregma (according to the atlas of Paxinos and Watson): (i) AP 1,
LAT £3, V =6.2; (ii) AP 0, LAT £3.8, V —6.2. The tooth bar was set
at —2.5 mm for all coordinates. The speed of injection was
0.4 pL/min. The syringe was retracted by 1 mm after the injection
and left in place for an additional 4 min at each site before being
slowly withdrawn. Eight rats were injected with the lenti-GDNF
and eight with the lenti-muGDNF viruses. Two animals did not
receive viral vector injections and served as sentinel controls.

Immunohistochemistry

Tissue processing

Three months after viral vector injections, four rats from the lenti-
GDNF and four from the lenti-muGDNF groups were killed and
their brains processed for immunohistochemistry as previously
described (Regulier ef al. 2002).

Glial cell line-derived neurotrophic factor and tyrosine hydroxylase
stainings

GDNF and TH stainings were performed using anti-human GDNF
and anti-TH antibodies as previously described (Hottinger et al.
2000; Sajadi et al. 2004).

Vesicular monoamine transporter-2 staining

Slices were quenched as for the TH staining before being incubated
overnight at 4°C in a blocking solution of 10% normal goat serum
(Invitrogen Corporation, Carlsbad, CA, USA) and 0.1% triton
X-100. Slices were incubated overnight with rabbit polyclonal anti-
VMAT-2 antibodies (1 : 2000; Chemicon AB1767, Temecula, CA,
USA) in the blocking buffer. They were incubated for 1 h with
biotinylated goat anti-rabbit immunoglobulins (1 : 200; Vector
Laboratories, Burlingame, CA, USA) and 1% normal goat serum
at 4°C, before being incubated in avidin—biotin—peroxidase solution
for 30 min. Slices were finally revealed with diminobenzidine and
mounted onto gelatinized glass slides.

Striatal fiber density measurements

Immunostained sections of the striatum were scanned and optical
densities (ODs) of the TH and VMAT-2-positive fibers in the
striatum were measured using the NIH 1.62 Image program. For
each animal, the ODs were measured bilaterally at three different AP
coordinates: (i) 0.7; (ii) —0.3; (iii)) —1.3 (in mm according to the
bregma), with correction for non-specific background. The mean
between right and left (R/L) striatal ODs was calculated per
coordinate for each animal and the mean value was calculated per
coordinate for both groups.

Biochemical analysis

Three months after viral vector injections, four rats each from the
lenti-GDNF and lenti-muGDNF groups, as well as two non-injected
rats, were killed by an overdose of pentobarbital and perfused
transcardially with a phosphate-buffered solution. A 3-mm thick
coronal brain slice was obtained at the mid-striatum level using a
tissue slicer (Stoelting Co, Wood Dale, IL, USA). A 1.75-mm
diameter punch was taken from the striatum bilaterally for further
biochemical investigation. TH activity measurements were per-
formed under saturating substrate and cofactor conditions basically
as described previously (Flatmark et al. 1999), followed by an
aluminium-oxide acid (ALOX, Sigma, St Louis, MO, USA)
purification step and HPLC quantification (Nagatsu et al. 1979).
GTPCH I activity measurements and measurements of striatal BH,4
levels were performed as described by Elzaouk et al. (2003). Tissue
dopamine levels were determined according to the method described
by Blau et al. (1999).

Statistical analysis

Comparisons of the TH and VMAT-2 ODs were performed using a
Student’s #-test at each coordinate. Enzyme activity, BH, levels and
dopamine content measurements were analyzed using a one-way
analysis of variance (anova) followed by a Newman—Keuls
post hoc test. The significance level was set at p < 0.05. Data are
expressed as mean + SEM.

Results

Immunohistochemical studies at 3 months following lentivi-
ral vector injections for TH and VMAT-2 to assess GDNF-
induced effects on these dopaminergic-specific markers
(Fig. 1) revealed a significant decrease in the striatal TH
staining density in the lenti-GDNF group as compared to the
lenti-muGDNF group (p < 0.01 at 0.7 and -1.3 mm;
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Fig. 1 Tyrosine hydroxylase (TH), vesicular monoamine transporter-2
(VMAT-2) and glial cell line-derived neurotrophic factor (GDNF)
immunostainings in the striatum 3 months post-lentiviral vector injec-
tions. (a) Decreased density of TH staining in a lenti-GDNF as com-
pared to a lenti-muGDNF injected rat. No difference for the VMAT-2
staining was observed between both animals. GDNF was detected
only in the lenti-GDNF animal. (b) Quantification of the density of TH
and VMAT-2 striatal stainings revealing a significant decrease of the
density of TH staining in the lenti-GDNF group as compared to the
lenti-muGDNF group (**p < 0.01 at 0.7 and —1.3 mm; ***p < 0.001 at
—-0.3 mm), but no significant difference for the VMAT-2 staining
between both groups.

p <0.001 at —0.3 mm). In contrast, no significant differ-
ences were found in VMAT-2 immunostaining levels
between both vector groups. In accordance with these
findings, measurements of enzymatic TH activity were also
significantly decreased in the lenti-GDNF group as compared
to lenti-muGDNF and non-injected controls (p < 0.05)
(Fig. 2¢).

As further assessment of the biochemical effects of GDNF,
enzymatic GTPCH I activity and BH, levels were measured
in striatal samples (Figs 2a and b). Highly significant
increases in both GTPCH I activity and BH, levels were
observed in lenti-GDNF treated rats as compared to lenti-
muGDNF and non-injected controls (p < 0.001).
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Fig. 2 Biochemical measurements in the striatum 3 months post-
lentiviral vector injections. (A) A highly significant increase was
observed in GTP cyclohydrolase | (GTPCH 1) activity in the lenti-glial
cell line-derived neurotrophic factor (lenti-GDNF) group as compared
to the lenti-muGDNF and non-injected groups (***p < 0.001). (b) A
highly significant increase was observed in tetrahydrobiopterin (BH,)
levels in the lenti-GDNF group as compared to the lenti-muGDNF and
non-injected groups (***p < 0.001). (c) A significant decrease of tyro-
sine hydroxylase (TH) activity was observed in the lenti-GDNF group
as compared to the lenti-muGDNF and non-injected groups
(*p < 0.05). (d) A significant decrease was observed in dopamine
levels in the lenti-GDNF group as compared to the lenti-muGDNF and
non-injected groups (*p < 0.05).

GDNF-induced dopamine neurotransmitter changes were
also evaluated 3 months post-lentiviral vector injections
(Fig. 2d). Notably, we found significantly lowered striatal
dopamine levels in the lenti-GDNF group as compared to the
lenti-muGDNF and non-injected groups (p < 0.05).

Discussion

These results demonstrate that long-term striatal lentiviral
vector-mediated GDNF overexpression leads to decreased
TH immunoreactivity in the intact rodent striatum and
confirms effects in the intact as well as in the lesioned
nigrostriatal dopamine system already reported by others
(Georgievska et al. 2002, 2004; Rosenblad et al. 2003). In
addition, our study shows that TH protein down-regulation is
also associated with an overall decrease in its activity. The
sustained VMAT-2 immunoreactivity in the present study
and in that of Georgievska et al. (2004) provides strong
evidence for the morphological integrity of the nigrostriatal
pathway. We therefore conclude that TH down-regulation is
related to direct and/or indirect GDNF-induced effects on its
expression.

In contrast to TH activity, we found increases in both
GTPCH I activity and BH,4 levels following GDNF delivery
in the striatum. We hypothesize that the increase in BHy
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levels is mediated by GDNF, as the up-regulation of pterine
biosynthesis after GDNF treatment has also been shown
in vitro (Bauer et al. 2002). Moreover, cresyl violet staining
did not suggest an ongoing inflammatory response after
lentiviral injections in the striatum (data not shown).

The neuronal concentration of BHy in rat brain is 100 pm,
whereas the K, for BH; of non-phosphorylated TH is
500 pum (Levine et al. 1981). As non-phosphorylated TH
accounts for approximately 80% of total brain TH, the
observed twofold increase in BH; induced by GDNF
overexpression in the striatum should increase TH activity,
potentially leading to an increase in dopamine production
(Miwa et al. 1985). Already reported increases in dopamine
turnover following GDNF delivery might be therefore due to
increased cofactor production (Hudson et al. 1995; Geor-
gievska et al. 2004). In turn, chronically elevated striatal
dopamine levels and dopamine receptor stimulation results in
down-regulation of TH-mRNA (Iwata ef al. 2000), as
negative feedback control to normalize the dopaminergic
input in this highly regulated system. Strikingly, dopamine
levels in our study were significantly decreased, suggesting
either a rather slow adaptation of the system with transient
overcompensation or involvement of a more direct regulation
of TH transcription and pterine biosynthesis through distinct
GDNF signaling pathways, irrespective of striatal neuro-
transmitter levels. Nevertheless, analysis of known regula-
tory sequences in the TH promoter region provides no further
insights into the nature of direct TH down-regulation (Kumer
and Vrana 1996), as two known responsive elements also
comprising the GDNF signaling cascade increase rather than
decrease TH-mRNA transcription (Takahashi 2001).

The observed decrease in striatal dopamine levels is
indeed intriguing. Georgievska et al. (2004) have shown
stable dopamine levels in this brain region following long-
term GDNF overexpression, despite TH-enzyme down-
regulation. In contrast, we have observed a significant
reduction in dopamine levels 3 months following GDNF
overexpression. These discrepancies may be explained in
part by varying levels of GDNF expression. In contrast to our
rodent study, primate studies have shown an increase in
dopamine and dopamine metabolites followed by chronic
intraputaminal GDNF delivery in lesioned and aged monkeys
(Kordower et al. 2000; Ai et al. 2003). Increased levels of
dopamine and TH, however, have been accompanied by a
significant increase of the number of TH-expressing neurons
and morphological changes such as increased perikaryon size
and enhanced fiber outgrowth, which per se could lead to an
overall change in metabolites and enzyme activity measure-
ments. Thus, further studies in primates with an intact
nigrostriatal system as well as in primate models of PD will
have to evaluate the impact of our findings.

Taken together, our data show significant effects of long-
term GDNF treatment on dopamine metabolism of dopam-
inergic neurons in vivo, resulting in significant decreases of

striatal dopamine levels. Our findings may have a consider-
able impact on the therapeutic use of GDNF: dose and
treatment duration will have to be established and optimized
with the aim of achieving beneficial neuroprotective effects
of the trophic factor while circumventing undesirable
pharmacologic effects on dopamine biosynthesis.
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