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Abstract Glial cell line-derived neurotrophic factor
(GDNF) plays important roles in protecting the damaged
or dying dopamine neurons in the animal models of Par-
kinson’s disease (PD). This study was to determine the
effect and mechanisms of GDNF on the apoptosis of neu-
rons in 6-hydroxydopamine (6-OHDA) induced Parkin-
son’s disease model of rats. Healthy male Sprague—Dawley
rats (220-240 g) were randomly divided into six groups
(n=10). 6-OHDA was used to establish the PD rat model.
Tyrosine hydroxylase (TH) immunohistochemistry was
used to assess the neuron loss in 6-OHDA-lesioned rats.
TUNEL and western blot were used to identify the effects
and mechanisms of GDNF in the rat model of PD. The
numbers of TH-positive neurons in the 6-OHDA-injected
lesioned substantia nigra (SN) decreased significantly com-
pared with the Sham group. GDNF treatment effectively
ameliorated the apoptosis of neuronal cells in SN induced
by 6-OHDA. In addition, GDNF significantly increased
serine protein kinase B (Akt) and glycogen synthase kinase
3 beta (GSK3p) phosphorylation induced by 6-OHDA. In
contrast, application of LY294002 or triciribine reversed
the roles of GDNF in PD models. The results implicated
that the anti-apoptosis effects of GDNF in neurons might
be mediated through PI3K/Akt/GSK3p pathway. Therefore,
GDNF may be a promising agent for PD treatment.
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Introduction

Parkinson’s disease (PD) is the second common neurode-
generative disorder, which is characterized by the loss of
the neurotransmitter dopamine in striatum or progressive
degeneration of dopaminergic neurons in the pars compacta
of substantia nigra (SN) [1]. Patients with PD have motor
and behavioral disturbances, such as postural instability, a
resting tremor and bradykinesia [2]. PD is not deadly, but
can affect life quality of the patients, who need dedicated
on-going care [3]. However, the causes of PD are still
unclear, recent evidences show the involvement of mito-
chondria dysfunction, oxidative stress and apoptosis [4—6].

Glial cell line-derived neurotrophic factor (GDNF)
belongs to a member of the transforming growth factor
superfamily [7]. GDNF was originally found as a potent
trophic agent which accelerates the survival and differen-
tiation of dopaminergic neurons [8]. Moreover, GDNF can
be effective in the treatment of neuronal degeneration for a
lot of neurodegenerative diseases [9]. Recent investigations
in the established 6-OHDA and MPTP primate and rodent
models of PD revealed a substantial regeneration and neu-
roprotection effect by GDNF [10, 11]. In addition, GDNF
has been demonstrated to be a promising PD therapy that
can protect against neurotoxin-induced injury and facili-
tate the survival of dopamine neurons [12]. However, our
understanding of the regulating networks of GDNF in PD
is remained limited.

The phosphoinositide 3-kinase (PI3K)/threonine/ser-
ine protein kinase B (Akt) pathway has been demonstrated
to play an important role in regulating cell proliferation,
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apoptosis and survival in various systems [13—16]. Moreo-
ver, Akt is a serine/threonine protein kinase, whose sign-
aling is dependent on its phosphorylation by PI3K [17].
Besides, glycogen synthase kinase 3 (GSK3p) is a down-
stream target of the PI3K/Akt signaling pathway [18]. And
the activity of GSK3p is regulated by the phosphorylation
of two critical sites, Ser9 and Tyr216. Ser9 phosphoryla-
tion decreases GSK3p activity, while Tyr216 phosphoryla-
tion shows opposite results [19]. Phosphorylation of Ser9 is
mediated by multiple signaling pathways, such as MAPK/
p9ORS, PI3K/Akt or PKC [20]. However, the mechanism
for the regulation of phosphorylation at Tyr216 is less clear
[21]. Furthermore, it has been demonstrated that PI3K/
Akt signal pathway is proposed as an essential pathway in
inhibiting neuronal loss [22]. In addition, PI3K/Akt signal-
ing pathway plays a critical role in the pathogenesis of PD
[23]. Hence, we hypothesize that the PI3K/Akt/GSK3p sig-
nalling pathway may be an important target for the treat-
ment of PD.

In this study, by using 6-OHDA-induced rat model of
PD, we demonstrated that the effect of GDNF in repressing
neural apoptosis in the substantia nigra. More importantly,
the anti-apoptosis mechanisms of GDNF might be related
to the phosphorylation of PI3K/Akt/GSK3p pathway. Our
data suggest potential therapeutic drug of GDNF in PD.

Materials and Methods
Parkinson’s Disease Animal Model

All animal treatments in present study were performed in
accordance with the guidelines established by the National
Institutes of Health for the care and use of laboratory ani-
mals and were approved by the Animal Care Committee of
The First Affiliated Hospital of Zhengzhou University.

Sixty adult male Sprague—Dawley rats (HFK Bioscience,
Beijing) weighing 220-240 g (10 weeks old) were divided
randomly into six groups: Sham (n=10), PD (6-OHDA,
n=10), PD+10 pg GDNF (n=10), PD+50 pg GDNF
(n=10), PD+100 pg GDNF (n=10) and 100 pg GDNF
(n=10).

The stereotaxic lesion surgery was performed as
described previously [24]. Briefly, the 6-OHDA solution (in
0.9% saline with 0.1% ascorbic acid, pH 5.5) was delivered
to two injection sites on the right substantia nigra. Then 1
week after the unilateral 6-OHDA lesion, rats were treated
with apomorphine (0.05 mg/kg, in a 0.2% solution of ascor-
bic acid, pH 5.5) once per week for subsequent 15 days to
induce rotational behavior and animals with 210 rotations
per 30 min were selected. After that, GDNF (in 10 mM cit-
rate buffer with 150 mM NaCl, pH 5.0) at the doses of 10,
50 and 100 pg was intranasal administration for PD model

of rats once daily for 10 days. To minimize respiratory dis-
tress and swallowing of the dose, the total volume (25 pl)
of GDNF was delivered in 2.5 pl increments, alternating
nostrils, every 4 min, as previously described [25].

Immunohistochemistry

Rats were anesthetized intraperitoneally with sodium
pentobarbital (50 mg/kg) and the brains were removed and
post-fixed. Immunohistochemistry was carried out by using
free-floating brain slices (40 pm thickness) which encom-
passed the entire substantia nigra. And the brain slices were
stained at 4 °C overnight with rabbit anti-TH (1:1000; Santa
Cruz, USA) antibody. After that, slices were incubated for
1 h in biotinylated goat anti-rabbit IgG (1:1000; Invitrogen,
USA). Then slices were incubated for 1 h in avidin—bio-
tin horseradish peroxidase complex (1:200; Sigma, USA).
Subsequently, DAB staining method was used to visualize
TH protein.

TUNEL Assay

To demonstrate the anti-apoptotic effects of GDNEF,
TUNEL assay was performed according to the manual of
Roche TUNEL kit. Briefly, section (40 pm) were incubated
in 0.1% Triton X-100 for 8 min on ice for permeabiliza-
tion. Then the sections were transferred to TUNEL reac-
tion mixture and incubated in a humid chamber at 37 °C for
1 h. Finally, sections were visualized by using an Olympus
IX73 inverted microscope equipped with fluorescence. And
five visual fields were counted to calculate TUNEL positive
cells.

Western Blot Analysis

Western blot analysis was carried out as described previ-
ously [26]. Briefly, the tissues were homogenized in lysis
buffer for 30 min. Then equal amounts of protein were
separated by 10% SDS—polyacrylamide gels and transferred
to PVDF membranes. After that, the PVDF membranes
were incubated with primary antibodies against pro cas-
pase-3 (1:500; Cell signaling technology, USA), cleaved
caspase-3 (1:500; Cell signaling technology, USA), Bax
(1:1000; Santa Cruz Biotechnology, USA), Bcl-2 (1:1000;
Santa Cruz Biotechnology, USA), phospho-Akt (Ser473)
(1:1000; Cell Signaling Technology, USA), Akt (1:1000;
Cell Signaling Technology, USA), phosph-GSK3f (Ser
9) (1:1000; Cell Signaling Technology, USA), GSK3f
(1:1000; Cell Signaling Technology, USA) and -actin
(1:1000; Sigma, USA) overnight at 4 °C. Subsequently, the
membranes were incubated with anti-rabbit horseradish
peroxidase-conjugated secondary antibodies. And protein
was visualized by using an ECL system (Pierce Company,
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USA). Quantification of individual band was performed by
using Gel Imaging Analyzer. And B-actin was used as an
internal loading control.

Statistical Analysis

The data were expressed as the means + SD. And the statis-
tical significance was determined by a two-tailed Student’s
t test. All statistical analyses were performed by SPSS (ver.
17.0, Somers, NY, USA). A P value less than 0.05 was con-
sidered as statistical significance.

Results

The Dopaminergic Neuron Loss in the Substantia Nigra
(SN) in 6-OHDA -Lesioned Rats

To investigate the neurotoxicity of 6-OHDA in Parkinson’s
disease (PD) model, TH immunohistochemical staining
was performed. It is well-known that TH is a rate limiting
enzyme in the synthesis of dopaminergic neurons and is
characterized as a specific marker for dopaminergic neu-
rons [27]. The photographs of TH-positive neurons in the
SN in PD and Sham groups were shown in Fig. la. And
the statistical analysis indicated that the numbers of TH-
positive neurons in the 6-OHDA-injected lesioned SN
decreased significantly compared with the Sham group
(Fig. 1b). The results demonstrated that the PD model was
established successfully.

Numbers of TH-IR positive
neurons

Sham PD

Fig. 1 Immunohistochemical staining of TH protein and the number
of TH positive neurons in the substantia nigra of unilateral 6-OHDA
lesioned Parkinson rats. a Representative photographs of TH-positive
neurons immunohistochemistry in Sham and PD groups. Magnifica-
tion, X100. b Quantitative analysis of TH positive cells in Sham and
PD groups. *P <0.05 versus Sham group
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GDNF Attenuated the Apoptosis of the Neurons
Induced by 6-OHDA in the Substantia Nigra

To examine the effects of GDNF on the 6-OHDA-induced
apoptosis of the neurons in SN, we employed the TUNEL
assay. Representative photographs of TUNEL-positive
cells under different concentrations of GDNF were shown
in Fig. 2a. Besides, in Fig. 2b, the TUNEL-positive cells
in the PD model rats dramatically increased than those
in the Sham-operated rats. However, the TUNEL positive
cells decreased in the PD rats treated with GDNF in a
dose-dependent manner. And in the middle and high dose
groups (GDNF, 50 pg and GDNF, 100 pg), the number
of TUNEL positive cells was significantly downregulated
in the PD rats. In addition, high dose of GDNF alone did
not affect the apoptosis of the neurons in Sham group.

Sham "~ PD PD+10 ug GDNF

PD+50 ug GDNF

PD+100 ug GDNF

100 ug GDNF
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TUNEL-positive cells (%)
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Fig. 2 Effects of GDNF treatment (10, 50 and 100 pg) on 6-OHDA-
induced apoptosis in the substantia nigra. a Representative pho-
toographs of TUNEL labeling in the substantia nigra. Magnifica-
tion, X100. b Quantitative analysis of TUNEL-positive cells in the
substantia nigra. *P <0.05 versus Sham group. *P <0.05 versus PD
group
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Fig. 3 Effects of GDNF
treatment (10, 50 and 100 pg)
on apoptosis-related proteins
induced by 6-OHDA in the
substantia nigra. a Expression
of cleaved caspase-3 and pro
caspase-3 proteins detected by
western blot. b Bax and Bcl-2
protein expression detected

by western blot. ¢ The graphs
demonstrated the statistical
analysis of the expression
ratios of cleaved caspase-3/pro
caspase-3. d, e The statistical
analysis of the protein expres-
sion levels of Bax and Bcl-2.
And the relative optical density
was normalized to B-actin.
*P <0.05 versus Sham group.
#P <0.05 versus PD group

Fig. 4 Effect of GDNF treat-
ment (10, 50 and 100 pg) on
Akt and GSK3p phosphoryla-
tion in the substantia nigra of
unilateral 6-OHDA lesioned
Parkinson rat. a The phospho-
rylation levels of Akt deter-
mined by western blot analysis.
And the amount of p-Akt was
quantitated by densitometric
analysis. b The phosphorylation
levels of GSK3p determined
by western blot analysis. The
amount of p-GSK3p was
quantitated by densitometric
analysis. The phosphorylated
form was normalized versus
the total form. *P <0.05 versus
Sham group. P <0.05 versus
PD group
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Effects of GDNF on Apoptosis-Related Protein Induced
by 6-OHDA in SN

To determine the effects of GDNF on 6-OHDA-induced
apoptosis, we measured caspase-3, Bax and Bcl-2 expres-
sion levels in SN induced by 6-OHDA using western blot
(Fig. 3a, b). The results showed 6-OHDA-induced toxicity
significantly increased cleaved caspase-3 and Bax protein
levels, while GDNF treatment can decrease cleaved cas-
pase-3 and Bax protein levels in a dose-responsive manner
(Fig. 3c, d). In contrast, as shown in Fig. 3e, compared with
Sham group, Bcl-2 was significantly downregulated in the
PD group. Besides, the treatment of 6-OHDA + GDNF 10,
50, 100 pg can increase the Bcl-2 protein expression levels.

GDNF Upregulated Akt and GSK3p Phosphorylation
Induced by 6-OHDA in the SN

To detect the possible signaling pathways mediating the
anti-apoptosis by GDNF, the phosphorylation levels of
Akt and GSK3p in the SN were examined by western blot
analysis. As shown in Fig. 4a, b, the phosphorylation lev-
els of Akt and GSK3p were significantly decreased in the
6-OHDA-injected rats compared with that in Sham-oper-
ated rats. However, the decrease was notably alleviated in
the PD rats receiving GDNF treatment. And after 50 or
100 pg GDNF treatment, the phosphorylation levels of Akt
and GSK3p were significantly increased in the PD rats.
Moreover, GDNF administration alone did not affect the
phosphorylation of Akt or GSK3p in Sham group.

Anti-Apoptosis Effects of GDNF were Mediated
by the PI3K/Akt/GSK3f Pathway

To demonstrate that the anti-apoptosis effects of GDNF
were mediated by PI3K/Akt pathway, the rats were treated
with 10 pM PI3K inhibitor, LY294002 or 5 pM Akt inhibi-
tor, triciribine for 1 h. And representative photographs of
TUNEL-positive cells were shown in Fig. 5a. The results
showed that GDNF can significantly decrease the TUNEL-
positive cells in the PD rats. However, LY294002 and
triciribine remarkably abolished the decrease in the number
of the TUNEL positive cells induced by GDNF in the PD
rats (Fig. 5b).

Next caspase-3, Bax and Bcl-2 expression levels in the
SN were measured by western blot (Fig. 6a, b). The statisti-
cal analysis indicated LY294002 and triciribine blocked the
downregulation of cleaved caspase-3 and Bax protein levels
induced by GDNF in the PD rats (Fig. 6¢, d). Conversely,
LY294002 and triciribine decreased the upregulation of the
protein expression levels of Bcl-2 induced by GDNF in the
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Fig. 5 Inhibition of PI3K or Akt blunted the anti-apoptosis effects
of GDNF induced by 6-OHDA in the substantia nigra. The rats with
PD were treated with PI3K inhibitor, LY294002 (10 pM) or Akt
inhibitor, triciribine (5 pM) for 1 h after 100 pg GDNF treatment.
Cell apoptosis was assessed by TUNEL staining in the substantia
nigra. a Representative photographs of TUNEL-positive staining in
the substantia nigra. Magnification, X100. b Quantitative analysis of
TUNEL-positive cells in the substantia nigra. *P <0.05 compared
between two groups

PD rats (Fig. 6e). These results revealed that the anti-apop-
tosis effects of GDNF in the PD rats were most likely medi-
ated by the PI3K/Akt pathway.

To further understand the role of PI3K/Akt/GSK3p
signaling pathway in the anti-apoptosis by GDNF against
6-OHDA-induced neurotoxicity, we further assessed the
phosphorylation of Akt and GSK3p in the presence and
absence of PI3K inhibitor, LY294002 or Akt inhibitor,
triciribine. As shown in Fig. 7a, b, Western blot analysis
displayed that 6-OHDA markedly inhibited the phospho-
rylation of Akt and GSK3f. After treatment with GDNF,
it alleviated the repression on Akt and GSK3p activa-
tion induced by 6-OHDA. However, this beneficial effect
was abolished after treatment with LY294002 or tricir-
ibine. Thus, these results clearly demonstrated that the
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Fig. 6 Inhibition of PI3K A
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anti-apoptosis effects by GDNF on 6-OHDA-induced PD
rats may be mediated partly through PI3K/Akt/GSK3p
signaling pathway.

Discussion

6-OHDA is toxic in nervous system [28]. Because the neu-
rotoxin of 6-OHDA can not cross the blood-brain barrier,
its toxicity to the central nervous system is only by means
of stereotaxic surgery [29]. Increasing evidences show
6-OHDA has become one of the neurotoxins to establish
PD model in experimental animals [30-32]. After long
term exposure to very low levels of a neurotoxin, recurrent

apoptosis of small number of cells may be the way leads
to the neurons die [33]. As free radicals have been dem-
onstrated to give rise to Parkinson’s disease and 6-OHDA
induces apoptosis via free radical production [34], apopto-
sis is one of the main causes to the generation of Parkin-
son’s disease.

The mechanisms of apoptosis are complex, which
involves a cascade of reactions. A key step leading to apop-
tosis is the activation of caspase-3 [35]. During apopto-
sis, caspase-3 is considered as a central component of the
proteolytic cascade, as it may cleave a variety of nuclear
proteins, which may cause atypical apoptotic DNA frag-
mentation [36]. Kim et al. indicated the numbers of cleaved
caspase-3-positive cells in the hippocampal dentate gyrus

@ Springer
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were increased in the mice with PD [37]. Hartmann et al.
demonstrated the percentage of active caspase-3-positive
neurons was significantly higher in PD patients than that in
controls [38]. Our results showed that after the treatment of
6-OHDA, cleaved caspase-3 protein expression was nota-
bly higher in PD group than that in Sham group, which was
consistent with previous studies. Moreover, Bcl-2 and Bax
also contribute to the regulation of apoptotic cell death.
Bcl-2 is anti-apoptotic, which protects against cell death
and Bax is pro-apoptotic that promotes cell death [39].
And compared with the control rats, the protein expres-
sion of Bax in the brain increased significantly while that
of Bcl-2 decreased significantly in the 6-OHDA treated rats
[40]. In the present study, after the treatment of 6-OHDA,
Bcl-2 expression was decreased and Bax expression was
increased. These results suggested that 6-OHDA induced
apoptosis of neurons.

GDNF has neuroprotective effects against a variety of
neuronal insults [41, 42]. And GDNF reduces apoptosis
in dopaminergic neurons in vitro [43]. Moreover, Tsybko
found that the GDNF injection increased the anti-apoptotic
protein Bcl-xI mRNA content in the hippocampi of mice
[44]. In this study, the treatment of GDNF alleviated the
number of TUNEL-positive cells, decreased cleaved cas-
pase-3 and Bax protein levels and increased the Bcl-2
protein expression levels in PD model, demonstrating that
GDNF protected the neurons against 6-OHDA-induced
apoptosis.

Increasing evidences shows that Akt/GSK3p pathway
plays a key role in preventing cellular apoptosis [45].
The activation of Akt is associated with cell proliferation
[46]. Moreover, GSK3p, which is a constitutively active
enzyme substrate of Akt, is inactivated by p-Akt [47].
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Our observations showed that 6-OHDA treatment sig-
nificantly dephosphorylated Akt and GSK3p, suggesting
the 6-OHDA inactivated Akt but activated GSK3f, which
was in agreement with previous studies [48]. However,
our results clearly demonstrated that GDNF treatment
attenuated the downregulation of Akt and GSK3f phos-
phorylation induced by 6-OHDA. More importantly, the
PI3K inhibitor LY294002 and Akt inhibitor triciribine

GDNF

Parkinson's disease

N

P13K Bax4 Bcl2y
v v
p-P13K Caspase-3
v
v .
Akt—— p p-Akt Apoptosis

GSK3p ———p p-GSK3p

Fig. 8 Schematic diagram of the GDNF-mediated neuroprotective
mechanisms in PD rats. Black colored letters and arrows indicate the
6-OHDA-induced pro-apoptotic pathway. Blue colored letters and
arrows indicate the GDNF-induced anti-apoptotic effect. (Color fig-
ure online)
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blocked the anti-apoptosis effects of GDNF on neurons
and its regulation on Akt and GSK3p phosphorylation
induced by 6-OHDA. Thus, PI3K/Akt/GSK3p pathway
may play a key role in the anti-apoptosis by GDNF on
neurons in 6-OHDA-induced PD model of rats (Fig. 8).

Conclusion

In conclusion, present study suggested that exposure to
GDNF suppressed neurons apoptosis in 6-OHDA-induced
rats, and the anti-apoptosis of GDNF may be partially by
regulating the PI3K/Akt/GSK3p signaling pathway. There-
fore, GDNF may serve as a therapeutic agent for patients
with PD.
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