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Abstract

Increasing body of evidence indicates that neuron-neuroglia interaction

may play a key role in determining the progression of neurodegenerative

diseases including Parkinson’s disease (PD), a chronic pathological con-

dition characterized by selective loss of dopaminergic (DA) neurons in the

substantia nigra. We have previously reported that guanosine (GUO)

antagonizes MPP+-induced cytotoxicity in neuroblastoma cells and exerts

neuroprotective effects against 6-hydroxydopamine (6-OHDA) and beta-

amyloid-induced apoptosis of SH-SY5Y cells. In the present study we

demonstrate that GUO protected C6 glioma cells, taken as a model system

for astrocytes, from 6-OHDA-induced neurotoxicity. We show that GUO,

either alone or in combination with 6-OHDA activated the cell survival

pathways ERK and PI3K/Akt. The involvement of these signaling

systems in the mechanism of the nucleoside action was strengthened by

a reduction of the protective effect when glial cells were pretreated with

U0126 or LY294002, the specific inhibitors of MEK1/2 and PI3K, respec-

tively. Since the protective effect on glial cell death of GUO was not

affected by pretreatment with a cocktail of nucleoside transporter

blockers, GUO transport and its intracellular accumulation were not at

play in our in vitromodel of PD. This fits well with our data which pointed
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to the presence of specific binding sites for GUO on rat brain membranes.

On the whole, the results described in the present study, along with our

recent evidence showing that GUO when administered to rats via intra-

peritoneal injection is able to reach the brain and with previous data

indicating that it stimulates the release of neurotrophic factors, suggest

that GUO, a natural compound, by acting at the glial level could be a

promising agent to be tested against neurodegeneration.
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1 Introduction

Parkinson’s disease (PD) is a chronic and

progressive neurodegenerative pathological

condition characterized by selective loss of

dopaminergic (DA) neurons in the substantia

nigra (Dauer and Przedborski 2003; Birkmayer

and Hornykiewicz 1961). Although different

mechanisms have been considered influential for

the PD pathogenesis, including inflammation, oxi-

dative stress, excitotoxicity, protein misfolding, or

apoptosis, none has been indicated as the primary

cause of the disease, since all of them may likely

act in a complex integrated pathway to promote

neurodegeneration (Fujita et al. 2013; Barnum and

Tansey 2010). Therapies for PD are mainly based

on DA replacement by L-3,4-dihydroxypheny-

lalanine (L-DOPA), an approach which is effec-

tive in reducing motor handicap and alleviating

the disease-associated depression and pain. How-

ever, chronic administration of L-DOPA often

causes motor and psychiatric side effects which

are reported to be as debilitating as PD itself

(Andrew et al. 1993; Curtius et al. 1974).

In vitro treatment of cells with

6-hydroxydopamine (6-OHDA) and in vivo

administration of this neurotoxin to laboratory

animals represent one of the most used experi-

mental models of PD. Moreover, 6-OHDA con-

tent is increased in the brain and urine of patients

with PD treated with L-DOPA (Andrew

et al. 1993; Curtius et al. 1974) and a role for

this neurotoxin in the pathogenesis of the disease

has been suggested.

We have recently reported that guanosine

(GUO) protected SH-SY5Y neuroblastoma cells

when exposed to neurotoxins, including MPP+

and 6-OHDA (Giuliani et al. 2012b; Pettifer

et al. 2007). We have also reported that in a

clinically relevant chronic animal model of PD,

developed by using a proteasome inhibitor

(McNaught et al. 2004), GUO treatment:

(i) reduced apoptosis; (ii) increased tyrosine

hydroxylase positive DA neurons; and (iii)

ameliorated symptoms (Su et al. 2009). Increasing

body of evidence indicates that neuron-neuroglia

interaction may play a key role in determining the

progression of neurodegenerative diseases,

including PD (McGeer and McGeer 2008; Mena

and Garcia de Yebenes 2008).

6-OHDA, beside its extracellular-mediated

cytotoxic effects, damages catecholaminergic

neurons following its uptake into the cells by

DA transporters (Blum et al. 2000). Both mono-

amine oxidase (MAO) and catechol-O-methyl-

transferase (COMT) are present in astroglial

cells (Fitzgerald et al. 1990; Hansson and

Sellstrom 1983; Pelton et al. 1981), suggesting

that astrocyte uptake systems are likely to play

an important role. It has been reported that

not only catecholaminergic neurons but also

astrocytes are able to take up DA by high-affinity

Na+-dependent and Na+-independent systems

(Pelton et al. 1981) and by EMT, which is an

extraneuronal Na+-independent monoamine

transporter system (Inazu et al. 1999a, b).

The role of astrocytes in DA neurons’ func-

tion is of interest as the glia/neurons ratio in the

substantia nigra is the lowest in the brain

(Damier et al. 1996; Makar et al. 1994; Sagara

et al. 1993). This suggests that DA neurons could

less rely on glial cells in case of different kinds of
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insults and that agents able to damage glial cells

may contribute to the onset and progression of

disease. Therefore, given the emerging role of

astrocytes in the pathophysiology of PD and the

need of evaluating novel therapeutic strategies

for this disorder, in the present study we used

C6 glioma cell cultures to investigate the

neuroprotective effects of GUO in 6-OHDA-

induced neurotoxicity.

2 Methods

The study was approved by the Ethics Commit-

tee of Chieti University in Italy.

2.1 Agents

6-OHDA, cells media, L-glutamine, poly-

L-lysine, GUO, 6-[(4-nitrobenzyl)thio]-9-β-D-
ribofuranosylpurine (NBTI), propentofylline

(PPF), dipyridamole (DYP), 2-(4-morpholinyl)-

8-phenyl-1(4H)-benzopyran-4-one hydrochloride

(LY294002), and 1,4-diamino-2,3-dicyano-1,4-

bis(o-aminophenylmercapto)butadiene monoe-

thanolate (U0126) were purchased from Sigma

Aldrich (Milano, Italy). Fetal bovine serum

(FBS), penicillin/streptomycin (10,000 units/

ml penicillin G sodium and 10,000 μg/ml strep-

tomycin sulfate in 0.85 % saline), trypsin 10X

liquid were obtained from Invitrogen (Milano,

Italy). Antibody against phosphorylated-Akt

(Ser473) and ERK1/2 were purchased from

Cell Signaling Technology (CELBIO S.p.A,

Milano, Italy). Anti-Actin (I-19) antibody was

obtained from Santa Cruz Biotechnology

(D.B.A. Italia S.r.l., Milano, Italy). Donkey

anti-rabbit HPR-conjugated and chemilumines-

cence (ECL) detection kit was purchased from

GE Healthcare (Milano, Italy).

2.2 C6 Glioma Cell Cultures

C6 glioma cells, were grown in DMEM contai-

ning 10 % FBS and 1 % penicillin/streptomycin

in a humidified 5 % CO2 incubator at 37
�C. The

culture medium was changed every other day

and cells prepared at an appropriate density

depending on the kind of experiment to be

performed. In all the experiments, GUO was

dissolved in NaOH 0.1 M and added to the cul-

ture medium at a final concentration of 0.001 M

NaOH. Some cells were exposed to 0.001 M

NaOH, but, as previously reported by Pettifer

et al. (2007), no modification was observed.

2.3 Cell Viability Assay

Cell viability was evaluated by the MTS assay

using the CellTiter 96 AQueous One Solution

Cell Proliferation Assay kit (Promega, Milano,

Italy). The assay is based on the cleavage of the

yellow tetrazolium salt [3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)

-2H-tetrazolium] to purple formazan crystals by

metabolically active cells. Cultured cells were

starved by serum removal for 24 h and then treated

with 6-OHDA at different concentrations (ranging

from 5 to 200 μM) for 24 h. The EC50 value was

used to treat the cells in combination with 300 μM
GUO (co-treatment).

Inhibitors of the nucleoside transporters

(10 μM NBTI plus 100 μM PPF plus 10 μM
DYP) were added to the medium 1 h before the

6-OHDA/GUO co-treatment until the end of the

experiment. After treatment, 20 μl of the

One-Solution Reagent were added to each well

and the plates were incubated at 37 �C for 2 h.

The optical density at 490 nm was measured

using a Packard SpectraCount™ microplate

reader. The value of viability of treated cells

was expressed as a percentage of that from the

corresponding control cells.

2.4 Hoechst 33258 Staining

After treatment with 30 μM 6-OHDA in the

presence or absence of 300 μM GUO for 24 h,

the cells were harvested and fixed for 30 min

with gentle agitation in pre-chilled phosphate

buffered saline (PBS) containing 4 % parafor-

maldehyde. After fixation at room temperature,

C6 glioma cells were washed with pre-chilled

PBS and then exposed to Hoechst 33258 2 mg/l

Guanosine Protects Glial Cells Against 6-Hydroxydopamine Toxicity 25



in PBS at room temperature for 5 min. After

washing, all samples were analyzed with a fluo-

rescence microscope (Leica DM RXA2).

2.5 DNA Fragmentation

Specific apoptotic DNA fragmentation was

evaluated by measuring the amount of cytosolic

oligonucleosomes using a Cell Death ELISA kit

(Roche Molecular Biochemicals; Milano, Italy)

and it was carried out according to the

manufacturer’s instruction. After the exposure

of the culture to 30 μM 6-OHDA alone or in

combination with 300 μM GUO, cells were

isolated for analysis of DNA fragmentation as

described by Pettifer et al. (2007). Briefly,

10,000 viable cells/treatment were lysed and

centrifuged to isolate fragmented oligonuc-

leosomal DNA. The cytosolic fractions of cell

lysates were transferred into streptavidin-coated

microplate wells, and a mixture of biotin-linked

anti-histone antibody and peroxidase-linked anti-

DNA antibody was added and incubated for 2 h

at room temperature. Plates were washed with

the incubation buffer to remove the unfixed

anti-DNA antibody and the peroxidase activity

was determined spectrophotometrically with

2,20-azino-bis[3-ethylbenzthiazoline-6-sulfonic
acid] (ABTS) as substrate (absorbance of

405 nm). The amount of DNA fragmentation

was expressed as a percentage of the positive

control provided with the kit.

2.6 Western Blot Analysis

Western blot analysis was used to detect

phosphorylated Akt (p-Akt) and ERK1/

2 (p-ERK1/2). Cultured cells were rendered qui-

escent by serum removal for 24 h and treated

with 30 μM 6-OHDA and 300 μM GUO alone

or in combination. Inhibitors of nucleoside

transporters (10 μM NBTI plus 100 μM PPF

plus 10 μM DYP) were added to the medium

1 h before the 6-OHDA/GUO co-treatment until

the end of experiment. At the end of the treat-

ment, cells were washed twice with ice-cold PBS

and then harvested at 4 �C in a lysis buffer

(25 mM Tris buffer, pH 7.4, containing

150 mM NaCl, 100 μM sodium orthovanadate,

1.5 mM MgCl2, 1.0 mM EDTA, 1.0 mM EGTA,

1 % NP40, 10 % glycerol, 1 mM PMSF, 5 μg/ml

leupeptin, 5 μg/ml aprotinin). After 20 min on

ice, cells were centrifuged at 14,000 rpm for

10 min at 4 �C. Supernatant aliquots were used

for the determination of protein concentrations

by the method of Bradford (Bio-Rad; Milano-

Italy).

Proteins were diluted in Laemli-SDS sample

buffer and boiled for 5 min. Equal amounts of

proteins were loaded onto each lane of

SDS-PAGE gel (12 % resolving gel, 4 %

stacking gel) and resolved at 120 V constant.

Gels were transferred onto PVDF membrane

(Bio-Rad, Milano-Italy) at 100 V constant for

90 min at room temperature, and membranes

were blocked in blocking buffer (PBS, 0.1 %

Tween-20 with 5 % w/v non-fat dry milk) for

2 h. Blots were incubated overnight at 4 �C with

specific primary antibodies. All primary

antibodies were diluted 1:1,000 in primary anti-

body dilution buffer (PBS, 0.1 % Tween-20 with

2,5 % w/v non-fat dry milk) except for β-actin
that was diluted 1:1,500. After washing three

times for 15 min with wash buffer (PBS, 0.1 %

Tween-20), membranes were exposed to a sec-

ondary antibody diluted 1:2,500 for 1 h at

room temperature. The immunocomplexes were

visualized using an enhancing ECL detection

system. Densitometric analysis was performed

for the quantification of the immunoblots using

the Quantity One 1-D Analysis software

(Bio-Rad; Milano, Italy).

2.7 Statistical Analysis

Data were analyzed with a two-tailed t-test and

expressed as means � SE. All experiments were

performed at least three times. P < 0.05 was

considered statistically significant.
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3 Results

3.1 Effect of 6-OHDA on C6 Glioma
Cell Viability

C6 glioma cells were treated with various

concentrations of 6-OHDA (5–200 μM) for 24 h

and cell viability was evaluated by conventional

MTS reduction assay. As shown in Fig. 1, the pro-

portion of viable cells was reduced by 6-OHDA in a

concentration-dependent manner. The half maximal

effective concentration (EC50) of approximately

30 μM 6-OHDA was used in the experiments

aimed at studying the protective effects of GUO.

3.2 Protective Effect of Guanosine
on 6-OHDA-Mediated Toxicity

C6 glioma cells were treated with 30 μM
6-OHDA for 24 h in the presence or absence of

300 μM GUO. The concentration of the guanine

nucleoside was chosen on the basis of our previous

results showing its neuroprotective effects in dif-

ferent cell types, including glial and neuroblastoma

cells (Di Iorio et al. 2004; Pettifer et al. 2004). The

addition of 30 μM 6-OHDA led to the expected

reduction in C6 glioma cell viability (Fig. 2). GUO

(300 μM) added along with the toxin

(co-treatment) effectively attenuated (by about

60 %) the 6-OHDA-induced cytotoxicity as deter-

mined by MTS reduction assay (Fig. 2).

To evaluate whether the protective effects of

GUO were mediated by intracellular mechanisms

following the nucleoside uptake, the cells were

pretreated for 1 h with a cocktail of known nucle-

oside transporter blockers (10 μM NBTI, 100 μM
PPF, and 10 μMDYP) (Parkinson et al. 2006). As

shown in Fig. 2, the protective effect of GUO was

not affected by cell pretreatment with these drugs.

3.3 6-OHDA -Induced Apoptotic
Death in C6 Glioma Cells

To determine the capability of the chosen

6-OHDA concentration to cause apoptosis,

Fig. 1 Concentration response curve of 6-OHDA on
C6 glioma cell viability. The curve was generated to

identify the EC50 value for the toxin on cell survival.

Data are means � SE of at least six independent

experiments and are expressed as a percentage of the

untreated control group

Fig. 2 Effect of guanosine (GUO) on C6 glioma cell
cytotoxicity induced by 6-hydroxydopamine
(6-OHDA). The effect of 300 μM guanosine on the toxic-

ity induced by 30 μM 6-OHDA for 24 h was evaluated in

the presence or absence of nucleoside transporter

blockers. The blocker cocktail [10 μM 6-[(4-nitrobenzyl)

thio]-9-β-D-ribofuranosylpurine (NBTI), 100 μM
propentofylline (PPF), and 10 μM dipyridamole (DYP)]

was added to the culture medium 1 h before 6-OHDA/

GUO co-treatment. The C6 cell viability was determined

by MTS assay as described in Methods. Each column

represents the mean � SE of at least six independent

experiments. ###P < 0.001 vs. untreated cells (control);

*P < 0.05 vs. 6-OHDA-treated cells
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DNA-sensitive dye Hoechst 33258 staining and

DNA fragmentation assay by oligonucleosomal

ELISA were used. The Hoechst 33258 staining

was used to assess changes in nuclear morpho-

logy following cell treatment with 30 μM
6-OHDA for 24 h in the presence or absence of

300 μM GUO. As shown in Fig. 3A, nuclei in

normal C6 glioma cells exhibited diffused

Hoechst 33258 staining of chromatin. In contrast,

about 27 % of nuclei in cells treated with

6-OHDA showed condensed chromatin

(Fig. 3A, B). No protection was reported when

300 μM GUO was added to the cell medium

along with the neurotoxin.

These results were confirmed by DNA frag-

mentation assay. 6-OHDA caused a 46 %

increase in oligonucleosmal formation (Fig. 3C)

and GUO (300 μM) added concomitantly with

6-OHDA was unable to reduce the toxin-

mediated oligonucleosome formation (Fig. 3C).

3.4 ERK and PI3K/Akt Pathways
Involvement in Neuroprotection
by Guanosine Against
6-OHDA-Mediated Toxicity
in C6 Glioma Cells

It has been reported that GUO induces a rapid

increase in ERK1/2 and Akt phosphorylation in

different cell types including PC12, microglia,

and astrocytes (D’Alimonte et al. 2007; Di Iorio

et al. 2004; Pettifer et al. 2004). To evaluate the

involvement of the above mentioned cell sur-

vival pathways in GUO-mediated neuropro-

tection, we examined the effect of LY294002

Fig. 3 Effect of 6-hydroxydopamine (6-OHDA) alone
or in combination with guanosine (GUO) on C6 glioma
cell apoptosis. Cultured cells were exposed to 30 μM
6-OHDA for 24 h in the presence or absence of 300 μM
GUO. Untreated (control) and treated cells were stained

with the fluorescent nuclear dye Hoechst 33258 (Panel A)
and the statistical analysis of apoptotic cells was reported

(Panel B). The apoptosis was also evaluated measuring

the oligonucleosome formation by ELISA assay (Panel
C). Photomicrographs are representative results taken

from ten different fields from randomly selected slides.

Each column value represents the mean � SE of six

independent experiments. #p < 0.05 vs. untreated cells

(control)
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(30 μM) an inhibitor of phosphoinositide-3-

kinase (PI3K), an upstream of Akt, and U0126

(10 μM), an inhibitor of mitogen-activated pro-

tein kinase (MEK1/2), in glioma cell cultures

co-treated with 30 μM 6-OHDA for 24 h. As

shown in Fig. 4, both LY294002 and U0126

significantly reduced the effect of GUO on

6-OHDA-induced cytotoxicity as determined by

MTS reduction assay. Consistent with the results

obtained by MTS reduction assay, Western blot-

ting analysis showed that 300 μM GUO was able

to increase p-ERK1/2 and p-Akt – immunoreac-

tivity in C6 glioma cells treated with the nucleo-

side for 15 min (Fig. 5A, C). As already reported

for other cell types, including C6 glioma cells

(Lee et al. 2011), also 6-OHDA increased p-ERK

immunoreactivity (Fig. 5A).

It has been reported that sustained activation

of ERK1/2 does not protect against either

L-DOPA- or 6-OHDA-induced cytotoxicity (Jin

et al. 2010). Thus, in an attempt to better define

the characteristics of ERK activation mediated

by co-treatment of C6 glioma cells with 30 μM

6-OHDA plus 300 μM GUO, analysis of the

kinetics of ERK phosphorylation was performed.

As shown in Fig. 5B, co-treatment significantly

increased p-ERK1/2 level within 5 min, peaking

at 15 min after administration, and strongly

decreased it by 60 min.

Contrary to what was found for ERK1/

2 phosphorylation, the neurotoxin was unable to

enhance the levels of p-Akt in the same cells

(Fig. 5C), whereas following the co-treatment

with GUO and 6-OHDA, p-Akt levels increased

by 39 % compared with the control values. The

effect of cell co-treatment with 300 μM GUO

and 30 μM 6-OHDA on p-ERK1/2 and p-Akt

immunoreactivity was not affected by C6

glioma cell pretreatment with the cocktail of the

nucleoside transporter blockers reported above

(10 μM NBTI, 100 μM PPF, and 10 μM DYP)

(Fig. 6A, B).

4 Discussion

In the present study we demonstrate that

6-OHDA, a neurotoxin used to induce experi-

mental models of PD, caused cytotoxicity in a

concentration-dependent manner in C6 glioma

cells, taken as a model system for astrocytes.

We also report that 300 μM GUO concomitantly

administered with 6-OHDA counteracted the

toxin-induced loss of viability in this in vitro
model of PD. It has been shown that GUO and

its metabolic product guanine are taken up into

both neurons and astrocytes mainly via the

equilibrative nucleoside transporter (Parkinson

et al. 2006). Thus, to determine whether

GUO-mediated cytoprotection was due to intra-

cellular effects following its uptake by the cells, a

cocktail of uptake inhibitors was used. In agree-

ment with previous findings observed in primary

cultures of astrocytes (Di Iorio et al. 2004), the

results show that the transport of GUO and its

consequent intracellular accumulation was not

required for protecting the cells in our in vitro

model of PD. This fits well with our previous

data which pointed to the presence of specific

binding sites for GUO on rat brain membranes

(Traversa et al. 2002, 2003).

Fig. 4 Effects of PI3-kinase inhibitor (LY294002) and

MEK1/2 inhibitor (U0126) on the protective effect of

300 μM guanosine (GUO) on 6-hydroxydopamine

(6-OHDA)-induced toxicity. LY294002 (30 μM) or

U0126 (10 μM) were added 1 h prior to the co-treatment

with 300 μMGUO plus 30 μM 6-OHDA for 24 h. The C6

cell viability was determined by MTS assay as described

in Methods. Each column represents the mean � SE of at

least six independent experiments. ###P < 0.001 vs.
untreated cells (control); *P < 0.05 vs. 6-OHDA-treated
cells; }P < 0.05 vs. the 6-OHDA/GUO co-treatment
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The mechanisms underlying neurode-

generative processes in PD are still unclear.

However, increasing evidence indicates that

apoptosis is involved in the loss of dopaminergic

neurons. We recently reported that GUO

(300 μM) protected SH-SY5Y neuroblastoma

cells when they were exposed to 6-OHDA,

promoting their survival by (i) reducing the

neurotoxin-mediated activation of p-38 and

JNK; (ii) causing an early increase in phosphor-

ylation of the anti-apoptotic kinase Akt; (iii)

inactivating the pro-apoptotic factor GSK3β;
and (iv) increasing the expression of the anti-

apoptotic Bcl-2 protein (Giuliani et al. 2012b).

Fig. 5 Effect of 6-hydroxydopamine (6-OHDA),guanosine

(GUO), or the combined treatment on the phosphorylation of

ERK1/2 (PanelsA&B) andAkt (PanelC) inC6gliomacells.

Cultured cells were incubated for 15 min with 30 μM
6-OHDA, 300 μM (GUO) or 6-OHDA/GUO co-treatment

and harvested for western blot analysis. The protein

expression of phosphorylated ERK1/2 (p-ERK1/2) or Akt

(p-Akt), and β-actin were determined by using specific

antibodies as described in Methods. To evaluate the time

course of ERK1/2 activation induced by the co-treatment,

cells were incubated for 5, 15, and 60 min with 30 μM
6-OHDA plus 300 μM GUO (Panel B). For each signaling

pathway, a representative immunoblot is shown. Each col-

umn represents the mean � SE of three independent

experiments. #P < 0.05, ##P < 0.01, ###P < 0.001 vs.
untreatedcells (control); *P < 0.05vs.6-OHDAtreatedcells
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Apoptotic cells can be recognized by charac-

teristic morphological changes, which are similar

across cell types and species (Häcker 2000; Leist

et al. 1997). The assessment of cell death by

using Hoechst 33252 staining and oligonul-

ceosomal formation is a combination of simple

and reproducible methods to distinguish among

viable and apoptotic cells. In the present work,

we found that 6-OHDA induced apoptosis in C6

glioma cell but, unlike to what has been reported

in neuroblastoma cells, GUO was unable to

protect glial cultures against this kind of toxin-

induced cell death.

We also reported that 6-OHDA induced a

rapid phosphorylation of ERK1/2. Activation of

the ERK pathway is known to contribute to neu-

ronal cell survival in different models of neuro-

toxicity (Jin et al. 2002; Abe and Saito 2000; Han

and Holtzman 2000), whereas sustained ERK

phosphorylation has been shown to be involved

in apoptosis processes and in a decrease of DA

biosynthesis (Kulich and Chu 2001). Thus, our

results are consistent with an attempt of glial

cells to exert a defense response against the

toxin. As our data indicate that GUO per se is

able to cause a rapid and transient ERK phos-

phorylation, we hypothesize that the regulation

of ERK phosphorylation might be involved in the

mechanisms of GUO-induced cell survival.

Neuronal lesions caused by 6-OHDA are

complex and the toxin can induce apoptosis and

pre-necrotic lesions (Mayo et al. 1999). GUO

could prevent the incipient signs of necrosis by

enabling the cells to activate the recovery

mechanisms. When the nucleoside was added to

cultures along with 6-OHDA, a more intense

early ERK phosphorylation, compared with that

induced by the toxin alone, was observed. This

Fig. 6 Effect of the nucleoside transporter blockers

on the phosphorylation of ERK1/2 (Panel A) and Akt

(Panel B) induced by the C6 cell co-treatment with

6-hydroxydopamine (6-OHDA)/guanosine (GUO). Cultured

cells were incubated for 15 min with 30 μM 6-OHDA plus

300 μM GUO. When used, the blocker cocktail [10 μM
6-[(4-nitrobenzyl)thio]-9-β-D-ribofuranosylpurine (NBTI),

100 μM propentofylline (PPF), and 10 μM dypiridamole

(DYP)] was added to the culture medium 1 h before

6-OHDA/GUO cotreatment. The protein expression

of phosphorylated ERK1/2 (p-ERK1/2) or Akt (p-Akt)

and β-actin were determined by using specific antibodies

as described in Methods. For each signaling pathway,

a representative immunoblot is shown. Each column

represents the mean � SE of three independent

experiments. #P < 0.05, ###P < 0.001 vs. untreated

cells (control)
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ERK activation decreased toward the baseline

level at 60 min. Inhibition of this pathway by

U0126 significantly attenuated the protective

effect of GUO as shown by the MTS reduction

assay. This finding strengthens the notion that the

ERK pathway might play a role in inducing sur-

vival of astrocytes by GUO.

Another finding of the present study was that

6-OHDA did not evoke phosphorylation of Akt, a

key mediator downstream of PI3 kinase reported

to be involved in several physiological cellular

processes including metabolic cell responses and

cell survival, GUO, on the other hand, increased

p-Akt levels either when administered alone or in

combination with the neurotoxin. When the PI3K/

Akt pathway was blocked with the specific phar-

macological inhibitor LY294002, we found a

marked reduction of the protective action of

GUO evaluated by MTS reduction assay,

suggesting that also this protein kinase is involved

in the mechanism necessary for the nucleoside to

protect glia against 6-OHDA-induced cell death.

Alterations in PI3k/Akt signaling have been

associated with loss of DA neurons in PD

(Timmons et al. 2009) and recently the ability

of Myr-Akt to induce a robust, accurate, and

functionally integrated axon regrowth in nigral

DA neurons in a 6-OHDA animal model of

PD has been demonstrated. These observations

suggest that targeting the PI3K-Akt pathway

may represent a pharmacological approach of

a therapeutic interest in neurodegenerative

disorders including PD.

The effects of GUO on both ERK and Akt

phosphorylation, when administered in combina-

tion with 6-OHDA, were not affected by C6

glioma cell pretreatment with a cocktail of nucle-

oside uptake inhibitors, lending support for a

notion that GUO acts through the activation of

membrane receptor sites. A work is in progress in

our laboratories to deorphanize a G-coupled

orphan receptor which seems a good candidate

as a novel purinergic receptor for guanine-based

purines. We have also recently reported that

GUO administered intraperitoneally to rats is

able to pass the blood-brain barrier (Giuliani

et al. 2012a) and stimulates the release of

neurotrophic factors (Di Iorio et al. 2004).

Taken together the present findings demonstrate

that GUO might be of research interest as a novel

therapeutic approach for treatment of PD.
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