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Increasing evidence indicated astroglia-derived neurotrophic factors generation might hold a promising therapy for Parkinson’s
disease (PD). Resveratrol, naturally present in red wine and grapes with potential benefit for health, is well known to possess
a number of pharmacological activities. Besides the antineuroinflammatory properties, we hypothesized the neuroprotective
potency of resveratrol is partially due to its additional neurotrophic effects. Here, primary rat midbrain neuron-glia cultures were
applied to investigate the neurotrophic effects mediated by resveratrol on dopamine (DA) neurons and further explore the role of
neurotrophic factors in its actions. Results showed resveratrol produced neurotrophic effects on cultured DA neurons. Additionally,
astroglia-derived neurotrophic factors release was responsible for resveratrol-mediated neurotrophic properties as evidenced by the
following observations: (1) resveratrol failed to exert neurotrophic effects on DA neurons in the cultures without astroglia; (2) the
astroglia-conditioned medium prepared from astroglia-enriched cultures treated with resveratrol produced neurotrophic effects
in neuron-enriched cultures; (3) resveratrol increased neurotrophic factors release in the concentration- and time-dependent
manners; (4) resveratrol-mediated neurotrophic effects were suppressed by blocking the action of the neurotrophic factors.
Together, resveratrol could produce neurotrophic effects on DA neurons through prompting neurotrophic factors release, and

these effects might open new alternative avenues for neurotrophic factor-based therapy targeting PD.

1. Introduction

Parkinson’s disease (PD) is one of the most common
neurodegenerative diseases characterized by a selective
dopamine (DA) neuronal loss in the substantia nigra (SN)
of the ventral midbrain. Although current treatments are
mainly used for symptomatic controls, their long-term appli-
cation is associated with complications and could not halt the
neurodegeneration [1]. A growing evidence showed that glia,
particularly astroglia and microglia, played an important role
in neurodegenerative disorders and had become the prime
targets for therapy [2—4]. Astroglia are known to serve a
number of housekeeping functions, such as the maintenance
of the extracellular environment and the stabilization of
neuron and glial cells communications in the brain [5].
Most importantly, astroglia are the major source of various
neurotrophic factors, such as brain-derived neurotrophic

factor (BDNF) and glial cell line-derived neurotrophic
factor (GDNF) [6]. It has become increasingly evident that
neurotrophic factors are indispensable for the maintenance
and neuronal protection in the developing and adult brain
[7]. Furthermore, lack of neurotrophic factors resulted in
the neuronal loss and the progression of neurodegenerative
diseases [8, 9]. Thus, astroglial neurotrophic factors gener-
ation might hold a promising therapeutic potential for the
treatment of neurodegenerative diseases.

Resveratrol (3, 4', 5-trihydroxy-trans-stilbene), a natural
nonflavonoid polyphenol, is naturally present in red wine
and grapes with a widely potential benefit for health [10].
It was well known to possess a great number of pharmaco-
logical activities such as antioxidant, cardioprotective, anti-
inflammatory, and anticancer properties [11]. In addition to
these beneficial actions, growing interest has been focused
on its neuroprotective effects on ischemia, seizure, and
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neurodegenerative diseases [12]. Moreover, resveratrol was
found to improve hippocampal atrophy via enhancing
neurogenesis and suppressing the apoptosis of granular cells
in chronic fatigue mice [13].

Our previous studies indicated that resveratrol produced
neuroprotection against lipopolysaccharide- (LPS-) induced
DA neurodegeneration through its anti-inflammatory activ-
ities and increased neurotrophic factors release in primary
astroglia cultures [14, 15]. Besides the antineuroinflamma-
tory properties, we attributed the potential neuroprotective
potency of resveratrol to its additional neurotrophic effects
derived from astroglia. Here, primary rat midbrain neuron-
glia cultures were applied to investigate the neurotrophic
effects mediated by resveratrol on DA neurons and further
explore the role of neurotrophic factors in its actions.

2. Materials and Methods

2.1. Animals and Materials. Female Wistar rats (200-300 g)
were purchased from the Experimental Animal Centre
of the Third Military Medical University (Chongqing,
China; Specific-Pathogen-Free Grade II; Certificate no. scxk
2002003). Housing and breeding of the animals were
performed in strict accordance with Animal Care and Use
Guidelines in China.

Resveratrol and the polyclonal antityrosine hydroxy-
lase (TH) antibody (1:1000) were bought from Sigma
Chemical Co. (St. Louis, MO, USA). The polyclonal anti-
BDNF (1:1000) and anti-GDNF (1:1000) antibodies were
obtained from Abcam (Cambridge, MA, USA). The Vectas-
tain avidin-biotin complex (ABC) kit was purchased from
Vector Laboratories (Burlingame, CA, USA). Enzyme-linked
immunosorbent assay (ELISA) kits were obtained from
Promega (Madison, WI, USA). All the cell culture materials
were purchased from Invitrogen (Carlsbad, CA, USA).

2.2. Primary Rat Midbrain Neuron-Glia and Neuron-Astroglia
Cultures. Primary neuron-glia cultures were prepared from
the ventral midbrain tissues of embryonic day 14-15rats.
The whole brain was aseptically removed, and the mesen-
cephalon was dissected. After the blood vessels and meninges
were removed, the mesencephalic tissues were dissociated
by the mechanical trituration, and the dissociated cells
were seeded at 1 X 10%/mL in poly-D-lysine-coated 24-
well plate. Seven-day-old cell cultures were performed for
drug treatments. At the time of treatment, cultures were
composed of 10% microglia, 50% astrocytes, 40% neurons,
and 1% TH-immunopositive neurons [16]. Primary neuron-
astroglia cultures were prepared from inhibiting microglial
proliferation with 1.5 mM leu-leu methyl ester (LME) added
to primary neuron-glia cultures 24 h after seeding the cells.
Seven days after initial seeding the cultures were used for
drug treatment, and the percentage of microglia in the
cultures was <1% [17].

2.3. Primary Rat Microglia- and Astroglia-Enriched Cultures.
Primary microglia- and astroglia-enriched cultures were
obtained from the whole brains of 1-day-old rat pups [17].
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After a confluent monolayer of glial cells was established,
microglia were separated from astroglia through shaking
the flasks, and primary microglia-enriched cultures were
95-98% pure for microglia. The remaining astroglia were
detached with trypsin-EDTA and seeded in the culture
medium. After two or three consecutive passages, immuno-
cytochemical analysis indicated primary astroglia-enriched
cultures consisted of >98% astroglia.

2.4. Primary Rat Neuron-Enriched and Neuron-Microglia
Cultures. Primary rat midbrain neuron-enriched cultures
were prepared from suppressing glial proliferation with
6—-8 uM cytosine p-D-arabinofuranoside (ara-c) added to
primary neuron-glia cultures 24 h after seeding the cells [17].
Seven days later the neuron-enriched cultures consisted of
90% neurons, 10% astroglia, and <0.1% microglia. Primary
neuron-microglia cultures were obtained by adding 10%
(5 X 10*/well) primary microglia from primary microglia-
enriched cultures back to the neuron-enriched cultures [16].

2.5. [PH] DA Uptake Assay. Primary neuron-glia cultures
were incubated at 37°C with [*H] DA in Krebs-Ringer buffer
for 20 min. Liquid scintillation counting was performed to
detect the radioactivity. Mazindol was used to block the
nonspecific uptake for DA uptake. After the cultures were
washed for three times with ice-cold Krebs—Ringer buffer
and lysed with NaOH, the lysate was mixed with scintillation
fluid, and radioactivity was measured through the liquid
scintillation counter. The specific [’H] DA uptake was
calculated by subtracting the radioactivity amount obtained
in the presence of mazindol from that obtained in the
absence of mazindol [18].

2.6. Immunocytochemical Staining. Dopaminergic neurons
were recognized with an anti-TH antibody. Primary neuron-
glia cultures were fixed by formaldehyde and treated with 1%
hydrogen peroxide followed by sequential incubation with
blocking solution. Then, the cultures were incubated with
primary anti-TH antibody overnight at 4°C and biotinylated
secondary antibody at room temperature for 2h. Conse-
quently, the cultures were incubated with Vectastain ABC
reagents for 40 min, and the color was developed with 3, 3-
diaminobenzidine. For the TH-positive neurons counting,
four representative areas per well of the 24-well plate were
counted. In each treatment group, three wells were used for
cell counting [19].

2.7. BDNF and GDNF Measurement by ELISA. The BDNF
and GDNF levels in the culture medium were quantified with
enzyme-linked immunosorbent assay (ELISA) kits according
to the procedures provided by the manufacturer.

2.8. Statistical Analysis. Results were expressed as mean =+
SEM from three independent experiments performed in
triplicate. Statistical significance was analyzed by one- or
two-way ANOVA using GraphPad Prism software (Graph-
Pad Software Inc., San Diego, CA, USA). When ANOVA
indicated the significant differences, pairwise comparisons
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FIGURE 1: Resveratrol produced neurotrophic effects on cultured DA neurons. Rat primary midbrain neuron-glia cultures were treated with
different concentration of resveratrol on the first day. Seven days later, the neurotrophic effects were determined by [*H] DA uptake assay
(a) and TH-positive neuron counting using the immunocytochemical analysis (b). Representative images of immunostaining 7 days after
resveratrol treatment from three experiments were shown (c). Scale bar, 200 ym. Results were expressed as a percentage of the control cultures
and were the mean = SEM from three independent experiments performed in triplicate. *P < 0.05 compared with the control cultures.

between means were accessed by Bonferroni’s posttest with
correction. A value of P < 0.05 was considered statistically
significant.

3. Results

3.1. Resveratrol Produced Neurotrophic Effects on Cultured
Dopamine Neurons. Rat primary midbrain neuron-glia cul-
tures were treated with resveratrol (25-100uM) on the
first day. Seven days later, the neurotrophic effects were
determined by [*H] DA uptake assay and immunocyto-
chemical staining. The [*H] DA uptake assay indicated that
resveratrol treatment increased the capacity of dopaminergic
neurons to take up DA by approximately 160% compared
with the control cultures (Figure 1(a)). To investigate the
time course of resveratrol-mediated neurotrophic effects,
TH-positive neuronal counting was applied 1, 3, 5, and 7
days after resveratrol treatment on the first day. A time-
dependent decrease of TH-positive neurons was observed
in the control cultures. However, there was no further

dopaminergic neuronal loss at days 5 and 7 in resveratrol-
treated cultures (Figure 1(b)). From the morphological
analysis, resveratrol treatment caused an apparent increase
in the neurite and number of DA neurons (Figure 1(c)).

3.2. Astroglia Were Responsible for Resveratrol-Mediated Neu-
rotrophic Effects. To investigate which cell type participated
in resveratrol-mediated neurotrophic effects, three types of
cultures including neuron-enriched, neuron-astroglia, and
neuron-microglia reconstituted cultures were prepared and
treated with resveratrol (100 uM) on the first day. Seven days
later, as shown in Figure 2(a), in neuron-astroglia cultures,
but not in either neuron-enriched or neuron-microglia
cultures, resveratrol treatment increased DA uptake capacity
by approximately 150% compared with the control cultures.

To further confirm the role of astroglia in resveratrol-
mediated neurotrophic effects, the astroglia-conditioned
medium (ACM) was prepared from primary astroglia-
enriched cultures. Primary astroglia were treated with resver-
atrol (100puM) and incubated for 48h. The conditioned



medium in the absence (ACM) or presence of resveratrol
(ACM-resveratrol) were collected and dialyzed and then
added to the neuron-enriched cultures. Seven days later,
the [*H] DA uptake assay indicated that ACM and ACM-
resveratrol increased DA uptake capacity compared with the
control group in the neuron-enriched cultures. Additionally,
compared with ACM-treated cultures, a significant increase
in DA uptake capacity was discerned in ACM-resveratrol-
treated cultures (Figure 2(b)).

3.3. Resveratrol Increased BDNF and GDNF Production in
the Culture Medium. Rat primary neuron-glia cultures were
treated with resveratrol (25-100uM) for 48 h. The BDNF
and GDNF production in the culture medium was detected
by ELISA. As shown in Figure 3(a), resveratrol induced
BDNF and GDNF release in the supernatant compared with
the control cultures.

We next investigated whether resveratrol time-depend-
ently increased BNDF and GDNF production. Twelve, 24,
36, 48, 72, and 96 h after resveratrol treatment on the first
day, the BDNF and GDNF release in the culture medium
was measured by ELISA. As shown in Figure 3(b), resveratrol
induced BDNF production in 12 h, peaked at 24 h and then
decreased until 96 h. However, the GDNF release was initially
increased at 24 h, and continued to increase in 36 h and then
decreased 48 h after resveratrol treatment.

3.4. Astroglial BDNF and GDNF Production Was Involved in
Resveratrol-Mediated Neurotrophic Effects. To elucidate the
neurotrophic factors such as BDNF and GDNF that were
involved in resveratrol-mediated neurotrophic effects, the
neutralization assay was applied in the neuron-glia cultures.
As shown in Figure 4(a), resveratrol treatment increased
DA uptake capacity compared with the control cultures and
this increase was inhibited by anti-BDNEF, anti-GDNF and
anti-BDNF combined with anti-GDNF antibodies. Although
there was significant difference between anti-BDNF or anti-
GDNF and the control cultures, no significant difference
between the control and anti-BDNF combined with anti-
GDNF antibody cultures, and between anti-BDNF or anti-
GDNEF, and anti-BDNF combined with anti-GDNF antibody
groups was investigated. Furthermore, TH-positive neuronal
counting assay shown in Figure 4(b) indicated that anti-
BDNF combined with anti-GDNF antibodies attenuated
resveratrol-mediated neuroprotection, whereas single treat-
ment of anti-BDNF or anti-GDNF antibody failed to pro-
duce any inhibitory effects.

4. Discussion

The present study showed that resveratrol produced neu-
rotrophic effects on DA neurons in primary midbrain
neuron-glia cultures. Furthermore, astroglia-derived neu-
rotrophic factors release was responsible for resveratrol-
mediated neurotrophic properties as evidenced by the
following observations: (1) resveratrol failed to exert neu-
rotrophic effects on DA neurons in primary cultures without
the presence of astroglia; (2) the astroglia-conditioned
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FIGURE 2: Astroglia were responsible for resveratrol-mediated
neurotrophic effects. Three types of cultures including neuron-
enriched, neuron-astroglia, and neuron-microglia reconstituted
cultures were treated with resveratrol (100 uM) on the first day. The
[*H] DA uptake assessment was performed 7 days after resveratrol
administration (a). The astroglia-conditioned medium (ACM) was
prepared from primary astroglia cultures treated with 100 uM
resveratrol (ACM-resveratrol) or control (ACM) for 48 h. ACM and
ACM-resveratrol were collected and added to the neuron-enriched
cultures and incubated for 7 days. The dompaminergic neuronal
function was evaluated by the [H] DA uptake assay (b). Results
were expressed as a percentage of the control cultures and were the
mean = SEM from three independent experiments performed in
triplicate. *P < 0.05 compared with the control cultures; *P < 0.05
compared with the ACM cultures.

medium prepared from primary astroglia-enriched cultures
treated with resveratrol produced neurotrophic effects in
primary neuron-enriched cultures; (3) resveratrol increased
neurotrophic factors release in the concentration- and time-
dependent manners; (4) resveratrol-mediated neurotrophic
effects were suppressed by the inhibition of neurotrophic
factors production. These findings suggest that resveratrol
could produce neurotrophic effects on cultured DA neurons
through prompting astroglial BDNF and GDNF release.
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FIGURE 3: Resveratrol increased BDNF and GDNF production in the culture medium. The production of BDNF and GDNF in the
supernatant of primary neuron-glia cultures after resveratrol treatment for 48 h was measured by ELISA (a). Twelve, 24, 36, 48, 72, and
96 h after resveratrol (100 M) treatment on the first day, the release of BDNF and GDNF in the culture medium was detected by ELISA (b).
Results were the mean + SEM from three independent experiments performed in triplicate. *P < 0.05 compared with the control cultures.
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FIGURE 4: Astroglial BDNF and GDNF production was involved in resveratrol-mediated neurotrophic effects. Primary neuron-glia cultures
were pretreated with resveratrol (100 M) followed by the treatment of anti-BDNF or anti-GDNF antibodies or combined these two
antibodies on the first day. Seven days later, the [*H] DA uptake assay (a) and TH-positive neuronal counting analysis (b) were performed
to determine resveratrol-mediated neurotrophic effects. Results were expressed as a percentage of the control cultures and were the mean
+ S.E.M. from three independent experiments performed in triplicate. *P < 0.05 compared with the control cultures, P < 0.05 compared

with resveratrol-treated cultures.

Astroglia, the most abundant cell type in the higher
mammalian nervous system, were present in all regions of the
brain and appeared to be organized in the strategic positions
closely associated with the neuronal structures [20]. A
wealth of evidence indicates that the impact of astroglia on
the regulation of neurogenesis and synaptogenesis and the
modulation of neuronal plasticity has been well documented
[21]. Furthermore, upon releasing various neurotrophic
factors, astroglia also played the key roles in neuroprotec-
tion against neuronal damage and neurodegeneration [22].

Therefore, astroglia were considered to be the important
potential target for manipulation [23]. In the present study,
resveratrol exerted neurotrophic effects in both primary
neuron-glia and neuron-astroglia cultures but not either
neuron-enriched or neuron-microglia cultures. Also, the
neurotrophic effects were discerned after resveratrol-treated
culture medium in astroglia-enriched cultures was added to
the neuron-enriched cultures. These findings suggested that
astroglia were required for resveratrol-elicited neurotrophic
properties.



Further studies indicated that the increased neurotrophic
factors such as BDNF and GDNF production participated
in resveratrol-mediated astroglial neurotrophic effects. It
has been demonstrated that the neurotrophic factors are
responsible for the development, maintenance, and survival
of neurons, microglia, astroglia, and oligodendrocytes [4].
A large body of evidence showed that BDNF modulated
synaptic plasticity and consequently improved the cognition,
learning, and memory formation in several animal models
[24]. Studies also indicated that the decreased BDNF level
was observed in chronic pain, depression, epilepsy, and neu-
rodegenerative diseases such as Alzheimer’s disease, PD, and
Huntington’s disease [25]. In addition to BDNF, GDNF was
found to protect neuronal damage against ischemia, drug
abuse, and pain [26]. Based on the animal studies, GDNF
had been found to protect DA neurons in 6-OHDA- and
MPTP-induced PD models [27, 28]. Moreover, the GDNF
protein expression was downregulated in the peripheral
blood and postmortem brain tissue of patients with mood
disorders [29, 30]. Taken together, promotion of BDNF and
GDNPF release are recognized to hold a promising therapeutic
strategy for the treatment of neurological disorders. The
present study revealed that resveratrol concentration- and
time-dependently increased BDNF and GDNF release in
primary neuron-glia cultures. Similar results shown that
resveratrol significantly induced BDNF gene expression in
the hippocampus of rat brain and increased BDNF and
GDNF production in primary astroglia-enriched cultures
[31, 32]. In addition, It is interesting to note that although
the application of either anti-BDNF or anti-GDNF anti-
bodies inhibited resveratrol-mediated neurotrophic effects
in primary neuron-glia cultures, the partial neurotrophic
effects were still presented compared with the control
cultures. Furthermore, treatment of anti-BDNF combined
with anti-GDNF antibodies could neutralize resveratrol-
induced neurotrophic effects. Overall, probably resveratrol-
elicited neurotrophic effects were not attributed to a single
neurotrophic factor action, and it is very likely that the
multiple neurotrophic factors release might account for
resveratrol-mediated neurotrophic properties.

Several clinical trials aimed at reviving DA neurons
through direct infusion of GDNF to PD patient brains were
conducted in the past few years. However, few of these
clinical trials succeeded due to the occurrence of severe sided
effects [33-36]. In conclusion, the current study supported
that astroglia were indispensable for the modulation of the
survival and the function of DA neurons and provided a new
therapeutic potential targeting astroglia for PD treatment.
Instead of direct delivery of a single neurotrophic factor into
the brain, resveratrol-mediated neurotrophic factors release
and neurotrophic effects might open new alternative avenues
for neurotrophic factor-based therapy for PD.
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